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Preface to ”Biomarkers of Renal Diseases”

The National Institutes of Health (NIH) Biomarkers Definitions Group has defined a biomarker

as “A characteristic that is objectively measured and evaluated as an indicator of normal biologic

processes, pathogenic processes, or pharmacologic responses to a therapeutic intervention.” For acute

or chronic kidney diseases, the ideal biomarker should, among others, show rapid and reliable

changes with the progression of the disease and be highly sensitive and specific, be able to detect

injury to the different segments of the nephron, and be rapidly and easily measurable. Creatinine,

for instance, is not a good renal marker since acute injuries would not show changes in filtration

rate until the progression of the disease allows its accumulation. Similarly, in chronic renal

disease, the elevation in serum creatinine is a late indicator of the reduction in glomerular filtration.

Other conventional biomarkers such as proteinuria, cell cylinders, and fractional excretion of sodium

have shown a lack of sensitivity and specificity for the early recognition of acute kidney injury, leading

to the need for and the enormous interest surrounding the possibility of using other biomarkers

with the ability to perform early detection, differential diagnosis, prognostic assessment, response to

treatment, and functional recovery. In this Special Issue, we have published reviews and experimental

papers showing significant advances in the field of renal biomarkers.

Joaquı́n Garcı́a-Estañ, Felix Vargas

Editors
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The National Institutes of Health (NIH) Biomarkers Definitions Group has defined a biomarker
as “A characteristic that is objectively measured and evaluated as an indicator of normal biologic
processes, pathogenic processes, or pharmacologic responses to a therapeutic intervention.” For acute
or chronic kidney diseases, the ideal biomarker should, among others, show rapid and reliable changes
with the progression of the disease and be highly sensitive and specific, be able to detect injury to the
different segments of the nephron, and be rapidly and easily measurable. Creatinine, for instance,
is not a good renal marker since acute injuries would not show changes in filtration rate until the
progression of the disease allows its accumulation. Similarly, in chronic renal disease, the elevation
in serum creatinine is a late indicator of the reduction in glomerular filtration. Other conventional
biomarkers such as proteinuria, cell cylinders, and fractional excretion of sodium have shown lack
of sensitivity and specificity for the early recognition of acute kidney injury; hence, leading to the
need and the enormous interest surrounding the possibility of using other biomarkers with the
ability to perform early detection, differential diagnosis, assessment prognostic, response to treatment,
and functional recovery. In this Special Issue [1], we have published reviews or experimental papers
showing significant advances in the field of renal biomarkers.

Regarding research articles, we have an interesting contribution by Groeneweg et al. [2] to the topic
of rejection of a kidney graft. These authors demonstrate that the use of circulating long noncoding
RNAs (lncRNAs) may be a suitable marker for vascular injury in that setting, specially LNC-EPHA6,
a substance that has been found to relate to diabetic nephropathy. An additional paper [3] by
Borštnar et al., working with microRNAs (miRNAs), concluded that six selected miRNAs (miR-29c,
miR-126, miR-146a, miR-150, miR-155, and miR-223) were shown to be independent of kidney graft
function, indicating their potential as biomarkers of associated kidney graft disease processes, but using
serum uromodulin levels, which were also analyzed, depended entirely on kidney graft function and
thus reflected functioning tubules rather than any specific kidney graft injury. In line with these studies,
a good review by Guzzi et al. [4] followed the Preferred Reporting Items for Systematic Reviews and
Meta-Analysis (PRISMA) guidelines to conclude that urinary C-X-C motif chemokine ligands were
the most promising and frequently studied biomarkers for diagnosis and prediction of acute kidney
allograft rejection. In the same field, the review by Quaglia and colleagues [5] explores new biomarkers
of early and late graft dysfunction, which are very much needed in renal transplants to improve the
management of complications and prolong graft survival. Thus, OMIC technology (all technologies
aimed at detection of genes (genomics), mRNA (transriptomics), proteins (proteomics) and metabolites
(metabolomics)) has allowed the identification of many candidate biomarkers, providing diagnostic
and prognostic information at very early stages of pathological processes. Donor-derived cell-free
DNA and extracellular vesicles are further promising tools. However, most of these biomarkers still
need to be validated in multiple independent cohorts and standardized, and prospective studies are
needed to assess whether introduction of these new sets of biomarkers into clinical practice could

Int. J. Mol. Sci. 2020, 21, 8077; doi:10.3390/ijms21218077 www.mdpi.com/journal/ijms1
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actually reduce the need for renal biopsy, integrate traditional tools, and ultimately improve graft
survival compared to current management.

In an interesting study [6], Glazyrin and coworkers examined several machine learning algorithms
linked to a full-proteomic approach, which were examined for the differential diagnosis of chronic kidney
disease (CKD) of three origins, diabetic nephropathy, hypertension, and glomerulonephritis—three of
the most common causes of CKD. While the group of hypertensive nephropathy could not be reliably
separated according to plasma data, this group of hypertensive nephropathy was reliably separated
from all other renal patients by urine proteome data. However, the analysis of the entire proteomics
data of urine did not allow differentiating between the three diseases. Thus, it seems that the urine
proteome, compared with the plasma proteome, is of much less importance. Clearly, this is an area of
interest that will benefit from the incorporation of data technicians and proteomic analysts to these
hospital services. Additional information came with the results shown in the article by Ahn et al. [7].
They used proteome analysis for the prediction of type 2 diabetic patients with or without renal
dysfunction. In the results of these authors, it looks that several proteins (ACP2, CTSA, GM2A, MUC1,
and SPARCL1) performed better than mucin-1 or albumin as predictors of direct kidney function in
these diabetic patients with kidney impairment.

Tseng et al. [8], in the field of renal fibrosis, showed that histone deacetylase inhibition by
trichostatin A significantly attenuated renal fibrosis through promoting an M1(proinflammatory) to
M2 (anti-inflammatory) macrophage transition in obstructed kidneys, therefore alleviating the renal
fibrosis in obstructed kidneys. However, it is first necessary to establish the role of M2 macrophages
regarding its profibrotic or antifibrotic roles.

An important review by Provenzano and coworkers [9] has reported a framework for implementing
biomarkers in observational and intervention studies. To that end, biomarkers are classified as either
prognostic or predictive, the first type is used to identify the likelihood of a patient to develop
an endpoint regardless of treatment, whereas the second type is used to determine whether the
patient is likely to benefit from a specific treatment. Thus, the authors revise current biomarkers
useful for chronic kidney patients, not only kidney biomarkers but also markers of oxidative stress,
tissue remodeling, metabolism, and cardiac biomarkers, together with some important paragraphs on
the role, either prognostic or predictive, of proteomics, metabolomics, and genomics. A final page on
biomarkers in intervention studies should be of interest to clinical studies and those in the experimental
phase of drug development.

The contribution by Petejova et al. [10] covered the pathophysiology of vancomycin and gentamicin
nephrotoxicity. In particular, septic acute kidney injury (AKI) and the microRNAs involved in the
pathophysiology of both syndromes and also the pathophysiology and potential biomarkers of septic
and toxic acute kidney injury in septic patients was studied. In addition, five miRNAs (miR-15a-5p,
miR-192-5p, miR-155-5p, miR-486-5p and miR-423-5p) specific to septic and toxic acute kidney injury in
septic patients, treated by nephrotoxic antibiotic agents (vancomycin and gentamicin), were identified.

Partial or complete obstruction of the urinary tract is a common and challenging urological
condition caused by a variety of conditions, eventually impairing renal function. Washino and
coworkers [11] report that biomarkers of acute kidney injury are useful for the early detection
and monitoring of kidney injury induced by upper urinary tract obstruction, including levels of
neutrophil gelatinase-associated lipocalin (NGAL), monocyte chemotactic protein-1, kidney injury
molecule 1, N-acetyl-b-D-glucosaminidase, and vanin-1 in the urine and serum NGAL and
cystatin C concentrations.

In a review by the group of Vargas et al. [12], they focused on the role of four aminopeptidases in
the control of blood pressure (BP) and renal function and their association with different cardiovascular
and renal diseases. Beyond their role as therapeutic tools for BP control and renal diseases, they also
explored their role as urinary biomarkers of renal injury in both acute and chronic renal nephropathies,
including those induced by nephrotoxic agents, obesity, hypertension, or diabetes.
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The review by Wołyniec et al. [13] has identified and analyzed several studies that have studied
these markers after physical exercise, concluding that there is evidence that cystatin C is a better
indicator of glomerular filtration rate (GFR) in athletes after exercise than creatinine. Additionally,
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.
Although urinary biomarkers are increased after many types of exercise, such as NGAL, KIM-1,
cystatin-C, L-FABP and interleukin 18, their levels decrease rapidly after exercise; thus, the importance
of this short-term increase in AKI biomarkers after exercise lacks a physiological explanation and it
merits further studies that show their relation to kidney injury.

In the search for biomarkers of acute tubulointerstitial nephritis, Martinez-Valenzuela and
coworkers [14] have summarized the available evidence on this topic, with a special focus on urinary
cytokines and chemokines that may reflect kidney local inflammation. However, they conclude that to
date, there is a lack of reliable non-invasive diagnostic and follow-up markers and that the gold standard
for diagnosis is still kidney biopsy, which shows a pattern of tubulointerstitial leukocyte infiltrate.

Coca et al. have revised the [15] furosemide stress test as a low-cost, fast, safe, and easy-to-perform
test to assess tubular integrity, to allow for risk stratification and accurate patient prognosis in the
management of patients with kidney disease. However, the findings published so far regarding its
clinical use provide insufficient evidence to recommend the generalized application of the test in daily
clinical routine, and they recommend the need for standardization in the application of the test in order
to facilitate the comparison of results.

Finally, Uchida et al. [16] write about the glomerulonephritis that often develops after the curing
of an infection, such as the glomerulonephritis (GN) in children following streptococcal infections
(poststreptococcal acute glomerulonephritis, PSAGN). Nephritis-associated plasmin receptor (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 authors conclude
that the interactions among NAPlr, plasmin activity, and the streptococcal cysteine proteinase SpeB,
and the association between these elements and complements or immune complexes, both in vitro and
in vivo, should be investigated in future studies.
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version of the manuscript.
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Abstract: Acute rejection (AR) of a kidney graft in renal transplant recipients is associated with
microvascular injury in graft dysfunction and, ultimately, graft failure. Circulating long noncoding
RNAs (lncRNAs) may be suitable markers for vascular injury in the context of AR. Here, we first
investigated the effect of AR after kidney transplantation on local vascular integrity and demonstrated
that the capillary density markedly decreased in AR kidney biopsies compared to pre-transplant
biopsies. Subsequently, we assessed the circulating levels of four lncRNAs (LNC-RPS24, LNC-EPHA6,
MALAT1, and LIPCAR), that were previously demonstrated to associate with vascular injury in a
cohort of kidney recipients with a stable kidney transplant function (n = 32) and recipients with
AR (n = 15). The latter were followed longitudinally six and 12 months after rejection. We found
higher levels of circulating LNC-EPHA6 during rejection, compared with renal recipients with a
stable kidney function (p = 0.017), that normalized one year after AR. In addition, LNC-RPS24,
LNC-EPHA6, and LIPCAR levels correlated significantly with the vascular injury marker soluble
thrombomodulin. We conclude that AR and microvascular injury are associated with higher levels of
circulating LNC-EPHA6, which emphasizes the potential role of lncRNAs as biomarker in the context
of AR.
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1. Introduction

Acute rejection (AR) is considered to be a prominent cause of graft failure in the first year
after transplantation in kidney transplant recipients [1,2], although the long-term consequences of
AR remain a subject of discussion. Despite better screening and improved immune suppressive
therapies, rejection is still suspected to cause a significant proportion of death censored graft failure
after kidney transplantation [3,4]. Previous research showed a prolonged effect on kidney function
deterioration as well as graft survival after a rejection episode [2]. Microvascular endothelial cells
(ECs) are very susceptible to injury, that can result from episodes of AR. Following the alloimmune
response, cytokines and growth factors are produced that can lead to EC activation and microvascular
destabilization [5–10]. These rejection-associated events can result in perpetual EC damage and
promotion of (aberrant) angiogenesis within the allograft [5,7,9]. Together, these insults can lead to the
loss of the microvasculature, chronic ischemia and cell death [11,12], and ultimately, to the development
of interstitial fibrosis/tubular atrophy and graft dysfunction [5,6,9]. Therefore, monitoring the course
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of microvascular injury after rejection could be beneficial in deciding on the best treatment strategies.
Previously, we found the vascular injury markers soluble thrombomodulin (sTM) and Angiopoietin-2
(Ang-2) to increase upon AR. sTM normalized in the first year after AR, while Ang-2 remained
elevated [13]. Noncoding RNA, such as micro RNAs (miRNA) and long noncoding RNAs (lncRNA)are
increasingly recognized to play an important role in vascular injury [14]. The functions of lncRNAs
appear to be very diverse as they can bind DNA, proteins, and other RNAs. E.g. lncRNAs have
been demonstrated to serve as a scaffold for transcription factors or can assist chromatin-modifying
enzymes, thereby regulating gene expression [15]. LncRNAs were also found to be important for
miRNA processing, (alternative) splicing, translation and post-transcriptional regulation, for instance
via sponging miRNAs [16,17]. In addition, lncRNAs can be promising biomarkers in a variety of
vascular diseases and kidney injury [14,16]. Furthermore, lncRNAs have previously been associated
with AR [18], but their dynamics after rejection have not been studied before. Earlier, we described that
specific lncRNAs (MALAT1, LNC-RPS24, LNC-EPHA6, and LIPCAR) associate with microvascular
damage and angiogenic factors in patients with diabetic nephropathy that received simultaneous
kidney-pancreas transplantation [19], but their relation with AR and associated vascular damage is
unclear. As such, in this study we first explored the relation of AR with local microvascular injury.
Then, in a cross-sectional study of patients with T cell mediated AR, we analyzed selected vascular
injury related lncRNAs as potential biomarkers for vascular damage in the context of kidney transplant
rejection and assess the dynamics in these lncRNAs after rejection.

2. Results

2.1. Decreased Capillary Density in Acute Rejection Biopsies

To assess the impact of AR on the local capillary density in the kidney, we quantified the number
of endothelial cells (EC) and pericytes in archival acute rejection biopsies by immunohistochemical
staining of the EC for CD34 antigen and the pericytes for the CD73 marker (resp. n = 102 and n = 29).
Subsequently, we compared these parameters to the available pre-transplant biopsies (resp. n = 78
and n = 66) of these patients [20]. Patient characteristics can be found in Supplementary Table S1.
As shown in Figure 1, we observed a strong decrease in both the number of endothelial cells (~2.5-fold,
mboxemphp < 0.0001) as well as pericytes (~6-fold, p < 0.0001) in AR, indicating loss of the peritubular
capillary network in AR.

2.2. Patient Characteristics of Cross Sectional and Longitudinal AR Study Population

Next, we sought to investigate the relation of circulating lncRNAs with AR. To that end, we included
plasma samples of a different cross-sectional study cohort that included patients with acute T cell
mediated rejection and a control group of patients with stable kidney transplant function after
transplantation (hereafter mentioned as ‘stable’). In addition, AR patients were studied longitudinally
at 6 and 12 months after rejection to determine the dynamics after AR. The baseline characteristics of the
transplant recipients in this cohort are described in Table 1. Most common causes of initial kidney failure
before transplantation were autosomal dominant polycystic kidney disease (23%), focal segmental
glomerulosclerosis (17%) and IgA nephropathy (13%). The mean time after transplantation (12 months)
was comparable. Immunosuppressive regimen did not differ significantly. eGFR was lower and
proteinuria higher in patients with AR, compared with stable patients (resp. p < 0.001 and p = 0.003).
Factors that can influence the amount of vascular injury next to rejection, such as donor age,
dialysis before transplantation, and months since transplantation, did not differ significantly. Incidence
of active smokers was 7% in AR patients and 13% in stable patients. Panel reactive antibodies (PRA),
mismatch, immunosuppressive regimen and the presence of previous transplantations did not differ
between stable patients and patients with AR. Patients with AR had interstitial rejection, with or
without involvement of the vasculature, and were treated with methylprednisolone (67%), ATG alone
(13%), or a combination of methylprednisolone and ATG (13%) or alemtuzumab (13%).
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Figure 1. Decreased capillary density after acute rejection. (A) Representative images of CD34
staining for pre-transplantation and acute rejection (AR) biopsies. (B) Quantification of CD34 staining
(PreTx, n = 78; AR, n = 102). (C) Representative images of CD73 staining for pre-transplantation
and acute rejection (AR) biopsies. (D) Quantification of CD73 staining (PreTx, n = 66, AR, n = 29).
*** p-value < 0.001.

Table 1. Cross-sectional study patient characteristics of patients with a stable kidney transplant function
(stable) and patients with acute rejection (AR).

Stable (n = 32) AR (n = 15) p-Value

Sex, Male, n (%) 21 (66%) 10 (67%) 1.00 1

Age, Years ± SD 51 ± 14 54 ± 12 0.35 2

BMI (kg/m2) 26.4 ± 4.6 24.4 ± 3.5 0.15 1

Preemptive, n (%) 16 (50%) 5 (33%) 0.36 1

Months Since KTx, Median (IQR) 12 ± 1 12 ± 15 0.97 2

PRA >5%, n (%) 6 (19%) 1 (7%) 0.40 1

Previous Transplantations, n (%) 2 (6%) 3 (20%) 0.31 1

Mismatch A/B/DR, Mean 1.0/1.2/0.8 0.9/1.3/1.0 0.76/0.81/0.63 1

Donor Characteristics

Sex, male, n (%) 11 (34%) 7 (47%) 0.52 1

Age, years ± SD 50 ± 17 47 ± 12 0.64 2

Induction Therapy, n (%) 0.54 1

Alemtuzumab 3 (9%) 0
IL-2 receptor inhibitor 29 (91%) 15 (100%)

Immunosuppressive Drugs, n (%)
Tacrolimus 22 (69%) 8 (53%) 0.20 1

Cyclosporine 5 (16%) 3 (20%) 1.00 1

Prednisone 32 (100%) 14 (93%) 0.32 1

Mycophenolate mofetil 25 (78%) 8 (53%) 0.07 1

Everolimus 6 (19%) 1 (7%) 0.40 1
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Table 1. Cont.

Stable (n = 32) AR (n = 15) p-Value

Acute Rejection Therapy, n (%)
ATG 2 (13%)

methylprednisolone - 10 (67%)
methylprednisolone + ATG - 2 (13%)

methylprednisolone + alemtuzumab - 1 (7%)

eGFR (mL/min/1.73 m2) 54 ± 12 34 ± 14 <0.001 2

Proteinuria (g/24 h), Median (IQR) 0.17 (0.13–0.25) 0.36 (0.23–1.19) 0.003 3

1 Fisher’s exact test, 2 unpaired t-test, 3 Mann-Whitney U test, KTx = kidney transplantation, PRA = panel
reactive antibody.

2.3. Circulating LNC-EPHA6 Levels Directly Correlate with Acute Rejection

In order to assess the relationship between AR and vascular injury related lncRNAs LNC-RPS24,
MALAT1, LNC-EPHA6, and LIPCAR, circulating levels of these lncRNAs were measured in stable
patients and AR patients. In this cohort, MALAT1 levels were only detectable in less than 30% of
patients and therefore not included in further analyses. Relative expression of circulating LNC-EPHA6
was significantly higher in patients with AR, compared with stable patients (p = 0.017; Figure 2).
LNC-RPS24 and LIPCAR showed a similar trend, although these differences did not reach statistical
significance (resp. p = 0.11 and p = 0.16).

Figure 2. Circulating lncRNA levels are effected by acute rejection. Relative expression of LNC-RPS24
(A), LNC-EPHA6 (B), and LIPCAR (C) in the cross-sectional cohort; kidney recipients with a stable
kidney function (Stable; n = 32), kidney recipients with acute rejection at the time of rejection (R0),
and 6 and 12 months after rejection (R6 and R12). Data are presented as mean ± SD, * p-value < 0.05,
** p-value < 0.01, *** p-value < 0.001.

2.4. Circulating LNC-EPHA6 Decreases in the First Year After Acute Rejection

Since vascular damage persists after a rejection episode, patients with AR were followed
longitudinally to study the dynamics of lncRNAs in the first year after AR. Elevated levels of
circulating LNC-EPHA6 persisted until six months after AR (p < 0.001) and decreased significantly one
year after rejection, although LNC-EPHA6 levels at one year after rejection remained slightly higher
levels than in stable patients (p = 0.03; Figure 2). LIPCAR showed a similar pattern without reaching
significance (p = 0.16), while LNC-RPS24 increased one year after transplantation (Figure 2). eGFR did
not change significantly the year after AR.
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2.5. LNC-RPS24, LNC-EPHA6 and LIPCAR Correlate with Soluble Thrombomodulin

In order to analyze the association of lncRNAs with vascular injury due to AR, we studied
the correlation of LNC-RPS24, LNC-EPHA6, and LIPCAR with vascular injury markers sTM and
Ang-2 that were previously assessed [13]. There, we showed a significant increase of sTM levels in
patients with acute rejection, followed by a subsequent normalization one year after transplantation,
while the ratio between Ang-2 and Ang-1 (mainly determined by Ang-2) significantly increased
during AR without significant changes afterwards. Here, no significant associations were found
between LNC-RPS24, LNC-EPHA6, and LIPCAR with Ang-2. However, interestingly, LNC-RPS24,
LNC-EPHA6, and LIPCAR correlated positively with sTM (Table 2).

Table 2. Correlation of lncRNAs with vascular injury markers sTM, Ang-2. Values represent correlation
coefficient and p-value.

LNC-RPS24 LNC-EPHA6 LIPCAR

Vascular injury markers
sTM 0.331 (p = 0.035) 0.383 (p = 0.013) 0.321 (p = 0.041)

Ang-2 ns ns ns

sTM = soluble thrombomodulin, Ang-2 = Angiopoietin-2.

3. Discussion

Our study shows that levels of circulating LNC-EPHA6 are significantly higher in patients with
T cell-mediated AR after renal transplantation, compared with kidney transplant recipients with a
stable allograft function. LNC-EPHA6 remains elevated after AR, followed by a decrease one year
after rejection. LIPCAR shows a similar pattern, but did not reach statistical significance. In addition,
LNC-EPHA6, LIPCAR, and LNC-RPS24 correlate with the vascular injury marker sTM. This suggests
that, in particular, LNC-EPHA6 may be related to microvascular damage, of which we confirmed its
relation to AR by demonstrating a significantly lower presence of endothelial cells and pericytes in our
renal biopsy study.

LNC-EPHA6 was earlier found to relate to diabetic nephropathy [19], but was not studied in
the context of AR before. Our finding of higher LNC-EPHA6 levels in patients with AR compared
with patients without AR provided proof of principle of the biomarker potential of lncRNAs in AR.
However, here we analyzed four pre-selected lncRNAs, thus analyses of other lncRNAs in AR may
yield additional associations and may potentially be important for prediction of (vascular injury after)
AR. This is in line with two other studies that showed an association between lncRNAs and AR
that suggested their value for diagnosis of AR in kidney transplantation [21,22]. Moreover, in a rat
study, the lncRNA PRINS was shown to be significantly up-regulated in kidneys of rats with cold
ischemia-elicited allograft rejection, compared with rats without rejection [23]. In addition, lncRNAs
may also be of value in predicting the development of chronic damage after kidney transplantation [24].

Interestingly, levels of circulating LNC-EPHA6 decrease after AR, while eGFR remains stable.
This substantiates that changes in LNC-EPHA6 are likely not to be related to changes in kidney
function, but other factors in the pathogenesis of AR, such as persisting microvascular injury. This
suggestion is supported by the strong correlation with sTM. However, although significant differences
between immunosuppressive drug regimen were not observed, we cannot exclude that differences in
rejection treatment altered levels of circulating lncRNAs. Furthermore, an association with the function
of the EPHA6 gene might be possible, since lncRNAs are frequently co-regulated and co-expressed
with their neighboring genes [25]. The EPHA6 gene is part of a EPH receptor tyrosine kinases family,
and thereby interacts with ephrins which subsequently regulates several cellular processes including
angiogenesis [26,27].

LIPCAR showed a similar trend after rejection as LNC-EPHA6. This could suggest a similar
association as LNC-EPHA6 with rejection. However, changes in LIPCAR did not reach statistical
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significance due to a large variation. Analysis of LIPCAR in a larger cohort of patients with AR may
confirm the link with vascular injury in rejection, since the size of our groups limits the interpretation
of LIPCAR in our study. Circulating LNC-RPS24 was only marginally higher in rejection, but increased
six months after year after rejection and remained higher. Although speculative, this may be the result
of persistent vascular injury after AR or a consequence of the rejection treatment. Lastly, we found
LncRNA MALAT1 to be only detectable in less than 30% of the patients in our cohort. Previously,
MALAT1 was however detectable in most diabetes mellitus patients [19], suggesting that diabetes
mellitus may increase circulating Malat1 levels. However, next to the previously mentioned limited
group size, a relatively large spread of lncRNA levels within groups limits the possibility of drawing
robust conclusions. The interpretation of subtle changes (e.g., correlation of lncRNAs with the specific
Banff classification score for tubulitis, interstitial inflammation, and intimal arteritis) is difficult and
larger groups are necessary for the identification of a specific lncRNA as a novel biomarker. However,
differences in lncRNAs levels point out the interesting possible added value of lncRNAs in the context
of acute cellular rejection. Identification of lncRNAs in the context of antibody-mediated rejection
would be interesting as well, since this rare condition also has major implications for the amount of
vascular injury.

In conclusion, LNC-EPHA6 is higher in kidney transplant recipients with rejection, compared with
those without. This is the first study that shows changes in vascular injury related lncRNAs the first
year after rejection. The results suggest that lncRNAs may reflect (micro)vascular damage in the
context of rejection and emphasizes the potential role of lncRNAs as biomarkers to monitor vascular
injury in kidney transplant rejection.

4. Materials and Methods

4.1. Renal Biopsy Study

Renal biopsies were selected from patients that had a biopsy proven acute renal allograft
rejection, as previously described [20]. Patient and transplantation characteristics are summarized
in Supplementary Table S1. Frozen biopsy tissue sections (4 μm) were fixed in acetone, endogenous
peroxidase was blocked with H2O2, and slides were blocked with 1% bovine serum albumin and 5%
normal human serum in PBS. Sections were then incubated with specific antibodies directed against
CD34 (BD Biosciences, Breda, The Netherlands) and CD73 (BD Biosciences, Breda, The Netherlands)
followed by appropriate secondary antibodies that were HRP-conjugated (Jackson Immunoresearch,
Westgrove, PA, USA). Stainings were visualized using Nova RED (Vector Labs, Peterborough, UK).
Quantification of immunohistological staining results was performed using image J software.

4.2. Patient Study Cohort

A total of 47 patients were enrolled in a cross-sectional, observational, single center study.
All patients were transplanted between 2006 and 2012 in the Leiden University Medical Center (LUMC)
in Leiden, The Netherlands. The cohort consisted of 2 groups, namely renal transplant recipients with
AR (n = 15) and a control group consisting of renal recipients 12 months after transplantation without
rejection and with a stable kidney transplant function (n = 32). In addition, recipients from the rejection
group were followed longitudinally. Plasma samples were obtained at 6 and 12 months after rejection.

The cohort has been described earlier where analysis of circulating Ang-2 and sTM in plasma was
performed [13].

All subjects gave their informed consent for inclusion before they participated in the study.
The study was conducted in accordance with the Declaration of Helsinki, and the protocol was
approved by the Ethics Committee of The Leiden University Medical Center (P09.141).
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4.3. Immunosuppressive Drugs, Rejection and Rejection Treatment

All patients received immunosuppressive drug therapy according to the standard of care at the
time of transplantation. IL-2 receptor inhibitor as induction therapy was the standard of care and
alemtuzumab was administered in case the treating physician expected a higher risk of rejection.
The presence and type of rejection was assessed using the Banff classification. The choice for a specific
rejection treatment was made according to the standard of care at the time of rejection [13].

4.4. RNA Isolation

The RNeasy Micro Kit (Qiagen, Venlo, The Netherlands) was used with an adapted protocol,
to isolate total RNA from 200 μL plasma. In summary, using 800 trizol μL reagent (Invitrogen, Breda,
The Netherlands), the plasma/Trizol sample was centrifuged for 15 min (15,000× g) after the addition of
160 μL chloroform. Then, 100% ethanol (1.5 volume) was added to the aqueous phase and transferred
to a MinElute Spin column (Qiagen) followed by centrifugation for 15 s (18,000× g). Subsequently,
700 μL RWT buffer and twice 500 μL RPE buffer was used to wash the column. The column was
centrifuged (18,000× g) for 15 s after the first two washing steps and 2 min (18,000× g) after the third
washing step. 15 μL RNase-free water was added for elution of the RNA.

4.5. RT-qPCR

To quantify circulating lncRNA levels we performed RT-qPCR. Isolated RNA was reverse
transcribed using Iscript (Biorad) according to the protocol of the manufacturer. RT-qPCR of target
genes was done using SYBR Green Master Mix (Applied Biosystems, Waltham, MA, USA). The primer
sequences of target lncRNAs are given in Supplementary Table S2.

4.6. Statistical Analyses

Categorical data are described as total count and percentages, parametric data as mean ±standard
deviation (SD), and non-parametric data as median and interquartile range (IQR). Testing for differences
of baseline characteristics was performed by using Fishers exact test for categorical data and the
unpaired t test and Mann–Whitney U test for parametric and non-parametric data.

Circulating lncRNA levels were normalized by the double delta CT method to miR-16 and
subsequently transformed logarithmically (with base 10). The logarithmic relative expression of all
three lncRNAs was normally distributed. In the longitudinal study the data was analyzed by using a
linear mixed model analysis. Analysis of correlations between the lncRNAs and vascular markers was
performed using Spearman rank correlation.

A p-value < 0.05 was considered to be statistically significant. SPSS version 23.0 (SPSS, Inc.,
Chicago, IL, USA) was used for the data analysis and Graphpad Prism version 8.0 (Graphpad Prism
Software, Inc., San Diego, CA, USA).

Supplementary Materials: Supplementary Materials can be found at http://www.mdpi.com/1422-0067/21/16/
5616/s1. Supplementary Table S1: Patient and transplantation characteristics of patients in the renal biopsy study.
Supplementary Table S2: Used primer sequences of target lncRNAs.
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Abstract: Uromodulin and microRNAs (miRNAs) have recently been investigated as potential
biomarkers for kidney graft associated pathology and outcome, with a special focus on biomarkers
indicating specific disease processes and kidney graft survival. The study’s aim was to determine
whether expression of serum uromodulin concentration and selected miRNAs might be related
to renal function in kidney transplant recipients (KTRs). The uromodulin concentration and
expression of six selected miRNAs (miR-29c, miR-126, miR-146a, miR-150, miR-155, and miR-223)
were determined in the serum of 100 KTRs with stable graft function and chronic kidney disease of all
five stages. Kidney graft function was estimated with routine parameters (creatinine, urea, cystatin C,
and Chronic Kidney Disease Epidemiology Collaboration study equations) and precisely measured
using chromium-51 labelled ethylenediaminetetraacetic-acid clearance. The selected miRNAs were
shown to be independent of kidney graft function, indicating their potential as biomarkers of
associated kidney graft disease processes. In contrast, the serum uromodulin level depended entirely
on kidney graft function and thus reflected functioning tubules rather than any specific kidney graft
injury. However, decreased concentrations of serum uromodulin can be observed in the early course
of tubulointerstitial injury, thereby suggesting its useful role as an accurate, noninvasive biomarker of
early (subclinical) kidney graft injury.

Keywords: microRNA; uromodulin; kidney graft function; biomarker; kidney transplantation

1. Introduction

Serum creatinine, urea, cystatin C, and estimation of glomerular filtration rate (GFR) via different
equations are currently routinely used biomarkers of kidney graft function in clinical transplantation.
Although they are characterized by low cost and rapid accessibility of results, these biomarkers
are significantly less sensitive and specific than the aggressive and time-consuming gold standard,
i.e., the measurement of GFR by an exogenous marker, such as chromium-51-ethylenediaminetetraacetic
acid (51CrEDTA). Many new candidate biomarkers in kidney transplantation have been proposed
and tested in recent years, which address specific pathologic processes and not merely glomerular,
tubular, or overall kidney graft function. Uromodulin (also known as Tamm–Horsfall’s protein)
is a urinary mucoprotein that is synthesized only in the thick ascending limb of Henle’s loop and
early distal convoluted tubules of the kidneys [1]. In addition to this classical tubular secretion, to a
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minor degree uromodulin also sorts to the basolateral pole of tubular epithelial cells, as shown by its
presence in circulation [2]. The reduced number of tubular cells seen in chronic kidney disease (CKD)
due to interstitial fibrosis/tubular atrophy (IF/TA) is paralleled by the reduced urinary and serum
concentrations of uromodulin [3–5]. The potential utility of serum [4,6,7] and urine [8] uromodulin
measurement in kidney transplant recipients (KTRs) has been studied, showing an association of lower
serum uromodulin levels with progression to end-stage renal disease and graft failure. Although
normative ranges for serum/plasma uromodulin concentration were established over 30 years ago,
its characteristics have not yet been sufficiently identified as a priority in certain instances, resulting in
a failure to fully implement uromodulin in clinical practice.

MicroRNAs (miRNAs) are short, endogenous non-coding ribonucleic acids (RNAs) involved
in the modulation of gene expression, mainly by inhibition of messenger RNA translation [9,10].
Recent studies have indicated an association of miRNAs with pathological processes following kidney
transplantation, such as T-cell or antibody-mediated rejection, delayed graft function, and IF/TA [9–11].
The diagnostic accuracy of such molecules as biomarkers is still questionable, since many of them
emerge on the vascular side of the glomerular filtration barrier and can therefore reflect glomerular
filtration rather than a specific disease process. We have focused on searching for miRNAs that were
among the most studied in the context of fibrosis (anti-fibrotic miR-29c) [12], endothelial dysfunction
(miR-126) [13–15], and immune response (miR-146a) [16,17], or might even be involved in more than one
physiological and/or pathogenetic process, e.g., miR-150 [18,19], miR-155 [16,17], and miR-223 [20–22].
Moreover, our previous pilot research on miRNA association with certain most common kidney graft
pathologies, such as kidney graft rejection and the recurrence of primary glomerular disease, offered
interesting insights into a possible connection of selected miRNAs with underlying kidney graft
pathology. For details, see also Supplementary Table S1 and Figure S1.

In this study, we investigated the association of serum uromodulin concentration (s-Uromodulin)
(which emerges on the urinary side of the filtration barrier) and selected miRNAs (which emerge on the
vascular side of the glomerular filtration barrier) with standard biomarkers of kidney graft function,
including measurement of 51CrEDTA clearance. The study’s aim was firstly to investigate whether any
of the proposed biomarkers are associated with the glomerular filtration and renal function in KTRs.
Based on these results, the proposed biomarkers could or could not be a reliable indicator of kidney
graft associated disease processes. The possible association of reliable biomarker(s) with the course of
the associated disease process and kidney graft outcome is a long-term aim of this study protocol.

2. Results

2.1. Characteristics of the Study Population

The study included 100 KTRs, all Caucasian, 55 men and 45 women. The mean age was 55± 11 years
(range 19 to 79 years). The average time from transplantation was 10 ± 7 years (range 2 to 28 years).
The cohort included in the analysis had chronic kidney disease of transplanted kidney (CKD-T) of
all five stages, including patients just before starting renal replacement therapy. The data presenting
parameters of GFR are shown in Figure 1.

For investigation of uromodulin, the study included also 15 patients with non-kidney diseases,
all Caucasian, 7 men and 8 women. The mean age was 43 ± 13 years (range 20 to 58 years).
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Figure 1. Boxplots for each parameter of glomerular filtration rate. Boxplots for serum creatinine
concentration (s-Creatinine), serum cystatin C concentration (s-CysC), serum urea concentration
(s-Urea), serum uromodulin concentration (s-Uromodulin), estimated glomerular filtration rate with
Chronic Kidney Disease Epidemiology Collaboration study formula with s-Creatinine (eGFR CKD
EPI creatinine), estimated glomerular filtration rate with Chronic Kidney Disease Epidemiology
Collaboration study formula with s-CyC (eGFR CKD EPI CysC), estimated glomerular filtration
rate with Chronic Kidney Disease Epidemiology Collaboration study formula with s-Creatinine
and s-CysC (eGFR CKD EPI creatinine CysC), and measured glomerular filtration rate with
Chromium-51-ethylenediaminetetraacetic acid clearance (mGFR 51CrEDTA).

2.2. Relation between Kidney Function Parameters and s-Uromodulin

In the control group, the mean level of s-Uromodulin was 291 ± 71 ng/mL. S-Uromodulin
levels decreased significantly in the group of KTRs (p < 0.001), in which the mean s-Uromodulin
was 74 ± 53 ng/mL. We further analyzed s-Uromodulin in different stages of CKD-T (1–5, based on
measured GFR with 51CrEDTA (mGFR 51CrEDTA)), in relation to the s-Uromodulin in the control
group. We found that already in stage 1 of CKD-T, the s-Uromodulin significantly dropped compared
to the control group (p = 0.013). In the other four stages (2–4), the significance of reduced s-Uromodulin
compared to that in the control group was even lower (p < 0.001). Between CKD-T stage 1 and
2, the drop of s-Uromodulin showed borderline significance (p = 0.067), while s-Uromodulin was
significantly lower in CKD-T stage 2 compared to CKD-T stage 3 (p < 0.05) and in CKD-T stage 3
compared to CKD-T stage 4 (p < 0.05). There were no significant differences between stages CKD-T 4
and 5 (Figure 2A).

According to receiver operating characteristics (ROC), the area under the curve (AUC) represents
the probability that a randomly selected patient will have a lower or higher test result than a randomly
selected control. The ROC curve of s-Uromodulin in KTRs demonstrated an AUC of 0.991 (SE-0.007)
(95% Cl 0.977–1.00, p < 0.001) at an optimal cut-off of 191.5 ng/mL with 97% sensitivity and 100%
specificity (Figure 2B).

Analyzing bivariate correlations using Spearman’s correlation coefficient, s-Uromodulin was
significantly associated with all parameters of kidney graft function. The highest correlation coefficient
was noted for estimated glomerular filtration rate (eGFR) with Chronic Kidney Disease Epidemiology
Collaboration study formula with serum creatinine concentration (s-Creatinine) and serum cystatin C
concentration (s-CysC) (eGFR CKD EPI creatinine CysC) (Rho = 0.758, p < 0.001), followed by serum
urea concentration (s-Urea) (Rho =−0.740, p < 0.001), eGFR with Chronic Kidney Disease Epidemiology
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Collaboration study formula with s-Creatinine (eGFR CKD EPI creatinine) (Rho = −0.736, p < 0.001),
s-CysC (Rho = −0.720, p < 0.001), eGFR with Chronic Kidney Disease Epidemiology Collaboration
study formula with s-CysC (eGFR CKD EPI CysC) (Rho = 0.718, p < 0.001), s-Creatinine (Rho = −0.698,
p < 0.001), and mGFR 51CrEDTA (Rho = 0.669, p < 0.001) (Table 1).

 

Figure 2. Uromodulin concentration in serum. (A) The boxplots for serum uromodulin concentration
(s-Uromodulin) in chronic kidney disease of transplanted kidney (CKD-T) stages 1–5 based on measured
GFR with 51CrEDTA (mGFR 51CrEDTA) (stage 1, n = 5; stage 2, n = 21; stage 3, n = 43; stage 4, n = 17;
and stage 5, n = 11, with mGFR 51CrEDTA not possible to perform for 3 patients) in comparison to the
control group (Ctrl); (B) ROC curve and AUC distinguishing CKD-T from the control group without
any renal diseases. Legend: * p < 0.05, *** p < 0.001 (Ctrl versus Stage 1–5).

Table 1. Bivariate correlations between serum uromodulin concentration (s-Uromodulin) and parameters
of kidney graft function: serum creatinine concentration (s-Creatinine), serum cystatin C concentration
(s-CysC), serum urea concentration (s-Urea), estimated glomerular filtration rate with Chronic Kidney
Disease Epidemiology Collaboration study formula with s-Creatinine (eGFR CKD EPI creatinine),
estimated glomerular filtration rate with Chronic Kidney Disease Epidemiology Collaboration
study formula with s-CysC (eGFR CKD EPI CysC), estimated glomerular filtration rate with
Chronic Kidney Disease Epidemiology Collaboration study formula with s-Creatinine and s-CysC
(eGFR CKD EPI creatinine CysC) and measured GFR with Chromium-51-ethylenediaminetetraacetic
acid (mGFR 51CrEDTA).

Parameters of Kidney Graft Function Spearman Correlation to s-Uromodulin p

s-Creatinine −0.698 <0.001
s-CysC −0.720 <0.001
s-Urea −0.740 <0.001

eGFR CKD EPI creatinine 0.736 <0.001
eGFR CKD EPI CysC 0.718 <0.001

eGFR CKD EPI creatinine CysC 0.758 <0.001
mGFR 51CrEDTA 0.669 <0.001

2.3. Relation between Kidney Function Parameters and Expression of Selected miRNAs

While miR-126, miR-146a, and miR-150 were expressed in all 100 samples of serum, miR-29c,
miR-155, and miR-223 were not expressed in 12, 8, and 8 serum samples, respectively. Using the Pearson
correlation coefficient, none of the six analyzed miRNAs significantly correlated with the parameters
of kidney graft function (Figure 3).
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Figure 3. Correlations between different microRNAs (miRNAs) and parameters of kidney graft
function. Correlation between different miRNAs and (A) serum urea concentration (s-Urea), (B) serum
creatinine concentration (s-Creatinine), (C) serum cystatin C concentration (s-CysC), (D) estimated
glomerular filtration rate with Chronic Kidney Disease Epidemiology Collaboration study formula with
s-Creatinine (eGFR CKD EPI creatinine), (E) estimated glomerular filtration rate with Chronic Kidney
Disease Epidemiology Collaboration study formula with s-CysC (eGFR CKD EPI CysC), (F) estimated
glomerular filtration rate with Chronic Kidney Disease Epidemiology Collaboration study formula
with s-Creatinine and s-CysC (eGFR CKD EPI creatinine CysC), (G) measured glomerular filtration
rate with Chromium-51-ethylenediaminetetraacetic acid clearance (mGFR 51CrEDTA).
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3. Discussion

Although extensive scientific effort has been focused on developing biomarkers to detect kidney
allograft disease processes such as rejection or IF/TA, few assays have moved from the research arena
to clinical routine. The obstacle to the successful initiation of their clinical use is the still insufficiently
validated specificity for renal pathology. Similar to other molecules and proteins, these biomarkers are
also subject to glomerular filtration, tubular secretion, and reabsorption. Many of them, depending on
the site of their production and paths of elimination, probably reflect merely kidney function and not
disease. The identification of sensitive biomarkers able to reflect the subclinical steps of a pathologic
process, such as rejection, is therefore of the utmost relevance to recipients of kidney transplants [23–25].

Our research confirmed previous reports showing significantly higher s-Uromodulin in healthy
controls (patients without kidney disease) compared to KTRs, who in general belong to the group
of CKD patients [4,5,26]. In line with the findings of other similar research in patients with kidney
transplants [6], s-Uromodulin levels in our KTRs decreased stepwise from those with almost preserved
graft function to the lowest values in KTRs with pre-dialysis CKD-T. We also showed in this study
that s-Uromodulin correlates with all parameters of kidney graft function, the strongest association
being observed for eGFR CKD EPI creatinine CysC, followed by the serum level of urea, eGFR CKD
EPI creatinine, serum level of CysC, eGFR CKD EPI CysC, serum level of creatinine, and 51CrEDTA.
Decreased s-Uromodulin was observed in the earliest stages of CKD-T when other markers, such as
serum creatinine and even the precise method of GFR determination with 51CrEDTA, had still not
crossed the reference range. This indicates that reabsorption of uromodulin, which is exclusively
a product of tubules, is probably compromised from the earliest stages of tubulo-interstitial injury.
Reduced s-Uromodulin may therefore be a more sensitive indicator of early kidney graft dysfunction
not detected by serum glomerular filtration markers. In view of the simple routine of s-Uromodulin
measurement and its low costs, monitoring the dynamics of s-Uromodulin concentration may serve as
an accurate, noninvasive predictive biomarker of kidney graft injury and outcome.

Given that the concentration of uromodulin strongly reflects renal function, one would assume
that it would never be able to act as a reliable parameter of specific kidney graft pathology. However,
exceptions have already been found in the field of specificity for certain pathologies of native kidneys,
such as gout [27] or Balkan nephropathy [2]. Accordingly, in the case of kidney transplantation,
s-Uromodulin could be especially useful to clinicians aware of the advantages of biomarkers reflecting
subclinical tubular injury. Regular s-Uromodulin checkups in KTRs could, in our opinion, become
a useful tool for early detection of subclinical processes involving tubules and interstitium (such as
acute tubulointerstitial rejection), or timely surveillance of IF/TA. This assumption, however, needs
further exploration.

The miRNAs investigated in the present study have so far been extensively related to various
physiological and pathological states of kidney graft pathology (see also Supplementary Table S1).
We did not observe any association between the circulating levels of selected miRNAs (miR-29c,
miR-126, miR-146a, miR-150, miR-155, and miR-223) and kidney graft function (estimated and measured
by the reference method at the same time point of miRNA analysis). Previously published studies
have shown that the expression of some miRNAs, such as miR-126 or miR-223, is associated with
renal function in an up- or downregulated manner [11,15,28]. However, many of those studies were
performed with patients with CKD without kidney transplants [15] and/or focused on the functionally
unstable period of delayed graft function immediately after transplantation [11,17]. The essential
advantage of our analysis is that we used the reference method for GFR measurement (51CrEDTA) and
not only routinely used noninvasive biomarkers and/or GFR equations, but the patient cohort in this
study was also larger than in most of the so far published research in the field of biomarkers in kidney
transplantation [10,11,17,28].

Since selected miRNAs are independent of kidney graft function, they can be reliably used
as biomarkers of various pathological processes in KTRs without adjustments to kidney function.
In line with previous findings, the results of our pilot study performed on a subgroup of patients
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with indications of kidney graft biopsy showed a significant association with the miRNAs selected
here, with histologically proven antibody-mediated kidney graft rejection and recurrence of primary
glomerulonephritis. In this regard, miR-29c expression especially has shown potential for differentiating
between these two pathologies (see also Supplementary Figure S1). Unfortunately, the sample
examined was too small for reliable inference, but nevertheless pointed to the feasibility of conducting
further prospective analysis with systematic serum sampling for miRNA determination and planned
implementation of kidney graft biopsy, which is the long term aim of this study.

4. Materials and Methods

A prospective clinical study (NCT04413916) was conducted at the Department of Nephrology,
University Medical Centre Ljubljana, Slovenia and the Institute of Pathology, Faculty of Medicine,
University of Ljubljana. The study was approved by the National Medical Ethics Committee of
the Republic of Slovenia (permit number 24k/06/12 approved on 15/06/2012 and 0120-625/2017/4 on
18/12/2017 (revised version number 0120-625/2017/11 on 12/12/2019)) and conducted in accordance
with the Declaration of Helsinki. All patients signed informed consent.

4.1. Study Population Inclusion and Exclusion Criteria

The study included 100 kidney transplant recipients from the Slovenian Center for Kidney
Transplantation. Inclusion criteria were stable graft function for more than 3 months (changes in
creatinine concentration < 20%) and a time of transplantation at least two years before the study entry,
since we wanted to study the expression of miRNAs in stable conditions and eliminate the influence of
recent transplantation, replacement therapy, and rapid changes in renal function. The subsequent data
analysis revealed unstable graft function in only one patient. Exclusion criteria were an age less than
18 years, symptomatic heart failure, malignancy, pregnancy or lactation, newly introduced drugs that
may affect the function of the graft, and treatment with trimethoprim-sulfamethoxazole or cimetidine.
As a control group, 15 patients with non-kidney diseases were included (nonspecific skin lesions n = 13,
erosive stomatitis n = 1, and paraneoplastic dermatitis n = 1).

4.2. Measurement of Serum Creatinine, Serum Urea, and Cystatin C Concentration

Blood sampling was performed on the same day as the measurement of GFR 51CrEDTA clearance,
but before the injection of 51CrEDTA. S-Creatinine was measured with the kinetic colorimetric
compensated Jaffe assay (Siemens Healthcare Diagnostics Inc., Tarrytown, NY, USA) and with a
calibrator traceable to primary reference material with values assigned by isotope dilution mass
spectrometry [29]. S-CysC was measured using the particle-enhanced immunonephelometric method
(Siemens Healthcare Diagnostics, Marburg, Germany) [30]. S-urea was determined by a Roch-Ramel
enzyme reaction with urease and glutamate dehydrogenase (Siemens Healthcare Diagnostics Inc.,
Tarrytown, NY, USA).

4.3. eGFR

eGFR was calculated using Chronic Kidney Disease Epidemiology Collaboration study formulae
with s-Creatinine (eGFR CKD EPI creatinine) and s-CysC (eGFR CKD EPI CysC) or with both
s-Creatinine and s-CysC (eGFR CKD EPI creatinine CysC) [31].

4.4. Measurement of 51CrEDTA Clearance

mGFR 51CrEDTA was determined from a single 51CrEDTA injection (activity 3 MBq) and four
blood samples taken 120, 180, 240, and 300 min after intravenous application of the marker according
to British Nuclear Medicine Society guidelines, using the By weight method. Samples were measured
using a gamma counter (Hidex, Turku, Finland); mGFR 51CrEDTA was calculated and then adjusted
to the patient’s body surface area (Haycock formula) and specified as mL/min/1.73 m2 [32].
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4.5. Measurement of s-Uromodulin

S-Uromodulin was assessed in 20 controls and in 100 KTRs. All serum samples were stored at
–80 ◦C before measurements were performed. Measurements of s-Uromodulin were performed using
commercial ELISA (Euroimmun, Medizinische Labordiagnostika AG, Lübeck, Germany), as described
previously, based on the manufacturer’s instructions [5]. Characteristics of the ELISA were as follows,
given by the manufacturer: detection limit for plasma samples 2 ng/mL; mean linearity recovery 97%
(83–107% at 59–397 ng/mL); intra-assay precision 1.8–3.2% (at 30–214 ng/mL); inter-assay precision
6.6–7.8% (at 35–228 ng/mL); and inter-lot precision 7.2–10.1% (at 37–227 ng/mL). Data analysis was
performed using the program Analysis Software Gen5 (Gen5 2.09, BioTek).

4.6. miRNA Quantification

Total RNA isolation was performed using 200 μL of serum and a miRNeasy serum/plasma
advanced kit (Qiagen, Hilden, Germany) according to the manufacturer’s protocol. Elution was
performed using 20 μL of RNAse-free water. The successful isolation procedure was confirmed by
adding spike-ins and subsequent quantification of these spike-ins.

miRNAs miR-29c, miR-126, miR-146a, miR-150, miR-155, and miR-223 were analyzed using the
miRCURY LNA miRNA PCR system (Qiagen, Hilden, Germany). As the reference genes, miR-103a-3p,
miR-191, and miR-423 were used according to the manufacturer’s instruction. The possibility of
hemolysis was excluded by quantifying miR-23a and miR-451a. All the reagents were from Qiagen,
except where otherwise indicated. qPCR was carried out using Rotor Gene Q.

For reverse transcription, a miRCURY LNA RT Kit was used in a 10 μL reaction master mix
containing 2 μL of total RNA, according to the manufacturer’s instructions. The resulting reverse
transcription was diluted 20-fold and 3 μL was used in a 10 μL reaction master mix, according to the
manufacturer’s instructions. All the qPCR reactions were performed in duplicate. Prior to qPCR,
RNA samples were pooled, followed by RT and qPCR as described above. Efficiency was tested for
each analyzed miRNA using 10-fold dilutions and qPCR was performed in triplicate. The signal
was collected at the endpoint of every cycle. Following amplification, melting curve analysis of PCR
products was performed to verify the specificity and identity. Melting curves were acquired on the
SYBR channel using a ramping rate of 0.7 ◦C/60 s for 60–95 ◦C.

4.7. Statistical Analysis

Correlations were analyzed using Spearman’s rank correlation coefficient (Spearman’s rho) or the
Pearson correlation coefficient. To present relative gene expression, ΔCq was calculated for miRNA
expression [33]. The t-test was used to calculate the difference between the expression of uromodulin
between the control group and the kidney transplant group. For all statistical analyses, SPSS analytical
software (IBM SPSS statistics, version 24.0, Armonk, NY, USA) was used with a cut-off point at p < 0.05.

5. Conclusions

In the present study, we evaluated six selected miRNAs (miR-29c, miR-126, miR-146a, miR-150,
miR-155, and miR-223) and s-Uromodulin as biomarkers of kidney function in KTRs. The selected
miRNAs and s-Uromodulin were compared not only with conventional GFR biomarkers (creatinine,
cystatin, and estimated GFR), but also, as a novelty, with the radioisotope method, providing significant
reinforcement to the credibility of the findings. To the best of our knowledge, this is the first study to
compare these markers with the clinical gold standard of GFR (i.e., 51CrEDTA clearance) in KTRs.

In brief, the selected miRNAs are independent of kidney graft function, indicating their potential as
biomarkers of associated etiopathogenesis of kidney graft disease processes. In contrast, s-Uromodulin
is dependent on all observed parameters of kidney graft function. However, s-Uromodulin reliably
reflects the early stages of kidney graft disfunction, in which conventional GFR-related biomarkers,
including 51Cr EDTA, are still within normal limits. Since uromodulin is synthetized exclusively
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within tubules, though it is not a disease-specific marker, it can point to a predominantly tubular injury.
Further research is needed to explore the timely expression of uromodulin and miRNAs associated
with transplant pathology patterns, in order to detect kidney allograft pathology on a subclinical level,
tailor response to therapy, and predict graft outcome.

Supplementary Materials: Supplementary materials can be found at http://www.mdpi.com/1422-0067/21/16/
5592/s1, Table S1: Association of selected miRNAs with kidney graft disorder and relevant gene target(s), Figure
S1: Association of miRNAs (miR-29c, miR-126, miR-146a, miR-150, miR-155, miR-223) with kidney graft disease in
patients with performed kidney graft biopsy due to indication after miRNA measurement.
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Abbreviations

CKD chronic kidney disease
CKD-T chronic kidney disease of transplanted kidney
51CrEDTA chromium-51-ethylenediaminetetraacetic acid
GFR glomerular filtration rate
eGFR estimated GFR

eGFR CKD EPI creatinine
eGFR with Chronic Kidney Disease Epidemiology Collaboration study
formula with s-Creatinine

eGFR CKD EPI CysC
eGFR with Chronic Kidney Disease Epidemiology Collaboration study
formula with s-CysC

eGFR CKD EPI creatinine CysC
eGFR with Chronic Kidney Disease Epidemiology Collaboration study
formula with s-Creatinine and s-CysC

mGFR 51CrEDTA measured GFR with 51CrEDTA
IF/TA interstitial fibrosis/tubular atrophy
KTRs kidney transplant recipients
miRNA microRNA
RNA ribonucleic acid
s-Creatinine serum creatinine concentration
s-CysC serum cystatin C concentration
s-Urea serum urea concentration
s-Uromodulin serum uromodulin concentration
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Abstract: Noninvasive tools for diagnosis or prediction of acute kidney allograft rejection have been
extensively investigated in recent years. Biochemical and molecular analyses of blood and urine
provide a liquid biopsy that could offer new possibilities for rejection prevention, monitoring,
and therefore, treatment. Nevertheless, these tools are not yet available for routine use in clinical
practice. In this systematic review, MEDLINE was searched for articles assessing urinary biomarkers
for diagnosis or prediction of kidney allograft acute rejection published in the last five years (from
1 January 2015 to 31 May 2020). This review follows the Preferred Reporting Items for Systematic
Reviews and Meta-analysis (PRISMA) guidelines. Articles providing targeted or unbiased urine
sample analysis for the diagnosis or prediction of both acute cellular and antibody-mediated kidney
allograft rejection were included, analyzed, and graded for methodological quality with a particular
focus on study design and diagnostic test accuracy measures. Urinary C-X-C motif chemokine ligands
were the most promising and frequently studied biomarkers. The combination of precise diagnostic
reference in training sets with accurate validation in real-life cohorts provided the most relevant
results and exciting groundwork for future studies.

Keywords: kidney transplantation; kidney graft; T-cell-mediated rejection; antibody-mediated rejection;
diagnostic test accuracy

1. Introduction

The growing call for precision medicine justifies a trend shift towards the implementation of new
prognostic and diagnostic biomarkers in many fields of medicine. Progress in molecular and biomarker
technology now permits the possibility to tailor and customize clinical and therapeutic approaches
to the specific needs of a single patient, for a variety of medical conditions. Kidney diseases are
no exception, with biomarkers constantly gaining more ground in the management of acute kidney
injury (AKI), glomerulopathies, and chronic kidney disease (CKD) [1–3]. Also, in the setting of
kidney transplantation, precision medicine is rapidly moving forward, with biomarkers a significant
part of this trend. In kidney transplantation, biomarkers have been studied for early recognition
and diagnosis of disease recurrence, delayed graft function (DGF), infections, and acute and chronic
allograft rejection [4]. Since the 1970s, biomarkers have been studied for organ quality assessment
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prior to transplantation [5,6] and post-transplant evaluation [7]. However, in clinical practice, few
genuine biomarkers have emerged, and clinicians still largely rely on serum creatinine and proteinuria
monitoring. Novel biomarkers could be of great help not only for early recognition of allograft
disease, but also for monitoring disease activity, optimizing the need for invasive biopsies, predicting
the effectiveness and safety of a certain treatment, and tailoring the management of each single patient
to their specific needs [4,8].

Despite near-optimal immunosuppressive regimens and accurate therapy compliance, kidney
transplants still suffer from potentially preventable acute rejection (AR) episodes. AR early identification
is important for preserving nephron mass and aiding long-term allograft survival [9]. The gold standard
for AR diagnosis is histological examination of a kidney biopsy. The biopsy can then be interpreted with
the help of the Banff classification (created in the 1990s and periodically revised), which describes acute
lesions according to two mechanistic pathways: T-cell-mediated rejection (TCMR) and antibody-mediated
rejection (ABMR) [10]. However, a biopsy is an invasive procedure, may not be straightforward to
perform and can be complicated by major bleeding. In addition, potential sampling errors, inter-observer
variability, and elevated costs make allograft biopsy impractical for continuous monitoring of the graft
over time. Urine samples, as a readily available and direct product of the allograft, with minimal
influence from systemic inflammation, are a more desirable source for AR biomarkers. Very recently,
narrative reviews explored the use of biomarkers in the diagnosis of AR [11,12]. However, to our
knowledge, the most recent systematic review assessing urinary biomarkers’ ability for allograft AR
diagnosis in kidney transplant patients included papers published until 2015 [7]. The most relevant
articles and findings in the field before 2015 have been also thoroughly summarized elsewhere [13–15].
Up to 2015, no urinary biomarker was validated in sufficiently robust trials to be translated into clinical
practice independent of traditional surveillance and diagnostic methods.

The aim of this systematic review is to perform a methodical analysis and to summarize important
results coming from the most recent literature (2015–present) evaluating urinary biomarkers and their
performance as diagnostic and/or predictive tools for kidney allograft acute rejection.

2. Results

2.1. Included Studies

The original literature search yielded a total of 314 citations. Of these, 251 studies were discarded
after evaluation of title and abstract in the eligibility process. The remaining 63 studies were reviewed
full-text for inclusion in the study. Twenty-five studies were excluded, as detailed in Figure 1.

Figure 1. Search flowchart as per PRISMA guidelines. Three hundred fourteen studies were identified
searching MEDLINE between January 2015 and May 2020. After evaluating for eligibility and inclusion,
38 articles were selected.

28



Int. J. Mol. Sci. 2020, 21, 6889

The main reason for exclusion was the evaluation of a different outcome instead of AR (e.g.,
chronic or late rejection, graft dysfunction, graft failure). Experimental studies, one trial protocol,
and one letter were also excluded. A total of 38 remaining articles, published between 1 January 2015
and 31 May 2020, were finally included. No additional articles were included from the reference lists.

2.2. Study Characteristics

Table 1 summarizes the most relevant characteristics of each of the 38 included studies. Twenty-nine
were single center studies, while nine were multicenter collaborations. Among the 32 studies assessing
urinary biomarkers in the diagnosis of acute rejection, the majority of them, 18/32, were designed
as case-control, while 14/32 as cross-sectional studies. Among the six studies assessing the ability
of urinary biomarkers to predict acute rejection at variable time-points before the episode, five
studies analyzed prospectively collected data and one study analyzed retrospectively collected
data. Population characteristics, patient selection protocols, inclusion and exclusion criteria, as well
as sample size, were heterogeneous between studies. Sample size varied from 15 to 396 kidney
transplant patients, and occasionally more than one urine sample was obtained from the same patient.
Although all of the included studies were published after January 2015, some of them enrolled patients
transplanted from the early 2000′s. Table 1 also highlights the year of study population enrolment
to help the identification of possibly overlapping populations and to assess the appropriateness of
the Banff classification used in each study. The majority of the included studies applied up to date
Banff classification, with ten studies apparently using the 1997 version or not reporting the year.
Using an outdated classification could be a source of bias mostly for studies assessing ABMR, as
discussed later. For one study, the application of the Banff classification was not clearly stated. Studies
were also heterogeneous in terms of the considered outcome. Among the 38 included studies, 15
specifically addressed TCMR only, whereas just two exclusively focused on ABMR. Sixteen studies
assessed the combination of TCMR and ABMR, while five studies did not specify the characteristics of
the observed acute rejection (Table 1).

Table 1. Description of the study characteristics. The table summarizes the main characteristics of
the 38 included studies.

Ref Study Design Single/Multicenter
Patients

(n)
Enrolment

(years)
Urinary Biomarker(s)

Ref.
Standard

Outcome

Tinel [16] Cross-sectional Single center 329 2011–2016 CXCL9, CXCL10 Banff ‘15 TCMR,
ABMR

Yang [17] Cross-sectional Multicenter 364 2010–2018 Q score Banff ‘17 TCMR,
ABMR

Kalantari [18] Case-control Single center 22 2016–2018 Unbiased metabolomics 1 Banff ‘97 TCMR
Verma [19] Case-control Single center 53 N/R RNA-Seq signature Banff ‘17 TCMR

Goerlich [20] Case-control Single center 39 2016–2017 T cells, TEC, PDX Banff ‘13 TCMR,
ABMR

Banas [21] Cross-sectional Single center 109 2011–2012 Unbiased metabolomics 2 Banff ‘09 TCMR,
ABMR

Tajima [22] Cross-sectional Single center 80 2014–2016 LC3, CCL2, LFABP, NGAL, HE4 Banff ‘09 TCMR,
ABMR

Kolling [23] Case-control Single center 93 N/R Circular RNAs Banff ‘09 TCMR

Sigdel [24] Cross-sectional Multicenter 150 2000–2016 uCRM score Banff ‘09 TCMR,
ABMR

Kim [25] Case-control Multicenter 23 N/R Unbiased metabolomics 3 Banff ‘07 TCMR

Ciftci [26] * Prospective Single center 85 2014–2017 CXCL9, CXCL10 Banff ‘13 TCMR,
ABMR

Banas [27] Case-control Single center 358 2008–2010;
2015–2016 Unbiased metabolomics 2 Banff ‘97 TCMR

Lim [28] Case-control Multicenter 47 2013–2015 Exosome proteins Banff ‘07 TCMR

Chen [29] Case-control Single center 49 2006–2009 CXCL13 Banff ‘97 TCMR,
ABMR

Barabadi [30] § Cross-sectional Single center 91 2013–2015 FOXP3 Banff ‘13 AR
Mockler [31] *§ Prospective Single center 38 N/R CCL2 Banff ‘13 TCMR

Ciftci [32] * Prospective Single center 65 2013–2015 TNFα Banff ‘97 AR

Park [33] Case-control Single center 44 N/R Exosome proteins Banff
(N/R) TCMR

Millan [34] * Prospective Multicenter 80 N/R miR-155-5p, CXCL10 Banff ‘97 TCMR
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Table 1. Cont.

Ref Study Design Single/Multicenter
Patients

(n)
Enrolment

(years)
Urinary Biomarker(s)

Ref.
Standard

Outcome

Seo [35] Case-control Multicenter 88 2013–2015 CTOT4 formula Banff
(N/R)

TCMR,
ABMR

Gandolfini [36] § Case-control Multicenter 56 N/R CXCL9 Banff ‘13 TCMR

Chen [37] Case-control Single center 156 2006–2009 sTim3 Banff ‘97 TCMR,
ABMR

Domenico [38] § Case-control Single center 49 N/R miRNA-142-3p Banff ‘07 AR
Lee [39] § Case-control Single center 34 N/R Donor-derived cfDNA unclear AR

Seeman [40] § Case-control Single center 15 2013–2014 NGAL Banff ‘09 TCMR,
ABMR

Blydt-H. [41] Cross-sectional Multicenter 59 2002–N/R ABMR score Banff ‘13 ABMR

Belmar V. [42] * Retrospective Single center 86 2012–2015 Albumin Banff
(N/R) ABMR

Raza [43] Cross-sectional Single center 300 2009–2014 CCL2 Banff ‘97 TCMR

Galichon [44] Cross-sectional Multicenter 108 N/R CTOT4 formula Banff ‘09 TCMR,
ABMR

Sigdel [45] Cross-sectional Single center 396 2000–2011 Unbiased proteomics Banff ‘07 TCMR,
ABMR

Garcìa-C. [46] § Cross-sectional Single center 50 N/R IL10, IFNγ Banff ‘09 TCMR,
ABMR

Ho [47] § Cross-sectional Single center 133 N/R MMP7, CXCL10 Banff ‘07 TCMR
A. Elaziz [48] Cross-sectional Single center 54 2011–2014 PD1, FOXP3 Banff ‘07 TCMR
Lorenzen [49] Cross-sectional Single center 93 N/R LncRNAs Banff ‘09 TCMR

Rabant [50] * Prospective Single center 300 2010–2012 CXCL9, CXCL10 Banff ‘07 TCMR,
ABMR

Rabant [51] Cross-sectional Single center 244 2011–2013 CXCL9, CXCL10 Banff ‘07 TCMR,
ABMR

Blydt-H. [52] Cross-sectional Single center 51 2002–N/R CXCL10 Banff ‘07 TCMR
Sigdel [53] § Case-control Single center 30 2000–2009 Exosome proteins Banff ‘07 AR

Unbiased metabolomics: 1 (NAD, NADP, nicotinic acid, MNA, GABA, cholesterol sulfate, homocysteine); 2 (alanine,
citrate, lactate, urea); 3 (guanidoacetic acid, methylimidazoleacetic acid, dopamine, 4-guanidinobutyric acid,
and L-tryptophan). * Prediction study; § Diagnostic Test Accuracy analysis not present. N/R, not reported.

2.3. Biomarkers

The included studies were split into diagnostic and prediction studies. To be considered a diagnostic
study, the collection of a urine sample should be performed on the day that AR was suspected or
when per-protocol biopsies were planned. There were a few exceptions to this rule where sample
collection occasionally occurred up to seven days before biopsy. For prediction studies, urine samples
were collected at any time point post-transplant and, in this analysis, these ranged from day one up
to six months post-transplantation. Among the various techniques for targeted analysis of known
urinary biomarkers, ELISA and RT-PCR were the most frequently utilized. Mass spectrometry, nuclear
magnetic resonance spectroscopy, liquid chromatography, RNA expression, and transcriptome analysis
by RNA-Seq were employed for unbiased metabolomics, proteomics, and genomic profiling and for
detection and identification of urinary exosome proteins. All biomarkers are detailed per category in
Table 2.

In accordance with previous studies, the most extensively assessed urinary biomarkers were
C-X-C motif chemokine ligand 9 (CXCL9) and 10 (CXCL10), usually adjusted for urinary creatinine
concentration. In detail, 12/38 (32%) studies either addressed CXCL9 and CXCL10 alone, in combination,
or in the context of particular scores or formulas [16,17,24,26,34–36,44,47,50–52]. Other directly targeted
cytokines and interleukins were chemokine ligand 2 (CCL2), also known as monocyte chemoattractant
protein 1 [22,31,43], CXCL13 [29], interleukin 10 (IL10) with interferon gamma (IFNγ) [46] and tumor
necrosis factor alpha (TNFα) [32].

30



Int. J. Mol. Sci. 2020, 21, 6889

Table 2. Urinary biomarkers. Table illustrating all urinary biomarkers divided per category and in
alphabetic order. Specific formulas and scores are also detailed.

Category Biomarkers

Cytokines

Chemokines
Other

CCL2, CXCL9, CXCL10, CXCL13
IFNγ, IL10, TNFα

Metabolites

Nucleotides
Amino acids and Organic acids

Other small molecules
NAD, NADP

Alanine, Citrate, GABA, 4-Guanidinobutyric Acid, Guanidoacetic Acid,
Homocysteine, Lactate, Methylimidazoleacetic Acid, Nicotinic Acid,

l-Tryptophan
Cholesterol Sulfate, Dopamine, MNA, Urea

Proteins
Albumin, LFAPB, HE4, LC3, MMP7, NGAL, sTIM3, Urinary extracellular

vesicle (exosome) proteins (HPX, TSPAN1)

RNAs
micro RNAs

Circular RNAs, FOXP3 mRNA, LncRNAs, PD1 mRNA, RNA-seq
miR-142-3p, miR-155-5p

Urinary Cells CD4+/CD8+ T cells, CD10+/EPCAM+ cells, PDX+ cells, TEC

Scores and Formulas

ABMR score [41]
CTOT-4 formula [54]

Q score [17]

uCRM score [24]

Signature of 133 unique metabolites
CD3ε mRNA + CXCL10 mRNA + 18S rRNA

Cell-free DNA + Clusterin + Creatinine + CXCL10 +Methylated Cell-free
DNA + Total Urinary Protein

11 genes expression score on urinary cell pellet (including CXCL9
and CXCL10)

Unbiased metabolomic analysis and untargeted profiling revealed multiple urinary metabolites
as potential biomarkers of AR: nicotinamide adenine dinucleotide (NAD), nicotinamide adenine
dinucleotide phosphate (NADP), nicotinic acid, 1-methylnicotinamide (MNA), gamma-aminobutyric
acid (GABA), cholesterol sulfate, homocysteine [18], the combination of alanine, citrate, lactate,
and urea [21,27], and the combination of guanidoacetic acid, methylimidazoleacetic acid, dopamine,
4-guanidinobutyric acid, and l-tryptophan [25].

Urinary proteins of interest were neutrophil gelatinase-associated lipocalin (NGAL) [22,40],
liver-type fatty acid-binding protein (LFABP) [22], human epididymis protein 4 (HE4) [22], matrix
metalloproteinase 7 (MMP7) [47], soluble T cell immunoglobulin mucin domain 3 (sTIM3) [37].
The presence and diagnostic performance of urinary extracellular vesicle (exosome) proteins, derived
from inflammatory cells and collected with the help of nano-membrane or immune-magnetic capture,
was investigated by three studies [28,32,52].

Direct RT-PCR was used to identify targeted RNAs like programmed cell death protein1 (PD1)
mRNA, forkhead box P3 (FOXP3) mRNA, and micro (mi) RNAs (miR-142-3p, miR-155-5p) [30,34,38,48],
while genome-wide or transcriptome analysis were applied for the unbiased identification of circular
and long noncoding RNAs [23,49].

The amount of urinary CD4+ and CD8+ T cells, tubular epithelial cells (TEC), podocalyxin
(PDX)-positive, CD10+ or epithelial cell adhesion molecule (EPCAM)-positive cells was determined by
flow cytometry and compared with biopsy results [20].

Two studies [35,44] investigated the diagnostic accuracy of the CTOT4 formula (CXCL10 mRNA,
CD3ε mRNA, 18S rRNA), previously validated by the CTOT-4 (clinical trials in organ transplantation-4)
multicenter study group [54]. CXCL10 was also included in newly derived scores such as the Q
score, composed of six DNA, protein, and metabolite urinary biomarkers (cell-free DNA, methylated
cell-free DNA, clusterin, total protein, creatinine, and CXCL10) [17], while CXCL9 and CXCL10 genes
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were included in the uCRM score [24]. Finally, the ABMR score comprised more than 130 unique
metabolites [41].

2.4. Quality Assessment

Studies reporting diagnostic test accuracy (DTA) analysis (29/38) were graded for risk of bias
and applicability concerns according to the QUADAS-2 tool (Table 3). Risk of bias was frequently high
for patient selection (14/29, 48%) and index test (23/29, 79%).

Table 3. QUADAS-2 tool assessment for DTA studies. Table illustrating risk of bias and applicability
concerns evaluation as per QUADAS-2 tool for 29 studies providing diagnostic test accuracy data.

Ref
Risk of Bias Applicability Concerns

Patient
Selection

Index
Test

Reference
Standard

Flow
and Timing

Patient
Selection

Index
Test

Reference
Standard

Tinel [16] � � � � � � �
Yang [17] � � � � � � �

Kalantari [18] � � � ? � � �
Verma [19] � � � � � � �

Goerlich [20] � � � � � � �
Banas [21] � � � ? � � �
Tajima [22] � � � � � � �
Kolling [23] � � � � � � �
Sigdel [24] � � � � � � �
Kim [25] � � � � � � �

Ciftci [26] * � � � ? � � �
Banas [27] � � � � � � �
Lim [28] � � � � � � �

Chen [29] � � ? � � � �
Ciftci [31] * � � ? ? � � �
Park [33] � � � � � � �

Millan [34] * ? � � ? � � �
Seo [35] � � � � � � �

Chen [37] � � ? � � � �
Blydt-H. [41] � � � � � � �
Belm.V. [42] * � � ? � � � �

Raza [43] � � � � � � �
Galichon [44] � � ? � � � �

Sigdel [45] � � � � � � �
A. Elaziz [48] ? � � � � � �
Lorenzen [49] � � � � � � �
Rabant [50] * � � � � � � �
Rabant [51] � � � � � � �

Blydt-H. [52] � � � � � � �
*, Prediction study; �, Low Risk; �, High Risk; ?, Unclear Risk.

The most frequent reasons for high risk of bias were the selection of the study population by
case-control design, which was the case for the majority of the studies, the exclusion of the typical
confounding of a real-life setting, the absence of threshold definition and independent validation. For
example, when control patients were selected among stable patients without performing allograft
biopsy, or only among normal histology patients, and the obtained thresholds were not tested in
a randomly selected validation group, the study was highlighted for high risk of bias in patient
selection and index test (Table 3). This then raised the possibility of an increased risk of over-fitting
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association and unrealistic DTA performance and, therefore, concerns for applicability. The ideal
control patients were randomly (or in a cross-sectional fashion) selected, all having had an allograft
biopsy (per indication or per protocol) with various histological diagnosis (e.g., normal histology; acute
tubular necrosis, ATN; interstitial fibrosis and tubular atrophy, IFTA; chronic allograft nephropathy,
CAN; BK virus nephropathy, BKVN; recurrence of the primary disease on the allograft). Only 5/29
studies were found to have a low risk of bias in both patient selection and index test. Allograft histology,
according to Banff classification, was the reference standard for AR diagnosis, with histology grading
usually assigned in a blinded fashion with respect to the index test results. Since urinary samples were
frequently obtained for all included patients, prior to a diagnostic allograft biopsy, and all included
patients were evaluated in the DTA analysis, a low risk of bias was frequently identified in the flow
and timing domain. The QUADAS-2 tool does not include publication bias (PB) as one of the variables
and, in the context of this review, it is difficult to formally assess PB. Given the broad variety of
different biomarkers that were assessed and the absence of a meta-analysis, performing formal PB
assessment such as Egger’s test, Deek’s test or the construction of a funnel plot was not possible. It is
also recognized that the assessment of PB in data synthesis of DTA data is challenging with limited
reliability [55].

2.5. Summary of the Results

Tables 4–6 provide a detailed summary of each study results. When DTA analysis was available (29
studies), the results are summarized in Table 4 for diagnostic studies (24/38) and Table 5 for prediction
studies (5/38). Descriptive results from the remaining nine studies are briefly reported in Table 6.
For each DTA study, the particular outcome of interest and characteristics of the control population are
reported with sample size for each group included in the final DTA analysis. The urinary biomarker of
interest, thresholds (when available) and test design (training, validation, or particular comparisons
between groups) are also detailed. For prediction studies, time from transplantation to urinary
biomarker analysis is also reported (between 1 day to 6 months post-transplantation). Sensitivity,
specificity, positive and negative predictive values (PPV, NPV), and area under the receiver operating
characteristic curve (AUC) are reported as measures of diagnostic test accuracy when available
(Tables 4 and 5) and results are in bold text when arising from validation cohorts. Results confirmation
in at least one validation cohort was available in less than one third of studies (7/29, 24%). Of these, two
were case-control studies [25,33], while the others were the previously mentioned five cross-sectional
studies with the lowest risk of bias score [16,17,21,41,45]. Sensitivity and specificity values were
highly variable between studies, ranging from 9% to 100% and from 34% and 100%, respectively. PPV
and NPV were also variable, ranging from 15% to 98% and from 32% to 100%, respectively.
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Table 5. Summary of the study results—Predictive studies with DTA. This table shows the outcome of
prediction studies. Outcome and control group for the DTA analysis are reported (sample size when
available), followed by the studied urinary biomarker(s), thresholds and time from transplant to test.

Ref. Outcome (n) Control Group (n)
Biomarkers, Thresholds
and Time Post-Transplant Diagnostic Test Accuracy (95%CI)

Sens. Spec. PPV NPV AUC

Ciftci [26] TCMR (9) + ABMR (6) STA (70) CXCL9, 1 day - 3 months 70–85% 37–88% 60–71% 71–90% 0.71–0.95
CXCL10, 1 day - 3 months 78–82% 58–85% 59–73% 74–87% 0.75–0.97

Ciftci [32] AR (9) STA (56)

TNF-α (12.08 pg/mL), 1 day 71% 57% - - 0.74
(0.51–0.97)

TNF-α (11.03), 7 days 100% 84% - - 0.95
(0.88–1.00)

TNF-α (9.85), 1 month 100% 83% - - 0.91
(0.81–1.00)

TNF-α (9.13), 3 months 100% 71% - - 0.83
(0.75–0.98)

TNF-α (7.42), 6 months 100% 62% - - 0.82
(0.69–0.95)

Millan [34] TCMR (8) STA (72)
miR-155-5p (0.51), 1wk-6m 85% 86% 88% 100% 0.88

(0.78–0.97)
CXCL10 (84.73
pg/mL),1wk-6m

84% 80% 90% 85% 0.87
(0.81–0.92)

CXCL10:Cr (0.43), 1wk-6m 72% 73% 90% 96% 0.75
(0.67–0.83)

Belm.V. [42] ABMR (subclinical) ALL-B Albuminuria (> 30
mg/g), 6m

- - - - 0.75
(0.55–0.95)

Rabant [50] AR (TCMR + ABMR +
mixed, 76) ALL-B

CXCL9:Cr (1.78
ng/mmoL),10d

61% 50% 24% 84% 0.58
(0.47–0.68)

CXCL9:Cr (0.96), 1 month 81% 35% 23% 89% 0.50
(0.37–0.62)

CXCL9:Cr (1.67), 3 months 57% 62% 18% 91% 0.57
(0.39–0.75)

CXCL10:Cr (4.80), 10 days 57% 52% 23% 83% 0.54
(0.43–0.65)

CXCL10:Cr (2.79), 1 month 83% 51% 29% 93% 0.72
(0.61–0.80)

CXCL10:Cr (5.32), 3 months 54% 77% 25% 92% 0.68
(0.55–0.80)

ALL, all patients irrespectively of allograft function (-B, biopsied); STA, stable graft patients (-B, biopsied).

2.5.1. Acute Rejection Diagnosis

Among studies with the lowest risk of bias, only three studies [16,17,45] yielded a very good
(0.8–0.9) or excellent (> 0.9) performance as diagnostic AUC (Table 4). All of these studies provided
diagnostic accuracy measure for the diagnosis of AR, considering both TCMR and ABMR as outcome
of interest. Tinel et al. found that the combination of urinary CXCL9 and CXCL10 could distinguish AR
patients among almost three-hundred heterogeneous patients with an AUC of 0.70 [16]. These results
strengthened the good performance previously described, among dysfunctional allografts, separately
for CXCL9 (AUC 0.71) and CXCL10 (AUC 0.74) by Rabant and colleagues [51]. Yang et al. separately
validated the so-called Q score in two validation cohorts for the diagnosis of AR. A Q score ≥ 32
maintained an excellent diagnostic performance (AUC 0.96) also when validated in the entire study
population (n = 364), with high PPV and NPV (87–98%) [17]. Banas et al., after identifying a urinary
metabolite signature with good diagnostic performance for TCMR [27], validated it in a cohort of 109
patients for the diagnosis of AR with and AUC of 0.71 [21]. Through unbiased metabolomics, Sigdel
et al. identified a signature of eleven urinary peptides able to segregate AR patients from normal
histology, chronic allograft nephropathy and BK virus nephropathy patients with an excellent AUC of
0.94 in validation cohort [45]. The same authors proved a urine cell sediment gene expression-based
score (uCRM score) able to diagnose AR with 96.6% accuracy and potentially quantify the degree
of injury [24].
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Table 6. Summary of the study results—Studies with no DTA. This table describes the main results
from studies with no DTA. Sample size is reported for the outcome and control group when available.

Ref. Outcome (n) Control Group (n) Biomarkers, Thresholds and Main Results

Barabadi [30] AR (27) ALL-B (normal, 45; CAN, 19) FOXP3 mRNA expression was significantly
higher in AR (p < 0.001)

Mockler [31] * TCMR (5; borderline, 3) STA-B There was no significant association between 6
months post-transplant CCL2 and TCMR
changes (p = 0.46)

Gandolfini [36] TCMR (22) ALL-B (normal, 19) CXCL9 > 200 pg/mL in TCMR, 100-200 in
dysfunction graft, and < 100 pg/mL in stable
graft (p < 0.01)

Domenico [38] AR (23) ALL-B (ATN, 18; normal, 8) mirRNA 142-3p was significantly higher in AR
compared to stable graft (p < 0.001); not
compared to ATN (p = 0.079)

Lee [39] AR (8) STA (8); DYS-B (ATN, 8;
other, 4)

Donor-derived cfDNA was not significantly
different between groups (p = 0.95)

Seeman [40] TCMR (2) + ABMR (2) DYS-B (11) NGAL was not significantly different between
groups (p = 0.48)

Garcìa-C. [46] AR (9) ALL-B (fibrosis, 31; other, 10) IL10 and IFNγ were not significantly different
between groups (p = 0.95, p = 0.1)

Ho [47] TCMR (17; subclinical, 17) ALL-B (normal, 22) MMP7 and CXCL10 were significantly elevated
in subclinical (p = 0.01, p < 0.0001) and clinical (p
< 0.001) TCMR

Sigdel [53] AR (10) DYS-B (IFTA, BKVN, 20) Ten urinary exosomal proteins were significantly
increased in AR (p < 0.05)

Statistically significant (p < 0.05) results are shown in bold. * Prediction study. ALL, all patients irrespectively
of allograft function (-B, biopsied); DYS, dysfunctional graft patients (-B, biopsied); STA, stable graft patients
(-B, biopsied).

2.5.2. T-Cell-Mediated Rejection Diagnosis

The previously mentioned study by Tinel et al. also provided separate outcome analysis for CXCL9
and CXCL10, with the best performance for TCMR diagnosis with a NPV of 98% and a very good AUC of
0.81 [16]. Also of note, CCL2, at a threshold level of 198 pg/mL, yielded very good performance (AUC 0.81)
for TCMR identification among a population of 300 normal and dysfunctional grafts in the study by
Raza et al. [43]. Urinary exosome proteins were investigated in two case-control studies for the diagnosis
of TCMR. Lim et al. found significantly higher urinary tetraspanin-1 (TSPAN1) and hemopexin
(HPX) expression levels in TCMR patients with good diagnostic performance (AUC 0.74) [28], while
Park et al. reported the initial results of an optimized integrated kidney exosome analysis (iKEA) able to
distinguish TCMR from normal histology patients, with a very good performance (AUC 0.84) in a small
validation cohort [33].

2.5.3. Antibody-Mediated Rejection Diagnosis

The study from Blydt-Hansen et al. was the only one to specifically evaluate the diagnostic
performance for ABMR diagnosis [41]. The authors tested and validated the use of the ABMR score,
with a good sensitivity (78%) and specificity (83%), NPV of 96%, a good performance (AUC 0.76
in validation), and the ability to provide a stratification from negative—indeterminate—to positive
ABMR patients [41].

2.5.4. Acute Rejection, TCMR, and ABMR Prediction

Among prediction studies (Table 5), high risk of bias was often identified for patient selection
and index test. However, good performances for AR prediction were obtained by three months
post-transplant for CXCL9 and CXCL10 levels [26], and seven days and one month post-transplant
for TNF-alpha levels [32]. The well-conducted study by Rabant et al. found both urinary CXCL9
and CXCL10, adjusted for urinary creatinine concentration, to have high NPV (89 to 93%) for AR at
one and three months post-transplantation. CXCL10 yielded the best predictive performance (AUC
0.72) at one month post-transplantation, at the threshold of 2.79 ng/mmoL [50]. For TCMR prediction,
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post-transplant CXCL10 and miR-155-5p levels yielded positive results [34], while for ABMR prediction
six months albuminuria was investigated [42].

3. Discussion

With this systematic review, we critically summarize the results of the last five years research,
the latest advances, and highlight the most frequent limitations of studies assessing urinary biomarkers
for the diagnosis or prediction of acute allograft rejection. We focused on study design, distinction
between TCMR and ABMR setting, evaluation of confounding (e.g., DGF, infections, calcineurin
inhibitors nephrotoxicity), comparison with the gold standard of diagnosis (both for cases and controls),
and presence of estimates of the biomarker(s) performance in validation.

The main finding was the strengthening in evidence for the clinical utility of urinary C-X-C
motif chemokine ligands (in particular for the diagnosis of TCMR) alone or in combination with
other biomarkers as in the Q score (cell-free DNA, methylated cell-free DNA, clusterin, total protein,
creatinine, and CXCL10) or in the CTOT-4 formula. CXCL9 and CXCL10 had AUC ranging from
0.67–0.88 with a NPV ranging from 84–98% for AR diagnosis and AUC ranging from 0.50–0.97 with
a NPV ranging from 71–96% for AR prediction. Signatures of urinary peptides and metabolites
identified through unbiased proteomic and metabolomics, and a cluster of urinary cell pellet genes
(uCRM score) were also established for the diagnosis of AR, net of some limitations for their introduction
in clinical practice. Confounding outcomes need always to be considered due to potential overlap in
diagnosis. For example, urinary chemokines are also elevated in allograft BK virus nephropathy (as
discussed below), urinary NGAL was proposed as early predictor of DGF [56], and as a biomarker of
CNI toxicity [57], while urinary miRNAs dysregulation has been linked to interstitial inflammation
and tubular atrophy [58]. For the first time Tinel and colleagues demonstrated that considering (instead
of excluding) potential confounding factors (i.e., urinary tract infection and BK virus reactivation)
in a diagnostic multi-parametric model could optimize its performance [16]. A model combining
eight parameters (recipient age, sex, eGFR, DSA presence, signs of urinary tract infection, BKV blood
viral load, CXCL9, and CXCL10) could reach AR diagnosis with high accuracy (AUC: 0.85, 0.80–0.89),
paving the way for new studies combining urinary biomarkers with clinical characteristics to reach
the highest clinical relevance and provide targeted therapy for our patients.

Up to 2015, almost ninety non-redundant molecules were identified as urinary biomarkers
of AR, participating in different pathways such as complement activation, antigen presentation,
and inflammation signaling [15]. Urine was the most frequent matrix of choice for these analyses,
and studies were often limited by small sample size and case-control design, no histology in the control
cohorts, lack of confounding adjustment, lack of a validation set, and technical difficulties with
procedure standardization and costs [15]. Although serum creatinine levels and proteinuria monitoring
are well established biomarkers used by transplant physicians to suspect AR, they lack both sensitivity
and specificity, and they are of little help in the prediction phase, in detecting subclinical rejection,
and in differential diagnosis between AR, infections, drug toxicity, and acute tubular necrosis [14,59].
In a study of 281 consecutive biopsies, indicated by an increase in serum creatinine levels, only
27.8% revealed any sign of AR [51]. Conversely, subclinical rejection (i.e., rejection without clinical
dysfunction) was found in over 40% of patients with normal renal function in the presence of anti-HLA
de novo donor-specific antibodies (DSA) [60]. Proteinuria is common after kidney transplant and,
although widely used as a biomarker of renal disease and despite its value as an independent predictor
of long-term graft survival, it could also be sign of post-transplant primary disease recurrence (e.g.,
focal-segmental glomerulosclerosis), infections (e.g., CMV), immunosuppressive medication toxicity,
or systemic (e.g., new-onset diabetes) and urologic complications (e.g., ureteral stenosis) [59,61]. DSA
monitoring is currently considered the primary biomarker for ABMR but, despite the increasing ability
to detect low level of DSAs, their positive predictive value is low, so that up to 60% of patients showing
de novo DSA do not show any sign of AR at biopsy [60].
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Continuous advances in molecular techniques and the “-omics” sciences have helped to identify
many potential new blood and urine biomarkers for the diagnosis and prediction of kidney allograft
AR in the last two decades. Of note, elevated pretransplant serum CXCL9 and CXCL10 levels were
found to be associated to increased risk of early and severe AR and graft failure [62–64]. Subsequently,
among urine-derived proteins, a 2012 study found CXCL9 and CXCL10 to be considerably elevated in
patients experiencing either AR (clinical or subclinical) or BK virus infection (86% sensitivity and 80%
specificity for CXCL9; 80% sensitivity and 76% specificity for CXCL10), but they were not able to
distinguish between the two conditions [65]. These results were reinforced by the 2013 CTOT-1 study,
which found that low urine CXCL9 measured at 6 months post-transplant identified a subset of
patients at low-risk for AR development (92% NPV for Banff ≥1A TCMR) and predicted allograft
stability up to 24 months post-transplant (93-99% NPV) [66]. With the help of mass spectroscopy,
elevated beta2-microglobulin levels were identified as strongly correlated with AR (83% sensitivity,
80% specificity, 89% PPV, 71% NPV) and then validated by ELISA in the urine of AR patients [67].
Cytotoxic proteins perforine and granzyme B urine mRNAs were proposed to noninvasively diagnose
AR (respectively with 83% sensitivity, 83% specificity, and 79% sensitivity, 77% specificity) [68] and Treg
marker FOXP3 was shown to predict reversal of AR (90% sensitivity, 73% specificity) [69]. T-cell
immunoglobulin-3 domain, mucin domain mRNA expression (Tim-3, also known as hepatitis A virus
cellular receptor 2) in urinary cells was found to be able to discriminate AR from other causes of acute
graft dysfunction (calcineurin inhibitor nephrotoxicity or interstitial fibrosis and tubular atrophy) with
an AUC of 0.96, 89% PPV and 94% NPV [70]. A 2013 multicenter study from the CTOT-4 study group
later identified a 3-gene urinary mRNA signature (CD3ε mRNA, CXCL10 mRNA, 18S rRNA) able to
discriminate acute TCMR from no rejection in indication biopsies, with an AUC of 0.74, 79% sensitivity
and 78% specificity in a validation set [54]. Also, noncoding miRNAs (e.g., miRNA-10a, miRNA-10b,
miRNA-210), although limited by the easy degradation, proved to be detectable in the urine, and in
particular low miRNA-210 levels discriminated patients affected by AR from stable control transplant
patients (74% sensitivity, 52% specificity) [71].

Our systematic analysis of the more recent literature details the accuracy of a variety of urinary
biomarkers for allograft AR with the objective of allowing transplant physicians early diagnosis
and prediction of rejection episodes, and differential diagnosis with other causes of allograft dysfunction.
A correct histologic diagnosis of AR is essential during the process of new biomarkers validation
and the Banff criteria are considered the gold standard for biopsy evaluation. The diagnostic criteria
for TCMR have essentially undergone no major change in the last decade with lymphocytic infiltrate
of tubules (tubulitis) and larger vessels (vasculitis) being the main descriptive features. The severity
of these lesions is graded according to the degree of lymphocytic infiltrate per high-powered field.
On the other hand, ABMR criteria has continuously evolved in recent years–thus highlighting
the great importance of applying an up to date classification in this setting–with the recognition
of its variable histologic presentation [72,73]. Original criteria established in 2000s included active
tissue injury, immunohistologic evidence of peritubular capillary complement split-product C4d
deposition and circulating DSA. Subsequent studies demonstrating the presence of ABMR also in
lacking detectable C4d staining biopsies [74], pushed the BanffWorking Group in 2013 to the major
change in the ABMR criteria, removing the requirement for C4d detection [75]. The most recent
changes in 2017 included removing the requirement for documented circulating DSA in the setting of
positive C4d staining and microvascular inflammation and included the use of AMR-associated gene
transcripts panels [10].

The ideal biomarker should be readily available, accurate, inexpensive, standardized, repeatable,
and noninvasive and would be useful to reduce the need for protocol biopsy and enable early targeted
intervention. The chance of finding an ideal biomarker with high sensitivity, specificity, PPV and NPV
is small. However, not all biomarkers need to be highly sensitive and highly specific at the same time,
depending on the clinical question they are going to answer. Therefore, targeting specific populations
and accepting lower predictive values in certain variables may be a better strategy. For example, to
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confirm the need for allograft biopsy in a population at high risk for AR (thus providing biopsy to
the correct patients), a test with high sensitivity, and low false negative rate, would be the most useful.
On the contrary, to propose diagnostic biopsies in a population at low risk for AR (thus avoiding
unnecessary per-protocol biopsies), a test with high specificity, and low false positive rate, would be
the test of choice. Also, TCMR and ABMR are different clinical entities and it is unrealistic, on current
evidence, to hope for a biomarker that will accurately predict AR in both forms in a typical population
of transplant patients with possible confounding.

Our systematic review has some limitations. The heterogeneity of the included studies did not
permit to detail the many facets of individual study results, especially the more complex ones, to stick
with the systematic review question. For space restraints, tables only report the major findings of
each study, limited to urinary biomarkers. A narrative synthesis of the most promising results was
applied to improve readability and a meta-analysis could not be performed. From our work, overall
good quality studies emerged, many with DTA analysis and some comprising a thorough validation
process yielding a very good to excellent diagnostic performance. Although specific forms of bias
were assessed using QUADAS-2 publication bias could not be formally assessed and the authors
acknowledge this can overestimate the weight of positive results. Weaknesses of the included studies
were often the use of small cohorts obtained by case-control selection yielding inflated predictive
values, the exclusion of confounding, unclear or out of date Banff classification application, the absence
of validation cohorts, and lack of hypothesis-driven approach. In fact, the biomarker discovery process
should not only consist of a training phase (i.e., a case-control study), but also comprise independent
validation in a prospective study and confrontation with real-life clinical setting.

4. Materials and Methods

4.1. Literature Search

This review follows the Preferred Reporting Items for Systematic Reviews and Meta-Analysis
(PRISMA) guidelines [76]. The objective of the study, search strategy, inclusion and exclusion
criteria, and study evaluation method were planned in advance, refined, and approved by all authors.
MEDLINE was searched from 1 January 2015 to 31 May 2020. Key terms like “kidney”, “renal”,
“transplant/transplantation”, “urine/urinary”, “marker/biomarker”, and “rejection” were combined in
the search strategy. Additional relevant articles were searched from scanning reference lists of included
studies and added if not detected by the original literature search.

4.2. Selection Process

The first screening by title and abstract was separately performed by two authors (F.G., L.C.) in
the eligibility process. Original articles were selected if they assessed one, more, or a combination
of urinary biomarker(s) and their performance in diagnosis or prediction of kidney allograft AR.
Abstracts, reviews, studies assessing biomarkers from other matrix (e.g., blood samples or histology
staining), and studies specifically evaluating different outcomes (e.g., chronic rejection, infection, or
allograft survival) were excluded. In the inclusion process, selected articles were then independently
full-text reviewed by two authors (F.G., L.C.). Any disagreement between the two investigators was
discussed and solved with the help of all authors.

4.3. Data Collection and Analysis

Data from each of the included studies were collected with the help of a pre-specified spreadsheet
and extraction table refined by all authors. Study design, single or multicenter patient collection, sample
size, years of enrollment, urinary biomarker(s) of interest (i.e., index test), the Banff classification used
for histological AR diagnosis (i.e., reference standard) and the addressed outcome(s) were collected in
a descriptive table. Studies were distinguished between diagnostic and predictive. Diagnostic studies
were usually collecting urine samples on the day of the diagnostic biopsy while predictive studies
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were analyzing urine samples collected before AR development. Studies that reported DTA data,
such as sensitivity, specificity, PPV, NPV, and AUC were evaluated for risk of bias and applicability
concern using the Quality Assessment Tool for Diagnostic Accuracy Studies-2 (QUADAS-2), a tool
for quality evaluation of diagnostic accuracy studies [77]. The most important items for a positive
evaluation included; a cross-sectional study design; avoiding patient selection bias and inappropriate
exclusion; the definition of the index test (biomarker) threshold in a training set and its validation in
a separate set of patients; and compliance with the correct histological definition of AR as a standard
reference for all patients included in the analysis. Due to the great heterogeneity of the included
studies, a meta-analysis was not performed, and a narrative synthesis of the results was preferred.

5. Conclusions

In recent years, numerous studies joined the challenging quest for urinary biomarkers in diagnosis
and prediction of acute kidney allograft rejection. Authors must face the difficult task to allow
for mediating between the need for a precise setting and reference standard diagnosis (to develop
the most precise biomarkers), and the need for their validation in the most heterogeneous population
of kidney allograft patients (to increase clinical utility). Urinary chemokines CXCL9 and CXCL10,
alone or in combination with others, are the most frequently used and the most promising biomarkers,
but multi-parametric clinical and laboratory models could represent the best strategy for future
studies. Remarkable advances have been made on the path of allowing a more precise allocation
of resources, helping clinicians to move from the standard protocol/indication biopsy dichotomy, to
reduce unnecessary immunosuppression, and to improve kidney allograft outcomes in the long-term.
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Abbreviations

ABMR Antibody-mediated rejection
AKI Acute kidney injury
AR Acute rejection
ATN Acute tubular necrosis
AUC Area under the ROC curve
BKVN BK virus nephropathy
CAN Chronic allograft nephropathy
CCL2 Chemokine ligand 2
cfDNA Cell free DNA
CKD Chronic kidney disease
CTOT Clinical trials in organ transplantation
CXCL C-X-C motif chemokine ligands
DGF Delayed graft function
DSA Donor-specific antibodies
DTA Diagnostic test accuracy
EPCAM Epithelial cell adhesion molecule
FOXP3 Forkhead box P3
GABA Gamma-aminobutyric acid

42



Int. J. Mol. Sci. 2020, 21, 6889

HE4 Human epididymis protein 4
HPX Hemopexin
IFNγ Interferon gamma
IFTA Interstitial fibrosis and tubular atrophy
iKEA Integrated kidney exosome analysis
IL Interleukin
LC3 Microtubule-associated protein 1A/1B-light chain 3
LFABP Liver-type fatty acid-binding protein
MMP7 Matrix metalloproteinase 7
MNA 1-methylnicotinamide
NAD Nicotinamide adenine dinucleotide
NADP Nicotinamide adenine dinucleotide phosphate
NGAL Neutrophil gelatinase-associated lipocalin
NPV Negative predictive value
PB Publication bias
PD1 Programmed cell death protein 1
PDX Podocalyxin
PPV Positive predictive value

PRISMA Preferred reporting items for systematic reviews
and meta-analysis

QUADAS Quality assessment tool for diagnostic accuracy studies
Sens Sensitivity
Spec Specificity
sTIM3 Soluble T cell immunoglobulin mucin domain 3
TCMR T-cell mediated rejection
TEC Tubular epithelial cells
TNFα Tumor necrosis factor alpha
TSPAN1 Tetraspanin 1
uCRM Urinary common rejection module
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Abstract: New biomarkers of early and late graft dysfunction are needed in renal transplant to
improve management of complications and prolong graft survival. A wide range of potential
diagnostic and prognostic biomarkers, measured in different biological fluids (serum, plasma, urine)
and in renal tissues, have been proposed for post-transplant delayed graft function (DGF), acute
rejection (AR), and chronic allograft dysfunction (CAD). This review investigates old and new
potential biomarkers for each of these clinical domains, seeking to underline their limits and strengths.
OMICs technology has allowed identifying many candidate biomarkers, providing diagnostic and
prognostic information at very early stages of pathological processes, such as AR. Donor-derived
cell-free DNA (ddcfDNA) and extracellular vesicles (EVs) are further promising tools. Although most
of these biomarkers still need to be validated in multiple independent cohorts and standardized, they
are paving the way for substantial advances, such as the possibility of accurately predicting risk of
DGF before graft is implanted, of making a “molecular” diagnosis of subclinical rejection even before
histological lesions develop, or of dissecting etiology of CAD. Identification of “immunoquiescent” or
even tolerant patients to guide minimization of immunosuppressive therapy is another area of active
research. The parallel progress in imaging techniques, bioinformatics, and artificial intelligence (AI)
is helping to fully exploit the wealth of information provided by biomarkers, leading to improved
disease nosology of old entities such as transplant glomerulopathy. Prospective studies are needed
to assess whether introduction of these new sets of biomarkers into clinical practice could actually
reduce the need for renal biopsy, integrate traditional tools, and ultimately improve graft survival
compared to current management.

Keywords: renal transplant; biomarkers; extracellular vesicles; acute rejection; chronic rejection;
chronic allograft dysfunction; calcineurin-inhibitor nephrotoxicity; Polyomavirus associated
nephropathy; immunosuppression

1. Introduction

General Features and Meaning of a Biomarker

A biomarker has been defined as “a characteristic that is objectively measured and evaluated
as an indicator of a normal biological process, pathogenic process or pharmacological response to a
therapeutic intervention” [1,2].
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Transplanted kidney is currently monitored through a complex of clinical (e.g., GFR, proteinuria),
immunological (e.g., DSA), instrumental (e.g., resistive index at Doppler ultrasound), and histological
parameters. Overall these “traditional biomarkers” have many limits related not only to disease, but
also to both nephrologists’ and pathologists’ skills. Even histological examination through renal biopsy,
which remains the diagnostic golden standard criterion despite its invasiveness, is hampered by many
drawbacks: low sensitivity (e.g., failure to detect subclinical acute rejection), low specificity due to
heterogeneity of processes underlying the same lesion (e.g., uncertain interpretation of interstitial
fibrosis-tubular atrophy, IFTA), lack of standardization (poor reproducibility, elevated inter-observer
variability due to expertise-dependence) and of quantitative thresholds, sampling errors (e.g., failure
to detect focal disorders such as Polyomavirus associated nephropathy, PVAN) [3].

New biomarkers have been the focus of intense research over the last decade to overcome these
limits and improve allograft monitoring. Most of them are derived from “OMICs” revolution [4] and
can be considered the cornerstone of precision medicine, which is based on a proactive approach and
aims at predicting and preventing pathological processes by providing earlier and more extensive
information than traditional ones [5].

In general, biomarkers can be classified into seven categories with different meaning and aims [5],
outlined in Table 1.

Table 1. Biomarkers categories and their meaning in renal transplant.

Type of Biomarker Meaning in Renal Transplant

Susceptibility or risk biomarker It estimates the risk of developing a condition (e.g., AR) in a
stable graft without any clinical sign of dysfunction

Diagnostic biomarker It identifies patients with a disease or a subset of it (e.g., AR type)

Prognostic biomarker
It estimates the likelihood of a clinical event or of disease

progression, staging severity of disease (e.g., severe rejection with
risk of graft loss)

Predictive biomarker It estimates the likelihood of achieving a favorable response from
a therapy (e.g., Eculizumab for complement-fixing DSA)

Monitoring biomarker
It is serially measured in order to detect a change in evolution of

disease or signs of drug toxicity, or to detect exposure to
immunosuppressive drugs (e.g., TAC levels)

Pharmacodynamic/response biomarker It verifies that a biological response has occurred after a drug
exposure (e.g., DSA MFI after treatment of ABMR)

Safety biomarker It estimates presence and severity of drug-related toxicity
(e.g., CNI nephrotoxicity)

A plethora of new, non-invasive biomarkers measured in either urine or peripheral blood have
been studied over the last years, mainly with a diagnostic and prognostic meaning, with different
degrees of preclinical and clinical success. Some of them have been validated in independent cohorts
and may be already employed in clinical decision-making when kidney biopsy is contraindicated or
inconclusive. Other biomarkers, mainly represented by gene expression signatures, have been assessed
in kidney tissue and appear to significantly expand information provided by traditional histology [6].

Different pathological processes can cause early and late KTx dysfunction and are outlined in Figure 1.
We herein reviewed the current literature on potential biomarkers in three main settings of KTx:

ischemia reperfusion injury (IRI) and DGF, AR, and CAD. The latter includes biomarkers for chronic
rejection, chronic Calcineurin-Inhibitor (CNI) nephrotoxicity, and PVAN.
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Figure 1. Timeline of early and late causes of graft dysfunction.

2. IRI and DGF

DGF is a common complication of KTx, which affects short and long-term outcomes, including
risk of acute rejection and graft survival. It is often caused by IRI due to long cold ischemia time,
especially in kidney from “extended-criteria” donors (ECD) and donation after cardiac death (DCD).
The most commonly employed definition for DGF relies on the need for dialysis in the first week
after KTx.

Biomarkers measured in the immediate post-Tx would be extremely useful to identify patients at
risk of DGF and prevent this common complication, for example delaying start of CNI [7].

Ideally, biomarkers predicting DGF should be available either before KTx, in the donor, or
immediately after it, in the recipient. The first option is especially interesting in the current era of
increasingly higher risk ECDs [8], as accurate tools to assess kidney quality are needed to help allocate
them to the most adequate recipient, or even discard them when considered unsuitable [9].

A lot of potential biomarkers of DGF have been studied and some of them have already been
validated in independent cohorts (Tables 2 and 3). Some biomarkers have been analyzed in donor’s
biological fluids or in the graft (e.g., preservation fluid) before KTx, whereas most of them were studied
in the recipient after KTx.

2.1. Donor-Related Biomarkers

Donor-related biomarkers can be measured in donor biological fluids, in graft preservation fluid,
or in the perfusate of machine-perfused kidneys.
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Table 2. Potential biomarkers for DGF.

Biomarker Source Main Features Author

Mitochondrial DNA Donor plasma It predicts DGF in DCD donors Han F. et al. [10]

Complement C5a Donor urine It predicts DGF Schroppel B. et al. [11]

miRNA Graft
preservation fluid

Several miRNAs proposed as
biomarkers of DGF; miR-505-3p

validated in DCD grafts

Gomez-Dos-Santos V. et al. [12]
Roest H. et al. [13]

LDH, NGAL and
MMP-2

Perfusate of
machine-perfused

kidneys

Different levels according to type of
donor (DCD vs. DBD vs. LD),

reflecting degree of IRI
Moser M. et al. [14]

Exosomal mRNA for
NGAL and NGAL

Perfusate of
machine-perfused

kidneys
They predict DGF Cappuccilli M. et al. [15]

πGST
Perfusate of

machine-perfused
kidneys

It predicts DGF Hall I. et al. [16]

Furosemide stress test —
Clinical test: non-responsive patients

are at increased risk of DGF in the
following days

Udomkarnjananun S. et al. [17]

miR182-5p,
miR-21-3p

Recipient’s serum and
urine They predict DGF Wilflingseder J. et al. [18]

miR146a-5p Recipient’s peripheral
blood and renal tissue Increased in both DGF and AR Milhoransa P. et al. [19]

miR-9, miR-10a,
miR-21, miR-29a,
miR-221, miR-429

Recipient’s urine
(first 5 days after KTx)

This panel predicts DGF (validated
in an independent cohort) Khalid U. et al. [20]

NGAL

Recipient’s
serum/plasma

and urine
(first days after KTx)

Both bNGAL and uNGAL predict
DGF and 1-year graft function, but

bNGAL is more accurate.
Urine NGAL predicts DGF also in

KTx from LD.

Cappuccilli M. et al. [15]
Maier H. et al. [21]

Ramirez-Sandoval J. et al. [22]
Li Y. et al. [23]

Sahraei Z. et al. [24]

Corin Recipient’s plasma It is reduced in DGF Hu X. et al. [25]

TLR-4 surface
expression

Recipient’s circulating
monocytes

It is reduced in DGF and associated
with poor graft function at follow-up Zmonarski S. et al. [26]

Amylase Recipient’s serum It increases in DGF Comai G. et al. [27]

Fascin and Vimentin Graft biopsy in
recipient

Expression of these EndMT
biomarkers on microvasculature
correlated with long-term graft

function after DGF

Xu-Dubois Y-C. et al. [28]

2.1.1. Donor Biological Fluids

Elevated donor plasma mitochondrial DNA levels independently predicted DGF and correlated
with 1-year graft survival in a cohort of DCD [10].

Following organ procurement, the role of innate immune system, such as Complement in
IRI, has been extensively investigated. By generating effector molecules (C4b, C4d, C3b, iC3b,
C3dg, and C3d) and anaphylatoxins (C3a, C5a), Complement can recruit granulocytes, monocytes,
and other inflammatory cells to the site of ischemic injury and regulate activation of tubular epithelial
cells and pericytes within the kidney. In addition, Complement factors can directly damage renal
parenchymal cells by inducing tubular apoptosis, endothelial-to-mesenchymal transition (EndMT),
pericytes-to-mesenchymal transition, and accelerated senescence [28–31]. EndMT deeply modifies
endothelial cells, which acquires a mesenchymal phenotype and new properties, such as capacity to
produce extracellular matrix (EM) and induce fibrosis. Biomarkers of EndMT have been the focus
of recent research in different KTx areas and will be discussed in detail in following sections on
recipient-related DGF biomarkers (Section 2.2.4) and on chronic rejection-IFTA within the setting of
CAD (Section 4.1.3).
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Consistently, donor urinary C5a levels were independently associated with recipient post-transplant
DGF, providing a potential rationale for complement-blocking therapies to prevent DGF in high risk
patients [11].

2.1.2. Graft Preservation Fluid

Other studies have recently focused on analysis of potential biomarkers within graft preservation
fluids, especially during hypothermic machine perfusion, with the rationale that their concentration
may reflect organ viability and correlate with post-transplant renal function [12].

Cell-free microRNAs (miRNAs) show promise as biomarkers in several KTx settings. These are
short non-coding RNAs that play a pivotal role in regulation of gene expression through epigenetic,
transcriptional, and post-transcriptional mechanisms. They can be isolated, quantified and profiled
by multiple platforms which can also characterize their target genes [32]. They have been studied in
graft preservation fluid and proposed as viability biomarkers (miR-486-5p, miR-144-3p, miR-142-5p,
and miR-144-5p) [12]; however, only miR-505-3p has been demonstrated to be an independent predictor
of DGF in DCD grafts with high accuracy (AUC = 0.83) and was confirmed in a validation cohort [13].

Of note, a significant percentage of miRNAs do not circulate free but are carried by EVs that have
been detected in preservation fluid. These structures contain both donor-derived RNAs and selected
miRNA which could be associated with graft function during the first seven post-operative days [33].

General features of EVs and their role as biomarkers of DGF will be discussed in more detail in
the following paragraphs.

2.1.3. Perfusate of Machine-Perfused Kidneys

Proteomic analysis of perfusate from machine cold perfusion of graft was compared between
different types of donor kidneys. LDH, neutrophil gelatinase-associated lipocalin (NGAL), and matrix
metalloproteinase-2 levels were highest in DCD kidneys, followed by DBD and living-donor (LD)
kidneys. Other molecules, such as periredoxin-2 and α-1 antitripsin, were also significantly different
across the three groups, probably reflecting different degrees of IRI [14,15]. Exosomal mRNA for
NGAL and NGAL concentration in the perfusate of machine-perfused kidneys were associated with
DGF also in another study [15]. The α and π iso-enzymes of glutathione S-transferase (GST) levels,
measured from perfusate solution at the start and the end of machine perfusion, were analyzed in
428 KTx recipients. While levels of both iso-enzymes significantly increased during this procedure,
only πGST levels at the end of machine perfusion were independently associated with DGF [16].

All the above-mentioned molecules represent potential biomarkers and therapeutic targets that
may be useful in the setting of DGF, but still need to be validated.

2.2. Recipient-Related Biomarkers

2.2.1. Furosemide Stress Test

Furosemide stress test (FST) is a simple test to predict DGF in the post-transplant period.
FST non-responsive patients (urine volume < 350 cc after 4 h of Furosemide infusion) are at risk of
developing DGF in the following days [17].

2.2.2. miRNAs

miRNAs, which we already analyzed as donor-derived biomarkers, have been the focus of several
studies also in KTx recipients, representing both a biomarker and a potential therapeutic target [34–36].
MiR 182-5p and miR-21-3p in recipient’s serum and urine correlated with DGF in one study [18].
MiR 146a-5p has been studied in renal tissue and peripheral blood during DGF. It was significantly
increased in renal biopsy of patients with DGF as compared to stable recipients and those with AR and
a similar trend was found in peripheral blood samples [19].
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A urinary panel of six miRNAs (miR-9; miR-10a; miR-21; miR-29a; miR-221; miR-429) was
consistently elevated in the first urine passed after Tx and in urine samples collected daily across the
following five post-operative days in patients who developed DGF (ROC AUC = 0.94). This panel was
validated in an independent cohort [20].

In experimental IRI studies in mice, the expression of miR-139-5p in renal tissues of the IRI
group was 40% lower than that of the sham-operated one. A set of candidate genes involved in
regeneration and repair of kidney tissue, EM degradation and inflammation was also shown to be
markedly overexpressed in this setting and may provide new biomarkers in the future [37].

2.2.3. Neutrophil Gelatinase-Associated Lipocalin (NGAL) and Other Biomarkers

NGAL has been the focus of many studies as a tubular injury biomarker for early prediction
of DGF in KTx recipients. It has been studied both in graft perfusion fluid and in recipient’s blood
and urine.

Increased release from ischemia-injured tubular cells has been proved to discriminate patients at
risk for AKI. Blood NGAL (bNGAL)—performed on serum/plasma—and urine NGAL (uNGAL) were
shown to predict DGF in the early post-operative period, whereas its meaning as a perfusion fluid
biomarker has already been discussed [15,21].

In one study on 50 KTx recipients from ECD, bNGAL levels at day 1 were significantly higher in
the DGF group; of interest, NGAL accurately discriminated between slow and immediate graft function
even within the non-DGF group. Furthermore, bNGAL levels preceded decrease in serum creatinine
and allowed earlier TAC introduction in a “sequential” immunosuppressive protocol, shortening
CNI-free window as compared to standard, creatinine-based management. Thus, bNGAL may help
avoid unnecessary CNI underexposure in patients in which renal function is about to recover. The same
study also shed light on NGAL function as a growth factor for tubular epithelial cells. In vitro, either
hypoxia or TAC exposure induced its release from tubular epithelial cells and NGAL stimulated
their regeneration after IRI and acute nephrotoxicity through an autocrine loop. However, chronic
tubular stimulation by NGAL also appeared to promote epithelial-to-mesenchymal transition (EMT)
and progression toward CKD. This pathological process will be discussed in detail in the following
Section 4.1.3 concerning mechanisms of chronic rejection and IFTA. Overall these data suggest that
NGAL levels might even predict a maladaptive repair with increased risk of progression from DGF to
chronic loss of graft function [38].

Consistently, a more recent study prospectively assessed dynamic profile of bNGAL and uNGAL
in 170 consecutive recipients within 7 days of Tx and found that their level on post-operative day 2
could accurately predict DGF. Multivariate analyses revealed donor age, serum and urinary NGAL
were each independently associated with DGF (p < 0.001) [21].

A metanalysis first demonstrated that elevated serum and urine NGAL levels can predict DGF
and 1-year graft function [22]; a second, more recent one, including 1036 patients from 14 studies,
confirmed that both bNGAL—performed on serum/plasma—and uNGAL were robust biomarkers for
DGF (AUC 0.91 and 0.95, respectively), with superior predictive value of bNGAL over uNGAL [23].

Of interest, urine NGAL post-operative modification in the first 24 hours were associated not only
with DGF but also with worse renal outcomes at 2 years in terms of graft function and survival in LD
KTx [24].

Several other biomarkers have been proposed in the setting of DGF.
A urinary tissue inhibitor of metalloproteinases-2 (TIMP-2), a validated biomarker for AKI,

was reported to predict the occurrence and duration of DGF in DCD KTx recipients [39].
In a transcriptomic study on IRI mice, Corin was one of the most downregulated among more

than 2200 differentially expressed genes and protein level of renal Corin was markedly reduced in IRI.
Consistently, also plasma Corin concentrations were reduced in a small sample of recipients with DGF
as compared to uncomplicated KTx recipients [25].
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Expression of Toll-like (TLR-4) expression on circulating monocytes was reported to be lower in
DGF patients and associated with poor graft function at follow-up [26].

An increase in serum Amylase (>20%), especially if associated with increased Resistive Index
(>0.7) predicted a higher incidence of DGF, longer hospital stay, and worse renal function at discharge
in another study [27].

2.2.4. BioMarkers of EndMT

In a recent study biomarkers of partial microvasculature EndMT (Fascin and Vimentin) and of
tubular EMT (Vimentin) were analyzed with immunoistochemistry in renal biopsies performed in
early post-transplant due to DGF, showing ATN lesions. Extent of ATN was correlated with short and
long-term (2 year) graft dysfunction only in the presence of partial EndMT (pEndMT) biomarkers
expression, suggesting that early endothelial cell activation can identify patients at risk of incomplete
recovery after DGF [28]. EndMt will be discussed in detail in the following Section 4.1.3 concerning
mechanisms of chronic rejection and IFTA.

2.2.5. EVs

EVs is a general term which includes membrane structures of different size, released by cells
after fusion of endosomes with the plasma membrane (exosomes), shed from plasma membrane
(microvesicles), or released during apoptosis (apoptotic bodies). EVs are then taken up by neighboring
or distant target cells (paracrine or endocrine effect) [40] and mediate a wide range of physiological and
pathological processes, including renal disease [41]. EVs also exert pleiotropic, immunomodulatory
roles in KTx [42]. Their bioactive cargo includes graft antigens, costimulatory/inhibitory molecules,
cytokines, growth factors and, as discussed before, functional miRNAs that modulate expression of
recipient cell target genes. Recent studies dissected this complex content, suggesting that some of these
molecules may be potential biomarkers of DGF, paralleling recovery of renal and endothelial function.
Even though initial evidence on dynamics of circulating EVs after KTx needs to be confirmed [43],
this area of research appears to be promising.

Plasma and urinary EVs investigated as possible biomarkers of DGF in KTx are outlined in
Table 3 [44–50].

Table 3. Extracellular vescicles (EVs) as potential biomarkers of DGF.

Type of EV Main Features Author

Plasma Endothelial EVs
EVs level and their procoagulant activity

progressively decrease after KTx,
paralleling renal function recovery

Al-Massarani G et al. [44,45]

Plasma Endothelial and platelet EVs
Endothelial and platelet EVs size and level

progressively decrease after KTx,
paralleling renal function recovery

Martins S et al. [46]

Urinary EVs NGAL expression in urinary EVs
correlated with DGF Alvarez S et al. [47]

Urinary CD 133+ EVs Decreased level in recipients with DGF and
vascular damage Dimuccio V et al. [48]

Acquaporin-1 containing EVs Decreased urinary
Acquaporin-1-containing EVs in DGF

Sonoda H et al. [49]
Asvapromtada S et al. [50]

3. AR

Potential biomarkers of acute antibody-mediated rejection (ABMR) and T-cell mediated rejection
(TCMR) are reported in detail in Tables 4–6.
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Table 4. Potential biomarkers for acute rejection (AR).

Biomarker Type of Rejection Main Features Author

Three-gene signature
(CTOT 04 study) TCMR It increases up to 20 days before

histological diagnosis Suthanthiran M et al. [51]

Seven-gene
signature

(KALIBRE study)
TCMR It increases 7 weeks before histological

diagnosis and decreased after treatment Christakoudi S et al. [52]

Seventeen-gene signature
(GoCAR study) TCMR It identifies subclinical TCMR and

correlates with long-term graft survival Zhang W et al. [53]

Eight-gene signature ABMR It correlates with histological features of
acute and chronic ABMR Van Loon E et al. [54]

Panel of gene signature
(CTOT 08 study) TCMR and ABMR

It correlates with clinical and histological
outcomes and with de novo DSA; useful

to identify immunologically quiescent
patients

Friedewald J et al. [55]

Nineteen-gene signature TCMR and ABMR

It includes TCMR genes. Analysis
performed on RNA extracted from

archival fresh frozen paraffin-embedded
renal biopsy tissue.

Sigdel T et al. [56]

kSORT
(AART study) TCMR and ABMR

Rejection predicted 3 months before
histological diagnosis in 64% of patients

with stable graft function.

Roedder S et al. [57]
Zhang W et al. [53]

ENDATs ABMR
Analysis of endothelial transcripts

predicts ABMR with excellent accuracy
(AUC = 0.92).

Sis B et al. [58]
Adam B et al. [59]

Complement fragments ABMR Levels correlate with ABMR Stites E et al. [60]

Innate immunity genes TCMR
Unbiased transcriptome analysis

identifies increased expression of innate
immune system genes

Mueller F et al. [61]

CXCL9 TCMR and ABMR

High NPP (99.3%): low levels at 6 months
predict low risk of rejection until

24 months.
Highly accurate for ABMR diagnosis

when associated with DSA.

Hricik D et al. [62]
Rabant M et al. [63]
Faddoul G et al. [64]

Mühlbacher J et al. [65]

CXCL10 ABMR and mixed
High NPP (99%).

It predicts rejection at 1 month post-KTx
in stable graft.

Rabant M et al. [66]

dd-cfDNA ABMR and TCMR

Due to elevated negative NPP, it could
help rule out especially ABMR and play a

role for surveillance after a rejection
episode or in sensitized patients

Bloom R et al. [67–72]

Allogenic circulating B- and
T-cell assays ABMR and TCMR Useful to predict subclinical forms of

rejection and DSA

Hricik D et al. [73]
Crespo E et al. [74]

Gorbacheva V et al. [75]

Peripheral blood miRNAs TCMR miR-15b, miR-16, miR-103a, miR-106A,
miR107 predict vascular TCMR Matz M et al. [76]

Peritransplant soluble CD30
(sCD30) TCMR Strong association between sCD30

and TCMR
Trailin A et al. [77]

Mirzakhani M et al. [78]

CD154-positive T cytotoxic
memory cells TCMR

Association with TCMR and its
histological severity in

steroid-free regimen
Ashokkumar C et al. [79]

CD 200 and CD200R1 TCMR and ABMR
Increased pre-transplant CD200R1/CD200
ratio identifies recipients at increased risk

of AR and worse renal function
Oweira H et al. [80]

CD45RC TCMR Pre-transplant expression of CD45RC on
circulating CD8+ T predicts AR Lemerle M et al. [81]

N-glycan ABMR and TCMR
N-glycan levels (integrated within a
clinical score) predict rejection-free

survival in KTx from LD
Soma O et al. [82]

HSP-90 ABMR and TCMR It discriminates AR from other causes of
graft dysfunction Maehana T et al. [83]

Heparan Sulfate TCMR It predicts DGF Barbas A et al. [84]
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3.1. Transcriptomic Studies

3.1.1. Urine and Peripheral Blood Transcriptomics

The CTOT 04 trial has analyzed mRNA transcripts in urinary sediment cells and identified a
three-gene signature (CD3ε mRNA, CXCL10 mRNA, and 18S rRNA) predicting TCMR up to 20 days
before biopsy-proven diagnosis [51]. A more recent study by the same group analyzed gene expression
in urinary cells and renal biopsies during AR and identified unique and shared gene signatures
associated with biological pathways involved in TCMR and ABMR. Furthermore, they demonstrated
the enrichment of biopsy gene signature in urinary cells and of immune cell types in urine compared
with renal tissue. These findings support the hypothesis that urine gene expression patterns can reflect
and even amplify ongoing renal tissue immune pathways and may help diagnose rejection and monitor
its dynamics [85]. This is consistent with evidence from previous studies suggesting that graft can sort
renal tissue infiltrating cells in urine as an in vivo flow cytometer [86].

Several studies have tried to identify a peripheral blood gene expression signature to diagnose
subclinical AR at an early stage.

Christakoudi S et al. analyzed expression of 22 literature-based genes in peripheral blood samples
of patients from Kidney Allograft Immune Biomarkers of Rejection Episodes (KALIBRE) study and
identified a seven-gene TCMR-signature (IFN-γ, IP-10, ITGA4, MARCH8, RORc, SEMA7A, WDR40A)
which allowed diagnosis of AR 7 weeks before renal biopsy and correlated with response to therapy [52].

Zhang W et al. focused on patients with subclinical TCMR (protocol biopsy at third month) in
KTx recipients from Genomics of Chronic Allograft Rejection (GoCAR) study [87] and identified a
17-gene peripheral blood signature which characterized ongoing subclinical TCMR and predicted an
increased risk of clinical TCMR at 24 months and decreased graft survival [53].

A peripheral blood mRNA assay based on eight genes (CXCL-10, FCGR1A, FCGR1B, GBP1, GBP4,
IL15, KLRC1, TIMP1) was developed in a multicenter, prospective study and correlated with histological
features of acute and chronic ABMR (microvascular inflammation, transplant glomerulopathy) but not
of TCMR. Diagnostic accuracy was high (ROC AUC 79.9% p < 0.0001), even in the setting of stable
graft function [54].

A blood molecular biomarker based on multiple gene expression signatures was designed to
distinguish “immunological quiescence” from subclinical AR in a multicenter study (CTOT-08).
This correlated with clinical (AR, renal function) and histological outcomes (IFTA) and with de novo
DSA. This biomarker was validated with surveillance biopsies data and proved to be especially useful
in ruling out subclinical rejection (NPP: 78–88%) [55].

In a multi-center “Assessment of Acute Rejection in renal Transplant (AART)” study, peripheral
blood transcriptome analysis identified a 17-gene signature called “Kidney Solid Organ Response test”
(kSORT), which predicted both TCMR and ABMR up to 3 months before histological diagnosis in
an independent prospective cohort. This tool is characterized by a high accuracy in predicting AR,
especially when compared with performance of other biomarkers in the same setting (AUC = 0.94;
sensitivity: 83%, specificity: 90.6%; PPV: 93,2%) [57,88].

kSORT has also been used in association with an IFNγ Elispot in the ESCAPE study, resulting in a
higher PPP (AUC > 0.85) for subclinical TCMR and ABMR [74].

Peripheral blood transcriptomic analysis allowed to build a classification model capable of
discriminating ABMR from accommodation in ABO-incompatible kidney transplants [89].

A blood test (TruGraf v1) has been developed to study a set of microarray-based gene expression
in order to discriminate patients with a stable graft and immunological quiescence (“Transplant
Excellence”) from those with renal dysfunction or AR. This tool was proposed as a tool to avoid
unnecessary surveillance biopsies on the basis of high accuracy in detecting AR (74%) and high NPP
(90%) [90]. The value of serial TruGraf testing to confirm immunoquiescence and avoid surveillance
biopsies has been confirmed in a recent study [91].
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3.1.2. Renal Tissue Transcriptomics

Sigdel T et al. analyzed tissue expression of selected 19 target genes, including those previously
identified in tissue common rejection module (tCRM). Interestingly, they employed RNA extracted
from archival fresh frozen paraffin-embedded renal biopsy tissue. Eight genes were related to specific
cellular infiltrates, whereas the others reflected a “graft inflammation score” based on tCRM. This set
of genes allowed to distinguish biopsies of stable grafts from those of recipients with AR and even
borderline inflammation [56].

Molecular patterns such as upregulation of intrarenal complement regulatory genes discriminate
accommodation from subclinical antibody-mediated rejection in AB0-incompatible KTx [92].

An intra-graft mRNA transcriptomic landscape of TCMR has been outlined through computational
analysis and has shown an increased expression of innate immunity genes, such as genes for
pattern recognition receptors, and a decreased expression of calcineurin, suggesting inadequate
immunosuppression, as compared to stable graft [61].

Real time central molecular assessment of changes in mRNA expression in graft tissue through
microarrays is the basis of “molecular microscope diagnostic system”, which predicted risk of AR
and graft failure with greater precision than conventional biopsy. Pathogenesis-based transcripts sets
(PBTs) which segregate together and characterize different processes (e.g., IGF-gamma expression,
T cell infiltrates), were employed to define “classifiers” which predict molecular phenotype, quantifying
its likelihood with a score. Of importance, this approach has been validated in several independent
cohorts [93,94].

Other studies have shown that endothelial associated transcripts (ENDATs) in biopsies of
DSA-positive patients can reveal ABMR even in the absence of C4d positivity [58] and that ABMR-related
endothelial genes RNA transcripts are expressed before histological onset of lesions, allowing excellent
identification (AUC = 0.92) and potentially early, preemptive treatment of rejection [59].

Finally, single-cell transcriptomics can comprehensively describe cell types and states in a human
kidney biopsy and was employed to analyze immune response in mixed rejection: 16 distinct cell types
were identified, including different sub-clusters of activated endothelial cells [95]. This cell-based
approach may provide a wealth of new biomarkers for ABMR in the future [96].

3.2. Complement-Related Biomarkers

Complement system is deeply involved in ABMR and can therefore provide potential biomarkers
related to this process.

The C4d deposition has been considered the gold standard for ABMR diagnosis for several years,
indicating activation of Classical pathway of Complement; however, all Complement pathways have
been proved to be involved in ABMR, leading to recruitment and activation of leukocytes such as
Natural Killer cells, monocytes/macrophages, and lymphocytes [97].

Bobka S. et al. also demonstrated an increased Complement activation in pre-transplant biopsies
from diabetic, hypertensive, or smoking donors, suggesting a predictive value of Complement
activation in donor biopsies for later outcome [98]. Expression of these Complement components at
time of diagnosis of ABMR was associated with higher serum creatinine and more severe morphological
changes. As further evidence, C5 blockade prevented ABMR and stabilized long-term renal function.

In addition, EVs shed by endothelial cell expressing C4d (CD144+ C4d+) are increased in ABMR
and correlate with its severity and response to treatment [99] and plasma levels of complement
activation fragments C4a and Ba are increased in ABMR [60]. Single nucleotide polymorphisms (SNP)
of complement C3 gene have also been found to correlate with ABMR [100]. Upregulation of intrarenal
complement regulatory genes and complement transcripts in peripheral blood of ABO-incompatible
KTx has already been discussed in “Transcriptomic Studies” [92]. Altogether, these data support the
use of Complement Factors as potential biomarkers in ABMR.
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3.3. Urinary and Serum Chemokines

IFN-γ induced urinary C-X-C motif chemokine ligand 9 (CXCL9) and 10 (CXCL10) chemokines are
associated with Th-1 immune response and involved in T cell recruitment in inflammatory processes.
They are promising as biomarkers for TCMR and ABMR [62,66].

Low levels are associated with immunological quiescence, as shown by their very high NPP,
which makes them an ideal tool to rule out rejection, including subclinical ones, and to identify
transplant recipients at low immunological risk [63]. This was especially evident for CXCL 9 (CTOT-01
study), which was associated with acute TCMR within the first year.

However, a subsequent study with a longer follow-up (CTOT-17) showed that changes in eGFR
between 3 or 6 months and 24 months better predicted 5-year graft loss than CXCL-9 measurement [64].

Association of urinary CXCL10-to-creatinine ratio with DSA improved identification of ABMR
and prediction of graft loss. In a recent study, higher blood and urine levels of both CXCL9 and
CXCL10 were found in ABMR, but urinary CXCL9 was the most accurate biomarker of rejection
(AUC of ROC: 0.77) and—if measured in combination with immunodominant DSA mean fluorescence
intensity (MFI)—it allowed a net reclassification increase of 73% compared to DSA MFI alone [65].

Interestingly, even CXCL9 and CXCL10 baseline recipient’s serum levels assessed before KTx may
predict AR [101,102].

Additionally, urinary CXCR3—the receptor for CXCL9 and CXCL10, expressed on activated
T-lymphocytes—was shown to detect subclinical inflammation and correlate with evolution towards
chronic damage; of interest, its level decreased after immunosuppression intensification [103].

In another study, serum concentration of chemokine CXCL13, a B lymphocyte chemoattractant,
was significantly higher in TCMR than in stable graft and in borderline rejection; furthermore, a
marked increase (>5-fold) was found in patients developing AR within first post-transplant week and
correlated with entity of B cell infiltration in renal biopsy. A similar correlation was found in a mouse
model of TCMR, indicating that CXCL13 serum levels may be a marker of B cell-involvement in TCMR,
identifying a severe subset of this type of rejection [104].

On the whole, growing evidence points to a role of urinary and serum chemokines as biomarkers
of both types of AR.

3.4. Other Potential Urinary Biomarkers

Other urinary molecules have been proposed as markers of AR.
High urinary π-GST values at postoperative day 1 discriminated AR (sensitivity, 100%; specificity,

66.6%) as well as between DGF from normal-functioning grafts (sensitivity, 100%; specificity, 62.6%).
Similarly, α-GST values > 33.97 ng/mg uCrea identified AR, with a lower sensitivity (77.7%) but optimal
specificity (100%) [105].

Urinary untargeted metabolomic profiling led to identification of a panel of five potential
biomarkers (guanidoacetil acid, methylimidazolacetic acid, dopamine, 4-guanidobutyric acid, and
L-tryptophan), which discriminated between TCMR and stable graft (ROC curve AUC: sensitivity
90%; specificity 84.6%) [106].

3.5. dd-cfDNA

Small fragments of cell-free DNA, released from graft cells into the recipient circulation due to
cell death or injury, have been proposed as biomarkers of AR.

While dd-cf DNA represents on average 0.34% of total cf-DNA in plasma of stable KTx recipients,
levels are increased during AR and, to a lesser extent, acute pyelonephritis and ATN.

A kinetic pilot study of dd-cfDNA after Tx showed high median level in the immediate post-Tx hours
(around 20%), rapidly decreasing on the first day (around 5%) and then stabilizing below 1% [107].

In the DART (Diagnosing Active Rejection in Kidney Transplant Recipients) trial, Bloom RD et al.
first reported higher dd-cfDNA levels in patients with acute (TCMR Banff > IB and ABMR) and chronic
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active rejection and identified a 1% threshold to discriminate these patients from stable ones. This test
was characterized by elevated NPP (84%) and a lower PPP (61%), suggesting that <1% percentage of
dd-cfDNA could be used to rule out rejection, especially ABMR. Coexistence of DSA increased PPP to
85%. Furthermore, dd-cfDNA levels not only increased before changes in serum creatinine but also
decreased after rejection treatment, suggesting that longitudinal monitoring of this biomarker could be
useful after a rejection episode, possibly limiting need for surveillance biopsies [67].

In a subsequent work, Huang E et al. [68] demonstrated that a lower dd-cfDNA threshold of 0.74%
could reliably identify ABMR—but not TCMR—in a group of immunologically high-risk patients
undergoing indication biopsies, increasing NPP to 100%.

However, other authors suggested comparable performance of dd-cfDNA in diagnosing ABMR
and TCMR, using a different quantification methodology [69].

Absolute quantification of dd-cfDNA (copies/mL) showed superior performance in discriminating
BPAR as compared to dd-cfDNA percentage and also seemed to identify a subset of patients with
inadequate Tacrolimus levels and subclinical immunological damage in a prospective observational
study [70].

Of interest, dd-cfDNA diagnostic capacity for ABMR appears to improve when applied to
DSA-positive recipients, suggesting a preferential employment in monitoring highly sensitized
patients [71].

Determination of dd-cfDNA can be unreliable in case of recent (within 1 month) whole blood
transfusion and falsely positive within 24 h of a renal biopsy; it should also not be employed to
monitor a second KTx as release from previous graft could alter its levels. Falsely positive results can
also occur in the case of ATN and acute pyelonephritis and type of donor also affects levels (higher
levels in cadaveric vs. LD), probably reflecting difference in degree of initial ischemic damage and
inflammation [72].

Despite these issues, dd-cfDNA remains a promising biomarker and it has been proposed as a
surrogate diagnostic ABMR criterion in DSA-negative forms [108].

Furthermore, recent studies suggest that dd-cfDNA determination could also have a broader
meaning beyond AR diagnosis, reflecting graft injury and consequently exerting a negative impact
on several long-term outcomes [109]. Of interest, a multicentric study on patients with initial TCMR
(TCMR 1A and borderline lesions) showed that dd-cfDNA levels above 0.5% were effective in stratifying
risk of eGFR decline, de novo DSA development and further AR episodes [110]. Consistently, emerging
evidence indicates that levels of dd-cfDNA increase before onset of de novo DSA (both HLA-DSA
and non-HLA DSA) and eGFR decline [73], suggesting that dd-cf DNA itself is immunogenic and can
trigger subclinical inflammation, initiating an immune response [75].

Urinary levels of cell-free mitochondrial DNA during early post-transplant phase have also been
reported to correlate with AR, DGF and short-term renal function [76].

3.6. Allogenic Circulating B-Cell and T-Cell Assays

Peripheral circulating donor HLA-specific memory B cells quantified by enzyme-linked
immunospot (ELISPOT) [77] and serum B-cell activating factor level on post-operative day 7 [78] both
predicted ABMR, especially in DSA-positive recipients.

Pre-transplant T cell alloreactivity can be assessed with a donor-specific IFN-γ ELISPOT
which measures IFN-γ release by recipient T cells in response to donor antigens. IFN-γ ELISPOT
intensity appears to correlate with development of subclinical TCMR, ABMR, and DSA [79,80].

3.7. Peripheral Blood miRNAs

General features and meaning of miRNAs have already been dealt with in the paragraph on
DGF biomarkers. A panel of five peripheral blood miRNAs—miR-15b, miR-16, miR-103a, miR-106A,
miR107—was shown to improve sensitivity of diagnosis of vascular TCMR [81].
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3.8. Immune Cells Biomarkers

Peri-transplant soluble CD30 (sCD30), a marker of activated T-cell mediated immunity, has been
reported to predict early AR [82].

A recent metanalysis on 18 studies (1453 total patients) has confirmed a strong association between
sCD30 and AR, especially for KTx from deceased donors [83].

CD154-positive T cytotoxic memory cells were associated with acute TCMR and its histological
severity in a small cohort of KTx recipients receiving steroid-free TAC after alemtuzumab induction [84].

Pre-transplant, baseline levels of CD200 (a protein belonging to immunoglobulin superfamily) and
CD200R1 (its myeloid-cell specific receptor, which mediates inhibitory signals) have been analyzed in a
monocentric cohort of 125 KTx recipients; an increased pre-transplant CD200R1/CD200 ratio identified
recipients at increased risk of AR and worse renal function at the 3rd and 6th month after KTx [111].

Additionally, pre-transplant expression of CD45RC on circulating CD8+ T lymphocytes predicted
AR (mainly TCMR); a percentage of CD8+CD45RC T cells above 58.4% was independently associated
with a 4-fold increase in the risk of AR [112].

3.9. Non-HLA DSA

Donor human leukocyte antigen (HLA)-specific antibodies were initially identified as a major cause
of ABMR. This type of DSA has been extensively studied and represents an established, “traditional”
biomarker of ABMR, which is beyond the scope of this review [113,114].

In more recent years, preformed and de novo non-HLA specific DSA targeting G-protein coupled
receptors expressed on graft glomerular endothelium have been the focus of intense research, as they
may account for a significant proportion of HLA-DSA negative acute and chronic ABMR [115–117].
They include a wide range of autoantibodies against different antigens, all of which represent potential
biomarkers for ABMR [118] (Table 5).

Antibodies against type 1 receptor for Angiotensin 2 (AT1R) and Endothelin type A receptor
(ETAR) are the most studied non-HLA, activating antibodies and appear to exert their effect either alone
or in synergy with DSA. After binding to their receptors, these autoantibodies phenotypically modify
and activate endothelial cell by triggering different intracellular pathways. They probably represent a
bridge between allo- and autoimmunity within rejection, as these two components can interact and
amplify one another [119]. Pre-transplant antibodies against AT1R and ETAR may identify a subset of
patients at higher risk for acute and chronic rejection and graft loss, independent of HLA-directed
alloimmune response [120,121], possibly even in a setting of low-immunological risk such as KTx from
LD [122–124]. Pre-transplant antibodies against AT1R have also been associated with more severe
microvascular inflammation histological lesions as compared to negative patients [125].

Anti-vimentin antibodies detected before KTx, probably reflecting previous endothelial damage
occurred during hemodialysis, have also been associated with graft dysfunction [126].

Anti-Perlecan/LG3 antibodies are produced as a consequence of Perlecan release from injured
endothelial cells [127]. They are highly prevalent in hypersensitized patients [128] and have been
associated with acute ABMR, DGF, and reduced long term survival [129,130].

Anti-endothelial cell antibodies (AECA), which include a wide range of autoantibodies against
several surface antigens, may also prove to be a source of rejection biomarkers [131,132].

In general, AECA have been associated with acute and chronic rejection and with early graft
dysfunction in different types of solid organ transplant, including heart and kidney. De novo AECA
seem to be more strongly associated with ABMR than preformed ones [133].

Identification of their target antigens is complex, and their precise meaning must still be elucidated
for most of them, as they could represent biomarkers of past vascular injury or, on the contrary, be
active contributors to microvascular inflammation [134].

However, some specific types of AECA have already been clinically characterized and show
promise as biomarkers of endothelial injury. Their antigenic targets are Endoglin, Fms-like tyrosine
kinase-3 ligand (FLT3-L), EGF-like repeats and discoidin I-like domains 3 (EDIL-3), and intercellular
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adhesion molecule 4 (ICAM-4), all involved in endothelial cell activation and leukocyte adhesion
and margination. AECA have been associated with de novo DSA, ABMR, and early transplant
glomerulopathy [131]. More recently, also anti-keratin-1 (KRT-1) antibodies were found to be associated
with an increased risk of AR [132].

Finally, development of antibodies directed against tissue-specific self-antigens, such as Fibronectin
(FN) and Collagen type IV (Col IV), increases the risk of AR in pancreas-kidney transplantation
(PKT) [135] and transplant glomerulopathy in KTx [136]. These autoantibodies probably reflect
breakdown of tolerance towards self-antigens, as suggested by detection of self-Ag-specific IFN-γ
and IL-17 secreting T-cells in the same patients. Therefore, they could provide a biomarker of a
tissue-specific autoimmune component of rejection.

In the near future, improved identification and characterization of non-HLA DSAs may help
better classification of ABMR subphenotypes and provide diagnostic and prognostic biomarkers and
potentially even indication for preemptive specific therapies in this subset of patients [124].

Table 5. Non-HLA DSA as a potential biomarker for antibody-mediated rejection (ABMR).

Biomarker Main Features Author

Anti-AT1R

Pre-transplant levels associated with,
acute and chronic ABMR, severity of

microvascular inflammation, graft
dysfunction, and graft loss

Dragun D et al. [119]
Philogene MC Hum Imm 2019 [120]

Sas-Strozik et al. [121]
Shinae Y et al. [122]

DF Pinelli et al. [123]
MA Lim et al. [125]

Anti-ETAR
Pre-transplant levels associated with

acute and chronic ABMR graft
dysfunction and graft loss

Philogene MC et al. Hum Imm 2019 [120]
Shinae Y et al. [122]

DF Pinelli et al. [123]
Jackson AM et al. [131]

Anti-Vimentin Pre-transplant levels associated with
graft dysfunction Dyvanian T et al. [126]

Anti-Perlecan

Highly prevalent in hypersensitized
patients. Pre-transplant levels

associated with increased risk of DGF,
acute ABMR, and reduced long-term

function

Dieudè M et al. [127]
Riesco L et al. [128]
Padet L et al. [129]
Yang B et al. [130]

AECA

They include a variety of antibodies
against endothelial antigens (Endoglin,

FLT-3, EDIL-3, ICAM-4, KTR-1) and
correlate with increased risk of ABMR

Jackson AM et al. [131]
Guo X et al. [132]

Sanchez Zapardiel E et al. [133]

Anti-FN and Col-IV
De novo development increases risk of

AR (PKT) and transplant
glomerulopathy (KTx)

Angaswamy N et al. [135]
Gunasekeran M et al. [136]

3.10. Other Biomarkers

Another potential biomarker is serum N-glycan determination, performed at days 1 and 7 post-Tx
and integrated in a clinical score (including age, gender, and immunological risk factors). A higher sum
of scores at days 1 and 7 (>0.5) predicted graft rejection (AUC = 0.87) and correlated with long-term
rejection-free survival in a cohort of LD Tx recipients [137].

Heat shock protein 90 (HSP-90), a molecular chaperon protein released into serum by damaged cells,
was found to be significantly elevated in plasma of KTx with AR as compared to stable graft and
other pathological conditions (chronic rejection, CNI nephrotoxicity, Polyomavirus nephropathy) and
returned to baseline after immunosuppressive treatment [2,138].

Heparan Sulfate plasma levels are increased in TCMR compared to stable graft, due to release
from EM during graft T-cell infiltration [2,139].
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Many other urinary and plasmatic proteins could be potential biomarkers of rejection but deserve to
be further studied: among these, C-C motif chemokine ligand 2 (CCL2), NGAL, IL-18, cystatin C, KIM-1,
T-cell immunoglobulin and mucine domains-containing protein 3 (TIM3), alpha-1 antitrypsin (A1AT),
alpha-2 antiplasmin (A2AP), serum amyloid A (SAA), and apolipoprotein CIII (APOC3) [2,140,141].

3.11. EVs

General features and meaning of EVs have already been dealt with in the paragraph on DGF biomarkers.
EVs represent a versatile tool given the huge variety of mediators included in their cargo. Therefore,

potential applications of plasma and urinary EVS as biomarkers have also been studied in AR, as outlined
in Table 6. In some studies, EVs levels have been considered as biomarkers themselves [99], whereas a set of
specific molecules included in their cargo proved to be a potential biomarker of AR in others [142–146].

Table 6. EVs as potential biomarkers of AR.

Type of EV Type of Rejection Main Features Author

Plasma C4d+CD144+
endothelial EVs ABMR

Levels correlate with ABMR presence
and severity and decrease after

successful treatment
Tower C et al. [99]

Plasma endothelial EVs ABMR

A combination score based on 4
mRNA transcripts overexpressed in
EVs of patients with ABMR predicts

imminent rejection in HLA-
sensitized patients

Zhang H et al. [142]

Plasma endothelial EVs ABMR

Levels increase in ABMR and
decrease after treatment in the early
post-transplant; however, they are

also influenced by renal
function recovery

Qamri Z et al. [143]

Urinary EVs TCMR A total of 11 protein enriched in
urinary EV in patients with TCMR Sigdel T et al. [144]

Urinary EVs TCMR

A total of 17 protein enriched in
urinary EV in patients with TCMR;

Tetraspanin-1 and Hemopexin
proposed as biomarkers

Lim J et al. [145]

Urinary EVs TCMR
High levels of CD3 + EVs released by
T-cell in urine are strongly associated

with TCMR
Park J et al. [146]

4. Chronic Allograft Dysfunction (CAD)

Chronic allograft dysfunction is the main cause of long-term graft loss [147].
Different entities can be accounted for this picture, with chronic ABMR (cABMR) playing a

predominant role in most cases [148].
However, other components can be represented by CNI nephrotoxicity, PVAN, de novo or

relapsing glomerulonephritis. Many studies have focused on biomarkers for late graft dysfunction as a
global entity, while others have tried to identify specific biomarkers to dissect each of these components.

In general, defining specific biomarkers for CAD is difficult, because molecular fingerprints of
acute and chronic rejection are overlapping, partly reflecting similar mechanisms. Some authors
propose a “threshold effect”, with AR developing when intensity of alterations is high and chronic
rejection expressing a less important degree of alterations [2]. For example, Complement is not
only involved in ABMR, as described in a previous paragraph, but also plays a pivotal role as
mediator of tubular senescence [28,30,149] and interstitial fibrosis, premature aging phenomena that
characterize progression to chronic damage [150]. C3a, C5a, and the terminal C5b-9 complex can each
amplify damage during CKD progression. Anaphylatoxins bind to their specific receptors inducing
pro-inflammatory and fibrogenic activity on tubular and endothelial cells [151,152], pericytes [153],
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and resident fibroblasts, whereas C5b-9 complex can regulate production of pro-fibrotic and
pro-inflammatory cytokines [97]. Collectively, these data indicate that uncontrolled Complement
activation may result in maladaptive tissue repair with irreversible development of renal fibrosis and
aging. Identification of biomarkers of CAD is therefore challenging due to coexistence of acute and
chronic processes, but it would be extremely useful for a differential diagnosis [154].

4.1. Chronic Rejection and IFTA

Potential biomarkers for chronic rejection and IFTA are outlined in Table 7. IFTA is found in
around 25% of 1-year biopsies and correlates with decreased graft survival when histological evidence
of inflammation is present.

Table 7. Potential biomarkers for chronic rejection and interstitial fibrosis-tubular atrophy (IFTA).

Biomarker Main Features Author

Set of genes related to fibrosis (i.e.,
TGFβ), extracellular matrix deposition

and immune response
Upregulated in IFTA Mas V et al. [155]

4-gene urinary signature (mRNA for
vimentin, NKCC2, E-cadherin,

and 18S rRNA)

It predicts evolution of chronic
rejection towards IFTA Lee J. et al. [86]

13-gene renal tissue signature
(GoCAR study)

It predicts CAD at the 12th month
even with normal histology at the

3rd month
O’Connell P. et al. [87]

85-gene renal tissue signature Associated with IFTA Li L. et al. [156]

Urinary mi-R21 and mi-R200b Increased expression predicts
IFTA and CAD Zununi V. et al. [157]

Plasmatic miR-150, miR-192, miR-200b,
and miR-423-3p

Highly accurate in identifying IFTA
(AUC = 0.87; sensitivity = 78%;

specificity = 91%)
Zununi V. et al. [158]

Plasmatic miR-21, miR-142-3p,
miR-155, and mi-R 21

Upregulated in IFTA;
mi-R 21 correlates with GFR Zununi V. et al. [159]

miR-145-5p expression in blood cells
Downregulated in IFTA;

It can discriminate it from acute and
borderline rejection

Matz M. et al. [160]

4.1.1. Transcriptomic Studies

Growing evidence of highly shared deregulated gene pathways between IFTA and AR suggests a
common immunological etiology in most cases of late CAD [154].

Recent studies have focused on upregulation of genes involved in IFTA. Inflammation in IFTA areas
(“inflammatory IFTA”, i-IFTA) has been identified as pivotal element in prompting development of
chronic renal damage, further underlying the relationship between chronic, subclinical immunological
activity and irreversible fibrosis [161,162].

Several transcriptomic studies have shed light on specific genes and miRNAs involved in fibrotic
evolution of chronic rejection.

In a study by Mas V. et al. an upregulation of genes related to fibrosis (TGFβ), extracellular matrix
deposition, and immune response was found [155].

In the already quoted CTOT-04 trial, Lee J. R. et al. identified a four-gene urinary signature
(mRNA for vimentin, NKCC2, E-cadherin, and 18S rRNA) which predicted IFTA [86].

In the study of Genomics of Chronic Allograft Rejection (GoCAR), renal biopsy transcriptome
expression analysis identified a set of 13 genes which independently predicted development of CAD at
the 12th month, despite normal histology at the 3rd month after KTx, in more than 200 prospectively
followed patients with stable graft function. This multicenter study was validated in two independent
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cohorts and first raised hope that allograft injury may be detected before it becomes clinically
evident [87].

Halloran et al. employed the “molecular microscope” approach (already discussed in the
paragraph on AR) and demonstrated a progressively higher prevalence of IFTA lesions over time and
its association with transcripts related to rejection and glomerulonephritis in late biopsies. This suggests
a continuing, active tissue response rather than autonomous fibrogenesis and that early abrogation
of the immunological process may be critical to block this evolution and preserve long-term graft
function [93,161].

Another transcriptomic study employed an 85-gene signature related to IFTA and employed it to
test targeted new anti-fibrotic drugs [156].

4.1.2. miRNAs

miRNAs, which we already analyzed as candidate biomarkers in the setting of DGF and AR, are also
opening new perspectives in this setting. Recent studies have proposed sets of urinary and renal biopsy
miRNAs as prognostic biomarkers of IFTA and CAD [163].

Aberrant urinary mi-R21 and miR200b expression was associated with IFTA and CAD [157].
Plasma circulating levels of miR-150, miR-192, miR-200b, and miR-423-3p were significantly

different between patients with IFTA and those with stable renal Tx and accurately identified IFTA
(AUC = 0.87; sensitivity = 78%; specificity = 91%) [158].

In another study, plasma expression of miR-21, miR-142-3p, and miR-155 were upregulated in
IFTA and mi-R 21 levels were positively correlated with eGFR [159].

On the contrary, miR-145-5p expression in blood cells was significantly downregulated in IFTA
and could discriminate it from many other active lesions, such as TCMR, ABMR, borderline-rejection,
and from a condition of stable graft function [160].

Another area of active research is that of epigenetic modifications of immunity genes on progression
to IFTA: epigenetic mechanisms such as hypomethylation could directly enhance their expression and
also indirectly modulate it by regulating miRNAs [164].

4.1.3. Biomarkers of EMT and EndMT

IF is determined by massive deposition of EM, which is mainly produced by activated
myofibroblasts probably derived from several cell types, especially renal tubular cells, through EMT.

This process, promoted by several factors such as oxidative stress and mitochondrial dysfunction
due to IRI, deeply alters epithelial cell properties, determining loss of polarity and cell–cell adhesion
and assumption of a mesenchymal phenotype, characterized by markedly increased production of
EM [165].

More recently, activated myofibroblasts have been shown to arise also from renal endothelial cells
through a similar process, EndMT, already mentioned in the section on DGF [166].

Both EMT and EndMT lead to abnormal production of EM and consequently play a key role in
the pathogenesis of allograft IFTA [161]. Several histological and urinary EMT biomarkers have been
proposed (Table 8), whereas more recent, initial evidence on potential EndMT biomarkers in KTx is
available. Biomarkers of both processes will be analyzed.
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Table 8. Potential biomarkers for epithelial-to-mesenchymal transition (EMT).

Biomarker Main Features Author

CD45, VIM, and POSTN They correlate to each other and with
iIFTA and graft loss Alfieri C et al. [167]

Smurf 1
It is included in a pathway involved in
EMT. Its inhibition by Bortezomib may

mediate its anti-fibrotic effect.
Zhou J et al. [168]

VIM and β-catenin Tubular expression correlates with IFTA
and long-term eGFR decline Hazzan M et al. [169]

Senescence biomarkers (e.g., p16INK4a) They mark SASP, an inflammatory
phenotype connected to EMT Sosa Pena DPM et al. [170].

VIM and CD45
relative to UPK mRNA

This ratio based on urinary mRNAs
correlates with VIM expression in renal
tissue and may detect EMT and early

graft fibrogenesis

Mezni I et al. [171]

Urinary transcriptomic patterns They are associated with pEMT and
subclinical graft injury Galichon P et al. [172]

(a) Biomarkers of EMT

Histological biomarkers

In a recent study, renal expression of CD45, vimentin (VIM), and periostin (POSTN) correlated
with iIFTA and POSTN was the strongest predictor of graft loss. Of interest, its expression was inversely
correlated with 25(OH)VitD levels, suggesting that these might influence graft fibrosis [167].

Smad ubiquitination regulatory factor 1 (Smurf1) is part of Smurf1/Akt/mTOR/P70S6K signaling
pathway, activated by TNF-α and involved in EMT. Of interest, Bortezomib blunted progression of
EMT and IF by inhibiting TNF-α production and consequently expression of Smurf1, suggesting that
this could be an EMT biomarker with diagnostic and therapeutic value [168].

Tubular expression of VIM and β-catenin, biomarkers of EMT, in protocol biopsy performed 3 months
after KTx, was an independent risk factor for IFTA and eGFR decline up to 4 years post-transplant in
CsA-treated recipients [169].

Finally, an interesting area of research is that of cellular senescence. This is associated with an
inflammatory, “senescence-associated secretory phenotype” (SASP) which is tightly connected to EMT
and CAD. Senescence markers (e.g., p16INK4a) could therefore be considered as potential surrogate
biomarkers of EMT [170].

Urinary biomarkers

An interesting non-invasive biomarker of EMT is the ratio between VIM and CD45 relative to
uroplakin 1a (UPK) urinary mRNA, which has been shown to correlate with intensity of VIM renal
expression measured with immunostaining in per-protocol renal biopsies [171].

Other studies adopting a whole transcriptomic analysis approach identified specific urinary
transcriptomic patterns associated with pEMT. Unbiased pathway analysis revealed that these patterns
expressed increased inflammation and reduced metabolic functions, suggesting that they may be
effective to detect subclinical immune response leading to EMT and graft fibrosis [172].

(b) Biomarkers of EndMT

Three biomarkers of EndMT, fascin1, vimentin, and heat shock protein 47, were strongly expressed
in endothelial cells of peritubular capillaries in ABMR as compared to stable patients and predicted late
graft dysfunction (up to 4 years since ABMR diagnosis) better than histological lesions. These results
suggest that they may be reliable in identifying persistent endothelial activation and evolution towards
cABMR [173].
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In vitro and in vivo experimental studies demonstrated that EndMT may promote IF by targeting
the TGF-β/Smad and Akt/mTOR/p70S6K signaling pathways, indicating that components of these
pathways may be a potential source of EndMT biomarkers [174].

Finally, E Glover et al. analyzed evidence of miRNAs regulation of EndMT from experimental
studies and their potential impact on kidney and other solid organ allograft dysfunction in a recent
review. However, clinical studies in humans are needed to confirm their role as EndMT biomarkers [175].

4.2. Chronic CNI Nephrotoxicity

Some other studies identified potential specific biomarkers for chronic CNI nephrotoxicity,
which are outlined in Table 9.

Chronic ischemia due to the vasoconstrictive effect of CNI triggers an alteration in expression of
proteins involved in pro-inflammatory response and oxidative stress; however, the renal histology of
chronic CNI nephrotoxicity is not peculiar (it may in fact merely determine IFTA) and this hampers
efforts to identify specific biomarkers [176].

A metabolomic study compared urine from healthy subjects and KTx recipients with biopsy-proven
chronic TAC nephrotoxicity and proposed symmetric dimethylarginine and serine as marker of this
type of kidney injury (ROC analysis AUC of 0.95 and 0.81, respectively) [177].

uNGAL was proved to correlate with duration of CsA therapy in children with CNI nephrotoxicity [178].
A SNP in the FK-506-binding protein (FKBP), rs6041749 C variant, appeared to enhance FKBP1A

gene transcription compared to the T variant and was associated with an increased risk of CAD in a
Chinese cohort of TAC-treated KTx recipients, although with an unclear mechanism [179].

Other studies in rat models have reported increased urinary levels of TNAα, LIM-1, and FN in
the early phase of CsA nephrotoxicity and late increases of urinary Osteopontin and TGF-β in chronic
nephrotoxicity [180].

Decreased expression of Slc12a3 and KS-WNK1, leading to impaired sodium transport in distal
tubules and chronic activation of renin-angiotensin system, was associated with CsA and TAC
nephrotoxicity in another rat model [181]. Potential biomarkers identified in the last two experimental
studies need to be validated in humans.

Table 9. Potential biomarkers for chronic calcineurin-inhibitor (CNI) nephrotoxicity.

Biomarker Main Features Author

Urinary symmetric
dimethylarginine and serine

Highly accurate for CNI nephrotoxicity
(AUC of 0.95 and 0.81, respectively) Xia T et al. [177]

uNGAL It correlates with duration of CsA therapy
in children with CNI nephrotoxicity Gacka E et al. [178]

Genetic polymorphism of
FK-506-binding protein,

rs6041749 C variant

It enhances FKBP1A gene transcription
and is associated with an increased risk of

CAD in TAC-treated KTx recipients
Wu Z et al. [179]

Increased urinary TNAα,
LIM-1, FN Osteopontin, and

TGF-β

These markers correlate with different
stages of CsA nephrotoxicity in rat models Carlos C et al. [180]

Decreased renal expression of
Slc12a3 and
KS-WNK1

These markers correlate with different
stages of CNI nephrotoxicity in rat models Cui Y et al. [181]

4.3. PVAN

Potential biomarkers for PVAN, an important cause of CAD [182], are outlined in Table 10.

67



Int. J. Mol. Sci. 2020, 21, 5404

Table 10. Potential biomarkers for Polyomavirus-associated nephropathy (PVAN).

Biomarker Main Features Author

Urinary exosomal bkv-miR-B1-5p
and bkv-miR-B1-5p/miR-16 Excellent diagnostic accuracy for PVAN Kim M et al. [183]

Urinary CXCL10 Associated with subclinical
tubule-interstitial inflammation and viremia Ho J et al. [184]

IL28B SNP C/T (rs12979860) Associated with presence of PVAN in
viremic patients Dvir R et al. [185]

Urinary exosomal bkv-miR-B1-5p and bkv-miR-B1-5p/miR-16, two miRNAs encoded by PVAN,
have both demonstrated very high discriminative capacity for this complication (ROC AUC 0.98 for each) as
compared with that of commonly used surrogate biomarkers, such as plasma viral load [183].

Urinary CXCL10 has been associated with subclinical inflammation within the tubule-interstitial
and peritubular capillary spaces and correlated with Polyomavirus viremia [184].

A single nucleotide polymorphism (SNP) of IL28B (C/T polymorphism rs12979860) was associated
with presence of PVAN, discriminating these patients from those with viremia without any renal
involvement [185].

The search for renal tissue transcriptomic biomarkers of PVAN has not provided any solid result
so far. Overlap in pathogenetic mechanisms and gene expression between PVAN and non-viral
forms of allograft injury, such as TCMR and iIFTA, makes it difficult to identify peculiar molecular
signatures [186].

5. Current Limits and Perspectives of Biomarkers in Renal Transplant

Advances in high-throughput technologies have been providing an avalanche of new potential
biomarkers over the last decade. However, in general, their application in clinical practice is currently
being restrained by several drawbacks. Most available biomarkers do not meet ideal requirements
outlined in Table 11 and certainly require further validation through multicenter studies, as single-center
discovery step often inflates their value [187].

Most important, their role and cost-effectiveness should be assessed in prospective randomized
trials designed to compare them with standard KTx management with traditional diagnostic tools.

Despite these limits, biomarkers represent the cornerstone of precision medicine, which aims at
integrating traditional clinical information and tailoring medical care to select the best treatment for an
individual patient [5]. This new frontier will probably deeply change the way we monitor KTx and
manage its complications.

Renal biopsy, the traditional gold standard for assessing graft dysfunction, is usually triggered by
a change in serum creatinine and/or proteinuria and has a limited diagnostic power for initial injury,
when histological changes are minimal or equivocal [3]. By contrast, an ideal biomarker (or a set of
biomarkers) should lead to an earlier and more objective diagnosis (Table 11) making it possible to
pre-emptively treat histological initial lesions long before they become irreversible, or even before
they become visible with traditional tools, marking patterns of molecular alterations which predate
histological injury (“molecular rejection”). Biomarkers could decrease the need for renal biopsy to detect
subclinical disease (e.g., protocol biopsies) and even substitute for it when contraindicated. Furthermore,
while current new potential biomarkers in KTx mainly have a diagnostic/prognostic meaning, the area of
monitoring, pharmacodynamic/response, and safety biomarkers (Table 1) is substantially unexplored in
this setting and could help us improve long-term management of allograft dysfunction (e.g., follow-up
of patients after BPAR, with repeated, non-invasive monitoring biomarkers to rule out persistence of
ongoing subclinical rejection; assessment of etiology and degree of activity/chronicity in CAD).

68



Int. J. Mol. Sci. 2020, 21, 5404

Table 11. Features of an ideal biomarker for kidney transplant (KTx) [1,2,187].

Biomarker Features Comment

Non-invasive and easy to measure

Urine and blood biomarkers are easily available and can be
serially measured, whereas renal tissue biomarkers require renal
biopsy with inherent invasiveness and limits. Urine and blood

biomarkers may be used when renal biopsy is contraindicated or
reduce the need for repeated surveillance biopsies.

Short turn-around time
Results should be available within a time frame which allows
rapid, potentially pre-emptive intervention (e.g., diagnosis of

subclinical AR)

Easy to interpret Results should be easy to interpret, and threshold values should
be established to help transplant physician in clinical practice

Reproducible and standardized

Results should be validated in multiple independent cohorts with
different features (e.g., elderly, or highly sensitized KTx recipients,

or different ethnicity) and assay standardization of analytical
process performed in order to minimize inter-laboratory and

inter-platform variability

Accuracy (sensitivity and specificity)
Biomarker levels should strictly reflect a single specific

pathological process, without being influenced by other causes of
kidney damage (e.g., AR vs. CNI nephrotoxicity or vs. infections)

Good prognostic performance (PPV and NPV)

Acceptable PPP and NPP. In general, new biomarkers should be
preferably tested in subsets of patients at different immunological
risk, rather than on the transplant population as a whole, in order

to improve their statistical performance (e.g., higher a priori
chance of AR in highly sensitized KTx recipients improves PPV

compared to standard recipients).

Proof of cause
Reduction of a biomarker level correlates with an improvement in

the underlying pathological process assessed with current
gold-standard (histological examination with renal biopsy)

Cost-effective

Results should improve clinical management and consequently
impact long-term outcomes and related economic aspects,
justifying biomarker costs (e.g., a biomarker which detects

subclinical AR could improve treatment, prolong graft survival
and reduce costs)

Particularly interesting perspectives are immunological risk stratification and identification of
low-risk, or even tolerant patients.

Peripheral blood gene expression tests such TruGraf [91] or kSORT [57] have already become
commercial and appear accurate in identifying a state of “immunological quiescence” in stable
recipients; due to their high NPP they could allow to rule out ongoing subclinical rejection through serial
monitoring, as an alternative to surveillance biopsies, and guide immunosuppression minimization in
fragile patients at low immunological risk [188].

A further step forward would be to identify biomarkers of operational tolerance, a rare condition
characterized by maintenance of stable renal function without any immunosuppressive therapy.

Tolerant patients seem to be depicted by increased expression of B cell associated genes in the
blood and urine and by a peculiar B cell repertoire, enriched in naive and transitional B cells. Of
interest, this pattern appears to be associated with better long-term graft function [189] and potential
biomarkers of this process are beginning to emerge. For example, TCL1A, an oncogene expressed
in immature naive and transitional B cells, and promoting their survival, has been associated with
immunosuppressive properties of this lymphocyte sub-population and seems to be upregulated in
stable, rejection-free KTx recipients [190].

Of interest, Newell et al. identified a B-cell signature formed by a set of three genes which correlated
with increased expression of CD20 mRNAs (FoxP3, CD20, CD3, perforin) in urinary sediment of
tolerant patients compared to healthy controls (all of them) and to stable KTx (only CD20) [191],
whereas Danger et al. showed that a composite score based on a 20-gene signature peripheral blood
cells could accurately discriminate operationally tolerant recipients from stable ones, independent
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of immunosuppressive therapy [192]. All these approaches need to be validated, but they may pave
the way for the identification of tolerance biomarkers, with important implications on management
of immunosuppressive therapy [193]. The state-of-the-art of this family of biomarkers was recently
analyzed in several reviews [2,194,195] and is beyond the scope of this work.

At the other end of the spectrum, biomarkers could be preferably employed to monitor
high-immunological risk patients (e.g., sensitized, DSA-positive recipients). Testing biomarkers
in this subset helps increase PPP due to a higher a priori risk of AR. A combination of different
biomarkers can also increase diagnostic accuracy; for example, association of kSORT with IFNγ

ELISPOT improves predictive power for subclinical TCMR and ABMR [74].
Another intriguing perspective is the application of artificial intelligence (AI) models which allows

computational analysis and interpretation of large-scale molecular data generation by exploiting
machine learning algorithms and neural networks [196,197]. For example, classifiers like artificial
neural networks, support vector machines and Bayesian inference have already been employed in
pilot studies to screen KTx recipients requiring renal biopsy [198] and AI has proved useful to improve
estimation of TAC Area Under the Concentration Over Time Curve [199].

“Molecular microscope” is another important example application of AI to renal tissue transcriptomic
analysis [93,94].

In another recent work an unsupervised learning method integrating a wide range of parameters
(clinical functional, immunologic, and histologic) was applied to a large cohort of KTx recipients and
allowed to classify five transplant glomerulopathy archetypes, each associated with a different allograft
5-year graft survival (ranging from 88% to 22%) [200].

These studies suggest that progress in AI can significantly contribute to a completely new, more
accurate disease nosology, integrating complex sets of biomarkers of different nature (from clinical
data to molecular aspects) for a subtle characterization of traditional entities.

6. Conclusions

Development of Omics technology and expanding knowledge of new tools, such as EVs and
dd-cfDNA, has led to an increased availability of a wide range of new potential biomarkers, which may
be applied to all key settings of early and late graft dysfunction. Non-invasive biomarkers measured in
urine or blood appear promising in providing very early diagnosis of pathological processes, such as
subclinical AR, or in stratifying risk of DGF or of rejection, potentially reducing need for surveillance
biopsies to monitor low-risk recipients. Tissue biomarkers have also proved effective in integrating
traditional histology, leading to improved disease nosology and more accurate prognosis. Tolerance
biomarkers and progress in AI are opening new frontiers, which may revolutionize transplant medicine.

Although larger, multi-center validation studies are needed before combination of biomarkers
can be widely implemented in the clinic, the transplant physician should rise to the challenge of
becoming familiar with this new landscape, in order to start taking advantage of the various facets of
its huge potential.
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Abbreviations

ABMR antibody-mediated rejection
cABMR chronic antibody-mediated rejection
AI artificial intelligence
AR acute rejection
ATN acute tubular necrosis
AT1R Angiotensin 2 receptor 1
AUC area under the curve
CAD chronic allograft dysfunction
CNI calcineurin inhibitor
Col-IV Collagen type IV
CsA Cyclosporin A
DCD donation after circulatory death
DBD donation after brain death
DGF delayed graft function
DSA donor-specific antibodies
ECD extended criteria donor
EDIL-3 EGF-like repeats and discoidin I-like domains 3
EM extracellular matrix
EMT epithelial-to-mesenchymal transition
ENDATs endothelial associated transcripts
EndMT endothelial-to-mesenchymal transition
ETAR endothelin type A receptor
EVs extracellular vesicles
FLT3-L Fms-like tyrosine kinase-3 ligand
FN Fibronectin
GFR glomerular filtration rate
GST glutathione S-transferase
HLA human leukocyte antigen
HSP heat shock protein
ICAM-4 intercellular adhesion molecule 4
IFTA interstitial fibrosis tubular atrophy
iIFTA inflammatory interstitial fibrosis tubular atrophy
IRI ischemia-reperfusion injury
kSORT kidney solid organ response test
KTx kidney transplant
KTR-3 Keratin-3
FST furosemide stress test
LD living-donor
MFI mean fluorescence intensity
MMP-2 matrix metalloprotein-2
miRNA microRNA
NGAL neutrophil gelatinase-associated lipocalin
NPP negative predictive power
PBTs pathogenesis-based transcript sets
pEMT partial epithelial-to-mesenchymal transition
POSTN Periostin
PVAN Polyomavirus-associated nephropathy
PPP Positive predictive power
ROC receiver operating characteristic
SNP single nucleotide polymorphism
TAC Tacrolimus
TCMR T-cell mediated rejection
tCRM tissue common rejection module
TIMP-2 tissue inhibitor of metalloproteinases-2
TLR-4 Toll-like receptor 4
VIM Vimentin 71
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Abstract: Diabetic nephropathy, hypertension, and glomerulonephritis are the most common causes
of chronic kidney diseases (CKD). Since CKD of various origins may not become apparent until kidney
function is significantly impaired, a differential diagnosis and an appropriate treatment are needed
at the very early stages. Conventional biomarkers may not have sufficient separation capabilities,
while a full-proteomic approach may be used for these purposes. In the current study, several
machine learning algorithms were examined for the differential diagnosis of CKD of three origins.
The tested dataset was based on whole proteomic data obtained after the mass spectrometric analysis
of plasma and urine samples of 34 CKD patients and the use of label-free quantification approach.
The k-nearest-neighbors algorithm showed the possibility of separation of a healthy group from
renal patients in general by proteomics data of plasma with high confidence (97.8%). This algorithm
has also be proven to be the best of the three tested for distinguishing the groups of patients with
diabetic nephropathy and glomerulonephritis according to proteomics data of plasma (96.3% of
correct decisions). The group of hypertensive nephropathy could not be reliably separated according
to plasma data, whereas analysis of entire proteomics data of urine did not allow differentiating the
three diseases. Nevertheless, the group of hypertensive nephropathy was reliably separated from all
other renal patients using the k-nearest-neighbors classifier “one against all” with 100% of accuracy
by urine proteome data. The tested algorithms show good abilities to differentiate the various groups
across proteomic data sets, which may help to avoid invasive intervention for the verification of the
glomerulonephritis subtypes, as well as to differentiate hypertensive and diabetic nephropathy in the
early stages based not on individual biomarkers, but on the whole proteomic composition of urine
and blood.

Keywords: chronic kidney disease; machine learning; differential diagnosis; proteomics; mass
spectrometry; label-free quantification
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1. Introduction

Chronic kidney disease (CKD) is a supra-nosological concept that unites all patients with signs of
kidney damage and/or a decrease in their function [1]. CKD is one of the major health problems with
high mortality, because it causes irreversible changes in renal failure. No obvious clinical symptoms
appear in early stage disease until severe damage has occurred [2]. Therefore, the need for early
diagnosis of CKD is obvious. Diseases leading to CKD can be divided into two groups: (1) processes
localized directly in the kidneys and urinary tract (glomerulonephritis, pyelonephritis, etc.), and (2)
diseases in which the kidneys are target organs (diabetes, hypertensive disease, systemic diseases,
etc.). Diagnosis of the disease causing the damage is paramount in all cases of the CKD presence [3–5].
The most common causes of CKD are diabetic nephropathy, hypertension, and glomerulonephritis [6].
Clinical manifestations, serum creatinine (Scr), and renal histopathology are commonly used to
diagnose CKD and determine its different stages. The role of Scr is very limited [2]. Although kidney
biopsy for histopathology may be an invasive and painful procedure, it is considered as the gold
standard for the diagnosis of renal disease [7]. Bleeding and other surgical complications may follow
this procedure. To reduce these risks, it could be safer to use alternative techniques.

The study of proteomic composition of urine and other human bio-fluids is very promising
for the diagnosis of different kidney pathologies and for understanding the mechanisms of their
occurrence. Proteinuria may reflect abnormal plasma protein loss, as a result of: (a) an increase in
glomerular permeability for macromolecular proteins (glomerular proteinuria), (b) incomplete tubular
reabsorption of low molecular weight proteins (tubular proteinuria), (c) abnormal loss of proteins of
renal origin and urinary tract. Thus, the analysis of the urine proteome potentially allows us to speak
about the localization of nephron damage, which greatly facilitates the differential diagnosis [8,9].
Research is currently underway, both in the search for specific proteins found in CKD [10–14] and
attempts to highlight individual proteins that would become markers of specific diseases that cause
CKD [15,16].

Often, information on changes in the expression level of a single protein is not enough to obtain
sufficient accuracy and the sensitivity required for a clinical diagnostic system, and it is necessary to
apply several indicators simultaneously. Thus, the use of a panel of 28 urinal proteins has shown the
ability to differentiate Immunoglobulin-A nephropathy and primary membranous nephropathy with a
sensitivity of 77% and specificity of 100% [17]. The sets of differently expressed urinal proteins were
used for the differential diagnosis of lupus nephritis, primary membranous nephropathy, diabetic
nephropathy, and focal segmental glomerulosclerosis. The sensitivity of differential diagnosis remained
at 70% when using a set of 5 proteins, but the accuracy fell below 50% when using a set of less than 20
proteins [18]. It shows that these indicators are still insufficient for the effective differentiation of CKDs.

However, the most versatile and universal approach for differential diagnosis should consider
the full quantitative information about a large number of proteins contained in patient’s fluids.
Multicomponent proteomics data derived from mass spectrometric analysis of a non-diagnosed
patient’s sample can be processed in comparison with similar data sets obtained from people with
known diagnoses, to assign a new patient to a particular group. For this purpose the mathematical
models of machine learning, which take into account the interactions of a large amount of data in a
multidimensional space, can be used. Such an approach may become a new concept of an effective
and universal test system for both early diagnosis of CKD and post diagnostic differentiation of renal
diseases of different origin.

Recent methods of large data sets processing are often based on the principle of “black box”,
where input data are transformed into decision factors without any additional knowledge of internal
working. Mathematical instruments, such as machine learning and data analysis, are increasingly
being used in medicine [19,20]. Machine learning is a branch of the data science that trains computers
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to perform tasks by observing patterns in large datasets and using them to derive rules or algorithms
that optimize task performance [21]. It is used for computer-aided diagnosis of acute neurological
events [22] and retinal disease [23]. These studies were mainly based on general clinical indicators,
whereas the application of the wide-scale method of quantitative proteomics based on a comparison of
relative expressions of a large number of proteins can show much greater efficiency.

In this paper, we introduce a new approach to the differential diagnosis of CKDs of different
origins, such as diabetic nephropathy, chronic glomerulonephritis and hypertensive nephropathy,
which is based on large proteomics data sets obtained by mass spectrometry of blood plasma and
urine, by means of several models of machine learning. The tested algorithms showed good abilities to
differentiate the various groups of the tested renal patients according to the proteomic data.

2. Results

Plasma and urine samples were collected from 15 patients with diabetic nephropathy (group D),
from 14 patients with glomerulonephritis (group G), from 5 patients with hypertensive nephropathy
(group H), and from 14 healthy volunteers (group N). Table 1 summarizes the principal characteristics
of the CKD patients.

Table 1. Principal characteristics of the chronic kidney diseases (CKD) patients.

Variable Group D Group G Group H

Sex, n (%)
Male 6 (40) 8 (57) 2 (40)

Female 9 (60) 6 (43) 3 (60)
Age, mean ± SD (years) 62.11 ± 17.91 48.46 ± 16.83 60.6 ± 14.15

Stage of renal disease, n (%)
Stage 1 6 (40) 7 (50) 0 (0)

Stage 2 + 3 7 (46.7) 2 (14.3) 0 (0)
Stage 4 + 5 2 (13.3) 5 (35.7) 5 (100)

Level of proteinuria
Below 30 mg/l, n (%) 0 (0) 0 (0) 0 (0)
30 - 300 mg/l, n (%) 5 (33.4) 5 (35.7) 1 (20)

Above 300 mg/l, n (%) 10 (66.6) 9 (64.3) 4 (80)
Presence of hypertension, n (%) 8 (53) 10 (71.4) 5 (100)

eGFR, mean ± SD (mL/min) 39.56 ± 15.27 68.38 ± 48.36 14.8 ± 7.19
Biopsy tested patients, n (%) 0 (0) 2 (14.3) 0 (0)
Type of glomerulonephritis

Chronic glomerulonephritis, n (%) 10 (71.4)
Nephrotic syndrome, n (%) 4 (28.6)

Abbreviations: SD, standard deviation; eGFR, estimated glomerular filtration rate.

The plasma samples were depleted from albumin and immunoglobulin, the urine samples were
concentrated by filter columns. All protein samples were prepared for mass spectrometry in duplicates
and each duplicate was analyzed twice. These technical replicates were marked as A and B. The total
set of plasma probes contained 190 samples (group G—56, group D—58, group H—20, and group
N—56). The number of urine samples derived from patients was 97 (group G—40, group D—41,
and group H—16); urine from healthy people was not taken due to low normal protein concentrations.
The samples were not divided into fractions to limit the resulted data set for the convenience of
bioinformatic processing. Two sets of quantitative proteomics data from blood and urine samples
(Table S1) were obtained. No specific differences on proteome profiles between different patients
groups expressed in the distribution of individual proteins were found by conventional statistical
methods. Thus, machine learning algorithms, taking into account the overall contribution of the
proteomic composition of the samples, were applied. The data were independently tested in two
ways. At first, we distinguished the total CKD patients from the healthy individuals, and then we
differentiated three groups of patients from each other without comparison with healthy control.
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2.1. Separation of CKD Patients from the Healthy Individuals by Plasma Proteome

A total of 246 proteins were identified and quantified by label-free quantification (LFQ) from
the plasma probes, and 184 of them were considered as relevant after the quality filtration. Then,
the differences in plasma proteome of CKD patients and healthy individuals were estimated by
principal component analysis (PCA). After the consistency check and averaging of the replicates,
the dataset was reduced to 90 samples (group G—27, group D—28, group H—9, and group N—26) and
label-free quantification (LFQ) values of 184 proteins were converted to the 17 principal components
providing the cumulative variance of 70%.

The KNeighbors machine learning model (kNN) with the Euclidean distance was used for the
separation of the total set of CKD patients (groups G, D, H) from the healthy individuals (group N).
The best number of neighbors was found as 3. The mean proportion of correct classifier responses was
97.8%. Thus, the total CKD patients were differentiated from the healthy individuals using proteomics
data of plasma with high confidence.

2.2. Differentiation of the Three Groups of Renal Patients by Plasma Proteome

The possibility of differentiation of various types of CKD with similar symptoms by proteomics
data was tested. At this step, the control samples obtained from healthy people (group N) were
discarded and 134 CKD patient’s samples were taken; 175 proteins in 131 samples were left after the
quality control check.

The PCA analysis showed that 14 principal components were necessary for 70% of cumulative
variance, and 64 averaged results were obtained after the consistency check. Three models of machine
learning were tested: KNeighbors, logistic regression, and support vector machine (SVM). The optimal
hyper parameters were found: number of neighbors (n_neighbors = 1) for KNeighbors, constant of
regularization (C = 1) for logistic regression, kernel (kernel = ‘rbf’) and gamma (gamma = 0.5) for SVM.
The mean proportions of correct classifier responses were 87.5%, 84.3%, 82.8%, respectively. Based on
this cross-validation quality assessment, the KNeighbors classifier was chosen as the best for further
calculations. A number of errors of the nearest-neighbors algorithm were found for each class for the
entire set. Class D had 2 errors from 28 (7.1%), class G had 2 errors from 27 (7.4%), and class H had
4 errors from 9 (44.4%). Thus, this algorithm works well for differential separation of group D from
group G, but does not allow distinguishing class H.

Finally, the class H samples were excluded from the analysis and 55 samples were left in the set.
The nearest-neighbor algorithm gave only two errors for this set (the proportions of correct decisions
were 96.3% for class G and 96.4% for class D). Thus, this algorithm showed good results for the use
in a medical test system that can separate glomerulonephritis from diabetic nephropathy based on
plasma proteome.

2.3. Differential Diagnosis Based on Urine Proteome and Separation of Group H from the Total Patients

A total of 409 proteins were identified and quantified by LFQ, and 241 proteins in 96 samples left
after the quality control.

We found 13 principal components to be optimal after the PCA. The consistency check and
averaging resulted in 47 samples (group G—19, group D—20, and group H—8). Four machine learning
models were tested. A decision tree was added to the three algorithms mentioned above. None of
the tested algorithms with optimized hyper parameters showed high proportion of correct decisions.
It was lower than 80% overall, thus showing no evident possibility to differentiate the three tested
groups on the basis of urine proteome data, and allowing us to conclude that the urine proteome in
comparison with plasma proteome has much less differences in the tested groups of patients.

The capabilities of “one against all” models for the separation of classes were tested. It was found
that the classifier 1-nn (nearest-neighbor algorithm) gives an accuracy equal to 100% for class H by the
entire set of urine proteomics data. It correctly defined all the samples of class H and had no false
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definitions. Thus, this model showed good capability to separate patients of group H (hypertensive
nephropathy) from the remaining groups of renal patients.

3. Discussion

Focused on efficient processing of proteomics data, this work had two goals: 1) development
of the concept of a non-invasive early-stage test system for general kidney malfunctions, and 2) the
differentiation by origin of previously diagnosed renal diseases with similar symptoms. For these,
using our data set, we first tried to distinguish the total group of CKD patients from the healthy group,
and then to differentiate the three groups of patients from each other.

At the first step, it was important to find out whether the common differences in plasma proteome
appear in patients with renal disease and in healthy people. This task was not particularly difficult.
It turned out that KNeighbors machine learning model (kNN) is able to differentiate CKD patients
from healthy individuals with high confidence (97.8% of correct classifier responses).

Glomerular filtration rate (GFR) remains for today the most operating marker of kidney
malfunction, which is usually estimated taking into account endogenous filtration markers like serum
creatinine and cystatin C [24], but the accuracy of their measuring is still under consideration [25].
It shows that new proteomic biomarkers may facilitate more accurate and earlier detection of renal
pathologies [26]. Machine learning has been successfully applied to proteomics data for classification
of samples and identification of biomarkers, and can be used across a wide range of diseases [27]. Thus,
the high accuracy in separating a group of renal patients from healthy ones that we demonstrated by
processing of plasma proteome data using machine learning proved to be effective for the introduction
of this approach into clinical diagnosis.

The second goal of our research was to examine the ability of complex differentiation of various
CKDs by plasma proteome data. It is difficult to predict in advance the most efficient processing
algorithm for analyzing multidimensional data, thus we tested three models. The KNeighbors classifier
(Model 1) was chosen as the most effective after comparing with the logistic regression and support
vector machine (SVM), because of the best proportion of correct classifier responses (87.5%). After the
less represented group of hypertensive patients was excluded, the proportion of correct decisions
increased above 96%, thus showing a high ability to separate diabetic patients with indirect kidney
damage from patients with autoimmune-caused internal kidney degradation (glomerulonephritis).

Diseases of different origins, which are not only related to kidneys but expressed in symptoms of
kidney degradation, may appear in plasma proteomic composition. According to our results, diabetic
nephropathy has a specific proteomic signature in blood which is independent of renal degradation.
The distinct changes in the expression of individual proteins, such as monocyte chemoattractant
protein-1 (MCP-1) and transforming growth factor-β1 (TGF-β1) [28], or even in panels of several
proteins [29] noted previously as predicting the rate of renal function decline in diabetes, may also
be accompanied by other more complex changes in the plasma proteome. On the other hand,
the hypertonic signature of renal degradation with the damage of the tubules and the interstitium was
not expressed in specific changes in the blood proteome, according to our data. Therefore, the proposed
approach can be recommended for further development as a medical test system based on plasma
proteome that can separate glomerulonephritis from other CKD patients, e.g., diabetics.

Urine sampling is even easier compared to venous blood collection and the sample preparation
procedure eliminates the extra step of plasma depletion from major proteins. We tried to use both
bio-fluids to obtain the proteomics data and compared them to find the most suitable way for differential
diagnosis of the three types of kidney diseases. Urine samples obtained from healthy people were not
used in this study, due to much lower protein concentrations compared with renal patients.

As well as for the plasma proteome, we tested kNN, SVM, and logistic regression as means for
distinguishing the urine proteome datasets. In addition, the decision tree algorithm has been added
to the comparison. However, as a result, none of the tested models gave the proportion of correct

89



Int. J. Mol. Sci. 2020, 21, 4802

decisions above the level of 80%, thus showing no clear ability to differentiate simultaneously the three
tested groups based on urine proteome data.

The additional “one against all” model showed the best results in the separation of only one tested
group of patients. The classifier 1-nn (nearest-neighbor algorithm, Model 2) gives an accuracy of 100%
for class H, showing no false definitions across the entire data set. Processing of urine proteome by
machine learning showed the ability of distinguishing hypertensive nephropathy from other renal
diseases. Since, here, we used a sample set that is not very representative (only 5 hypertensive patients),
this approach should be recommended for further testing on larger groups.

Diabetic nephropathy and proliferative forms of glomerulonephritis have a similar histological
picture of diffuse glomerulosclerosis, tubulointerstitial fibrosis, and atrophy, and also variable degrees
of hyaline arteriolosclerosis and arterial sclerosis. In hypertensive nephropathy, primary pathological
changes in afferent arterioles lead to ischemic damage to the glomerular apparatus [30]. Thus,
the degradation of various kidney structures can result in a difference in the transmitted proteins that
enter the urine of hypertensive patients. Proteinuria of the same origin, associated with glomerular
defects probably did not have specific features depending on the genesis of renal degradation,
and therefore diabetes and glomerulonephritis did not appear in urinal protein variations according to
our study.

To test the differences in pathological renal filtration in the context of protein size, we compared
molecular masses of the proteins found in the urine of patients from the three CKD groups. No distinct
specificity for a particular disease was found in our case, as shown in Figure 1. Thus, the differences in
the total proteome, which can be traced by machine learning, do not concern the molecular masses and
sizes of proteins and are manifested in other complex features.

Figure 1. Distribution of urine proteins by molecular weight in the three studied groups of patients.

In this study, we conclude that the urine proteome, compared with the plasma proteome, has much
less differences in our tested groups. As a result, urine is not quite suited for universal differential
diagnosis in this analytical way, but this approach may remain useful in some cases, for example,
to isolate patients with hypertensive nephropathy.
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In addition, it is possible to use a two-stage approach to the differential diagnosis of CKD (Figure 2),
including a combination of primary proteomic analysis of urine to cut off the hypertensive origin
of the disease (using Model 2), followed by proteomic analysis of blood plasma to separate diabetic
nephropathy and glomerulonephritis (using Model 1).

 
Figure 2. Scheme of two-stage differential diagnosis of chronic kidney disease using proteomic data of
urine and plasma.

While the application of the presented strategy can be limited for the hypertensive nephropathy
due to the fact that its diagnosis is mostly clinical and proteinuria is absent in most of the cases,
for correctly diagnosed diabetic nephropathy, a specific therapy aimed at correcting sugar levels can
be more actively applied. Treatment strategies for glomerulonephritis include immunosuppression
with glucocorticosteroids and cytostatics, associated with the risk of serious infectious complications.
The similar therapy for patients with diabetes can be dangerous, since they have a higher risk of
purulent complications. Generally, differential diagnosis between glomerulonephritis and diabetic
nephropathy should be carried out on the basis of kidney biopsy. However, several complicating points
exist: (1) kidney biopsy is not always unambiguous, (2) this is an invasive method, (3) kidney biopsy
should be performed in a specialized center, (4) to assess the dynamics of the process, a second study is
required, which in the case of kidney biopsy is associated with repeated invasive intervention, and (5)
the patient may refuse an invasive procedure. In this work, we studied the phenotypes expressed in
the proteomes that distinguish the presented groups. All associated pathologies, including diabetes,
should be undoubtedly reflected in the phenotypic proteomes, which we examined by choosing groups
in this way (with and without diabetes) and dividing them using a machine learning approach.

4. Materials and Methods

4.1. Patients

A total of 34 CKD patients participated in the study (Table 1). Diagnosis of diabetic nephropathy
patients was made clinically by the presence of diabetes; most patients had hypertension. Hypertensive
nephropathy was diagnosed clinically by the presence of hypertension without presence of diabetes;
no biopsy was performed in these groups. A group of glomerulonephritis patients were diagnosed
by biopsy. All participants signed an informed consent. The study was approved by the Ethical
Committee of the Krasnoyarsk State Medical University named after Professor V.F. Voyno-Yasenetsky
(ethical code 88/2019 of 27 February 2019).

91



Int. J. Mol. Sci. 2020, 21, 4802

4.2. Sample Preparation

The plasma samples were depleted from albumin and immunoglobulin using ProteoPrep depletion
columns (Sigma-Aldrich, St. Louis, MO, USA) according to the manufacturer’s protocol. Proteins
from the urine samples were concentrated with Amicon Ultra-4 3 kDa centrifugal filter columns
(Merck Millipore, County Cork, Ireland). The protein concentrations were determined by UV-1280
spectrophotometer (Shimadzu, Kyoto, Japan) and samples with 4 μg of protein were taken for mass
spectrometry. The proteins were reduced by dithiothreitol, alkylated by iodoacetamide, and digested by
trypsin according to the manufacturer’s protocols (Thermo Scientific, Waltham, MA, USA). The samples
were desalted by 10 μL C18 pipette tips from the same manufacturer in accordance with its protocol
and dried before analysis.

4.3. Liquid Chromatography and Mass Spectrometry

The samples were dissolved in phase “A” (0.1% of formic acid) and 2 μg of each sample were
injected into the Dionex UltiMate 3000 RSLC nano liquid chromatographer (Thermo Scientific, USA)
with Acclaim RSLC PepMap C18 separation column (15 cm length, 75 μm inner diameter, 2 μm
particles). The solvent gradient was increased from 0% to 40% of phase “B” (0.1% of formic acid in 80%
acetonitrile) for 90 min, maintaining a constant flow rate of 200 nL/min. The Orbitrap Fusion mass
spectrometer (Thermo Scientific, USA) was operated in data-dependent mode with scans of parent and
fragment ions changing in cycle of 4 s. Full scans were made at a resolution of 60,000 by the Orbitrap
mass detector, and fragments generated by high energy collision dissociation (HCD) were registered
by ion trap at normal rate.

4.4. Protein Search and Label-Free Quantification

The raw data files were processed by MaxQuant 1.6 software (Max Planck Institute for Biochemistry,
Martinsried, Germany) [31]. Label-free quantification (LFQ) parameter was enabled. Unique and razor
peptides were chosen for protein quantification. Carbamidomethylation of cysteine was set as a fixed
modification, and oxidation of methionine and N-term acetylation were set as variable modifications.
Protein search was performed against an actual SwissProt protein database with the human taxonomy
restriction. The Orbitrap instrument was chosen and mass tolerance of 20 ppm was set for the first
search and 4.5 ppm was set for the main search. Protein false discovery rate (FDR) of 0.01 was set.
The obtained values of LFQ intensities (Table S1) were considered as relative indicators of protein
expressions over the sample groups.

4.5. Data Analysis

All LFQ data analysis was performed using Anaconda Python 3 with Pandas and Scikit-learn
libraries. Two steps of data filtration were made. Non-widespread proteins and low quality samples
were excluded from the further analysis. Proteins detected in less than 5 samples and samples in which
less than 50 proteins were found were not taken into account. Then, the LFQ normalization procedure
was performed as follows: protein LFQ level for each sample was divided to the maximum of LFQ
level of the certain protein among all the samples, giving the quantitative values to the range from 0 to
1. Then principal component analysis (PCA) was applied to reduce the data dimensions. We switched
to a lower number of features expressed in projections of multiple protein LFQ values to the vectors of
principal components. The next step was performed to check the consistency of the samples using
data from the pairs of technical replicates. A closest Euclidean neighbor in the space of the principal
components was found for each sample. The replicated samples were considered as consistent if a
closest neighbor for replicate A was the corresponding replicate B and vice versa. The coordinates in
the space of principal components for these replicates were averaged and they were considered as one
sample. Samples that were not verified by this method were excluded.
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Machine learning algorithms KNeighbors (kNN), logistic regression, support vector machine
(SVM) and decision tree were used at the final step of the data analysis. In order to find optimal model
hyper parameters, a grid search was used. As the number of experimental samples was not large
enough, we did not use the separation of the dataset into training and test sets. We could not select a
test set for the final quality verification of the models, since in this case the evaluation of the quality
of the trained model would be very unstable, due to the randomness of the division of training and
test sets, when marginal measurements may fall into the test set. Instead, we used the leave-one-out
cross-validation on the whole dataset to control the model quality.

Accordingly, we excluded each sample from the entire set, trained the model on the remaining set,
and then checked it on this extracted sample.

Then, we used mean accuracy metrics, i.e., the average proportion of correct answers to estimate
the quality. This metrics seems to be adequate, because the class imbalance is insignificant (the ratio of
class sizes does not exceed 3.2).

These procedures allowed us to use all available data as efficiently as possible and to avoid
randomness in choosing a test sample.

5. Conclusions

The machine learning algorithms show good abilities to differentiate various groups across large
data sets. Full proteomics data obtained by mass spectrometry can be very useful for this approach to
medical diagnosis. These data contain general information about changes in normal body processes in
those cases when common diagnostic approaches using single biomarkers or even panels of biomarkers
do not work well enough. With the testing machine learning models on proteomics data obtained
from the plasma and urine of patients of three types of CKD, the best results were obtained using the
nearest-neighbor algorithm. In this case, according to the proteomics data of plasma, the two groups
of patients with diabetic nephropathy and glomerulonephritis are well separated from the group of
healthy people. On the other hand, a less presented group of patients with hypertensive nephropathy
is better isolated from groups of patients of the two other CKD types by the “one against all” method
based on the urine proteome data set.

The further development of the approach presented here may help to avoid invasive intervention
and contraindicated intervention in some cases for the verification of the glomerulonephritis subtypes,
which is currently performed only by kidney biopsy and microscopic morphological confirmation.
The diagnosis of hypertensive and diabetic nephropathy at an early stage also remains relevant and
the capabilities of machine learning methods based on proteomics data may be useful for this purpose.

Supplementary Materials: The following are available online at http://www.mdpi.com/1422-0067/21/13/4802/s1,
Table S1. Plasma and urine proteins LFQ values.

Author Contributions: Conceptualization, methodology, mass spectrometry, software calculations,
writing—original draft preparation, Y.E.G. and D.V.V.; blood and urine samples collection and preparation,
medical investigations, I.A.L., M.L.R., S.A.V., and S.L.G.; medical investigations, writing—review and editing,
T.N.Z. and M.M.P.; mass spectrometry experiments, Z.M.; supervision, review, and editing of the final version of
the manuscript, M.V.B. and A.S.K. All authors have read and agreed to the published version of the manuscript.

Funding: This research received no external funding.

Acknowledgments: The authors sincerely thank Ivan Denisov for help in preparing the manuscript.

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

93



Int. J. Mol. Sci. 2020, 21, 4802

Abbreviations

CKD Chronic kidney disease
Scr Serum creatinine
D Diabetic nephropathy group
G Glomerulonephritis group
H Hypertonic nephropathy group
N Healthy volunteers group
SD Standard deviation
PCA Principal components analysis
LFQ Label-free quantification
kNN K nearest neighbors algorithm
SVM Support vector machine
MCP-1 Monocyte chemoattractant protein-1
TGF-β1 Transforming growth factor-β1
eGFR Estimated glomerular filtration rate
FDR False discovery rate
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Abstract: Renal dysfunction, a major complication of type 2 diabetes, can be predicted from estimated
glomerular filtration rate (eGFR) and protein markers such as albumin concentration. Urinary
protein biomarkers may be used to monitor or predict patient status. Urine samples were selected
from patients enrolled in the retrospective diabetic kidney disease (DKD) study, including 35 with
good and 19 with poor prognosis. After removal of albumin and immunoglobulin, the remaining
proteins were reduced, alkylated, digested, and analyzed qualitatively and quantitatively with a nano
LC-MS platform. Each protein was identified, and its concentration normalized to that of creatinine.
A prognostic model of DKD was formulated based on the adjusted quantities of each protein in the two
groups. Of 1296 proteins identified in the 54 urine samples, 66 were differentially abundant in the two
groups (area under the curve (AUC): p-value< 0.05), but none showed significantly better performance
than albumin. To improve the predictive power by multivariate analysis, five proteins (ACP2, CTSA,
GM2A, MUC1, and SPARCL1) were selected as significant by an AUC-based random forest method.
The application of two classifiers—support vector machine and random forest—showed that the
multivariate model performed better than univariate analysis of mucin-1 (AUC: 0.935 vs. 0.791)
and albumin (AUC: 1.0 vs. 0.722). The urinary proteome can reflect kidney function directly and
can predict the prognosis of patients with chronic kidney dysfunction. Classification based on five
urinary proteins may better predict the prognosis of DKD patients than urinary albumin concentration
or eGFR.

Keywords: urine; diabetic kidney disease; kidney function; proteomics; mass spectrometry; statistical
clinical model; machine learning
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1. Introduction

About 30% of people with diabetes develop diabetic kidney disease (DKD), and the spread of
diabetes is increasing worldwide [1,2]. Complications of type 2 diabetes (T2D) mainly cause end-stage
renal disease, which is related to high heart disease incidence and mortality [2,3]. Early detection and
screening of patients at risk for DKD is important, which may reduce the global burden of T2D.

Because the kidneys filter waste from blood and discharge it as urine, urine can directly reflect
kidney function. Unlike plasma, urine can be easily collected non-invasively, with proteins in urine
being stable and not vulnerable to sudden degradation [4]. Albuminuria and estimated glomerular
filtration rate (eGFR), have been generally used to assess kidney function [2,5]. However, albuminuria
is only evaluated after glomerular damage has occurred, and sometimes kidney disease develops
before the outbreak of albuminuria [6,7]. Better markers are required to help delay progression to DKD.

Multiple-biomarker approaches based on proteomics, including urinary proteomics, may overcome
the limitations of markers diagnostic for DKD [4,8]. This study was designed to identify a urinary
multi-protein panel that could predict progression to DKD in patients with T2D.

2. Results

2.1. Baseline Characteristics of Clinical Samples Used in the Study

Table 1 summarizes the baseline characteristics of patients in the poor and good prognosis groups.
All factors did not differ significantly in the two groups, including sex, age, body mass index (BMI),
duration of follow-up, systolic blood pressure (SBP), glycated hemoglobin concentration (HbA1c),
lipid profile, percent with diabetic retinopathy, and the percentages treated with RAS inhibitors,
anti-hypertensive agents, and lipid-lowering agents (Bonferroni corrected p-value > 0.05/17 = 0.0029;
Table S1).

Table 1. Baseline characteristics of the patients with type 2 diabetes (T2D) with and without
renal outcomes.

Variable With Renal Outcome Without Renal Outcome

Sex, n (%)
Male 8 (42.1) 11 (31.4)

Female 11 (57.9) 24 (68.6)
Age at diagnosis of diabetic kidney disease,

mean ± SD (years) 54.58 ± 11.66 58.66 ± 9.19

BMI, mean ± SD (kg/m2) 22.64 ± 3.46 23.81 ± 3.00
Duration of follow-up, mean ± SD (years) 4.80 ± 1.96 4.73 ± 1.94

SBP, mean ± SD (mmHg) 126.58 ± 15.70 125.97 ± 12.07
LDL cholesterol, mean ± SD (mg/dL) 104.89 ± 41.00 99.83 ± 32.32
HDL cholesterol, mean ± SD (mg/dL) 48.42 ± 7.50 52.51 ± 11.51

Triglycerides, mean ± SD (mg/dL) 145.74 ± 99.80 154.57 ± 128.88
eGFR after 1 years, mean ± SD (mL/min/1.73 m2) 91.52 ± 17.57 88.33 ± 15.46

HbA1c, mean ± SD (%) 8.34 ± 2.09 7.16 ± 1.36
ACR, mean ± SD (mg/g) 213.66 ± 446.75 126.11 ± 419.70

NAPCR, mean ± SD (mg/g) 178.18 ± 209.30 154.76 ± 299.68
PCR, mean ± SD (mg/g) 391.84 ± 652.79 280.87 ± 711.04

Diabetic retinopathy, n (%) 9 (47.37) 11 (31.43)
RAS inhibitor, n (%) 6 (31.58) 15 (42.86)

Anti-hypertensive agent, n (%) 5 (26.32) 12 (34.29)
Lipid-lowering agent, n (%) 10 (52.63) 20 (57.14)

Abbreviations: BMI, body mass index; SBP, systolic blood pressure; LDL, low-density lipoprotein;
HDL, high-density lipoprotein; eGFR, estimated glomerular filtration rate; HbA1c, glycated hemoglobin;
ACR, urine albumin-to-creatinine ratio; NAPCR, urine nonalbumin protein-to-creatinine ratio; PCR,
urine protein-to-creatinine ratio.

98



Int. J. Mol. Sci. 2020, 21, 4236

2.2. Urinary Proteome Analysis for Identification and Label-Free Quantitation

The workflow of data processes contained identified and quantified urinary proteins indicative
of disease status, as well as significant proteins to build the clinical models (Figure 1A). Liquid
chromatography–mass spectrometry (LC-MS) analysis of the 54 urine samples identified 1296 proteins
(Table S2). Of these proteins, 1244 were quantified, and their quantities were adjusted relative to the
concentration of creatinine [9,10]. Sample-to-sample variation was subsequently fixed by the amount
of proteins, leading to the selection of six endogenous normalization proteins that showed stable
abundance in all LC-MS analyses. A boxplot of protein abundances in the 54 samples, composed
of 35 patients in good-prognostic group (GPG) and 19 patients in poor-prognostic group (PPG),
is depicted in Figure 1B. The normalized abundance of 68 proteins significantly correlated with
their immunoassay [11] determined concentrations in urine, with a Pearson’s coefficient of 0.502
(permutation p-value < 0.001; Figure 1C).

Figure 1. (A) Analysis workflow of urinary proteins in the 54 diabetic kidney disease (DKD) patients.
The analysis method is written in the upper part, the number of proteins in the middle, and the
meaning of the protein in the bottom part. (B) Boxplots of normalized urinary protein abundances
in the 54 samples (35 patients in good-prognostic group and 19 patients in poor-prognostic group)
measured by LC-MS analysis. (C) Scatter plot of 68 urine proteins between normalized log2 abundance
and log2 immunoassays concentration (Pearson correlation coefficient (ρ): 0.5 and p-value: 1.9 × 10−4).

2.3. Functional Annotation of Differential Protein Expression in the PPG and GPG Groups

To find the differential abundant proteins (DAPs) from among the 1117 proteins, fold-changes
and p-values were calculated by Mann–Whitney U tests of the two groups. A volcano plot showing
log2-fold-changes against minus log10 p-values identified 46 proteins as being upregulated in the
PPG and 54 proteins in the GPG (|log2 fold-change| > 0.5; p-value < 0.05; Figure 2 and Table S3).
These differentially expressed proteins included the six previously described candidate urinary
biomarkers (APOE, CO3, COF1, NID1, OSTP-5, and PODXL) of glomerular or tubular injury [11].
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Figure 2. Volcano plot of urinary proteomic data. Volcano plots are depicted with the fold change
of each protein abundance and the p value was calculated by performing a Mann–Whitney U-test.
The averages of the urinary proteomic abundance data of good prognostic group (N = 35) were
compared with the averages of the data for poor prognostic group (N = 19). Red circles show 54
urinary proteins that have significant increases in PPG. Blue circles show 46 urinary proteins which
have significant decreases in PPG. Gray circles are urinary proteins without statistical meaning. Green
circles are previously released as urinary protein markers for glomerular injury or tubular injury.

To determine whether urinary DAPs were associated with specific biological processes, up- and
downregulated proteins in the PPG were subjected to gene ontology (GO) enrichment analysis.
To integrate the three domains of GO and easily visualize the relationship between terms, ClueGO tools
were applied with default settings (kappa score 0.4 and group merger of 50% of genes) to functionally
organize the GO term networks [12].

Downregulated proteins in PPG were significantly enriched with an FDR < 0.01 (Figure 3A,B).
Biological processes associated with these proteins included negative regulation of lipid localization,
collagen catabolic process, positive regulation of neural precursor cell proliferation, and neuron
projection regeneration. Resulting analysis of molecular function indicated that transforming growth
factor beta binding and cargo receptor activity were annotated. The networks between proteins and
functional GO terms showed that three proteins were negative regulators of lipid transport, as well
as being associated with another GO term (Figure 3C). These included APOE, which is involved in
neuron projection regeneration; THBS1, which is involved in transforming growth factor beta binding;
and EGF, which is involved in positive regulation of neural precursor cell proliferation.
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Figure 3. Up-regulated proteome in good prognosis group (GPG) and gene ontology (GO) analysis.
(A) Functional GO network displaying grouping of GO terms enriched in GPG up-regulated proteins.
(B) Enriched GO terms in biological process and molecular function. (C) The network between GO
terms and corresponding proteins represents the relationship between GO terms via the proteins.
The abundances of each protein represent the violin plots in two groups. The numbers listed below
represent the measured numbers for each group.

Upregulated proteins in PPG were identified in enriched functional GO groups with an FDR < 0.01
(Figure 4A,B). Biological processes associated with these proteins included platelet degranulation,
retina homeostasis, and heterotypic cell–cell adhesion. The molecular functional processes related with
these proteins contained collagen binding. These urinary proteins were located in the lysosomal lumen
and blood microparticles. The networks between proteins and functional GO terms indicated that
the proteins in blood microparticles were functionally involved in platelet degranulation (Figure 4C).
Platelets in patients with CKD are deficient in reactivity [13]. Leukocytes adhere to and destroy
damaged kidney cell walls in patients with CKD [14], accompanied by bone marrow-derived kidney
fibrosis, which is highly associated with cell–cell adhesion [15]. CKD is also associated with retinal
abnormalities [16] and the possible destruction of retinal homeostasis, as confirmed in this study.
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Figure 4. Up-regulated proteome in poor-prognostic group (PPG) and GO analysis. (A) Functional GO
network displaying grouping of GO terms enriched in PPG up-regulated proteins. (B) Enriched GO
terms in biological process, molecular function, and cellular component. (C) The network between
GO terms and their contained proteins represents the relationship between GO terms via the proteins.
The abundance of proteins represents the violin plots in two sample groups. The numbers listed below
represent the measured numbers for each group.

2.4. Univariate ROC Analysis for Predicting Renal Outcome

To ensure statistical reliability, this study focused on 412 proteins quantified in more than 80%
of urine samples [17], with missing values filled by local least squares imputation [18] (Table S4).
To confirm that quantified urinary proteins could act as individual biomarkers, univariate receiver
operating characteristic (ROC) analysis was performed in samples from the PPG and GPG, with the
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resulting histogram of AUC values shown in Figure 5. The AUC values of MUC1, CTSA, ACP2,
SERPING1, AMY2B, GM2A, and COL1A1 were 0.791, 0.786, 0.773, 0.771, 0.768, 0.759, and 0.753,
respectively. ACP2, AMY2B, and COL1A1 were significantly more abundant, whereas MUC1, CTSA,
SERPING1, and GM2A were significantly less abundant, in the GPG than in the PPG (p-value < 0.05
each). The 66 urinary proteins showed significance with AUCs of 0.5 (p-value < 0.05; Table S5).
Clinically, urinary albumin is a common marker of DKD [2,5]. The AUCs of 18 proteins were higher
than that of albumin (0.722), but the differences were not statistically significant based on likelihood
ratio tests.

 

Figure 5. Histogram of area under the ROC curves (AUC) of 412 urinary proteins and ACR. Top seven
proteins (MUC1, CTSA, ACP2, SERPING1, AMY2B, GM2A, and COL1A1) and ACR are represented
with box plots.
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2.5. Multivariate Analysis for Predicting Renal Outcome

To improve predictive performance and find a meaningful combination of proteins that could
distinguish patients who were and were not at risk of disease progression, two classifiers of the
412 proteins were generated, one based on random forest (RF) [19] and the other on support vector
machine (SVM) [20]. Both the RF and SVM methods selected five proteins (ACP2, CTSA, GM2A,
MUC1, and SPARCL1) by an AUC-based RF backward-elimination process [21], according to a >0.3
importance of selection (Table 2). These variables were used to establish a RF model by generating
20,000 decision trees, and a linear SVM model by three repeated iterations of 10-fold cross-validation.
Evaluation of the performance of these classifiers showed that the AUC values for RF and SVM were
1.000 and 0.935, respectively (Figure 6A). The nominal binary results of RF and SVM models were
transformed in disease prediction scores, which ranged from 0 to 1 (Figure 6B and Table S6). The two
classifiers differed significantly from albumin-to-creatinine ratio (likelihood ratio test: p-value < 0.05).
These five proteins were located in extracellular exosomes, vesicles, or organelles, with three (ACP2,
CTSA, and GM2A) located in the lysosomal lumen, MUC1 placed in plasma membrane, and SPARCL1
interacted with collagen in extracellular matrix.

Figure 6. ROC curves of RF and SVM classifiers for five selected proteins (ACP2, CTSA, GM2A,
MUC1 and SPARCL1). Performance of the two classifiers in the set of 54 samples, 35 from patients with
good prognosis and 19 from patients with poor prognosis. (A) Areas under the curve (AUC) for the RF
(1.0) and SVM (0.935) classifiers. (B) Clinical indices (0–1) of the two classifiers.
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Table 2. AUC-based RF backward-elimination process-based selected feature proteins.

Uniprot
Accession No.

Gene Name Importance Prob. Select Selection Univariate AUC

P10619 CTSA 0.422 0.700 Y 0.737
Q14515 SPARCL1 0.378 0.583 Y 0.659
P17900 GM2A 0.373 0.613 Y 0.726

P15941-2 MUC1 0.332 0.543 Y 0.791
P11117 ACP2 0.312 0.563 Y 0.718
P19961 AMY2B 0.299 0.510 N 0.779
P00734 F2 0.296 0.483 N 0.694
P06865 HEXA 0.274 0.466 N 0.651

P05155-3 SERPING1 0.275 0.377 N 0.771
P11142 HSPA8 0.238 0.330 N 0.734
P10451 SPP1 0.228 0.323 N 0.680

Probability of selection for each variable.

2.6. External Validation of Clinical Models in Public Studies

Since we were unable to find a benchmarking study in the discovery of urine protein
biomarkers that could validate our statistical model, we validated the models with mRNA
expression in the kidney, an organ that undoubtedly affects urine samples. The SVM and RF
models consisting of five urine proteins were applied to four publicly available GEO datasets
(GSE99339 [22], GSE47185 [23], GSE30122 [24], and GSE96804 [25,26]) without model adjustment.
In the first GSE99339 dataset, mRNA expression in the renal glomerulus of 187 patients was studied,
and the 11 disease groups are diabetic nephropathy (DN), rapidly progressive glomerulonephritis
(RPGN), tumor nephrectomies (TN), hypertensive nephropathy (HT), IgA nephropathy, membranous
glomerulonephritis (MGN), systemic lupus erythematosus (SLE), thin membrane disease (TMD),
focal and segmental glomerulosclerosis (FSGS), focal and segmental glomerulosclerosis and minimal
change disease (FSGS&MCD), and minimal change disease (MCD). The two classifiers’ prognostic
probabilities were highly correlated with each other in 187 samples (ρ = 0.817, Pearson correlation
coefficient). In both models, the highest value in the DN group was higher than the other ten disease
groups (Figure 7A). RF prediction values in the DN group were significantly higher than other eight
groups except for RPGN and HT group (Mann-Whitney U Test: p-value < 0.05). SVM prediction values
in the DN group were significantly higher than the other nine groups excluding the RPGN group
(p-value < 0.05). In the second GSE99339 data set, there are a total of 223 kidney glomerulus (N = 122)
and tubulointerstitia (N = 101) mRNA expression levels. The eight disease groups include DN, RPGN,
TN, MGN, TMD, FSGS, FSGS&MCD, and MCD. The two classifiers’ prognostic probabilities were
also highly correlated in 223 samples (r = 0.637). The tendency of the predicted values was different
depending on the cell type of the kidney (Figure 7B). In the glomeruli, the two model predictions
are the highest in the DN group and are statistically significant with other seven groups. However,
in the tubulointerstitium, the SVM model prediction values in DN were significant with four other
groups except RPGN, TN, FSGS&MCD, and RF model prediction values in DN is only significant
with MCD. It indicated that the five urine proteins are more closely related to the glomeruli than the
kidney tubulointerstitium.

Meanwhile, we tried to verify whether the prognostic models could predict DKD. In the third
GSE30122 data set, of the total of 69 samples, 26 of the 35 kidney glomerulus were normal obtained
from living allograft donors, 9 of which were DKD, 34 of which were renal tubulus, of which 24 were
normal and 10 were DKD. The results of the RF model in the glomeruli statistically were divided the
normal and disease groups (p-value < 0.05), but the SVM model were not (p-value > 0.05; Figure 7C).
The results of the both models in the tubulus statistically were not divided the normal and disease
groups (p-value > 0.05). In the fourth GSE30122 dataset, 20 kidney glomerulus out of a total of
62 samples were glomerulus from the non-neoplastic part of tumor nephrectomies and 41 of them were
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from DN. The results of the both models statistically were not divided the normal and disease groups
(p-value > 0.05; Figure 7D). It indicated that models for predicting kidney prognosis with urine protein
markers in diabetics are difficult to distinguish DKD from normal groups by mRNA expression level
in kidney.

Figure 7. External validation of RF and SVM clinical models in public four GEO datasets (GSE99339,
GSE47185, GSE30122 and GSE96804). (A) In the GSE99339 dataset, boxplot of the prognostic probabilities
of the two classifiers in 11 disease groups including DN (N = 14), RPGN (N = 23), TN (N = 14),
HT (N = 15), IgA nephropathy (N = 26), MGN (N = 21), SLE (N = 30), TMD (N = 3), FSGS (N = 22),
FSGS&MCD (N = 6), and MCD (N = 13). (B) In the GSE30122 data set, the prognostic indexes of the
two classifiers in the eight disease groups in the renal glomeruli with DN (N = 14), RPGN, (N = 23),
TN (N = 17), MGN (N = 21), TMD (N = 3), FSGS (N = 23), FSGS&MCD (N = 6), and MCD (N = 15)
and in the renal tubulointerstitia with DN (N = 18), RPGN (N = 21), TN (N = 6), MGN (N = 18),
TMD (N = 6), FSGS (N = 13), FSGS&MCD (N = 4), and MCD (N = 15). (C) In the GSE30122 data
set, the prediction values of the two classifiers in the control and disease groups in renal glomerulus
(N = 26; control and N = 9; disease) and in renal tubulus (N = 24; control and N = 10; disease). (D) In
the GSE30122 data set, the prediction probabilities of the two classifiers in the control (N = 20) and
disease (N = 41) groups in renal glomeruli.

106



Int. J. Mol. Sci. 2020, 21, 4236

3. Discussion

Urine-based approaches for measuring internal biomolecules can be normalized. Ideally,
urine should be collected for 24 h and urinary biomolecules measured. Because this method is
practically difficult, urinary proteins in random spot samples were calibrated relative to creatinine
concentrations [9]. Prolonged storage of urine samples for studying proteins is important because
of the activity of urinary proteases depending on the temperature and pH [27]. In this retrospective
study, urine samples were stored at −80 ◦C for 7–8 years before LC-MS/MS measurements. In general,
it is known that it is stable without urine preservatives stored at −70 or −80 ◦C, and urine samples
stored for more than 2.3 years have no significant change in not only most proteins including albumin
but also metabolites including creatinine [28–31].

Proteins were extracted from urine samples using an equal volume-based approach similar to
ELISA [32]. This procedure for protein standardization was suitable for downstream analysis. Urinary
proteins normalized by this method showed lower sample-to-sample variation and higher correlation
with immunoassay results.

Albuminuria is primarily used to detect DKD in clinical practice [2,5]. Because glomeruli
filter blood, albumin is a good biomarker of chronic kidney disease (CKD) caused by glomerular
abnormalities but is insufficient to determine subsequent prognosis [5]. Rather than this, it was
determined that finding and measuring specific protein markers that affect pathological function is
more clinically meaningful [33,34]. Although causality between albuminuria and prognostic values
from the five-protein panel-based clinical models (RF and SVM) cannot be clarified in this retrospective
study, it can be inferred by correlation analysis. Correlation analysis between two classifiers and ACR
in the 54 enrolled patients reveals a little of bit correlation but no significance (r = 0.086; p-value > 0.05;
SVM and r = 0.094; p-value > 0.05; RF). Therefore, it was confirmed that there was no causal
relationship as well as a correlation. To consider closely at the relationship between them, we divided
the three classes based on the ACR value (normal; <30 mg/g, microalbuminuria; 30–300 mg/g and
macroalbuminuria; >300 mg/g) and plotted the predicted values of the SVM model according to the two
prognostic groups (Figure S1). In T2D patients with normal range and microalbuminuria, SVM results
were almost separated between two groups. Rather, it seems to have problems with predictive power
in patients with macroalbuminuria. It means that SVM results did not depend on the development of
albuminuria in T2D patients and showed the possibility to predict the earlier disease stage before the
development of albuminuria. Moreover, the predicted value of RF results accurately separates two
prognostic groups regardless of the ACR value.

As a rule, diabetics are persistently exposed to miscellaneous metabolic and hemodynamic
risks [35], with DKD resulting from multiple pathophysiological processes. Multiple-biomarker
approaches using proteomics and metabolomics may better reveal the complicated disease status
thought to be associated with the onset of DKD [4,8]. CKD273, a panel consisting of 273 urinary
peptides currently undergoing Phase 3 testing, was a high performance urine peptidomic classifier for
CKD diagnosis [36]. Moreover, this classifier was recently validated as a predictor of the development
of microalbuminuria in normoalbuminuric with diabetic patients [37]. These 273 intact peptides
were derived from 30 independent proteins, 24 of which were quantified in this study. CKD273,
which includes cleaved collagenase peptides and SERPINA1 peptides, is a good prognostic marker,
showing that the concentrations of cleaved collagenase peptides decrease and those of SERPINA1
peptides increase in the urine of patients with CKD [38,39]. The present study showed a similar pattern
of abundance in the urine of PPG patients despite artificial digestion. Our approach, based on protein
concentrations in urine samples, could better explain the pathological pathway associated with DKD
than the peptidome approach. Indicators of kidney dysfunction include increased blood particles in
urine; lysosomal dysfunction in glomerular cells [40], which is related to the autophagy-lysosome
pathway [41] abnormal heterotypic cell–cell adhesion among glomerular, tubular, and immune cell
compartments, collagenase, and binding proteins (driven by rapid changes in glycolipids) [42] and
platelet activation [43].
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Our clinical models consist of five selected proteins, four proteins (CTSA, MUC1, GM2A,
and SPARCL1) are high in PPG and other one protein (ACP2) is low in PPG. Cystatin A (CTSA), in the
same protein family as cystatin C that can measure kidney function [44–46], has been found in our
urinary biomarker discovery study. Muc1 is a multifaceted tumor protein, and its relationship with the
kidney has recently been highlighted [47] and has been identified as a mutant that causes mendelian
disorder medullary cystic kidney disease type 1 [48]. In a meta-analysis study of rat glomerular
transcriptome profiling, it was confirmed that GM2A was highly expressed in various diabetic kidney
disease rat [49]. Through the mouse kidney injury model experiment, SPARCL1 showed that mRNA
expression was not changed in the acute phase, but the expression level was high in the fibrosis of the
kidney [50], and it inhibited the movement and invasion of renal cell carcinoma [51]. Lastly, ACP 2,
one of the lysosomal enzymes, is a protein used in peptiduria [52] or lysosomal enzymuria [53] that
measures kidney disease in diabetic patients. Through the external kidney mRNA published studies,
these urine biomarkers we found confirmed differential expression in kidney tissue with DKD.

This study had several limitations. First, the patient population in this study was homogeneous
and of small sample size. These results require further validation in a multiethnic cohort including
larger numbers of patients to assess applicability to a wider population with T2D, a study currently in
progress. Second, DKD was clinically diagnosed in the absence of renal biopsies. Third, it is unclear
which organ is derived from the urinary protein signatures. More research is needed to determine
whether urinary protein signatures are biomarkers of tubular damage in pathological conditions with
a glomerular protein load.

4. Materials and Methods

4.1. Patients and Urine Samples

Urine samples were collected from 54 outpatients with T2D and eGFR ≥ 60 mL/min/1.72 m2 who
were enrolled in the DKD study at Pusan National University Hospital, South Korea, from February 2010
to January 2011 and who met previously described inclusion and exclusion criteria [54]. After one year,
patients were followed-up with until September 2017. Patients were managed according to standard
guidelines, including treatment with RAS inhibitors, and eGFR was measured at least twice during a
follow-up period ≥12 months. Renal function decline was defined as an eGFR < 60 mL/min/1.72 m2,
annual eGFR reduction> 3 mL/min/1.72 m2, or CKD progression, defined as a reduction in GFR category,
accompanied by a ≥ 25% deterioration in eGFR from baseline. The patients were divided into two
groups—19 with renal outcomes (poor prognosis group (PPG)) and 35 without renal outcomes (good
prognosis group (GPG)). The protocols and consent procedures were approved by the Institutional
Review Board of Pusan National University Hospital (approval No. 2013033). Total proteinuria and
albuminuria, as well as creatinine concentrations, were measured in random spot urine samples [55].

4.2. Measurements of Nephrology Parameters

eGFR was calculated using the equation eGFR = 141 × min (serum creatinine/kappa, 1) alpha
× max (serum creatinine/kappa, 1) − 1.209 × 0.993 × age × sex × race. For females, sex = 1.018;
alpha = −0.329; and kappa = 0.7; for males, sex = 1; alpha = −0.411; and kappa = 0.9. Renal outcomes
were chronic kidney disease (CKD) progression based on guidelines of the International Society of
Nephrology; accelerated eGFR decline, defined as an annual eGFR reduction > 3 mL/min/1.72 m2;
or the development of CKD stage ≥ 3. CKD stages 1, 2, 3a, 3b, 4, and 5 were defined as eGFRs of ≥ 90,
60–89, 45–59, 30–44, 15–29, and < 15 mL/min/1.73 m2, respectively, and CKD progression was defined
as a decline in eGFR category accompanied by a ≥ 25% deterioration in eGFR from baseline [56].

4.3. Urinary Protein Sample Preparation

Urine samples were centrifuged at 13,000 rpm for 30 min to remove debris, and 300 μL of each
supernatant was mixed with 100 μL High Select™HSA/Immunoglobulin Depletion Resin (Cat. No:
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A36368, Thermo Fisher Scientific, Waltham, MA, USA) and incubated for 1 h at 4 ◦C to remove albumin
and immunoglobulin. Following centrifugation at 13,000 rpm for 10 min, the supernatant was dried
using a speed vac with a cold trap (CentriVap Cold Traps, Labconco, Kansas City, MO, USA).

4.4. Enzymatic Digestion in-Solution

Each dried urine sample was dissolved in 100 μL of 8 M urea, reduced with 20 mM dithiothreitol in
50 mM NH4HCO3 for 60 min at 25 ◦C, and alkylated with 40 mM iodoacetamide in 50 mM NH4HCO3
for 60 min in the dark. Urea concentration was diluted to less than 1.0 M. Each urine sample was
incubated overnight at 37 ◦C with 12.5 μg sequencing grade modified trypsin/LysC (Promega, Madison,
WI, USA) in 50 mM NH4HCO3 buffer (pH 7.8), followed by quenching with 10uL of 5% formic acid
and lyophilization with a cold trap. The samples were re-suspended in 0.1% formic acid, desalted
using C18 ZipTips (Millipore, Burlington, MA, USA), and dried for LC-MS analysis.

4.5. Nano-LC-ESI-MS/MS Analysis

Digested peptides were separated using a Dionex UltiMate 3000 RSLCnano system (Thermo Fisher
Scientific, Waltham, MA, USA). Tryptic peptides from the bead column were reconstituted in 100 μL of
0.1% formic acid and separated on an Acclaim™ Pepmap 100 C18 column (500 mm × 75 μm i.d., 3 μm,
100 Å) equipped with a C18 Pepmap trap column (20 mm × 100 μm i.d., 5 μm, 100 Å; Thermo Fisher
Scientific, Waltham, MA, USA) over 200 min (250 nL/min) using a 0–48% acetonitrile gradient in 0.1%
formic acid and 5% DMSO for 150 min at 50 ◦C. The LC was coupled to a Q Exactive™ Plus Hybrid
Quadrupole-Orbitrap™mass spectrometer with a nano-ESI source. Mass spectra were acquired in a
data-dependent mode with an automatic switch between a full scan and 10 data-dependent MS/MS
scans. The target value for the full scan MS spectra, selected from a 350 to 1800 m/z, was 3,000,000
with a maximum injection time of 50 ms and a resolution of 70,000 at m/z 400. The selected ions were
fragmented by higher-energy collisional dissociation in the following parameters: 2 Da precursor ion
isolation window and 27% normalized collision energy. The ion target value for MS/MS was set to
1,000,000 with a maximum injection time of 100 ms and a resolution of 17,500 at m/z 400. Repeated
peptides were dynamically excluded for 20 s. All MS data were measured once per sample and have
been deposited in the PRIDE archive (www.ebi.ac.uk/pride/archive/projects/PXD016571) [57] under
Project 1-20191129-77373 12.

4.6. Database Searching and Label-Free Quantitation

The SwissProt human database (May 2017) was searched for acquired MS/MS spectra using
SequestHT on Proteome discoverer (version 2.2, Thermo Fisher Scientific, USA) [58]. The search
parameters were set as default including cysteine carbamidomethylation as a fixed modification,
and N-terminal acetylation and methionine oxidation as variable modifications with two miscleavages.
Peptides were identified based on a search with an initial mass deviation of the precursor ion of up to
10 ppm, with the allowed fragment mass deviation set to 20 ppm. When assigning proteins to peptides,
both unique and razor peptides were used. Label-free quantitation (LFQ) was performed using peak
intensity for unique peptides of each protein.

4.7. Normalization of Protein Abundance

To correct for sampling variations resulting from random spot urine collection, the raw LFQ
values for each protein were divided by the amounts of total protein and creatinine in each sample,
followed by normalization of the corrected LFQ values by endogenous proteins without spike-in
standards [59]. To identify endogenous urinary proteins for normalization, the 112 initial completely
quantified proteins were considered, with six selected based on the following criteria: (1) quantified in
all 54 samples; (2) corrected LFQ values did not differ significantly in the poor and good prognosis
groups by the Mann–Whitney U Test (p-value > 0.05); and (3) had nearly persistent urine concentrations
throughout the sample as top-ranked by NormFinder stability value [60].
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The corrected LFQ values of the six selected normalization proteins in each sample were divided
by their median value in all samples. The median of these six ratios was defined as the normalization
scaling factor (NSF) for that sample. For example, NSF for sample s can be determined using
the equation:

NSFs = median
(

N1,s

N̂1
,

N2,s

N̂2
, · · · ,

N6,s

N̂6

)
(1)

where Ni, s is the corrected LFQ value of normalization protein i in sample s and N̂i is the median
corrected LFQ value of normalization protein i in all samples. Except for the six normalization proteins
in a sample, the normalized LFQ value of each protein was calculated by dividing its corrected LFQ
value by NSF.

˘LFQj,s =
LFQj, s

NSFs
(2)

where ˘LFQj,s is the normalized LFQ of urinary protein j in sample s and LFQj,s is the corrected LFQ of
the corresponding protein [61].

4.8. Differential Data Analysis by Filling Missing Data

For clinical utility, the LFQ data were filtered to <20% of quantified proteins in each sample group
to analyze the differential urinary proteins in these groups, with the missing data filled by the local
least squared imputation method at the normalized abundance [18].

4.9. GO Analysis

Differential abundant proteins (DAPs) in the poor and good prognosis groups were analyzed
using the ClueGO (version 2.5.1) [12] plugin for Cytoscape (version 3.6.1) [62]. To group GO terms,
the kappa score was set at 0.4 and the number of overlapping genes to combine groups was set at 50%.

4.10. Statistical Clinical Model Generation Based on Feature Selection

The process of feature selection was to find the best subset for classifying two disease progression
groups out of 412 proteins. There are two steps. In the first step, 50,000 decision trees containing eight
variables were randomly generated 50,000 trees and had AUC values. Based on the AUCs values,
the optimal number of proteins were determined by out-of-bag error estimation and the value is 11.
Second, through the 100 iterations with three-fold cross-validation for from the selected 11 optimal
variables, the probability and importance that each variable was included in the model was calculated.
We selected five proteins (>0.3 importance). Prior to model building, centering and scaling were
performed as preprocessing on the data. In the clinical models, SVM model with linear kernel was
generated by a 10 repeated three-fold cross validation method (parameter C = 0.1052) and The RF
model was made by a three-fold cross validation method repeated 100 times with 1000 trees, mtry = 5
and nodesize = 5.

4.11. Mining Public Microarray Data

We downloaded the mRNA expression data (series accession number: GSE99339, GSE47185,
GSE30122, and GSE96804) in the Gene Expression Omnibus database [63]. Then, using GEO2R
interactive web tool, five identifiers matching the five selected genes according to the platform record
and their expression values were extracted.

4.12. Statistical Analysis

Data were analyzed using RStudio (version 1.1.456) including R (version 3.6.0). Statistical R
software packages included ggplot2 for drawing box, scattering, volcano and violin plots, permcor
for calculating permutation-based p-values for Pearson correlation [64], pcaMethods for missing
value estimation [65], pROC for univariate ROC analysis [66], ROCR for multivariate ROC analysis,
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AUCRF for feature selection [21], caret for building statistical classifiers [67], randomForest for building
a RF classifier, and e1071 for building a SVM classifier.

5. Conclusions

These results suggest that measurement of urinary proteome was more promising than albuminuria
alone for predicting renal outcomes in patients with type 2 diabetes. A panel of five proteins had the
potential for use as a biomarker in clinical practice.

Supplementary Materials: Supplementary materials can be found at http://www.mdpi.com/1422-0067/21/12/
4236/s1. Figure S1. Prognostic probability of 54 patients by RF and SVM classifier divided into three groups
by albumin-to-creatinine ratio.; Table S1. Demographic and clinical characteristics of the 54 patients with type
2 diabetes.; Table S2. Search result of MS/MS spectra of protein sequences obtained from the 54 urine samples
in the Human Swissprot proteome database using the SequestHT search engine.; Table S3. Results of volcano
plot analysis.; Table S4. Normalized abundance of 412 urinary proteins in the 54 patients with type 2 diabetes.;
Table S5. Univariate receiver operating curve analysis of the areas under the curves of 412 urinary proteins.;
Table S6. Prognostic probability by RF and SVM classifier of 54 patients.

Author Contributions: Conceptualization, J.H.K., S.H.S., S.S.K., I.J.K., and K.K.; methodology, H.J.; formal
analysis, H.-S.A.; investigation, J.Y. (Jiyoung Yu); data curation, H.-S.A., S.S.K., and I.J.K.; writing—original draft
preparation, H.-S.A. and K.K.; writing—review and editing, J.H.K., J.Y. (Jiyoung Yu), J.Y. (Jeonghun Yeom), S.H.S.,
S.S.K., and I.J.K; visualization, H.-S.A.; supervision, I.J.K and K.K.; funding acquisition, J.H.K. All authors have
read and agreed to the published version of the manuscript.

Funding: This research was funded by a Biomedical Research Institute Grant (2017-20) from Pusan National
University Hospital.

Acknowledgments: The authors thank the Department of Biostatistics, Clinical Trial Center, Biomedical Research
Institute, Pusan National University Hospital.

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

Abbreviations

T2D Type 2 diabetes
eGFR Estimated glomerular filtration rate
DKD Diabetic kidney disease
BMI Body mass index
SBP Systolic blood pressure
HbA1c Glycated hemoglobin concentration
LDL Low-density lipoprotein
HDL High-density lipoprotein
ACR Albumin-to-creatinine ratio
NAPCR Nonalbumin protein-to-creatinine ratio
PCR Urine protein-to-creatinine ratio
GPG Good-prognostic group
PPG Poor-prognostic group
LC-MS Liquid chromatography–mass spectrometry
DAP Differential abundant protein
GO Gene ontology
FDR False discovery rate
ROC Receiver operating characteristic
AUC Area under the receiver operating characteristic curve
RF Random forest
SVM Support vector machine
ELISA Enzyme-linked immunosorbent assay
CKD Chronic kidney disease
MS/MS Tandem mass spectrometry
LFQ Label-free quantitation
NSF Normalization scaling factor
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DN Diabetic nephropathy
FSGS Focal and segmental glomerulosclerosis
FSGS&MCD Focal and segmental glomerulosclerosis and minimal change disease
HT Hypertensive nephropathy
MCD Minimal change disease
MGN Membranous glomerulonephritis
RPGN Rapidly progressive glomerulonephritis
SLE Systemic lupus erythematosus
TMD Thin membrane disease
TN Tumor nephrectomies
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Abstract: Mounting evidence indicates that an increase in histone deacetylation contributes to renal
fibrosis. Although inhibition of histone deacetylase (HDAC) can reduce the extent of fibrosis, whether
HDAC inhibitors exert the antifibrotic effect through modulating the phenotypes of macrophages,
the key regulator of renal fibrosis, remains unknown. Moreover, the functional roles of the M2
macrophage subpopulation in fibrotic kidney diseases remain incompletely understood. Herein,
we investigated the role of HDAC inhibitors on renal fibrogenesis and macrophage plasticity.
We found that HDAC inhibition by trichostatin A (TSA) reduced the accumulation of interstitial
macrophages, suppressed the activation of myofibroblasts and attenuated the extent of fibrosis in
obstructive nephropathy. Moreover, TSA inhibited M1 macrophages and augmented M2 macrophage
infiltration in fibrotic kidney tissue. Interestingly, TSA preferentially upregulated M2c macrophages
and suppressed M2a macrophages in the obstructed kidneys, which was correlated with a reduction of
interstitial fibrosis. TSA also repressed the expression of proinflammatory and profibrotic molecules
in cultured M2a macrophages and inhibited the activation of renal myofibroblasts. In conclusion,
our study was the first to show that HDAC inhibition by TSA alleviates renal fibrosis in obstructed
kidneys through facilitating an M1 to M2c macrophage transition.
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1. Introduction

Chronic kidney disease (CKD) is an emerging global public health issue with a prevalence rate
of 10% to 12% worldwide [1]. Regardless of the etiologies of renal diseases, unresolved renal insult
engages an excessive deposition of extracellular matrix in the tubulointerstitium, thereby bringing
about end-stage renal disease [2]. Tubulointerstitial fibrosis is the final common pathway of all
kidney diseases and, also, represents the major determinant of renal function decline [2]. A wealth of
studies has indicated that renal function decline correlates well with the increasing risks for all-cause
mortality, cardiovascular events and hospitalization [1,3,4]. Despite that current available therapies
have targeted traditional risk factors for renal function decline—namely, hypertension, hyperglycemia
and hyperlipidemia, nearly half of CKD patients still experience progressive renal function decline
and eventual end-stage renal disease [5]. Hence, a novel treatment modality to tackle renal fibrosis and
halt the progression of CKD is urgently needed.

Infiltrated renal macrophages play pivotal roles in the homeostasis of renal fibrogenesis following
initial renal insult, either ischemic, immunologic, mechanical or toxic damage [6]. Macrophages
are highly plastic and differentiate into different phenotypes in response to the local environments.
Macrophage phenotypes can be broadly categorized into the proinflammatory “M1” macrophages
(characterized by inducible nitric oxide synthase (iNOS)) and the anti-inflammatory, reparative “M2”
macrophages (characterized by arginase-1 (Arg1)) [6]. M2 macrophages can be further classified
into M2a and M2c subpopulations by the presence of C-type lectin domain family 7 member A
(CLEC7A) and signaling lymphocytic activation molecule (SLAM), respectively [7]. These macrophage
subsets play distinct roles in the wound-healing process following tissue injury [8]. During the
normal wound-healing process, the initial proinflammatory milieu recruits M1 macrophages to
induce apoptosis and eliminate the pathogen and necrotic tissue. Thereafter, anti-inflammatory
M2 macrophages predominate in the later tissue repair stage to activate re-epithelialization and
neoangiogenesis in the injured area. Finally, a resolution stage ends the whole healing process
by promoting the apoptosis of recruited immune cells, suppression of inflammation and tissue
remodeling [8]. Nonetheless, dysregulation of the M1-to-M2 transition in a normal wound-healing
process would lead to pathologic fibrosis and tissue scarring [8]. Recent studies further suggest that
the excessive activation of M1 macrophages and certain profibrotic M2 macrophages both contribute
to the development of fibrosis formation [9].

M2 macrophages may function as a double-edged sword in regulating renal fibrosis.
M2 macrophages help control inflammation through releasing interleukin (IL)-10, Arg1, transforming
growth factor-β (TGF-β) and heme oxygenase-1 [9]. On the other hand, the chronic activation of
M2 macrophages can activate resident fibroblasts through the release of TGF-β, platelet-derived
growth factor, vascular endothelium growth factor, insulin-like growth factor-1 and galactin-3 [9].
In this regard, M2 macrophages are proposed to be profibrotic in the renal fibrosis model of unilateral
ureteral obstruction (UUO), and depletion of these M2 macrophages in UUO should be beneficial [9,10].
However, not all macrophage depletion strategies result in a reduction in fibrosis in UUO [10]. Inhibition
of the c-fms kinase almost suppresses all infiltrating macrophage numbers in day 14 obstructed kidneys
but does not change the course of fibrosis, suggesting some antifibrotic M2 macrophages are also
depleted [11]. Until now, the functional roles of the M2 macrophage subpopulation in renal fibrogenesis
remained unclear and conflicting. M2a and M2c macrophages are initially found to be anti-inflammatory
and reparative in murine Adriamycin nephrosis [12]. Nonetheless, two recent studies indicate that M2a
macrophages are upregulated in endometrial fibrosis and skeletal muscle fibrosis [13,14], suggesting
M2a macrophages may exhibit a profibrotic feature in chronic fibrotic diseases. Therefore, further
elucidating the roles of the M2a and M2c subsets may help delineate the complex fibrogenic process
in UUO.
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Emerging evidence indicates that epigenetic modulation of the chromatin state is crucial in
determining the progression of CKD and macrophage polarization [15,16]. The histone acetylation
status has recently been found to associate with certain kidney diseases and renal fibrogenesis [17].
Histone deacetylases (HDACs) are a group of enzymes that exert epigenetic effects by altering the
acetylation status of histone and nonhistone proteins [18]. Although potential favorable effects of HDAC
inhibitors have been found in animal models of acute kidney injury [19], diabetic nephropathy [20] and
Adriamycin nephropathy [21], the roles of HDAC inhibitors in UUO and macrophage plasticity
remain incompletely understood. Marumo et al. found that the expression of HDAC1 and
HDAC2 are upregulated in obstructed kidneys and contribute to proinflammatory and fibrotic
responses [22]. Nonetheless, whether HDAC inhibition regulates the phenotypic change of renal
interstitial macrophages in UUO is still unclear. Previously, HDAC3-deficient bone marrow-derived
macrophages displayed an M2-polarized IL-4-induced alternatively activated phenotype [11], implying
HDAC inhibition may contribute to M2 macrophage polarization. Currently, there is no study
exploring the interaction between histone acetylation and macrophage subsets in kidney diseases.
Hence, we aimed to investigate whether HDAC inhibition attenuates renal fibrosis through modulating
the phenotype of renal interstitial macrophages.

In this study, we found the distinct expression of M2a and M2c subset macrophages in obstructed
kidneys. An increased M2a macrophage infiltrate correlated with a higher extent of renal interstitial
fibrosis. Interestingly, the administration of trichostatin A (TSA), an HDAC inhibitor, suppressed M2a
macrophage infiltration, enhanced M2c macrophage expression and attenuated renal fibrosis in UUO.
TSA also repressed the expression of proinflammatory and profibrotic molecules in cultured M2a
macrophages and inhibited the activation of renal myofibroblasts. Our study is the first to demonstrate
that TSA modulates the renal macrophage M2 subpopulation to inhibit renal fibrosis.

2. Results

2.1. Infiltration of Interstitial Macrophages Correlates with Fibrosis in Obstructed Kidneys

To investigate the role of macrophage infiltration in renal fibrosis, we compared five mice kidneys
harvested seven days after UUO to five mice kidneys harvested 14 days after UUO. Masson trichrome
staining indicated that the area of renal tubulointerstitial fibrosis increased with the time of UUO.
Moreover, immunohistochemistry showed α-smooth muscle actin (α-SMA)-positive myofibroblasts
progressively increased in the day 14 obstructed kidneys as compared to the day 7 ones. Notably,
the area of F4/80 (pan-macrophage marker)-positive macrophage infiltrate also correspondingly
increased in the day 14 obstructed kidneys (Figure 1), indicating that interstitial macrophages did play
an essential role in the development of renal fibrosis.

2.2. Preferential Accumulation of M1 and M2a Macrophages in Obstructed Kidneys

As macrophage plasticity is critical for regulating renal fibrosis [8], next, we analyzed the
phenotypes of macrophages at different time points of UUO. Immunohistochemistry showed that both
iNOS-positive M1 macrophages and Arg1-positive M2 macrophages progressively accumulated in
the day 14 obstructed kidneys. Thereafter, we explored the M2 macrophage subpopulation in UUO.
Interestingly, CLEC7A-positive M2a macrophages predominantly expressed in the day 14 obstructed
kidneys. By contrast, the number of SLAM-positive M2c macrophages was only slightly increased
over time (Figure 2A,B). Western blot analyses also showed the consistent results that the expression of
M1 and M2a markers progressively increased with the time of UUO (Figure 2C,D). These data suggest
that M1 and M2a macrophages are involved in the development of renal fibrosis.
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Figure 1. Macrophage infiltration correlates with renal interstitial fibrosis following a unilateral
ureteral obstruction (UUO) injury. (A) Representative images of the Masson trichrome staining
showed that the extent of fibrosis (blue staining) progressively increased in day 14 UUO kidneys as
compared to day 7 ones. Immunohistochemistry demonstrated that more α-smooth muscle actin
(α-SMA)-positive myofibroblasts and F4/80-positive macrophages accumulated in day 14 UUO kidneys.
Scale bar = 100 μm. (B) Quantification of the fibrosis extent, α-SMA-positive and F4/80-positive areas.
** p < 0.01 and *** p < 0.001 by the unpaired Student’s t-test; n = 5 for each group. (C) Western blot
analysis of fibronectin and α-SMA expression in day 7 and day 14 obstructed kidneys. β-actin served
as the loading control. (D) Quantification of the Western blot analyses. ** p < 0.01 and *** p < 0.001 by
the unpaired Student’s t-test; n = 5 for each group.
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Figure 2. M1 and M2a macrophage infiltrates predominate in the late stage of unilateral ureteral
obstruction (UUO). (A) Representative immunohistochemical photomicrographs of inducible nitric
oxide synthase (iNOS), arginase-1 (Arg1), C-type lectin domain family 7 member A (CLEC7A)
and signaling lymphocytic activation molecule (SLAM) in day 7 and day 14 obstructed kidneys.
Scale bar = 25 μm. (B) Quantification of the iNOS-, Arg1-, CLEC7A- and SLAM-positive interstitial
cells in day 7 and day 14 obstructed kidneys. * p < 0.05 and *** p < 0.001 by the unpaired Student’s
t-test; n = 5 for each group. (C) Western blot analyses of iNOS, Arg1, CLEC7A and SLAM expressions
in day 7 and day 14 obstructed kidneys. β-actin served as the loading control. (D) Quantification of the
Western blot analyses. * p < 0.05, ** p < 0.01 and *** p < 0.001 by the unpaired Student’s t-test; n = 5 for
each group.

2.3. HDAC Inhibition Represses Renal Fibrosis and Macrophage Infiltration in UUO

Given that increased histone deacetylation may be associated with renal fibrogenesis [17], we then
investigated the therapeutic effect of TSA in UUO. The administration of TSA significantly reduced the
extent of α-SMA-positive myofibroblasts and the area of renal interstitial fibrosis in UUO. Moreover,
TSA also decreased the extent of interstitial macrophage infiltrate (Figure 3A,B). Western blot analysis
also found that TSA reduced the expression of the extracellular matrix (fibronectin) and α-SMA in
obstructed kidneys (Figure 3C,D).
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Figure 3. Trichostatin A (TSA) ameliorates renal inflammation and fibrosis in unilateral ureteral
obstruction (UUO). (A) Representative images of Masson trichrome staining of obstructed kidneys
at 7 days and 14 days following UUO in the vehicle and TSA groups. The TSA treatment markedly
reduced the extent of interstitial fibrosis (blue area). Immunohistochemical staining for α-smooth
muscle actin (α-SMA, myofibroblast marker) and F4/80 (pan-macrophage marker) in day 7 and day 14
obstructed kidneys. Scale bar = 100 μm. (B) Quantification of the fibrosis extent, α-SMA-positive and
F4/80-positive areas. * p < 0.05, ** p < 0.01 and *** p < 0.001 by the unpaired Student’s t-test; n = 5 for
each group. (C) Western blots of fibronectin and α-SMA in day 7 and day 14 UUO kidneys treated with
the vehicle or TSA. β-actin served as the loading control. (D) Quantification of fibronectin and α-SMA
expression levels. ** p < 0.01 by the unpaired Student’s t-test; n = 5 for each group.

2.4. HDAC Inhibition Promotes an M1-to-M2 Phenotypic Transition and Skews the M2 Macrophage Phenotype
Towards an M2c Feature

To explore the role of HDAC inhibition on macrophage plasticity, we analyzed the phenotypes
of interstitial macrophages in UUO after the administration of TSA. Upon treatment with TSA,
immunohistochemistry showed that the infiltration of iNOS-positive M1 macrophages significantly
decreased as compared to the vehicle group. Conversely, Arg1-positive macrophages were significantly
upregulated in the TSA-treated kidneys following 14 days of obstruction (Figure 4A,B). Remarkably,
TSA increased the number of SLAM-positive M2c macrophages but decreased the number of M2a
macrophages. Immunofluorescent staining showed that both CLEC7A and SLAM colocalized with
F4/80+CD206+ cells in obstructed kidneys, supporting that CLEC7A-positive and SLAM-positive cells
represented M2a and M2c macrophages, respectively. Immunoblot confirmed that TSA downregulated
the expression of iNOS and CLEC7A, as well as upregulated the expression of Arg1 and CLEC7A
(Figure 4C–F). These data indicated that TSA suppressed the accumulation of proinflammatory M1
macrophages and profibrotic M2a macrophages in UUO. Instead, TSA increased the anti-inflammatory
M2c macrophage infiltration, which limited the extent of inflammation and inhibited the activation of
myofibroblasts and deposition of the extracellular matrix.
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Figure 4. Trichostatin A (TSA) suppresses M1 and M2a macrophage infiltration but promotes
M2c macrophage infiltration in unilateral ureteral obstruction (UUO). (A) Representative
immunohistochemical images of inducible nitric oxide synthase (iNOS, M1 macrophage marker),
arginase-1 (Arg1, pan-M2 macrophage marker), C-type lectin domain family 7 member A (CLEC7A,
M2a macrophage marker) and signaling lymphocytic activation molecule (SLAM, M2c macrophage
marker) in day 7 and day 14 obstructed kidneys either treated with the vehicle or TSA. Scale bar = 25 μm.
(B) Quantification of the iNOS-, Arg1-, CLEC7A- and SLAM-positive interstitial cells in day 7 and day
14 obstructed kidneys treated with the vehicle or TSA. ** p < 0.01 and *** p < 0.001 by the unpaired
Student’s t-test; n = 5 for each group. (C) Western blots of iNOS, Arg1, CLEC7A and SLAM in day 7
and day 14 obstructed kidneys either treated with the vehicle or TSA. β-actin served as the loading
control. (D) Quantification of iNOS, Arg1, CLEC7A and SLAM expression levels in obstructed kidneys.
* p < 0.05 and ** p < 0.01 by the unpaired Student’s t-test; n = 5 for each group. (E) Immunofluorescent
staining of CLEC7A, CD206 and F4/80 in obstructed kidneys. Scale bar = 25 μm. (F) Immunofluorescent
staining of SLAM, CD206 and F4/80 in obstructed kidneys. Scale bar = 25 μm. White color indicates
colocalization in the merged panels.

2.5. HDAC Inhibition Suppresses Proinflammatory and Profibrotic Phenotypes in Cultured M2 Macrophages

To further clarify the effect of HDAC inhibition on the proinflammatory and profibrotic phenotypes
of macrophages, J774A.1 macrophages were stimulated with IL-4/IL-13 or IL-10/TGF-b1 in the
presence or absence of TSA for 24 h. IL-4/IL-13 induced the expression of Arg1 and CLEC7A in
J774A.1 macrophages and polarized the cells towards an M2a phenotype. M2a J774A.1 macrophages
increased the expression of profibrotic α-SMA and fibronectin, which were suppressed by TSA
treatment. Furthermore, the amounts of proinflammatory tumor necrosis factor-α and iNOS in the M2a
macrophages were also downregulated by TSA (Figure 5A,B). In contrast, IL-10/TGF-β1 induced the
SLAM expression in J774A.1 macrophages and skewed the cells towards an M2c phenotype. The TSA
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treatment enhanced the SLAM expression in M2c J774A.1 macrophages and also further suppressed
the amounts of TNF-α, iNOS, α-SMA and fibronectin in a dose-dependent manner (Figure 5C,D).

Figure 5. The effect of trichostatin A (TSA) on proinflammatory and profibrotic phenotypes of M2a
and M2c macrophages. (A) Western blots of C-type lectin domain family 7 member A (CLEC7A),
proinflammatory (tumor necrosis factor-α (TNF-α) and inducible nitric oxide synthase (iNOS)) and
profibrotic (α-smooth muscle actin (α-SMA) and fibronectin) expressions in J774A.1 macrophages
treated with the indicated conditions for 24 h. Concentrations of interleukin (IL)-4 and IL-13 were both
20 ng/mL. β-actin served as the loading control. (B) Quantification for the levels of indicated proteins.
* p < 0.05 and ** p < 0.01 by ANOVA, followed by Tukey’s post hoc multiple comparison test; n = 3 for
each group. (C) Western blots of SLAM, proinflammatory (TNF-α and iNOS) and profibrotic (α-SMA
and fibronectin) expressions in J774A.1 macrophages treated with the indicated conditions for 24 h.
Concentrations of IL-10 and transforming growth factor (TGF)-β1 were both 20 ng/mL. β-actin served
as the loading control. (D) Quantification for the levels of indicated proteins. * p < 0.05 and ** p < 0.01
by ANOVA, followed by Tukey’s post hoc multiple comparison test; n = 3 for each group.

2.6. HDAC Inhibition Attenuates TGF-β1-Activated Renal Tubular Epithelial Cells and Fibroblasts

TGF-β1 is a well-known predominant mediator of the activation of renal myofibroblasts and
resultant fibrogenesis in UUO [23]. To substantiate the role of HDAC inhibition on TGF-β1-induced
renal fibrosis, renal tubular epithelial NRK-52E cells and renal NRK-49F fibroblasts were stimulated
with TGF-β1 in the presence or absence of TSA. Western blotting revealed that TGF-β1 upregulated the
expression of α-SMA and fibronectin in NRK-52E cells in a time-dependent manner. The treatment with
TSA abrogated TGF-β1-induced fibrogenesis in NRK-52E cells (Figure 6A,B). These effects were further
confirmed by immunofluorescent staining (Figure 6C,D). In NRK-49F fibroblasts, the TSA treatment
also repressed TGF-β1-induced α-SMA expression (Supplementary Figure S1). These data indicate
that TSA reduced renal fibrosis through attenuating the activation of myofibroblasts by TGF-β1.
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Figure 6. The effect of trichostatin A (TSA) on the activation of renal myofibroblasts. (A) Western
blots of fibronectin and α-smooth muscle actin (a-SMA) expressions in transforming growth factor-β1
(TGF- β1, 20 ng/mL)-stimulated renal tubular epithelial NRK-52E cells at the indicated time. β-actin
served as the loading control. (B) Quantification for the levels of indicated proteins. * p < 0.05,
** p < 0.01 and *** p < 0.001 by ANOVA, followed by Tukey’s post hoc multiple comparison test. ns,
nonsignificance. n = 3 for each group. (C,D) Immunofluorescent staining of fibronectin and α-SMA in
the TGF-β1-treated NRK-52E cells at the indicated time. Scale bar = 50 μm. * p < 0.05, ** p < 0.01 and
*** p < 0.001 by ANOVA, followed by Tukey’s post hoc multiple comparison test. ns, nonsignificance.
n = 3 for each group.

Our findings are summarized schematically in Figure 7. In renal fibrogenesis, the accumulation
of M1 and M2a macrophages enhances inflammation and activates myofibroblasts. Trichostatin A
suppresses the infiltration of proinflammatory M1 and M2a macrophages and increases the infiltration
of anti-inflammatory M2c macrophages, thereby inhibiting the activation of renal myofibroblasts and
resultant renal fibrosis.
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Figure 7. Proposed immunomodulatory and antifibrotic mechanism by trichostatin A in renal fibrosis.
In a mice model of unilateral ureteral obstruction, the administration of trichostatin A suppresses the
infiltration of proinflammatory M1a and M2a macrophages, as well as promotes the accumulation
of anti-inflammatory M2c macrophages, thereby limiting excessive inflammation. Accordingly,
the activation of myofibroblasts is limited, and renal fibrosis is attenuated.

3. Discussion

This present study showed that HDAC inhibition by TSA reduced renal fibrosis through
modulating the M2 macrophage subpopulation. We found that a TSA treatment significantly decreased
the extent of interstitial fibrosis, myofibroblast accumulation and macrophage infiltration in the
obstructed kidneys. Interestingly, TSA downregulated iNOS expression and upregulated Arg1
expression in the whole kidney protein expression levels. Consistently, immunochemistry also found
that TSA suppressed the infiltration of iNOS-positive M1 macrophages and promoted the accumulation
of Arg1-positive M2 macrophages in the obstructed renal interstitial areas. Specifically, TSA suppressed
the accumulation of CLEC7A-positive M2a macrophages but increased the number of SLAM-positive
M2c macrophages. These data indicated that the increment of M2 macrophages by TSA in UUO was
preferentially attributed to the increased accumulation of M2c macrophages. Consistently, we also
found that TSA suppressed CLEC7A expression in M2a macrophages and enhanced SLAM expression
in M2c macrophages in vitro. Notably, TSA further downregulated the expression of proinflammatory
and profibrotic factors in M2a macrophages. Moreover, TSA attenuated the TGF-β1-induced expression
of α-SMA and fibronectin in cultured renal tubular epithelial cells and fibroblasts, indicating that TSA
also attenuated the activation of renal myofibroblasts through inhibiting the epithelial-mesenchymal
transition. Collectively, our findings indicated that TSA suppressed renal fibrogenesis through
increasing the anti-inflammatory and antifibrotic M2 subpopulation.

Conflicting results exist regarding the role of M2 macrophages on renal fibrosis in UUO [9],
probably related to the heterogeneity of the M2 subpopulation. Previously, M2 macrophages were
proposed to be profibrotic, because the macrophage infiltrate in the UUO-kidney has a predominant M2
phenotype and the percentage of M2 macrophages increases along with the duration of obstruction [10].
If this is the case, the depletion of all macrophages in the later stage of UUO should mitigate renal
fibrosis. However, not all macrophage ablation strategies result in the improvement of renal fibrosis
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in UUO [10]. The depletion of infiltrating macrophages through targeting the c-fms kinase fails to
attenuate the extent of renal fibrosis in day 14 obstructed kidneys [11], suggesting certain antifibrotic
M2 macrophages are also depleted and also highlighting the complex functional heterogeneity of the
M2 macrophage population [24]. Our study found that the TSA treatment resulted in fibrosis reduction,
the downregulation of iNOS-positive M1 macrophages and CLEC7A-positive M2a macrophages and
the upregulation of SLAM-positive M2c macrophages. In line with our observations, Wang et al.
found that M2a macrophages are associated with the accumulation of collagen and muscle fibrosis [14].
Moreover, Duan et al. showed that the adoptive transfer of M2a macrophages significantly increased
the extent of fibrosis in endometriosis [13], suggesting that M2a macrophages are profibrotic and
critically involved in fibrogenesis. The controversy regarding the profibrotic or antifibrotic roles of
M2 macrophages may be reconciled by the balance of distinct M2a and M2c macrophages in chronic
fibrotic disorders.

Recent attention has focused on the significance of post-translational histone modifications in
determining the progression of CKD and macrophage polarization [15,16]. Nonetheless, the role
of epigenetic regulation on macrophage phenotypes in UUO remains elusive. The present study
found that HDAC inhibition by TSA significantly alleviated renal inflammation and fibrosis. We also
found that TSA inhibited the infiltration of M1 and M2a macrophages, enhanced the infiltration
of M2c macrophages and directed an M1-to-M2c switch. The TSA-induced upregulation of M2c
macrophages correlated with a reduction of renal interstitial fibrosis, and TSA also enhanced the
SLAM expression and suppressed profibrotic and proinflammatory phenotypes in cultured M2c
macrophages. These data supported that TSA repressed renal fibrosis through augmenting the
expression of antifibrotic M2 macrophages. Although we found that TSA reduced UUO-induced
renal fibrosis through modulation of the M2 macrophage subpopulation, our findings may not be
extrapolated to renal fibrosis attributed to other insults, such as toxin, diabetes or autoimmune diseases.
Clearly, more studies will be required to confirm the immunomodulatory and antifibrotic effects of
TSA in other models of kidney diseases. In consistency with our findings, Pang et al. found that
TSA can mitigate the extent of renal fibrosis in obstructive nephropathy, but the role of TSA on renal
inflammation is undefined in their study [25]. A later study by Marumo et al. also found that TSA
suppressed tubulointerstitial fibrosis in obstructed kidneys and further showed that TSA reduced renal
inflammation in terms of the downregulation of EMR1 and MCP1 expressions, as well as decreased the
number of infiltrated macrophages [22]. However, the effect of HDAC inhibition on the phenotypic
transition of macrophages was not examined [22]. Taken together, our study provided novel evidence
that TSA attenuated renal fibrosis through suppressing the profibrotic M2a macrophage and promoting
anti-inflammatory, antifibrotic M2c macrophages. In conclusion, our study showed that HDAC
inhibition by TSA significantly attenuated renal fibrosis through promoting an M1-to-M2c macrophage
transition in obstructed kidneys. Our study not only added to the knowledge of antifibrotic M2
macrophages but, also, provided the bench evidence that pharmacological HDAC inhibitors can be
applied to clinical treatments of renal fibrosis in the future.

4. Materials and Methods

4.1. Animals

Male 6-to-8-week-old C57BL/6J mice weighing 20-25 g were purchased from the National
Laboratory Animal Center (Taipei, Taiwan) and housed at the Laboratory Animal Center of the
National Yang-Ming University (Taipei, Taiwan). The mice were raised in a sound-attenuated,
temperature-controlled (22 ± 1 ◦C) room with a 12-h light/dark cycle. Standard rodent chow and
drinking water were supplied ad libitum. All experimental procedures conformed to the Guide for the
Care and Use of Laboratory Animals published by the National Institutes of Health. The study was
approved by the Institutional Animal Care and Use Committee of the National Yang-Ming University
under the license number 1041244.
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4.2. Cell Culture and Treatment

Mouse J774A.1 macrophages (Bioresource Collection and Research Center, Hsin-Chu, Taiwan)
were cultured in Dulbecco’s modified Eagle’s medium (10-013-CM, Corning Inc., Corning, NY, USA)
supplemented with 10% fetal bovine serum (Gibco, Grand Island, NY, USA) in a 5% CO2, 37 ◦C
humidified incubator. To examine the effect of TSA on the macrophage subpopulation, J774A.1
macrophages were first seeded in 6-well dishes (5 × 106 cells/well). Afterwards, J774A.1 macrophages
were polarized into the M2a phenotype by stimulation with IL-4 (20 ng/mL, PeproTech, Rocky Hill, NJ,
USA) and IL-13 (20 ng/mL, PeproTech) or into the M2c phenotype by stimulation with IL-10 (20 ng/mL,
PeproTech) and TGF-b1 (20 ng/mL, PeproTech) for 24 h in the presence or absence of TSA (200 nM and
500 nM, T8552, Sigma-Aldrich, St. Louis, MO, USA) at different concentrations.

Normal rat renal tubular NRK-52E cells (Bioresource Collection and Research Center) were cultured
in the low-glucose Dulbecco’s modified Eagle’s medium (10-014-CV, Corning Inc.) supplemented with
5% fetal bovine serum (Gibco). To determine the effect of TSA on renal myofibroblasts, NRK-52E were
stimulated with TGF-β1 (20 ng/mL, PeproTech) for 1, 2 and 4 days in the presence or absence of TSA
(500 nM, Sigma-Aldrich).

4.3. Experimental UUO Model

After anesthesia, the UUO model was performed in mice by ligation of the left ureter with 5-O
silk through a flank incision, as previously described [26]. After the surgery, the mice were recovered
under a warming lamp. For HDAC inhibition experiments, TSA (1 mg/kg, Sigma-Aldrich) or the
vehicle were injected intraperitoneally daily. The animals were euthanized, and the obstructed kidneys
were harvested 7 and 14 days after UUO for further analyses.

4.4. Histological Analysis of the Kidneys

The kidney tissue was fixed with 4% phosphate-buffered formalin solution (Macron Chemicals,
Center Valley, PA, USA), embedded in paraffin block and cut into 4-μm sections. For histological
analysis, after deparaffinization and rehydration by xylene and graded alcohols, the sections were
subjected to Masson trichrome staining according to the manufacturer’s instructions (Accustain,
Sigma-Aldrich). Twenty randomly selected nonoverlapping high-power fields (40× objective) were
evaluated for each mouse, and the average for each group was then analyzed. The fibrotic area was
quantified by ImageJ software (1.52a, US National Institutes of Health, Bethesda, MD, USA).

4.5. Immunohistochemical Staining

Immunohistochemical staining was performed on formalin-fixed paraffin-embedded sections
of obstructed kidneys, as previously described [27]. Briefly, after deparaffinization by xylene and
rehydration by graded alcohols, consecutive 4-μm sections of kidneys were subjected to heat antigen
retrieval in a microwave oven (650W, 12 min) in a 10-mM sodium citrate buffer (pH 6.0). Afterwards,
endogenous peroxidase activity was quenched by 3% hydrogen peroxide (Sigma-Aldrich) for 10 min.
Thereafter, tissue sections were incubated with the primary antibodies at 4 ◦C overnight and then
with the secondary antibody (Envision+Dual Link System-HRP, Dako, Glostrup, Denmark) for 30
min at room temperature. Signals were developed with diaminobenzidine substrate-chromogen
(DAB, Dako), which resulted in a brown-colored precipitate at the antigen site. Finally, sections were
counterstained with a Gill’s hematoxylin (Merck, Darmstadt, Germany). Primary antibodies included
F4/80 (1:100, Cat#sc-25830, Santa Cruz Biotechnology, Santa Cruz, CA, USA), iNOS (1:200, Cat#sc-651,
Santa Cruz Biotechnology), Arg1 (1:200, Cat#sc-20150, Santa Cruz Biotechnology), α-SMA (1:200,
Cat#ab5694, Abcam, Cambridge, UK), CLEC7A (1:50, Cat#TA322197, OriGene Technologies, Rockville,
MD, USA) and SLAM (1:100, Cat#ab156288, Abcam). Twenty randomly selected nonoverlapping
high-power fields (40× objective) at the renal cortex were evaluated for each mouse. Analysis of the
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DAB-positive area was carried out using Image J with the “Threshold Colour” plug-in (version 1.16,
https://imagejdocu.tudor.lu/plugin/color/threshold_colour/start#threshold_colour).

4.6. Western Blotting

Western blotting analysis was performed as previously described [28]. Briefly, protein from the
obstructed kidney tissue or cells was extracted in a radioimmunoprecipitation assay buffer containing
a protease inhibitor cocktail (cOmplete-Mini, Roche, Indianapolis, IN, USA). The protein concentration
was determined by a Bradford assay (Bio-Rad Laboratories, Montreal, Quebec, Canada), separated
by sodium dodecyl sulfate-polyacrylamide gel electrophoresis and, subsequently, transferred to
polyvinylidene fluoride membranes. The membranes were then probed with primary antibodies
against fibronectin (1:1000, Cat#15613-1-AP, Proteintech Group, Chicago, IL, USA), α-SMA (1:5000,
Cat#14395-1-AP, Proteintech Group), iNOS (1:1000, Cat#ab3523, Abcam), Arg1 (1:1000, Cat#93668S,
Cell Signaling Technology, Boston, MA, USA), CLEC7A (1:500, Cat#TA322197, OriGene Technologies),
SLAM (1:1000, Cat#ab156288, Abcam), TNF-α (1:1000, Cat#ab66579, Abcam) and β-actin (1:5000,
Cat#60008, Proteintech Group) at 4 ◦C overnight. Afterwards, the membranes were incubated with
horseradish peroxidase-conjugated secondary antibodies (Jackson ImmunoResearch, West Grove,
PA, USA) at room temperature for 1.5 h, and the signals were developed using a West Femto
Chemiluminescent Substrate kit (Thermo Fisher Scientific, Hudson, NH, USA). Bands were visualized
and quantified using a ChemiDoc-It Imaging system (UVP, Cambridge, UK). Data were normalized to
the β-actin expression.

4.7. Immunofluorescence

For in vivo experiments, paraffin-embedded 4-μm sections of obstructed kidneys were
deparaffinized with xylene, rehydrated with graded alcohols and boiled in a 10-mM citrate buffer.
Thereafter, the sections were blocked with hydrogen peroxide and then reacted with primary antibodies
against F4/80 (1:100, Cat#MCA497R, Abd Serotec, Oxford, UK), CD206 (1:100, Cat#60143-1-Ig,
Proteintech Group), CLEC7A (1:50, Cat#MBS9414183, MyBiosource, San Diego, CA, USA) or
SLAM (1:100, Cat#ab156288, Abcam) at 4 ◦C overnight. Fluorescein isothiocyanate-conjugated
goat anti-rat immunoglobulin G (IgG, 1:250, Cat#112-095-003, Jackson ImmunoResearch) and Alexa
Fluor 647-conjugated donkey anti-mouse IgG (1:250, Cat# 715-605-151, Jackson ImmunoResearch)
were used to visualize the location of F4/80 and CD206, respectively. Alexa Fluor 568-conjugated goat
anti-rabbit IgG (1:250, Cat#A11011, Thermo Fisher Scientific) was used to visualize the location of
CLEC7A and SLAM. Slides were then mounted with Fluoroshield Mounting Medium with DAPI
(ab104139, Abcam).

For in vitro experiments, TGF-β1-stimulated NRK-52E cells were plated in chamber slides (μ-Slide
8-Well, Ibidi, Munich, Germany) for 1, 2 and 4 days in the presence or absence of trichostatin.
Afterwards, the chamber slides were fixed with 4% paraformaldehyde for 10 min and blocked with 1%
bovine serum albumin for 30 min. Thereafter, slides were incubated with primary antibodies against
α-SMA (1:200, ab5694, Abcam) or fibronectin (1:200, 15613-1-AP, Proteintech) at 4 ◦C overnight, reacted
with Alexa Fluor 568-conjugated goat anti-rabbit secondary antibody (1:200, Cat#A11011, Thermo
Fisher Scientific) and then counterstained with DAPI (ab104139, Abcam).

4.8. Statistical Analysis

All values are expressed as mean ± SEM. Between-group comparisons were determined by
the unpaired Student’s t-tests or ANOVA, followed by Tukey’s post hoc multiple comparison test.
Statistical analysis was performed using the Statistical Analysis System (SAS, Version 9.4, SAS Institute,
Cary, NC, USA). A value of two-sided p < 0.05 was considered statistically significant.
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Abstract: Chronic kidney disease (CKD), defined as the presence of albuminuria and/or reduction
in estimated glomerular filtration rate (eGFR) < 60 mL/min/1.73 m2, is considered a growing public
health problem, with its prevalence and incidence having almost doubled in the past three decades.
The implementation of novel biomarkers in clinical practice is crucial, since it could allow earlier
diagnosis and lead to an improvement in CKD outcomes. Nevertheless, a clear guidance on how to
develop biomarkers in the setting of CKD is not yet available. The aim of this review is to report
the framework for implementing biomarkers in observational and intervention studies. Biomarkers
are classified as either prognostic or predictive; the first type is used to identify the likelihood of a
patient to develop an endpoint regardless of treatment, whereas the second type is used to determine
whether the patient is likely to benefit from a specific treatment. Many single assays and complex
biomarkers were shown to improve the prediction of cardiovascular and kidney outcomes in CKD
patients on top of the traditional risk factors. Biomarkers were also shown to improve clinical trial
designs. Understanding the correct ways to validate and implement novel biomarkers in CKD
will help to mitigate the global burden of CKD and to improve the individual prognosis of these
high-risk patients.

Keywords: end-stage kidney disease (ESKD); cardiovascular disease; epidemiology; CKD; biomarkers

1. Introduction

A biomarker is defined, by a collaborative working group involved with both the United States
National Institutes of Health (NIH) and the Food and Drug Administration (FDA), as “a characteristic
that is measured as an indicator of normal biological processes, pathogenic processes, or responses to
an exposure or intervention, including therapeutic interventions” [1]. This working group definition
was formed on the initiative of the NIH with the aim of accelerating the development and clinical
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application of reliable biomarkers based on shared definitions. Indeed, an “ideal” biomarker is
defined with the presence of some analytic features: (1) it should be measured and readily available
in biological samples, such as blood or urine; (2) it should be reproducible, non-invasive, and not
expensive [2]. In addition, several clinical features should also be provided to complete the biomarker’s
definition; it needs to allow for an early detection of a disease status, while it also needs to have high
sensitivity and specificity, i.e., the biomarker needs to differentiate the pathologic status from the
normal one and from other clinical conditions, as accurately as possible [3]. The effort made by the
NIH–FDA working group is considerable ever since it forecasted and tried to solve the problems of
biomarker development, from discovery to clinical application. Indeed, once a biomarker is found
to be involved in one or more pathophysiological mechanisms of a disease, it may be introduced
into clinical practice to see whether it offers advantages in clinical management and after completion
of the validation phase that is considered a crucial step [4]. An important example of the pitfalls
of biomarker development is illustrated in the chronic kidney disease (CKD) scenario. CKD is a
chronic disease characterized by a poor prognosis, due to the strong association with the development
of cardiovascular events, all-cause mortality, and renal events such as renal replacement therapies
(RRT, i.e., dialysis or kidney transplantation) [5,6]. The Kidney Disease Improving Global Outcomes
Work Group (KDIGO), in 2012, defined CKD with the presence of either decreased kidney function
(estimated glomerular filtration rate (eGFR) < 60 mL/min/1.73 m2) and/or albuminuria, namely, an
abnormal amount of protein excretion with urine, for at least three months [7]. The global dimension of
the disease is so important that CKD started to be considered a relevant public health problem. Indeed,
according to the Global Burden of Kidney Disease, the CKD incidence and prevalence increased by
88.76% and 86.95%, respectively, from 1990 to 2016 [8]. Moreover, the mortality attributed to CKD
increased by 41.5% between 1990 and 2017, a percentage that exceeded the mortality due to several
neoplasms or cardiovascular (CV) disease [9]. Hence, great effort is advocated toward improving
clinical decision-making and reinforcing treatment and prevention of CKD. The KDIGO working group
proposed a classification called “CGA” that incorporates the cause (C) of kidney disease, as well as the
eGFR (G) and albuminuria (A) levels, to stratify risk in patients with CKD and to better address the
importance of the underlying disease. However, considering eGFR and albuminuria levels in cross-tabs,
like those reported in KDIGO guidelines, does not take into consideration the complex mechanisms
of CKD. In fact, all patients are stratified on the basis of eGFR and albuminuria and allocated in risk
categories for prognostic estimations. This approach was also defined as “reductionist”, since it does
not consider the different etiologies of CKD and many other parameters, including serum or urine
biomarkers, which could help clinical management of CKD [10]. Moreover, although the KDIGO
also suggested considering the causes of kidney disease to predict poor outcomes in CKD patients,
how to incorporate these parameters remains unclear [11]. Few studies included renal diagnoses in
risk prediction models and, when diagnoses are present, they are classified in different ways (i.e.,
four, five, or even six categories) with large heterogeneity between studies, thus making an univocal
interpretation difficult [12,13]. There is also a growing debate regarding the question whether an
eGFR reduction below the threshold of 60 mL/min/1.73 m2 represents the consequence of a physiologic
senescence or a marker of renal pathology [14,15]. In fact, despite the evidence that eGFR reduction
foresees both the onset of end-stage kidney disease (ESKD) and the all-cause death regardless of
age, in large general and high-risk populations, other human studies showed that kidneys undergo
structural and functional change with aging such as nephrosclerosis and a reduction in measured
GFR [14,16]. At the same time, these changes are not associated with a reduction in single-nephron
GFR; this is the likely reason why, in the absence of albuminuria, the GFR reduction alone determines
only a small increased risk for age-standardized mortality and ESKD [16]. Owing to these important
controversies and in an attempt to improve risk stratification and care of CKD patients, as well as
to share clinical findings with the nephrology community, the International Society of Nephrology
(ISN) started an international project called “closing the gaps”, which encompasses a set of activities
that have to be performed to improve the prognosis of CKD patients [17]. The core of this project is
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about the development, implementation, and clinical application of novel biomarkers in CKD patients.
It indeed emerged that, with the exception of cystatin C, which is a filtration marker useful to estimate
the eGFR and to improve risk prediction in CKD, the vast majority of previously tested biomarkers in
CKD did not reach any clinical application [18]. The aim of this review is to report the principal pieces
of evidence regarding biomarker development in CKD, the contribution of these biomarkers to both
observational and interventional (i.e., randomized controlled trials) studies, and the possible strategies
that could be followed to ameliorate this important branch of clinical research.

2. General Classification of Biomarkers

Depending on the intended use, biomarkers are classified as diagnostic, pharmacodynamic/
response, monitoring, prognostic, or predictive [19]. We focus, in the present review article, on
prognostic and predictive biomarkers, as they represent the most developed biomarkers in CKD
patients, while they also incorporate characteristics from other categories of biomarkers. A prognostic
biomarker is used to identify the probability of a clinical outcome in patients who are already suffering
from the disease of interest [1,20]. Furthermore, prognostic biomarkers measure the association
between the disease and clinical outcome in the absence of therapy or with standard therapy that
all patients are likely to receive. On the other hand, predictive biomarkers are used to determine
whether a patient is likely to benefit from a particular therapy. The clinical benefit could be either a
good response to a drug if the biomarker is positive or, alternatively, a lack of benefit from the same
drug, which can save a patient from drug toxicity or unnecessary side effects [1].

3. Prognostic Biomarkers in CKD

The importance of prognostic biomarkers in the CKD setting is crucial. Indeed, CKD is a
multifactorial disease in which risk factors play different roles in different individuals and in different
stages of the disease. It was demonstrated, for example, that the presence of type 2 diabetes leads to
the development of CKD in up to 30% of subjects. This means that, in these patients, the deleterious
pathogenetic mechanisms of diabetes mellitus are sufficient to damage the kidneys with the onset of
typical diabetic glomerulosclerosis. Conversely, it is also possible that, in a portion of diabetic patients,
the kidneys are injured by the co-existence of arterial hypertension, which causes different lesions
(mainly injuring the kidney vessels), with a completely different prognosis.

3.1. Kidney Biomarkers

The assessment of correct risk stratification, i.e., the allocation of CKD patients to the true
risk-of-event categories, always represents a difficult challenge for nephrologists and researchers,
due to the large variability in etiology and prognosis of CKD [21,22]. In order to accomplish this aim,
a growing number of risk prediction models in CKD patients were developed over the past several
years. They show how kidney measures, such as albuminuria (or proteinuria) and eGFR, are strong
prognostic biomarkers. Indeed, an eGFR reduction to levels below 60 mL/min/1.73 m2 or even a
small increase in albuminuria levels is associated with a significantly increased risk for CV events
(CV mortality, coronary heart disease, stroke, heart failure), all-cause mortality, and ESKD (the most
advanced stage of CKD that requires referral to renal replacement therapies such as hemodialysis),
both in the general population and in patients with an already established CKD (Figure 1) [23–25].
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Figure 1. Adjusted risks for end-stage kidney disease (ESKD), death, and cardiovascular (CV) fatal and
non-fatal events, by 24-h proteinuria (panel A) or estimated glomerular filtration rate (eGFR) (panel B)
levels. Solid lines represent hazard ratios, whereas dashed lines the 95% confidence intervals. Hazard
ratios were modeled by means of restricted cubic spline (RCS) due to the non-linear association with
the endpoints. Knots are located at the zeroth, 25th, 50th, and 75th percentiles for proteinuria and
15, 30, 45, 60 mL/min/1.73 m2 for eGFR. Risks are adjusted for the four-variable Tangri equation [26]:
age, gender, eGFR, and proteinuria. Rug plots on the x-axis at the top (colored green) represent the
distribution of observations. Data source: pooled analysis of six cohorts of CKD patients referred to
Italian nephrology clinics [27].

Albuminuria and eGFR were also recently used to develop individual risk prediction models for
both CV and renal risk in CKD patients. These models employ statistical measures (such as calibration,
discrimination, and validation) that represent an essential step before applying risk estimates at the
individual level [25,26,28,29]. Moreover, risk prediction models are available for patients with early,
moderate, and severe stages of CKD. The addition of albuminuria and eGFR to traditional risk factors
included in the model (such as age, gender, presence of diabetes, blood pressure, serum cholesterol) was
associated with a significant improvement in risk prediction. Even more importantly, the contribution
of albuminuria and eGFR to the prediction of CV events (CV mortality, coronary heart disease, stroke,
and heart failure) was found to be greater than traditional CV risk factors [24]. This notwithstanding,
a main limitation of available risk score is the insufficient, even absent, consideration of underlying
causes of renal disease, which is a crucial point when considering that CKD is a set of multiple etiologies
rather than a single disease [12,13]. However, these first prediction models established that measuring
albuminuria and eGFR is a central step for assessing risk stratification in CKD patients. Mechanisms
of damage of albuminuria and eGFR were partially explained. Albuminuria was shown to exert
a direct harmful effect on renal glomeruli and tubules [30]. Moreover, it can also be considered as
a systemic marker of endothelial dysfunction, and this explains the reason for which the presence
of proteinuria strictly forecasts the onset of CV events in the general population, as well as CKD
patients [31]. Similarly, eGFR reduction is linked to an increase of uremic toxins that are responsible for
kidney and systemic damage. A drop in eGFR was also associated with the development of coronary
atherosclerosis, regardless of the presence of diabetes mellitus, dyslipidemia, previous CV disease,
and other comorbidities [32]. Several studies showed that an eGFR decrease is associated with the
onset of sudden cardiac death (SCD), with the data being confirmed from the early stage of CKD, i.e.,
from eGFR < 60 mL/min/1.73 m2 [33–35]. For each 10 mL/min decrement in eGFR, SCD risk increased
by 11% [33]. SCD accounts for the vast majority of deaths in CKD patients and is also mediated by
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metabolic and electrophysiological abnormalities [36]. However, both eGFR and albuminuria have
limitations in risk prediction. Albuminuria is not specific for any kidney disease, occurring in ischemic,
diabetic, and tubulointerstitial nephropathies, as well as in the vast majority of glomerulonephritis
and autoimmune diseases [13]. Albuminuria also presents a random variability, since urine protein
excretion follows a circadian rhythm that is influenced by posture, exercise, or dietary factors [37].
The eGFR, albeit associated with a poor prognosis, could also be altered by temporary or reversible
clinical conditions, such as volume depletions or sub-acute tubulointerstitial diseases [11]. Taken
together, proteinuria and eGFR share the limitation of detecting kidney damage often when it is already
established and is, thus, not reversible [15]. Furthermore, urine protein excretion is strictly dependent
on eGFR levels, which are an expression of the number of functional nephrons in the kidney. In fact, we
recently demonstrated that, in a model in which proteinuria is replaced by F-Uprot (proteinuria/eGFR
× 100), an expression of the combination of the two biomarkers, the latter allowed refining risk
stratification for ESKD outcome in all CKD stages, even in more advanced CKD [27]. Albuminuria
levels are strictly dependent and, thus, modified by both systolic and diastolic blood pressure (BP).
As long as the eGFR decreases, a given increase in BP is accompanied by an increase in urine protein
excretion. This phenomenon was observed in both animal and human studies and is caused by the
“remnant nephron effect”, namely, the transmission of systemic hydrostatic pressure to the glomerular
microcirculation [38,39]. Moreover, BP is a clinical parameter characterized per se by high variability,
which is also detectable during 24-h ambulatory BP measurements (short-term variability) [40]. It
was demonstrated that both systolic and diastolic BP variability influence albuminuria levels [41].
Hence, a number of variables were shown to influence albuminuria levels, and this could lead to biased
risk estimation, particularly if the risk prediction is based on a single measurement of albuminuria.
The ISN indeed highlighted that a consensus needs to be found on how often albuminuria should be
measured to warrant a true prediction of cardiovascular and renal endpoints, as well as to monitor
the course of CKD [18]. Owing to the evidence that eGFR and albuminuria are able to provide a
strong but incomplete prediction of cardiorenal endpoints in CKD patients, the next step of prognostic
research focused on the development and assessment of biomarkers that provide useful prognostic
information beyond proteinuria and eGFR. A number of markers of inflammation, oxidative stress, or
tissue remodeling aroused interest in improving CV and renal risk prediction in CKD patients.

3.2. Markers of Oxidative Stress, Tissue Remodeling, and Metabolism

Myeloperoxidase (MPO) is a biomarker of oxidative stress that fosters nitic oxide consumption
and which is associated with the development of atherosclerotic lesions, CV disease, and eGFR decline
in CKD [42,43]. A recent observational analysis of the Chronic Renal Insufficiency Cohort (CRIC),
which enrolled approximately 4000 patients with CKD in the United States (US), showed that serum
MPO levels were associated with the risk of renal outcome, defined as initiation of RRT, 50% eGFR
decline, or eGFR ≤ 15 mL/min/1.73 m2 [44]. The key element of this analysis was that the effect of MPO
was significant even after adjustment for main confounders, such as baseline eGFR and proteinuria
levels. Matrix metalloproteinases (MMPs), endopeptidases involved in tissue development, and
homeostasis through the regulation of cell differentiation, apoptosis, and angiogenesis were shown to
intervene in inflammatory and fibrotic processes across the kidneys [45,46]. Blood and urine levels of
MMPs were linked to renal and CV disease in previous clinical studies in humans. Serum and urine
MMP-2, -8, and -9 levels are increased in patients with diabetic CKD, with MMP-9 being significantly
associated with the severity of albuminuria [47,48]. Increased plasma levels of TIMP-1 (tissue inhibitor
of metalloproteinases-1) predicted the incidence of CKD regardless of inflammatory markers such as
C-reactive protein [49]. MMPs and TIMPs also play a role in accelerating the atherosclerotic process
by increasing cell migration to the plaque fibrous cap that in turn determines plaque inflammation
and rupture [50]. Indeed, the levels of several MMPs (MMP-1, -2, -8, -9) and TIMP-1 were found
to be increased in patients with peripheral arterial disease, including those with aneurysms of the
arterial wall [51]. Fibroblast growth factor-23 (FGF-23), a hormone involved in phosphorus metabolism
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that increases progressively as kidney function declines, was significantly associated with mortality,
atherosclerotic events, heart failure (HF), and ESKD in CKD patients [52,53].

3.3. Cardiac Biomarkers

Several cardiac biomarkers were investigated, mainly for establishing their role in CV and renal
risk prediction in CKD patients. Cardiac troponins (high-sensitivity cardiac troponin (hs-cTnT)) and
natriuretic peptides (N-terminal pro-B-type natriuretic peptide (NT-proBNP)) are largely used in CV
medicine to diagnose coronary artery disease (CAD) and heart failure (HF), respectively. Both these
biomarkers are, thus, an expression of subclinical abnormalities in the heart [54,55]. However, one
major problem that makes their introduction in individual risk prediction difficult is that cardiac
markers are an expression of both cardiac and kidney dysfunction and cannot discern these two
conditions. Natriuretic peptides act by promoting the tubular natriuresis across the kidney and
counteracting the effects of renin–angiotensin–aldosterone system, which is triggered by heart failure,
as well as renal dysfunction [56]. Concerns about the interpretation of hs-cTnT and natriuretic peptides
also derive from the evidence that these marker concentrations are influenced by kidney function
levels [56,57]. So far, cardiac markers found more application in the context of prognostic estimation
of cardiorenal syndromes (CRS), clinical disorders where an acute or chronic dysfunction of one
organ may lead to an acute or chronic dysfunction of the other, thus testifying the strict relationship
between the heart and the kidney [58]. In the general population, hs-cTnT and NT-proBNP were
shown to be strong predictors for incident HF over time [59,60]. In the setting of CKD, an attempt to
evaluate, with appropriate statistical tools, the contribution of cardiac markers to the development of
CV events was made using the Atherosclerosis Risk in Communities study (ARIC) population. In this
study, examining 7682 non-CKD and 970 patients with CKD stage 1–5, hs-cTnT and NT-proBNP were
associated with the development of CV events (defined as the composite of coronary heart disease,
stroke, and HF) independently of kidney measures (eGFR and albuminuria) [61]. The finding was
confirmed for both CKD and non-CKD patients, as well as for patients with or without previous CV
disease. However, the interpretation of these results should be done with caution since the ARIC
cohort was stratified, for this analysis, by the presence/absence of CKD, thus limiting the influence of
kidney measures on CV risk prediction [61]. Results of the association between cardiac markers and
renal outcomes in CKD patients are even more conflicting. The CRIC investigators found, in a cohort
of over 3000 CKD patients, that increased plasma levels of growth differentiation factor-15 (GDF-15,
a member of the transforming growth factor (TGF)-β cytokine family), hs-cTnT, and NT-proBNP were
associated with CKD progression. defined as the onset of ESKD or 50% eGFR decline [62]. However,
when all these parameters were added to the prediction model including traditional CV risk factors,
the model discrimination (i.e., the ability of the model to separate individuals who develop events
from those who do not; see more details in Section 5) did not improve, meaning that their clinical
utility was scarce. Moreover, in the Framingham cohort, hs-cTnT was not associated with a faster
eGFR decline or with incident CKD [63]. There is, overall, a need for future work to assess the role of
cardiac markers in CV and renal risk prediction [61–63].

3.4. Filtration and Urinary Biomarkers

Filtration biomarkers and urinary markers were also investigated. The use of cystatin C to
estimate GFR (eGFRcys) improved the risk stratification for death, death from CV causes, and ESKD
with a large proportion (23%) of patients being reclassified toward true risk estimates when compared
with eGFR estimated from serum creatinine (eGFRcrea) [64]. eGFRcys was also shown to predict the
onset of SCD in elderly CKD patients [35]. The combination of serum creatinine and cystatin C for
estimating eGFR (eGFRcys-crea) allowed clinicians to anticipate the risk prediction of worse outcomes
at 85 mL/min, which is well above the 60 mL/min threshold defined by eGFRcrea. β2-microglobulin,
another filtration marker, showed a statistical power similar to cystatin C in improving prediction of
ESKD, all-cause mortality, and new onset of CV disease beyond eGFRcrea [65]. With respect to urinary
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markers, some evidence, albeit controversial, was provided for the association of urinary markers of
tubule damage (interleukin (IL)-18, kidney injury molecule-1 (KIM-1), neutrophil gelatinase-associated
lipocalin (NGAL)), repair (human cartilage glycoprotein-40 (YKL-40)), and inflammation (monocyte
chemoattractant protein-1 (MCP-1)) with the risk of ESKD [66,67]. In fact, when risk prediction models
were adjusted for baseline eGFR and albuminuria, the associations of these biomarkers with clinical
outcome were consistently attenuated. However, the highest values of KIM-1, MCP-1, and YKL-40 also
provided useful risk estimation beyond eGFR and albuminuria in a post hoc analysis of the Systolic
Blood Pressure Intervention Trial SPRINT trial [68]. Interestingly, urinary IL-18 and NGAL levels were
shown to predict linear eGFR decline over time, an endpoint of growing interest in clinical research [68].

3.5. Prognostic Role of Proteomics, Metabolomics, and Genomics

Proteomics metabolomics and genomics recently provided great input to the implementation of
novel biomarkers [69–71]. The advantage of these “omics” techniques is to provide a combination of
informative peptides/metabolites that are able to classify patients (hence, the appellation of classifiers)
into significant clinical or risk categories. A well-depicted classifier in CKD patients is the CKD273,
a panel of 273 urine peptides shown to predict, in long-term follow-up cohort studies, eGFR decline with
a strong and independent effect to the onset of albuminuria, particularly in diabetic patients [72–74].
In further risk prediction models, CKD273 was also able to reclassify about 30% of patients compared
with the standard equation that considers eGFR and albuminuria, for the risk of CKD progression [75].
The CRIC investigators described, in a recent manuscript, the association between a panel of 13 urine
metabolites and CKD progression [76]. Results of this analysis are encouraging since the levels of
four metabolites, namely, 3-hydroxyisobutyrate (3-HIBA), 3-methylcrotonyglycine, citric acid, and
aconitic acid, were associated with eGFR decline, with 3-HIBA and aconitic acid levels also significantly
associated with the hard endpoint ESKD. Of particular interest is the prognostic role of the genetic
causes of CKD. Of all CKD cases diagnosed at a young age (<25 years), an actual 30% are determined
by monogenic disorders, and inherited CKD is globally more prevalent (prevalence ranged between
30% and 75%) than previously thought, particularly in the presence of a family history of CKD [77,78].
More importantly, the advent of genome-wide association studies (GWAS) allowed the discovery
of several single-nucleotide polymorphisms (SNPs) associated with an increased risk for CKD or
with a worse prognosis in patients already affected by CKD [78]. Polymorphisms in the Uromodulin
(UMOD) gene region rs4293393, which codifies the most abundant urinary protein in healthy subjects,
namely, uromodulin (also called Tamm–Horsfall protein), are associated with an increased risk of
incident CKD [79]. A similar role in predicting the onset of CKD was exerted by other SNPs such as
Protein Kinase AMP-Activated Non-Catalytic Subunit Gamma 2 (PRKAG2), Longevity Assurance
Gene Homologs (LASS2), Disabled Homolog 2 (alias DAB Adaptor Protein 2, DAB2), Dachshund
Family Transcription Factor 1 (DACH1), and Stanniocalcin 1 (STC1) [80]. Apolipoprotein L1 (APOL1)
gene variants were also studied in CKD patients. APOL1 encodes apolipoprotein L1, which is involved
in the lysis of Trypanosoma brucei and other trypanosomes [81]. The G1 and G2 variants of APOL1
were associated with an increased risk of eGFR decline and disease progression to ESKD in CKD
populations [82]. Interestingly, information derived from the SNPs were recently combined into a
genetic risk score [78]. This score was shown to be associated with eGFR decline and kidney outcome
regardless of albuminuria and other renal risk factors encompassing diabetes, history of CV disease,
and hypertension. A number of studies assessing the associations between SNPs and kidney measures
were carried-out by the United Kingdom (UK) biobank, a large cohort of over 500,000 participants
enrolled in 2006–2010, from which genotypic information was widely collected [83]. Analyses of the
UK biobank provided a great contribution to the prognostic research in CKD. For example, genetically
predicted testosterone and fasting insulin, with the latter being an expression of insulin resistance, were
found to be associated with CKD and worse kidney function in men, thus highlighting the possible
reasons for discrepancy in CKD prevalence and CKD progression among men and women [84,85].
Intriguingly, a genome-wide association study of UK biobank showed that albumin-to-creatinine
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ratio (ACR) is dependent on multiple pathways and that an ACR genetic risk score may improve the
prediction of hypertension and stroke [86].

4. Predictive Biomarkers in CKD

Predictive biomarkers are used in disparate fields of medicine to assess the likelihood of response
to treatments and the individual pathophysiology of the disease. One major example of this strategy
is represented by the large use of predictive biomarkers in oncology. Causative mutations of the
breast cancer genes 1 and 2 (BRCA1/2) were found to be predictive biomarkers for identifying
the response to poly(ADP-ribose) polymerase (PARP) inhibitors [87]. Such a discovery is crucial
as BRCA1/2 provide information on the best drug for the individual patient in order to improve
their prognosis. While, in oncology, a set of pathophysiological mechanisms is crucial for tumor
development, what complicates the application of predictive biomarkers in chronic diseases is that
different mechanisms are active in different stages of the disease itself and in different patients [88].
This means that, if a treatment is started on the basis of a blood/urine biomarker level, the individual
prognosis may remain unchanged or even worsen, due to the presence of other active mechanisms of
damage, as well as, most importantly, different disease entities that cause the chronic decline of renal
function through diverse pathophysiological pathways. Notwithstanding, in chronic disease, great
research effort was also started with the aim of personalizing treatments following the methodological
concept of “the right drug for the right patient”. Hence, the implementation of predictive biomarkers
represents a topic of increasing importance.

4.1. Kidney Biomarkers

In nephrology, the most used predictive biomarkers are eGFR and albuminuria. Both these
biomarkers can be considered as “dynamic” predictive biomarkers. In fact, their levels change over
time with the effects of treatment, such that they can be efficiently used for monitoring the course of
CKD and the appropriateness of the therapy followed by the patient. In the past few decades, several
interventional studies were carried out testing the effect of nephroprotective drugs on hard endpoints
such as mortality, CV events, and ESKD in patients with CKD [89–96]. Although interventions differed
between studies, with principally antihypertensive drugs and albuminuria-lowering agents being
tested, all these trials pointed out that the CV, mortality, and ESKD risk reductions were strictly
associated with a reduction in albuminuria after the start of treatment. Moreover, the magnitude
of treatment effect was greater in patients with higher albuminuria levels at the time of the initial
visit [95,96]. These findings are reinforced by the evidence that albuminuria changes also played a
potentially beneficial role in negative clinical trials. In the Aliskiren Trial in Type 2 Diabetes Using
Cardiorenal Endpoints (ALTITUDE), which failed in demonstrating the advantage of adding Aliskiren
to an angiotensin-converting enzyme inhibitor (ACEi) or an angiotensin-receptor blocker (ARB) on
CV and renal outcomes, patients who showed an albuminuria reduction in the Aliskiren arm (37%)
were largely protected against CKD progression compared with those who did not show a reduction
in albuminuria levels [97]. All these pieces of evidence testified that albuminuria has great predictive
and prognostic power in CKD patients and, although further studies are needed to find the correct
threshold of albuminuria reduction that can confer CV and renal risk protection after an appropriate
treatment, there is a general consensus that a 30% reduction in its levels from baseline to six months
could be acceptable [98]. With respect to eGFR, it was demonstrated that a doubling of serum creatinine
level, which corresponds approximately to a 57% eGFR decline, was able to predict CKD progression
in previous clinical trials in diabetic CKD patients [99]. The importance of that evidence is highlighted
by the fact that, in these previous trials, eGFR decline correlated with renal outcomes after exposure
to nephroprotective treatments, thus affirming its role as a predictive biomarker, in addition to a
prognostic biomarker [100]. Since then, the association of lesser eGFR declines with CKD outcomes
was tested. A post hoc analysis of the Reduction of End Points in Non-Insulin-Dependent Diabetes
with the Angiotensin II Antagonist Losartan (RENAAL) and Irbesartan Diabetic Nephropathy Trial
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(IDNT) clinical trials, two studies that evaluated the efficacy of ARB treatment in patients with diabetes
mellitus and nephropathy, showed that 30% and 40% eGFR declines may improve the power of clinical
trials if the drug investigated does not determine an acute (within three months of the start of treatment)
drop in eGFR [101]. A larger meta-analysis of 37 clinical trials in CKD patients documented a strong
association between 30% and 40% eGFR decline in the first 12 months of treatment and the onset of
kidney disease progression [100].

4.2. Biomarkers of Tissue Remodeling

In addition to proteinuria and eGFR, other promising predictive biomarkers in CKD were
described. A change in serum levels of MMPs after exposure to BB-1101, a synthetic hydroxamic
acid-based inhibitor of MMP, was associated with a reduction in proteinuria in experimental models of
glomerular damage [102]. A similar effect was observed in diabetic CKD patients who underwent
treatment with doxycycline, an antibiotic from the tetracycline family, and who were already treated
with renin–angiotensin–aldosterone inhibitors (RAAS-i) [103]. Moreover, MMPs are also involved in
the mechanism that leads to CV risk reduction exerted by sodium–glucose cotransporter 2 inhibitors
(SGLT2-i) through the activation of RECK (reversion-inducing cysteine-rich protein with kazal motifs),
an endogenous inhibitor of MMPs [104]. That mechanism appeared to be independent of proteinuria
levels and could also be useful for selecting high-risk normoalbuminuric CKD patients to be enrolled
in future clinical trials, who represent a non-trivial proportion of the CKD cohort [21].

4.3. Ultrasound Biomarkers

Evidence is also emerging for a possible role of the renal resistive index (RRI) as a dynamic
predictive biomarker. RRI is a Doppler ultrasonographic index, whose increase reflects both renal
and systemic vascular impairment [105]. RRI was also found to predict the onset of CV and kidney
outcomes in patients with CKD or essential hypertension [106,107]. RRI values are changed over time
by different drug classes, such as RAAS-i and SGLT2-i; novel studies will hopefully reveal in the future
if these treatment-induced modifications could also predict hard CV and renal endpoints [108,109].

4.4. Predictive Role of Proteomics, Metabolomics, and Genomics

A polymorphism of the angiotensin-converting enzyme gene caused by an insertion/deletion
(ACE/ID) modifies the systemic and renal activity of the RAAS, which was recognized to be a trigger
of kidney damage [110]. The ACE/DD–ACE/ID polymorphism was able to predict the response to
losartan in type 2 diabetic patients enrolled in the RENAAL trial, that is, patients with worse prognosis
(D allele carriers) had the best response to losartan [111]. Complex biomarkers and classifiers have a
predictive role, in addition to a prognostic role. A set of 21 serum metabolites were selected from a
larger panel through a penalized regression analysis, and they were shown to correctly predict the
albuminuria response to ARB treatment in type 2 diabetic patients [112]. This classifier revealed that
the enzyme nitric oxide synthase 3 (NOS3) is crucial to forecast the response to ARB therapy in diabetic
CKD, since it is involved in the molecular mechanism of action of these drugs. A proteomic predictive
classifier was developed from the Prevention of REnal and Vascular ENd-stage Disease (PREVEND)
study, using plasma proteomics profiles of fibrosis and kidney damage that allowed predicting the
albuminuria change in patients treated with RAAS-i [113]. The principal characteristics of prognostic
and predictive biomarkers are depicted in Table 1.
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5. Implementation of Biomarkers in Observational Studies

Owing to the importance of improving risk stratification beyond traditional kidney measures and
to help clinical decision-making in CKD patients, the evaluation of novel biomarkers acquired great
emphasis in clinical research, as witnessed by the growing number of publications on this topic [114].
However, before a biomarker can find full application in clinical practice, several steps need to be
satisfied and reported. The first questions that should be addressed are the following: What will
be the clinical intended use of the biomarker? Is the assay analytic performance acceptable for the
intended use? To answer these important questions, the development process should start with
assessing the analytic and clinical validity of the biomarker. Analytic validity refers to evaluating
whether the characteristics of the measured biomarker are acceptable in term of precision, accuracy,
and reproducibility [115]. It is indeed important to be aware that biomarker levels may vary in
clinical practice due to factors not linked to the disease of interest being classified as pre-analytical
and analytical factors [116]. Pre-analytical variation depends on several factors that include lifestyle
(exercise, smoking habit, obesity), age, race, influence of gender, specimen collections (fasting, time,
and temperature of storage) [117]. For instance, albuminuria, measured with the available methods,
such as 24-h urine collection or albumin-to-creatinine ratio, is extremely influenced by physical exercise
and other conditions that determine a day-by-day variation, defined as random variation [37]. Urinary
NGAL concentration is stable in urine for up to seven days, but it is increased by the presence of
white blood cells that are an important confounder [118]. Analytic variation is mainly defined by
two parameters, which are bias and precision [119]. Bias is the amount by which an average of
many repeated measurements made using the assay systematically over- or underestimates the true
value. Precision represents the repeatability of measurements under unchanged assay conditions in
a laboratory. While analytic validation is often discussed, it is seldom handled in a proper fashion.
It was suggested to deepen analytic validation, while developing a biomarker, and to report metrics,
such as precision, reproducibility, accuracy, analytic sensitivity, limits of detection and quantification,
linearity, and analytic specificity [120]. A descriptive summary of these measures is reported in Table 2.

Table 2. Principal tools used to assess analytic validation.

Features Definition Statistical Metric

Precision
Intra-assay agreement of a set of results among

themselves. It could be expressed by coefficient of
variation (CV).

CV(%) = (Standard
deviationsamples/Meansamples) × 100

Reproducibility
Concordance between various measurements carried

out in different laboratories and experimental
conditions on the same sample.

Accuracy
Closeness of the agreement between result of a single

measurement and true value obtained using a
reference standard method.

Trueness Concordance between a series of assays and the real
value of analyte concentration.

Bias Systematic difference of the series of measurements
with true value.

Bias(%) = (Meansample − True value) ×
100

Limit of blank Highest apparent analyte concentration founded by
testing specimens without analyte. LoB =Meanblank + 1.645(SDblank)

Limit of detection Average of lowest concentration of analyte which can
be distinguished from a blank sample.

LoD = LoB + 1645(SDsamples)

Limit of quantification Smallest concentration of analyte with an acceptable
accuracy and precision.

Linearity Proportionality between a set of measured values
and true concentration of analyte.

Analytic specificity Ability to measure only and exclusively the analyte
of interest.

Analytic sensibility Ability to measure lowest concentration of analyte.
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Clinical validity is the next important step and consists of demonstrating that biomarker
measurement is associated with a clinical characteristic of interest [115]. The first steps of clinical
validation are the proof of concept and prospective validation [114]. Proof of concept means to assess
whether biomarker levels differ between subjects who develop the event of interest vs. non-events.
This phase is essential since it allows understanding if the biomarker can play a role in the context
of disease, and continuing its development is convenient. To this aim, a cross-sectional design
could be sufficient [121]. Next, it is necessary, in prognostic validation, to evaluate if the biomarker
is significantly associated with the event of interest, with a prospective analysis. Moreover, it is
important that the magnitude of this association is not attenuated when the analysis is adjusted
for traditional risk factors, such as age, gender, and proteinuria and eGFR levels in CKD patients.
This step provides other useful information such as the distribution of the biomarker and, therefore,
how to incorporate the biomarker levels in multivariable analyses. It is suggested to start by adding
to the model the biomarker variable as a continuous variable, before applying a categorization (e.g.,
tertiles or quartiles) [122]. For instance, proteinuria has a skewed distribution and is often added as a
log-transformed variable or restricted cubic spline in CKD prognostic models [27]. The prospective
validation step is also important for selecting variables to be included in the model. This can be done
by using a knowledge-driven (or a priori) method, based on the already known biological association
of the variables with the outcome, or data-driven methods, which are automated tools that select a
small set of variables from a larger one, in order to maximize the model fit [123]. In the case of a large
number of predictors, as often happens during the development of proteomic/metabolomic classifiers,
regularization or dimension reduction methods can be used [124]. The metabolomic classifier for the
prediction of response to ARB treatment, which we described in Section 4, was developed by means
of least absolute shrinkage and selection operator (LASSO), a regularization technique that shrinks
the variables regression coefficients through a tuning parameter and retains the best predictors in the
model. LASSO was also shown to work very well with small sample sizes [112]. The third phase of
clinical validation is focused on the incremental value of the biomarker on the previous assessed risk
models. In nephrology, what is essentially required in biomarker research is to demonstrate that a
biomarker adds information, in the prediction of a defined endpoint, on top of already assessed risk
factors. This process needs a hierarchical assessment, since a likelihood ratio test (LR test) should be
firstly reported to determine if the biomarker remains associated with the endpoint after controlling
for previously established risk factors. Next, three measures of performance should be reported:
discrimination, calibration, and reclassification [125]. These three domains are important to warrant
the applicability of the biomarker predictive performance to the individual patient. Discrimination
refers to the ability of the model to attribute a high risk to patients who develop the outcome of
interest and, accordingly, a low risk to those who do not [126]. A measure that depicts sensitivity
and specificity for all possible thresholds of a biomarker is the receiver operating characteristic (ROC)
curve. To evaluate discrimination, it is, thus, suggested to present the ROC derived from the model
together with the area under the curve (AUC), also labeled the c-statistic [127]. The difference in
c-statistic between models with and without the biomarker should also be presented. Calibration is the
degree of agreement between observed and predicted outcomes. It is suggested to depict calibration
graphically by plotting the mean predicted versus mean observed outcome probability for intervals
(usually deciles) of risk in a predictiveness curve or by representing observed event rates versus
mean predicted risk, thus creating a calibration plot, with points that should lie along a 45◦ line if the
model is well calibrated [126]. Reclassification metrics provide useful information on the proportion
(%) of patients that are reclassified in the true risk category (lower or higher risk), whether or not
the new biomarker is added to a traditional risk prediction model. The most used reclassification
metrics are the net reclassification improvement (NRI), the integrated discrimination index (IDI), and
reclassification tables which directly depict the movement of patients between risk categories based
on the risk predicted by models with and without the biomarker [127]. After showing measures of
performance, it would be necessary to internally or externally validate the model. External validation
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implies that the risk prediction model, including the biomarker, is re-run within an external cohort of
patients with similar characteristics (e.g., CKD patients) to confirm predictive accuracy in all sequences.
Alternatively, several methods of internal validation, such as bootstrapping or cross-validation, can be
computed [128]. The appropriateness of methodology used to develop a biomarker is a key element
to obtain useful clinical results. This is particularly true if we consider that only a few prediction
models in nephrology reported these measures appropriately [129]. However, this is not the only
limitation. Most of the proposed biomarkers are yet to complete the sequence from discovery to clinical
application, because they were developed in studies with a small sample size without validation, thus
providing heterogeneous results. The ISN prompted that biomarker research would take advantage
from the setting up of large, observational cohort studies and possibly a long-term follow-up in
which biomarker development and validation could be strengthened and provide robust evidence for
clinicians [18]. This also requires the standardization of data collection, storage, and database structure
across countries, as well as a collaboration among academia, industry, and regulatory authorities in
order to warrant a correct dissemination of results.

6. Biomarkers in Intervention Studies

Projecting clinical trials, which test the effect of novel pharmacological treatments on prognosis of
CKD patients, is always an important challenge. In the past few decades, all nephrology communities
expressed the need for clinicians to have more therapeutic tools, with each one specific for a particular
etiology of CKD, in order to improve the care of patients with CKD and to deal promptly with the
complexity of kidney disease, abandoning the “reductionist” approach [10,130]. The milestone of
intervention studies in nephrology dates back to the years 1990–2000 when the Collaborative Study
Group, the RENAAL, and the IDNT trials showed the efficacy of RAAS-i (ACEi and ARBs) in reducing
CV and renal risk in patients with diabetes and CKD [76,131,132]. Since then, a number of clinical
trials were carried out with an attempt to reduce the high residual risk in CKD patients, but they
missed the target [133]. The reasons for this breakdown are several and include the enrolment, in
clinical trials, of a large number of CKD patients with heterogeneous etiologies and the add-on strategy.
The add-on strategy consists of adding a pharmacological agent to patients who are already being
treated with a drug belonging to the same class. This was adopted, for example, in the Veterans
Affairs Nephropathy in Diabetes (VA-NEPHRON-D) clinical trial, which tested the effect of dual RAAS
blockade ACEi + ARB, or in the ALTITUDE trial, with the addition of Aliskiren, a renin inhibitor, to
RAAS-i [134,135]. In these studies, the intensification of RAAS blockade did not result in further CV or
renal risk protection and even increased the risk of these endpoints. Hence, a series of initiatives were
started to improve clinical trial designs. The focus is indeed to move from large trials to smaller studies
that enroll similar patients so that the treatment effect can be adequately measured [26]. Biomarkers
play a central role in this context (Figure 2), being useful to enrich clinical trial CKD populations
through at least three important ways called biomarker-based approaches: (1) by identifying patients
at increased risk for developing an event (risk-based enrichment); (2) by selecting a population based
on the response to a drug of interest (predictive response enrichment or adaptive enrichment); (3) by
detecting subgroup of similar patients within a master trial protocol [136].

Risk-based enrichment was used in the proteomic prediction and renin angiotensin aldosterone
system inhibition prevention of early diabetic nephropathy in type 2 diabetic patients with
normoalbuminuria (PRIORITY) study. The PRIORITY study enrolled patients with diabetes mellitus
and normal albuminuria at increased risk for developing albuminuria [137]. High or low risk was
established based on urine CKD273 levels, and only high-risk patients were then randomized to receive
spironolactone or placebo. Although the trials did not show a significant effect of spironolactone
on preventing the development of albuminuria, high-risk patients identified with CKD273 were at
increased risk of CKD progression vs. low risk patients (p < 0.001). PRIORITY was an innovative
design, since it anticipated the treatment of albuminuria in patients who were only likely to develop
albuminuria, but not yet with albuminuria. The adaptive enrichment design consists of exposing all
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patients to a short-term period (usually called run-in) of treatment with the drug of interest before
randomization. In this case, biomarkers could inform on the response/non-response to treatment.
Such a design was adopted in previous trials like the Study of Heart and Renal Protection (SHARP)
study and more recently in the study of diabetic nephropathy with the endothelin receptor antagonist
atrasentan (SONAR) trial [94,138]. Patients enrolled in SONAR underwent a six-month treatment
period with atrasentan, and only patients who manifested a 30% reduction in albuminuria levels
(measured as albumin-to-creatinine ratio) were then randomized. Hence, albuminuria worked as
a biomarker for the prediction of response to treatment. Moreover, the SONAR trial included the
assessment of “secondary” risk markers, such as the B-type natriuretic peptide levels. Patients who
showed a significant increase in this marker during run-in were excluded from the study. This strategy
allows assessing the individual response to treatment, including the effect of a drug on primary and
secondary markers and, thus, to capture in a reliable manner the effect of treatment after randomization.
An extension of the adaptive enrichment trial is given by the master trial protocol [139]. Master
protocols can be planned to test the efficacy of multiple interventions, each targeting a subgroup
of patients defined by a biomarker. Master protocols encompass umbrella, basket, and platform
trials. Platform trials aroused the interest of the nephrology community [136]. The platform is an
experimental cohort of patients followed periodically to assess laboratory and clinical measurements.
Within the platform, multiple treatments can be started or withdrawn and, if a defined treatment
shows benefits in a defined subgroup of the platform, it can be introduced in clinical practice [140].
This approach allows the acceleration of the experimental phase of drug development, to improve
the application of biomarkers and to save time and financial sources. Future perspectives around the
implementation of available biomarkers are depicted in Table 3.

Figure 2. Biomarker-based approaches for patient selection in clinical trials.
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7. Conclusions

CKD is a growing public health problem with high morbidity and mortality. The current
classification considers the eGFR and albuminuria levels to classify patients in prognostic categories.
Novel biomarkers were also developed to improve risk stratification and clinical decision-making,
as well as guide CKD patient enrichment in clinical trials. Despite the great efforts made, only a
few biomarkers found a large clinical application to date. More emphasis should be placed on the
development process of biomarkers, which needs to be methodologically rigorous, well validated, and
correctly diffused. A “real-world” assessment of biomarkers that can be performed by analyzing large
databases with long-term follow-up may substantially contribute to understanding whether a definite
biomarker can find clinical application. The implementation of biomarkers in CKD is highly expected
in the future, since they provide information on the mechanisms of kidney disease, improve clinical
practice, and, in most cases, are able to forecast both CV and renal endpoints, which represent the most
frequent events in CKD patients.
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Abstract: Acute kidney injury is a common complication in critically ill patients with sepsis and/or
septic shock. Further, some essential antimicrobial treatment drugs are themselves nephrotoxic.
For this reason, timely diagnosis and adequate therapeutic management are paramount. Of potential
acute kidney injury (AKI) biomarkers, non-protein-coding RNAs are a subject of ongoing research.
This review covers the pathophysiology of vancomycin and gentamicin nephrotoxicity in particular,
septic AKI and the microRNAs involved in the pathophysiology of both syndromes. PubMED,
UptoDate, MEDLINE and Cochrane databases were searched, using the terms: biomarkers, acute kidney
injury, antibiotic nephrotoxicity, sepsis, miRNA and nephrotoxicity. A comprehensive review describing
pathophysiology and potential biomarkers of septic and toxic acute kidney injury in septic patients was
conducted. In addition, five miRNAs: miR-15a-5p, miR-192-5p, miR-155-5p, miR-486-5p and miR-423-5p
specific to septic and toxic acute kidney injury in septic patients, treated by nephrotoxic antibiotic
agents (vancomycin and gentamicin) were identified. However, while these are at the stage of clinical
testing, preclinical and clinical trials are needed before they can be considered useful biomarkers or
therapeutic targets of AKI in the context of antibiotic nephrotoxicity or septic injury.

Keywords: acute kidney injury; gentamicin; sepsis; miRNA; nephrotoxicity; vancomycin

1. Introduction

Acute kidney injury (AKI) is a common and mostly severe clinical syndrome complicating a
number of critical illnesses. It has a highly negative impact on patient morbidity, mortality and clinical
outcome. The diagnosis is generally based on evaluation of: (1) increase in serum creatinine and/or (2)

Int. J. Mol. Sci. 2020, 21, 7115; doi:10.3390/ijms21197115 www.mdpi.com/journal/ijms159



Int. J. Mol. Sci. 2020, 21, 7115

decrease in urinary output. According to the KDIGO (Kidney Disease Improving Global Outcomes)
classification of 2012, the severity of urinary output deterioration to terminal stages and presentation of
an anuria and serum creatinine increase to 353.6 μmol/L is the most serious stage 3 [1]. Further, in 2017,
new forms of acute renal impairment were described with AKI lasting at least 7 days after insult and
acute kidney disease (AKD) lasting up to 90 days. Renal impairment and serum creatinine levels
that had not returned to baseline levels by 90 days resulted in the need for renal replacement therapy
(RRT) and/or progression to chronic kidney disease (CKD) [2]. Timely AKI diagnosis, especially in
critically ill patients, would enable clinicians to better initiate preventive measures to avoid the need
for RRT and obviate the risk of CKD. A number of promising new biomarkers may be able to predict
the development or worsening of AKI in intensive care. The most highlighted of these in recent
years are noncoding microRNAs in these circumstances. This review focuses on the pathophysiology
and potential biomarkers in the detection of AKI after nephrotoxic drugs and/or septic insults with
emphasis on specific microRNAs.

2. Epidemiology of Acute Kidney Injury

Acute kidney injury is a relatively frequent complication in critically ill patients in ICUs, especially
in those with sepsis. The incidence of AKI in these circumstances, predominantly in situations with
presentation of septic shock, may be as high as 47.5% and the overall mortality in critically ill patients
with AKI may be more than 60% [3]. According to recent results of a multicenter Chinese study
of patients hospitalized in ICUs, the incidence of AKI was 51%, with the majority occurring on the
4th day after admission [4]. A number of factors can contribute to AKI and progression to renal
failure, including cardiovascular and hepatic disorders, malignancies, hypovolemia, intoxication,
drug nephrotoxicity, anemia and surgical and vascular interventions. Further, many such patients
need nephrotoxic iodine contrast drugs for CT scans and other radiological examinations. Therefore,
the AKI is often a consequence of multiple factors.

3. Pathophysiology of Sepsis-Induced Acute Kidney Injury

Sepsis is generally characterized as a life-threatening condition induced by any type of infection
(e.g., bacterial, viral, mycotic) and the dysregulated response of the host organism, with subsequent
organ and tissue dysfunction or failure. The diagnosis has recently been redefined according to the
SEPSIS-3 consensus (The Third International Consensus Definitions for Sepsis and Septic Shock) as
an increase in the SOFA (Sequential Organ Failure Assessment) score of 2 points or more. For earlier
clinical decision-making, the Quick SOFA (qSOFA) criteria can be used as evaluation of: altered mental
status, a respiratory rate of 22/min or greater and a systolic blood pressure of 100 mmHg or less [5].
The pathophysiology of sepsis-induced AKI appears to be multifactorial, including, among others,
deleterious inflammatory cascade [6]. Underlying explanations of septic AKI development include:
(1) alteration of the renal macro- and microcirculation, with subsequent endothelial dysfunction,
(2) damage of renal tubular epithelial cells, (3) a change in cellular metabolic pathways and energy
consumption, (4) mitochondrial injury, (5) reactive oxygen species (ROS) production and (6) cycle
cell arrest [7]. However, the exact mechanism of septic AKI is still unclear. Increase in inflammatory
cytokine production and activation of leukocyte activity in the context of a dysregulated immunological
and inflammatory response can lead to production of intravascular microthrombi and also reduce
intrarenal blood flow and oxygen delivery [8]. Regulation of the immune and adaptive immunity
response in renal tubular cells occurs due to activation of the Toll-like receptor (TLRs) family in the cell
membrane. There are more than 13 members of this family and they are usually activated by endotoxins.
They recognize pathogen-activated molecular patterns (PAMPs) and damage-associated pathogens
(DAMPs) with the promotion of leukocyte and intrinsic renal cell activation. Renal tubular cells express
TLR-1, -2, -3, -4 and -6, which can be substantially involved in the pathophysiology of tubular cell
damage [9,10]. The most important receptor in septic AKI pathophysiology appears to be TLR-4,
that can bind the endotoxin lipopolysaccharide (LPS), leading to activation of a number of intracellular
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signaling pathways via the nuclear-κB (NF-κB) transcription factor. NF-κB response to endotoxin
stress leads to activation and release of the inflammatory cytokines TNFα, IL-1, IL-6 and IL-8 [11].
The activation of NF-κB depends on the phosphorylation and degradation of inhibitory κB proteins,
triggered by specific kinases [9]. The basic explanation of the pathophysiological pathway in septic AKI
development via activation of TLR-4 receptors in proximal tubular cells very likely lies in dysregulation
of tubular integrity, with induction of tight junction disruption. This process may contribute to
subsequent oliguria and decrease in renal function [12]. A recent animal study (Nakano et al., 2020),
where conditional knockout of TLR-4 in proximal tubular cells reduced LPS-induced paracellular
leakage of filtrate into the interstitium via TLR-4 showed that the interstitial leakage and accumulation
of extracellular fluids lead to anuria and diminished the efficacy of volume resuscitation, which is
frequently used in septic AKI to restore renal function [13].

4. Biomarkers of Sepsis-Induced Acute Kidney Injury

Many potential biomarkers have been studied in recent years in the context of sepsis and septic AKI.
These can be divided into: (1) standard biomarkers, (2) additional urinary and/or serum biomarkers,
(3) metabolomics, (4) other experimental proteomics and (5) microRNAs (miRNAs). Generally, AKI is
diagnosed by the standard use of serum creatinine concentration and urinary output, as mentioned,
with additional evaluation of serum concentration of urea. In addition, we can include Neutrophile
gelatinase-associated lipocalin (NGAL), Cystatin C, Kidney Injury Molecule -1 (KIM-1), Interleukin
18 (IL-18), urinary Insulin-like growth factor-binding protein-7 (IGFBP-7), urinary tissue inhibitor
of metalloproteinase 2 (TIMP-2), calprotectin, urine angiotensinogen and liver fatty acid binding
protein [14]. In clinical practice, especially in patients with AKI in ICUs, it is very useful to have a
biomarker capable of predicting the need for RRT initiation, renal recovery or transition to chronic
nephropathy. According to a meta-analysis of 63 studies comprising 15,928 critically ill patients,
the best evidence was for blood NGAL and Cystatin C followed by urinary TIMP-2 and IGFBP-7 [15].
However, decision-making in the case of RRT initiation is based on a number of clinical and laboratory
findings, not only biomarkers, and none of these is specific to any particular type of AKI [16]. The major
limitation of biomarkers in the AKI condition lies in comparing biomarkers to serum creatinine and
diuresis, the basic diagnostic tools for AKI [17].

In recent experimental animal models of septic AKI, some potential novel metabolomic
biomarkers have been identified using nuclear magnetic resonance spectroscopy on urine, renal tissue
and in serum. Alterations in the concentration of several metabolites have been found e.g., lactate,
N-acetylglutamine, alanine, pyruvate, myoinositol, glutamine, valine, glucose, ascorbic acid,
aminoadipic acid, N-acetylaspartate and betaine and these correlate with serum creatinine and
NGAL [18]. Further, many heat shock proteins (HSP) families and their bioactivity are described
in various kidney diseases. In ischemic, toxic or other forms of AKI, the following have been
found expressed in several renal cell types (podocytes, mesangial cells, tubular cells, fibroblasts,
endothelial cells, macrophages): HSP27, HSP70, HSP60, HSP47, HSP90 and HSP32 [19]. Their main
role in renal cytoprotection is still under investigation. However, many of them can block the
apoptotic death pathway, oxidative stress, cell proliferation and differentiation, mediation of the
inflammatory response and inhibit fibrogenesis [19]. A study of 56 critically ill patients, where 17 of
them suffered from AKI, revealed that urinary HSP72 levels significantly increased in the period of
three days before AKI and remained elevated during AKI diagnosis [20].

5. MiRNAs as Biomarkers of Septic Acute Kidney Injury

Research is currently focused on miRNAs as new potential biomarkers and/or therapeutic tools
for many conditions including AKI. MiRNAs are small molecules (18–31 nucleotides) of noncoding
RNAs, representing a large part of genetic information not translated from the DNA matrix into
final protein production. The evidence of their abundance, developmentally regulated fashion and
often subcellular localization points to their important biological role in many biochemical and
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pathophysiological processes and pathways on the cellular and molecular level [21]. Influence on
post-transcriptional gene regulation, cell metabolism, cytokine production, cell differentiation and
programmed cell death are only a small percentage of miRNAs’ effects and their target genes. In the
AKI condition, some act protectively and can become potential therapeutic targets but others can
increase the toxic activity and renal damage. Anti-inflammatory and/or anti-apoptotic activity in AKI
has been described for the following miRNAs: miR-10a, miR-21, miR-26a, miR-122, miR-126, miR-146a,
miR-199a, miR-296 and miR-494 [22]. Some miRNAs involved in the pathophysiological inflammatory
process of sepsis based on endotoxin (LPS) activation of TLR4 in the signaling pathway of NF-κB
activation, pro-inflammatory cytokine production (IL-6, IL-1β, TNFα) and subsequent neutrophil
activation, damage of endothelial permeability and tissue injury are: miR-146 a/b, miR-223, miR-155,
miR-203, miR-15a, miR-16, miR-126, miR-199a and miR-9. Each regulates positively or negatively a
different part of the biochemical cascade to final cytokine production and tissue damage according to
their target genes [23,24]. In the development of septic AKI, severe metabolic alterations of tubular
epithelial cells may play a crucial role via miR-21-3p influence on the AKT/CDK2-FOXO1 pathway,
with induction of cycle cell arrest and apoptosis [25]. According to one human study (Ge et al., 2017),
many other signaling pathways are involved in septic AKI development, including oxidative stress and
mitochondrial dysfunction pathways (HIF-1, PI3K-Akt, mTOR and TGFβ). In septic, critically ill patients,
significantly overexpressed miR-4321 was observed, with the predicted oxidative-stress-associated
target genes: AKT1, MTOR, NOX5, IL17RA and IL26 [26]. The mitochondrion is assumed to be a
key organelle in the development of septic acute kidney injury, and has major pathophysiological
significance in ROS production and apoptosis [27]. In one hybrid human and experimental study
including 50 patients with sepsis, an effect was found of miR-106a on caspase-3 activity, BCl-2 expression
and proinflammatory cytokine production after LPS stimulation [28]. The authors found an association
between miR-106a and an aggravation of LPS-induced inflammation, and apoptosis in sepsis-induced
AKI. A target gene for miR-106a was established as thrombospondin THBS2, which takes part in a
number of processes such as regulation of cell motility, death and cytoskeleton formation [28].

6. Medication-Induced AKI in Septic Patients

Drug-induced nephrotoxicity varies from a relatively mild form of acute tubulointerstitial nephritis
(ATIN), several types of glomerulonephritis, crystal nephropathy and osmotic nephrosis to acute tubular
necrosis represented mostly by severe renal impairment with the need for RRT. The last-mentioned
may be associated with development of chronic nephropathy and the need for chronic hemodialysis
treatment. The incidence of medication-associated nephrotoxicity accounts for approximately 18–27% of
all AKI patients in US hospitals—the main causative drugs are NSAIDs, aminoglycosides, amphotericin
B and calcineurin inhibitors [29].

Potentially nephrotoxic medications, which are considered essential and commonly used in sepsis
and critically ill patients, are antimicrobial agents (antibiotics, antiviral and antifungal treatment),
human albumin in septic shock or proton pump inhibitors to prevent stress ulcers [30] (Table 1).
Iodine contrast agents are used for radiocontrast imaging examinations in septic, critically ill patients
when there is need for sepsis source finding or surgical interventions [31].

The nephrotoxicity of some antimicrobial drugs is a common problem. Of these, the most
nephrotoxic are: vancomycin, aminoglycosides and polymyxins, which cause acute tubular necrosis
and apoptosis depending on dose, among other factors. Many antimicrobials and other drugs frequently
used in critically ill patients can also cause ATIN, accounting for 60–70% of all ATIN cases [32].
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Table 1. Nephrotoxicity of commonly used medications in critically ill patients [30–36].

Medications (Agents) Clinical and Histological Presentation of Renal Toxicity

Antimicrobials
Aminoglycosides

Glycopeptides (vancomycin)
Polymyxins

acute tubular necrosis, apoptosis, necroptosis, acute oxidative
stress, cycle cell arrest

Antimicrobials
β-lactams

Sulphonamides
Macrolides

Antiretrovirals (Acyclovir)
Rifampin

Fluoroquinolones
Chloramphenicol

Other medications
Diuretics
NSAIDs

Proton pump inhibitors

acute tubulointerstitial nephritis

Sulphonamides
Antiretrovirals acute crystalline nephropathy

High-osmolar iodine radiocontrast agents
Hydroxyethyl starches and gelatine solutions increase in ROS production, vasoconstriction, osmotic nephrosis

NSAIDs altered renal hemodynamics

NSAIDs—nonsteroidal anti-inflammatory drugs, ROS—reactive oxygen species.

7. Vancomycin-Induced Nephrotoxicity Pathophysiology and Biomarkers

Vancomycin is a glycopeptidic antimicrobial agent with substantial bactericidal effect on
Gram-positive bacterial infections and is frequently used in the treatment of Methicillin-resistant
Staphylococcus aureus (MRSA). It also acts against Streptococcus sp., Enterococcus sp., Actinomyces sp.,
Clostridium sp. and Eubacterium sp. Its pharmacokinetics and pharmacodynamics are time-dependent,
but according to recommendations for vancomycin treatment, the best parameter for evaluating its
efficacy is the ratio of the 24 h area under the curve (AUC) to the minimum inhibitory concentration of
AUC/MIC ≥400 mg.h/L with an MIC of pathogen <2 mg/L [37,38]. Vancomycin is not metabolized in
the human body and is eliminated renally by glomerular filtration. Its binding to plasma proteins is less
than 50%, the elimination half-life ranges from 6 to 12 h and volume of distribution is 0.4–1.0 L/kg [37].
The recently revised consensus guidelines of the American Society of Health-System Pharmacists
for vancomycin therapy and monitoring for serious MRSA infections (2020) recommends, in adults
and pediatric patients, a daily AUC/MIC ratio between 400 to 600 mg.h/L. A higher loading dose
(20–25 mg/kg based on actual body weight) should be considered in critically ill patients treated by any
type of RRT or in need of continuous vancomycin infusion. In obese patients with serious infections,
the maximum loading dose is 3000 mg intravenously [39]. However, vancomycin nephrotoxicity
with risk of AKI development is usually associated with higher vancomycin exposure, as measured
by AUC0–24. Additionally, a significantly increased risk for nephrotoxicity has been observed in
patients with AUC0–24 of 563 mg.h/L [40]. However, higher trough vancomycin serum concentrations
>16.5 mg/L are also at greatest risk for new onset of AKI in critically ill patients [41]. In these cases, it is
very difficult, in clinical practice, to maximize antibiotic efficacy, and, at the same time, to minimize its
nephrotoxicity. The pathophysiology of vancomycin nephrotoxicity has been intensively investigated
mostly in experimental research. Sakamoto et al. (2017) uncovered the possible nephrotoxic effect
based on peroxidation of the mitochondrial membrane cardiolipin by vancomycin-induced production
of intracellular ROS and activation of apoptosis in proximal tubular cells [42]. Apoptotic cell death
induced by vancomycin may be associated with activation of specific caspases: caspase 9 and
caspase 3/7 and extensive ROS production [34]. In the prospective multicenter Sapphire study
(NCT01209169 ClinicalTrials.gov) including 723 critically ill adult patients, the pharmacokinetics
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of two urinary biomarkers TIMP-2 and IGFBP7 were evaluated in patients receiving vancomycin,
piperacilin-tazobactam, or their combination. The concentration of biomarkers and the risk of death or
need for dialysis treatment within 9 months, were the highest in the combination group. However,
the AKI progression to an aggravated stage 2/3 was comparable in vancomycin monotherapy and in the
combination treatment [43]. Selected urinary AKI biomarkers—clusterin, cystatin C, NGAL/lipocalin-2,
osteopontin and KIM-1—were investigated in animals receiving vancomycin. A higher vancomycin
exposure presented by an AUC0–24 and maximum serum concentration significantly correlated
with increase in urinary AKI biomarkers but did not correlate with histopathological score [44].
Serum creatinine, urinary NGAL and KIM-1 were measured in 87 patients without chronic kidney
disease (12.6% developed AKI) before and during the vancomycin therapy. According to the
results, both urinary biomarkers NGAL and KIM-1 successfully discriminated patients with and
without vancomycin-induced AKI earlier than serum creatinine [45]. However, in one animal study
(Pais et al., 2019) KIM-1 and clusterin were more sensitive to vancomycin-induced AKI than NGAL [46].

One possible explanation for vancomycin-induced AKI and tubular cell apoptosis is based on
DNA methylation by activation of Methyl-CpG binding domain protein 2 (MBD2). Experimental
inhibition of MBD2 can downregulate miR-301-5p with subsequent restoration of anti-apoptosis gene
expression e.g., hepatoma-derived growth factor (HDGF) and microphthalmia-associated transcription
factor (MITF) and can increase MDM-4 expression for reduction of p53 [47].

8. Gentamicin-Induced Nephrotoxicity Pathophysiology and Biomarkers

Gentamicin is an aminoglycoside concentration-dependent antibiotic agent with bactericidal effects
against Gram-negative bacterial pathogens e.g., Escherichia coli, Pseudomonas aeruginosa, Proteus and
Klebsiella. Renal elimination by glomerular filtration is the predominant type of removal of unchanged
gentamicin from the human organism. Gentamicin enters to some extent the proximal tubular cells,
where it is accumulated in the lysosomes with alteration of their enzymes [48]. The gentamicin volume
of distribution is, approximately, an equivalent to the extracellular body weight, and it generally
decreases with age. The gentamicin elimination half-life in adults with physiological renal function is
very short and ranges between 2 and 3 h [49]. The incidence of acute renal failure during gentamicin
treatment can account for approximately 10–20% of all cases [50]. The nephrotoxicity of gentamicin is
a very complex pathophysiological process with both tubular and glomerular involvement (Figure 1).
Besides the cellular uptake in proximal convoluted cells and acute tubular necrosis, it can induce
mesangial cell contraction and proliferation mediated by platelet-activating factor and also an increase
in free intracellular calcium concentration. Moreover, it can induce activation of the phospholipase A2
enzyme and increased production of eicosanoids in mesangial cells, production of ROS and mesangial
cell apoptosis [51]. For early detection of progression from minimal to moderate kidney injury in
animals treated by gentamicin, the urinary biomarkers clusterin, KIM-1, Cystatin C and NGAL were
compared to serum BUN and creatinine. As predictable, all of these biomarkers showed earlier onset
changes than the generally used serum BUN and creatinine in AKI diagnosis [52]. Another explanation
of gentamicin nephrotoxicity is experimental evaluation of toxicity biomarkers through specific
gene expression associated with apoptosis or cell necrosis. Of 10 analyzed genes associated with
apoptosis, in four, TP53, CASP3, CASP8 and CASP9, an increase in expression was found. In addition,
the regulation of these genes produced proteins capable of cleaving specific substrates leading to
cell death. Moreover, a decrease in antiapoptotic genes e.g., BCL2L1 has been found [53]. In an
experimental study carried out on drug-induced, predominantly tubular (gentamicin and cisplatine)
and glomerular (puromycin and doxorubicin) kidney injury, among several commonly downregulated
miRNAs, miR-143-3p and miR-122-5p were proposed as potential tubular and miR-3473 as glomerular
biomarker candidates [54].
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Figure 1. Simplified pathophysiology of acute kidney injury development in sepsis and selected
antibiotic treatment [6,10,42,47,48,51,55,56]. DNA—deoxyribonucleic acid, ICAM-1—intercellular
adhesion molecule-1, IKK—I-kinase, IL-6—interleukin 6, IL-8—interleukin 8, MBD2—Methyl-CpG
Binding Domain Protein 2, MCP-1—monocyte chemoattractant protein 1, NF-κB—nuclear
factor—kappa B, PTC—proximal tubular cells, ROS—reactive oxygen species, TLR4—Toll-like receptor
4, TNFα—tumor necrosis factor alpha

9. MicroRNAs Associated with AKI Induced by Sepsis or Nephrotoxic Antibiotic Therapy

9.1. miR-15a-5p

The pathogenesis of sepsis AKI development is challenging, and many miRNAs likely participate
in the pathophysiological and biochemical pathways involved. MiR-15a-5p in a regulatory axis with
XIST (X inactive specific transcript)/CUL3 (cullin 3 gene) in septic AKI was investigated in a combined
human and animal study from China with LPS as the endotoxin. The lipopolysaccharide inhibited the
growth of animal podocytes besides the upregulation of XIST and CUL3 and downregulated miR-15a-5p.
The inhibition of XIST and miR-15a-5p enhanced and preserved LPS-induced apoptosis significantly,
while the miR-15a-5p inhibitor reversed the renal cell apoptosis. Furthermore, overexpression of the
CUL3 gene considerably reduced the LPS and miR-l5a-5p-induced apoptosis [57]. Another explanation of
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sepsis pathophysiology is based on regulation of the crucial inflammatory response of damaged organs
with the participation of miR-15a-5p. In one animal study (Lou et al., 2020), after the LPS stimulation
of macrophages there was an increased expression of miR-15a-5p and a release of inflammatory
cytokines IL-6, IL-1ß and TNFα in comparison to a control group. Moreover, it has been demonstrated
that inhibition of miR-15a-5p can decrease the secretion of proinflammatory cytokines by blocking
its targeting gene, TNFα induced protein 3-interacting protein 2 (TNIP2), and the NF-κB signaling
pathway [58]. MiR-15a-5p regulates many genes affecting angiogenesis, hematopoietic cells and
carcinogenesis and has the effect of suppressing inflammation and fibrosis of peritoneal mesothelial
cells induced by peritoneal dialysis [59–61].

9.2. miR-192-5p

In a human study of critically ill patients with sepsis or the nonseptic systemic inflammatory
response syndrome, miR-192-5p was one of six of the most important circulating RNAs that differentiated
sepsis from the nonseptic inflammatory response. MiR-192-5p negatively correlated with concentrations
of pro-inflammatory cytokines (IL-6, IL-1 and IL-8) and sepsis markers (e.g., CRP). However,
no correlation between the miR-192-5p concentration and the generally used SOFA score was found [62].
In a proceeding human study, a positive correlation was revealed between miR-192-5p and the redox
biomarker, peroxiredoxin-1, which is released by immune cells during inflammation [63]. Urinary
miR-192-5p was studied in animals with ischemia-reperfusion-induced AKI, where its expression
in urine was significantly elevated after the ischemic intervention. The results were validated
with urine samples from 71 patients who underwent cardiac surgery. The elevation of miR-192-5p
was detected earlier than KIM-1, that was previously established as a renal injury biomarker [64].
Some other experimental studies on miR-192-5p and renal diseases in association with diabetes,
hypertension and drug nephrotoxicity, can be added to the complex clinical and pathophysiological
review. For example, circulating RNA HIPK3 (homeodomain-interacting protein kinase 3) can bind
miR-192-5p with upregulation of transcription factor FOXO1 (forkhead box protein O1) leading to
hyperglycemia and insulin resistance [65]. In the kidney, miRNA-192-5p contributes to protection
against hypertension through the target gene ATP1B1 (β1 subunit of Na+/K+-ATPase), and miR-192-5p
levels are significantly decreased in humans with hypertension or hypertensive nephrosclerosis [66].
Conversely, there is contrasting data on the kidney-protective role of miR-192-5p in association with
vancomycin-induced AKI. The antagonism of vancomycin-induced miR-192-5p by the miRNA inhibitor
led to a decrease of apoptosis in HK2 cells. Moreover, inhibition of p53 can attenuate apoptosis by
suppressing miR-192-5p in vancomycin-induced AKI [67].

9.3. miR-155-5p

According to the literature, miR-155 plays a critical role in various pathological and physiological
processes, including immunity, inflammation, infection, cancers, hematopoietic cell differentiation,
cardiovascular diseases and some genetic malformations [68].

The effects of activation and suppression of miR-155-5p in relation to various renal diseases and in
sepsis have been investigated in a number of experimental studies [69,70]. Its role in the inflammatory
process has been recently studied in an in vitro model of sepsis where inhibition of miR-155-5p reduced
the expression of IL-6 and IL-8 as pro-inflammatory cytokines by 31% and 14%, respectively. Moreover,
its inhibition can reduce the release of heat shock proteins, such as HSP10, by 69%. The latter is
released from damaged cells as a stress signal [69]. The HSP10 inhibits lipopolysaccharide-induced
inflammatory mediator production and NF-κB activation by inhibiting Toll-like receptor signaling
in cell membranes [71]. Endogenous miR-155 participates on regulation of inflammation and is
released from dendritic cells within exosomes. It is subsequently taken up by recipient dendritic cells.
Exosomal miR-155 promoted endotoxin-induced (LPS) inflammation in one study (Alexander et al., 2015)
by an increase in TNFα and subsequent increase in IL-6 serum concentration [70]. Gentamicin-induced
nephrotoxicity and ischemia-reperfusion injury resulted in increased miR-155 and miR-18 in one rodent
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study [72]. With a higher dose of gentamicin, more significant injury and necrosis of renal epithelial cells
were observed. However, contrary to ischemic injury, with the higher dose of gentamicin (300 mg/kg),
both miRNAs decreased in the urine and increased in the renal cortex and medulla. The range of
miR-155 target genes is very high, and includes genes for the regulation of e.g., mitochondrial processes,
lipid metabolism, kinase-apoptotic pathways and cell proliferation [72].

Experimental modulation of gene expression in salt-sensitive hypertensive animals showed the
important role of circular RNAs in the development of hypertensive kidney injury. The authors of
one study (Lu et al., 2020) characterized a circular RNA called circNr1h4 derived from the Nr1h4
(nuclear receptor subfamily 1, group H, member 4) gene that binds to miR-155-5p and regulates
expression of its target gene—fatty acid reductase 1 (Far1). The reaction between miR-155-5p and
circNr1h4 is basically competitive, where the silencing of circNr1h4 or overexpression of miR-155-5p
considerably decreased Far1 levels and increased ROS production. Therefore, miR-155-5p may be
involved in the pathology of hypertensive kidney injury [73]. The involvement of miR-155-5p in the
pathophysiological pathway to the development of diabetic kidney disease is probably explained
by the signaling axis of p53 and sirt1 genes with regulation of autophagic and fibrotic processes in
renal tubular injury. MiR-155-5p may be involved in the promotion of renal fibrosis under hypoxia
and also in high blood glucose concentration, and is transcriptionally regulated by p53. This allows
participation in the regulation of cell growth, the cell cycle, differentiation and apoptosis [74].

9.4. miR-486-5p

One of the most serious causes of acute kidney injury is ischemia-reperfusion injury, often resulting
in tubular cell necrosis or apoptosis. In one experimental study (Viñas et al., 2016), the effect of exosomes
with miR-486-5p derived from endothelial colony-forming cells (ECFCs) on protection against kidney
injury was investigated in mice with induced renal ischemia. Infusion of ECFC exosomes into ischemic
endothelial kidney cells had a strong functional and histological protective effect, associated with
increased kidney miR-486-5p levels, decreased phosphatase and tensin homolog (PTEN) and activation
of the Akt pathway [75]. In chronic kidney disease, miR-486-5p inhibits the forkhead transcription
factor FOXO1 by downregulation of PTEN phosphatase, a negative regulator of Akt. FOXO1 appears
to be the predominant mediator of muscle wasting in chronic nephropathy, accelerated by stimulating
the ubiquitin proteasome system through activation, e.g., E3 ligases [76]. In one human study
(Regmi et al., 2019) involving patients with diabetic nephropathy, decreased serum concentrations
of miR-486-5p were found and, this negatively correlated with albuminuria, levels of fasting blood
glucose and glycated hemoglobin [77].

The association between LPS-induced inflammation and miR-486-5p with target FOXO1 has been
studied in vitro in nucleus pulposus cells and intervertebral disc degeneration. Experimentally, it was
shown that miR-486-5p overexpression led to a decrease of LPS-induced production of inflammatory
cytokines IL-1ß, IL-6 and TNFα and protected the nucleus pulposus cells against apoptosis [78].

9.5. miR-423-5p

Ischemia-reperfusion-induced AKI is one possible pathophysiological process, in which miR-423-5p
may be substantially involved, along with other circulating miRNAs. Experimentally, it has been
shown that miR-423-5p induces endoplasmic reticulum stress and reactive oxidative stress by inhibiting
the GSTM1 (Glutathione-S-Transferase Mu 1) gene which encodes the glutathione-S-transferase M1
enzyme in ischemia-reperfusion injury [79]. Glutathione-S-transferase is a very potent detoxification
enzyme that protects the renal tubular cells against oxidative stress and ROS. The considerable
involvement of miR-423-5p in the regulation and activation of NF-κB signaling by the TNIP2 gene
has been demonstrated in patients with lupus nephritis [80]. The TNIP2 gene increases IKKα kinase
activity and phosphorylation and induces NF-κB target genes [80]. The exact pathogenesis and
factors contributing to renal cell injury here are still under investigation. MiR-423-5p is postulated to
suppress podocyte injury in conditions of high blood glucose levels. Overexpression of miR-423-5p
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by negatively regulated Nicotinamide adenine dinucleotide phosphate oxidase-4 (NOX4) gene can
antagonize high glucose-induced podocyte injury. Moreover, it inhibits ROS production, cell apoptosis,
inflammation and subsequent damage of renal cells [81].

The schematic pathophysiology of acute kidney injury in a critically ill patient with sepsis and
nephrotoxic antibiotic treatment with selected miRNAs is presented in Figure 2.

Figure 2. Schematicpathophysiologyofacutekidneyinjury inacritically illpatientwithsepsisandnephrotoxic
antibiotic treatment with selected miRNAs. AKI—acute kidney injury, GSTM1—glutathione-S-transferase Mu
1 gene, IL-6—interleukin 6, IL-1ß—interleukin 1ß, NF-κB—nuclear factor—kappa B, TNFα—tumor necrosis
factor alpha, TNIP2—tumor necrosis factor alpha induced protein 3-interacting protein 2, TLR4—Toll-like
receptor 4.

10. Therapeutic Approaches in Septic Patients with AKI

In the therapeutic approach to AKI in septic critically ill patients, it is essential for clinicians
to decide between conservative or invasive measures. The first step is generally the treatment
of sepsis by wide-spectrum antimicrobial agents, according to the epidemiologically assumed
microbial [30]. Accordingly, there is a need to consider surgical or other intervention to eliminate the
potential source of the sepsis. AKI severity, clinical and hemodynamic status as well as metabolic
alterations are the basics for RRT or conservative therapy. Many experimental AKI biomarkers
including miRNAs have an ancillary role in AKI diagnosis to assist clinicians in decision-making,
in primarily preventive approaches. Usually this means dose adjustment of the nephrotoxic agents,
stabilization of hemodynamics with controlled volume expansion if needed, preservation of urine
output, adequate nutrition and treatment of any metabolic disorder. The crucial use of additive AKI
biomarkers besides serum creatinine and urea, are the subject of ongoing research. During the first
phase of septic AKI, of clinical importance is optimization of fluid management with adequate fluid
resuscitation and avoidance of fluid overload. Physicians have to take into account patient’s volume
status, urinary output, the type of intravenous fluids and infusion rates [82]. However, fluid overload
due to loss of plasmatic proteins and increase in capillary permeability, can lead to fluid accumulation
with a worsening of patient clinical status. In the renal parenchyma this increases the renal venous
pressure, reduces the renal perfusion pressure and glomerular filtration rate with consequent retention
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of salt and water [83]. Fluid resuscitation with hemodynamic stabilization and choice of fluids play an
important role in the therapeutic approach to both syndromes—sepsis and AKI. The preferred solutions
are saline and balanced crystalloids, whereas hydroxyethyl starches and gelatin solutions can be
associated with increased risk of AKI in septic patients. In the presence of septic shock, despite adequate
volume resuscitation, there is a need for vasoactive drugs to restore renal parenchymal perfusion.
In the case of sepsis, for this reason, commonly used drugs are norepinephrine, dopamine, vasopressin
and phenylephrine [84].

With severe AKI, metabolic alterations and worsening hemodynamic instability, there is usually an
increased need for RRT initiation in intermittent (IRRT) or continuous (CRRT) form. In physical principle
and type of RRT or blood purification techniques, there are dialysis, hemofiltration, hemodiafiltration,
hemoadsorption by CytoSorb (for severe sepsis) or plasmapheresis. Some RRT methods can be
also combined according to clinical or laboratory findings. Close patient status monitoring and
adequate supportive measures in cases with absence for urgent RRT initiation are the basic steps
in conservative approaches. Thus, the timing for RRT initiation does not play a substantial role in
survival in critically ill patients with AKI, especially in cases where conservative approaches can be
successfully used [85]. A more comprehensive view was achieved after termination of the French AKIKI
(Artificial Kidney Initiation in Kidney Injury) study (ClinicalTrials.gov NCT 01932190) performed in
620 critically ill patients with acute kidney injury. No significant difference in mortality between early
and delayed strategies of RRT initiation with a decrease in need for RRT in the delayed approach was
found [86]. Hemoadsorption with CytoSorb can be used predominantly in patients suffering from
septic shock with careful decision-making, according to the APACHE II score. The basic principle of
these blood purification devices, using more effective membranes or columns incorporated in CRRT,
is removal of pro-inflammatory cytokines (e.g., IL-6, IL-8, TNFα) and endotoxins to stabilize the
patient’s hemodynamics and decrease the need for vasopressor therapy [87]. Preserving adequate
fluid balance, net ultrafiltration, treatment dose, nutritional support and antibiotic treatment are a vital
component of the therapeutic approach in critically ill septic patients [88].

In patients with septic AKI on any type of RRT treatment, what is crucial is the antimicrobial
treatment and therapeutic drug monitoring where possible. Many renally eliminated antimicrobial
agents in these circumstances undergo changes in pharmacokinetics/pharmacodynamics parameters,
including clearance, volume of distribution, binding to plasma proteins and elimination half-life.
The dose adjustment has to be individualized according to serum concentration, to achieve the required
pharmacodynamics parameters, drug efficacy and decrease the risk of toxicity [89,90]. Other preventive
measures such as antioxidants in the case of antibiotic nephrotoxicity are still under investigation.

11. Conclusions

The early diagnosis of AKI, adequate preventive and therapeutic approaches in critically ill septic
patients, are still a challenge for clinicians. Some experimental AKI biomarkers are undergoing research
to help clinicians with essential, timely detection of renal injury. However, to date, there is no specific
biomarker for particular toxic, septic or ischemic renal damage. None of them is able to distinguish
between specific insult causing the AKI. For this reason, there is considerable current attention on
miRNAs and their pathophysiological role in the human organism.
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Abstract: Partial or complete obstruction of the urinary tract is a common and challenging urological
condition caused by a variety of conditions, including ureteral calculi, ureteral pelvic junction
obstruction, ureteral stricture, and malignant ureteral obstruction. The condition, which may
develop in patients of any age, induces tubular and interstitial injury followed by inflammatory cell
infiltration and interstitial fibrosis, eventually impairing renal function. The serum creatinine level is
commonly used to evaluate global renal function but is not sensitive to early changes in the glomerular
filtration rate and unilateral renal damage. Biomarkers of acute kidney injury are useful for the early
detection and monitoring of kidney injury induced by upper urinary tract obstruction. These markers
include levels of neutrophil gelatinase-associated lipocalin (NGAL), monocyte chemotactic protein-1,
kidney injury molecule 1, N-acetyl-b-D-glucosaminidase, and vanin-1 in the urine and serum NGAL
and cystatin C concentrations. This review summarizes the pathophysiology of kidney injury
caused by upper urinary tract obstruction, the roles played by emerging biomarkers of obstructive
nephropathy, the mechanisms involved, and the clinical utility and limitations of the biomarkers.

Keywords: upper urinary tract obstruction; kidney injury; biomarkers; neutrophil gelatinase-associated
lipocalin; monocyte chemotactic protein-1; kidney injury molecule 1; cystatin C; vanin-1

1. Introduction

Upper urinary tract obstruction (UUTO) is a common and challenging urological condition
caused by a variety of diseases, such as ureteropelvic junction obstruction (UPJO), ureteral calculi,
ureteral strictures, and malignant ureteral obstruction. The condition may occur in patients of any
age. Surgical intervention is necessary for moderate to severe cases, depending on the cause of
the obstruction.

Hydronephrosis, or swelling in one or both kidneys due to incomplete emptying, is often observed
in UUTO patients. However, the extent of hydronephrosis does not necessarily reflect the severity
of UUTO. Obstruction may be minimal despite moderate to severe hydronephrosis, or it may be
severe without obvious hydronephrosis. Renal scans together with determination of the glomerular
filtration rate constitute the standard method of evaluating the presence and severity of UUTO.
These examinations can be time-consuming and distressing especially to the child, and are not sensitive
or specific enough to identify those kidneys that require treatment in all cases. Additionally, renal scans
are expensive and not always available. Therefore, there is a great need for the development of new
methods to stratify and monitor patients, and the biomarker research field is a promising approach for
this purpose. Urinary as well as serum proteins provide information of the physiological condition in
the kidney and have the potential to be used as prognostic tools for early disease detection and the choice
of the optimal treatment and monitoring [1]. The present review summarizes the pathophysiology of
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kidney injury caused by UUTO, the roles played by emerging biomarkers of obstructive nephropathy,
the mechanisms involved, and the clinical utility and limitations of the biomarkers.

2. Upper Urinary Tract Obstruction

2.1. UPJO

Congenital obstructive nephropathy reflects maldevelopment of the urinary tract in utero.
Most commonly, lesions lie in the ureteropelvic junction (UPJ), causing chronic renal failure. Rapid
diagnosis and treatment are essential to preserving function and slowing renal damage. The prevalence
is one in 1500 live births [2]. Although UPJO is less common in adults, the condition is not rare [3]. In
addition to having a congenital cause, acquired stenosis of the UPJ may follow an upper urinary tract
infection, the development of stones, trauma, or ischemia. Vessels that compress or distort the UPJ
when crossing the urinary tract may obstruct ureteral outflow in adults.

2.2. Ureteral Calculi

Urinary tract stones are very common. The prevalence is 1–19.1% in Asia, 5–9% in Europe,
and 7–13% in North America [4,5]. Although most small stones pass spontaneously, some do not,
causing UUTO with or without infection. Surgical intervention (shock wave or ureteroscopic lithotripsy)
is required to prevent the impairment of renal function [6]. Even after stones are removed, some
patients develop ureteral strictures that may continue to impair renal function.

2.3. Ureteral Strictures

A ureteral stricture is a narrowing of the ureter that causes an obstruction. Strictures cause
significant morbidity and mortality from renal failure. Benign strictures are typically caused by
ischemia or inflammation. Causes include radiation, trauma associated with calculus impaction, pelvic
surgery, and ureteroscopy [7]. Moderate to severe strictures require surgical intervention, such as
balloon dilation, endoureterotomy, or stricture resection.

2.4. Malignant Ureteral Obstruction

A malignant ureteral obstruction develops secondary to a malignant tumor. A primary tumor
may infiltrate the ureteral wall and compress the ureter, swollen lymph nodes may wrap around the
ureter, edema and retroperitoneal fibrosis that develop after radiotherapy may distort the ureter or
cause luminal stenosis, or ureter elasticity may be weakened [8]. The condition may be unilateral or
bilateral. Clinical removal of the obstruction and rapid improvement in renal function are the aims of
treatment. Although ureteral stenting or nephrostomy is performed in severe cases, these procedures
reduce the quality of life. Markers of severity are required.

3. The Pathophysiology of Kidney Injury Caused by UUTO (Figure 1)

Urinary tract obstruction affects renal function in many ways. The increase in intratubular
hydrostatic pressure [9] triggers renopathogenic effects via three proposed mechanisms: tubular
ischemia caused by hypoperfusion, pressure-induced mechanical stretching or compression of tubular
cells, and altered urinary shear stress. The latter two mechanisms are likely the primary causes of
obstructive renal injury [10], being associated with the dysregulation of many cytokines, growth
factors, enzymes, and cytoskeletal proteins. Changes in early renal hemodynamics are followed by
structural and functional changes in the entire nephron. The earliest stage of UUTO is associated with
an increase in renal blood flow 1–2 h in duration [10]. The intrarenal renin–angiotensin–aldosterone
system is then activated, which causes pre- and post-glomerular vasoconstriction and resultant
drops in renal blood flow, medullary oxygen tension, and the glomerular filtration rate [11,12].
The increased intra-renal angiotensin II activates nuclear factor kappa B, triggering cytokine release
and reactive oxygen species (ROS) production [2,10,13,14]. Adhesion molecules such as selectins attract
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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

204



Int. J. Mol. Sci. 2020, 21, 5615

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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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.
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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
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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

235



Int. J. Mol. Sci. 2020, 21, 4690

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.
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AKI acute kidney injury
AKIN acute kidney injury network
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CKD chronic kidney disease
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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
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RRT renal replacement therapy
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TIMP-2 tissue inhibitor of metalloproteinases 2
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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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