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ARTICLE INFO ABSTRACT

Keywords: Background: Chronic kidney disease (CKD) affects many people worldwide and early diagnosis is essential for

AKI successful treatment and improved outcome. Unfortunately, current methods are insufficient especially for early

2i°markers disease detection. However, advances in the analytical methods for urinary biomarkers may provide a unique
Cfe]zltinine opportunity for diagnosis and management of CKD. This review explores evolving technology and highlights the
Urinary importance of early marker detection in these patients.

Approach: A search strategy was set up using the terms CKD, biomarkers, and urine. The search included 53
studies comprising 37 biomarkers. The value of these biomarkers for CKD are based on their ability to diagnose
CKD, monitor progression, assess mortality and nephrotoxicity.

Results: KIM-1 was the best marker for diagnosis as it increased with the development of incident CKD. DKK3
increased in patients with declining eGFR, whereas UMOD decreased in those with declining kidney function.
Unfortunately, none fulfilled all criteria to adequately assess mortality and nephrotoxicity.

Conclusion: New developments in the field of urinalysis using smart toilets may open several possibilities for
urinary biomarkers. This review explored which biomarkers could be used for CKD disease detection and
management.

1. Introduction disturbances in mineral homeostasis. Furthermore, the last stage of

kidney deterioration leads to end-stage kidney disease (ESKD) and can

Chronic kidney disease (CKD) affects around 13.4 % of the popula-
tion worldwide and these percentages are expected to rise as the rates of
CKD risk factors including hypertension, diabetes mellitus, and obesity
are steadily increasing[1,2]. CKD carries a high burden on society and
the patients’ life, due to its high contribution to healthcare costs and
high mortality risk[3]. CKD is described as sustained damage to the
renal parenchyma, leading to the deterioration of kidney function. Loss
of kidney function can result in anemia, concentration problems, and

result in dialysis and renal replacement therapies, such as trans-
plantation[4]. Early diagnosis and monitoring of patients is a necessity
as it can slow the progression and start treatment earlier.

Diagnosis of CKD occurs through determination of the glomerular
filtration rate (GFR) and the current gold standard to measure the GFR
uses an injection of inulin. This method is considered very invasive and
expensive[5]. Instead, serum or urinary excretion of creatinine in
combination with demographic features is utilized to determine the
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ratio; ACR, albumin-to-creatinine ratio; RBP, retinol-binding protein; CCR, creatinine clearance; NAG, N-Acetyl-Beta-D-Glucosaminidase; TIMP-2, tissue inhibitor of
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estimated GFR (eGFR). Yet the accuracy of using creatinine has been
questioned, as it is found in food and can be released by the peritubular
capillaries causing the overestimation of the eGFR[5]. Moreover, serum
creatinine only increases when the kidney parenchyma is 40-50 %
damaged, meaning that earlier damage is not detected[6]. For example,
healthy values of eGFRs are commonly observed in people with tubu-
lointerstitial fibrosis, which is not well captured by the common tech-
niques in the clinic[7]. Other diagnostics methods, such as albuminuria,
are not accurate enough for implementation in the clinical field[8].

Enormous advancements in sensor, display and battery technologies
have enabled the development of health monitoring devices, such as
smart watches with heart rate monitors[9]. Newer developments in this
field have focused on at-home monitoring, including so-called smart
toilets[10]. The development of these smart toilets makes monitoring
through urinalysis easier and more frequent, which is important as
adults in the United States visit their health provider less than four times
a year. Increasing the frequency in which patients are sampled could
increase the chance of determining renal insufficiency in earlier stages
and urinary biomarkers could play a large role in the consistent uri-
nalysis that the smart toilets allow.

Biomarkers can be used as powerful and non-invasive tools to
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provide insights into diagnostics, prognostics, and progression[11,12].
Biomarkers are a defined characteristic, including proteins, that can be
measured as an indicator of normal biological processes[13,14]. This
includes measuring tubules’ health, which is indicative of the prognosis
of kidney injury[15]. In addition, biomarkers could indicate the location
of injury enabling more targeted therapies and better insight into
pathogenesis[15]. Monitoring and early diagnosis of patients require
multiple, repeated measurements, which makes a non-invasive
biomarker most suitable[12].

Since recent developments in the urinalysis field using smart toilets
have opened up new possibilities for automatic measurements of urinary
biomarkers, this review aims to explore known biomarkers in literature
that are indicative of CKD. Especially since current methods for deter-
mining CKD are not fully accurate. To explore the possibility of each
marker to be introduced into a smart toilet for diagnosis, prognosis and
disease progression, a set of different criteria and categories are defined.
After which, the different biomarkers will be discussed based on their
proposed use in literature and based on the different criteria per cate-
gory. Lastly, the use of these biomarkers in smart toilets will be
discussed.
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Fig. 1. Biomarkers in different segments of the nephron. The arrows indicate the level of the biomarker compared to the other state (i.e., healthy versus
diseased). | indicates a decrease, while 1 indicates an increase. — denotes that the biomarker is not detected in that state.
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2. Approach

Biomarkers hold information on the health of an individual; how-
ever, it is necessary to know and determine what information it provides
and how to interpret it. Different biomarkers can be indicative of
different parts of the nephron and as such, can give information on a
certain part of the nephron (Fig. 1). In this review, different biomarkers
are described and their suitability for CKD diagnosis, progression,
mortality risk and risk of nephrotoxicity. A search was conducted using
the terms “urine”, “biological marker” and “chronic kidney disease”.
From this, 53 studies were found, consisting of 37 biomarkers. All arti-
cles that were used to discuss the effectivity of the markers can be found
in detail in Table 1. To assess the effectivity and usability of the bio-
markers for these four categories, a set of criteria has been used that are
described in Table 2.

3. Diagnosis

The main challenge of CKD is to diagnose patients early in the dis-
ease. This can lead to earlier treatment, which could halt or slow the
progression of the disease[67]. A diagnostic biomarker for CKD should
be able to detect CKD early in the disease, but also be accurate in
diagnosing a patient in any stage of disease. The main biomarkers that
were found to be associated with the diagnosis of CKD were KIM-1, al1M,
f2M, NGAL and NAG. Each biomarker is explained in the following
sections, followed by a summary.

3.1. KIM-1

KIM-1 is a marker for the early nephron, specifically the proximal
tubule (PT), where it is shed from damaged cells[59,68]. It is absent in
urine when kidneys are healthy[68] and increases with the development
of incident CKD[19,65]. It is generally found in the range of picograms
in the urine.

The association of KIM-1 with development of incident CKD could
make it an ideal candidate to determine kidney injury. However, studies
that aim to determine the diagnostic ability of KIM-1 in AKI are incon-
sistent. Sinkala et al. showed that KIM-1 has a receiver operating curve
(ROCQ) and area under the curve (AUC) which is worse than creatinine
[51], even though other studies show higher AUCs[25,69]. The
discrepancy between the studies of Sinkala et al. and Han et al. is also
seen in the reported sensitivity and specificity of the biomarker. At a cut-
off of 3.1 ng/mL Sinkala et al. reported a sensitivity of 44.1 and a
specificity of 67.6; while, at a cut-off of 2.0 ng/mg Ucr Han et al. re-
ported a sensitivity of 65 and a specificity of 42[25,51]. The discrep-
ancies between the studies could be caused by the different populations,
as the study by Han et al. solely observed the role of KIM-1 in AKI, while
Sinkala et al. investigated KIM-1 for AKI and CKD. Moreover, the study
of Han et al. used creatinine to normalize the KIM-1 concentrations,
while this is not described in the study of Sinkala et al.

Even though there are some inconsistencies between certain studies,
KIM-1's linked expression to damaged kidneys still makes it a promising
marker for CKD.

3.2. alM and p2M

alM and p2M are two low-molecular weight proteins (LMWP) that
are excreted by the kidney. They are markers for the proximal tubule
(PT), and they are not reabsorbed by the kidney in case of damaged PT
cells (Fig. 2)[21,28]. alm and p2m concentrations in the urine range
between 0.6 ng/ml to 22 mg/L and 78.3 ng/mL to 95 ng/mlL,
respectively.

Intensive blood pressure lowering (<120 mmHg) has been shown to
decrease the risk of major cardiovascular events in comparison with
standard blood pressure lowering (<140 mmHg). However, a higher
incidence of CKD has been reported in the intensive blood pressure
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lowering group. To determine kidney injury in these groups, a panel of
biomarkers, including a1M and p2M, were used. Conversely, levels of
alM and p2M among others, decreased in the intensive arm compared to
standard. This indicates that the changes in eGFR might not be due to
damage, and it is hypothesized that the eGFR decline might instead be
due to benign changes in blood flow[65]. In addition, f2M is related to
changes in eGFR, with levels in CKD patients being associated with
faster eGFR decline. However, its levels only markedly increase at the
later stages, stage 4 and 5, of the disease[21].

Since p2M increases too late in CKD development, the biomarker is
less suitable for early diagnosis of CKD. For alM, it is unclear in which
stage of disease levels start to change. However, since a1M is released in
a similar mechanism as 2V, it is likely that this biomarker will also start
to increase late in CKD development[21,28].

3.3. NAG

NAG is a marker for the PT, and it is shed by damaged cells in the PT
[32]. In the studies found, NAG was measured in different samples
including spot urine and 24-hour urine, making it difficult to determine
a proper range. NAG is only mildly correlated with the eGFR[58], and its
activity can be affected by nephrotoxins which changes its urinary levels
[32,59]. This makes NAG less reliable as a marker for CKD. Nevertheless,
NAG has been described as a biomarker for AKI[58], generally, AKI will
occur suddenly, leading to a steep decrease in kidney function. In CKD,
this kidney function decline occurs slowly. Sudden and extreme changes
may lead to a stronger release of a biomarker, while a slow effect might
lead to low, non-detectable changes.

3.4. NGAL

NGAL is considered a marker for the distal convoluted tubule (DCT)
and it is shed from damaged DCT cells[32]. NGAL was measured in
different samples including spot and 24-hour urine, making it difficult to
determine a range. Laws et al. showed that the NGAL concentration in
urine increases with a decline in eGFR[32]. In addition, urinary NGAL is
better correlated to GFR than serum creatinine, which might translate
well in its ability to identify early GFR loss[70]. As a decline in early
eGFR could be used as an early indication of CKD, NGAL is an interesting
marker for early disease detection.

NGAL does have a high within-subject variation, which could affect
the accuracy[19]. The high within-subject variant might prevent easy
implementation of the urinary biomarker, since it will be more difficult
to determine correct reference ranges.

3.5. Summary

The main biomarkers that were found to be associated with the
diagnosis of CKD were KIM-1, alM, f2M, NAG and NGAL. All these
markers are considered tubular markers and, as a result, are more sen-
sitive to tubular insults than glomerular insults[21,28,32,59,68]. They
are released by different parts of the nephron and by different mecha-
nisms as shown in respectively Figs. 1 and 2. In addition, all the markers
increase when developing a disease. Their initial concentration and its
increase with diseases however differs.

Of these biomarkers, KIM-1 is the most promising marker for diag-
nosing CKD, followed by NGAL. The concentration of KIM-1 and NGAL
both increase with development of disease. When using NGAL, however,
its high within-subject variation should be considered. This variation is
much lower for KIM-1[19].

4. Progression
Patients with CKD can have stable disease for years and suddenly

progress to further kidney function loss. Since this occurs suddenly, it is
often not recognized in time. It is crucial to identify a biomarker that can
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Table 1

Characteristics of the 53 included studies.
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First author, Biomarker-related findings Urinary biomarker Urine sample Sample population Study N Mean range of
year (s) type design (male biomarker in study
%) population at
baseline, not
control (unit)

Ascher et al Lower levels of UMOD and higher alm, f2m, UMOD, Spot urine* CKD IS 2377 Not reported
[16]., levels of MCP-1 and NGAL, were 1L-18, KIM-1, NGAL, (n.a.)

2022 associated with a risk of adverse MCP-1, YKL-40
kidney events.

Ben-Dov et al Mir-1(4) and Mir-133b(2) played a miRNAs Spot urine* ADPKD, CKD ocC 40 (50) Not reported
[171., role in the repression of ADPKD
2014

Campbell et NGAL poorly correlated with RBPCR PCR, ACR, RBP, Spot urine HIV-positive patients ocC 317 (n. Protein-creatinine:
al[18]., or CCR; indicating that they may NGAL a.) 82.8 (mg/g
2012 reflect different types of tubular creatinine)

dysfunction. Albumin-creatinine:
10.3 (mg/g
creatinine)
RBP: 66.4 (1g/g
creatinine)
NGAL: 17,993 (ng/g
creatinine)

Carter et al Urinary biomarkers exhibited a NAG, alm, NGAL, Random urine CKD oC 80 (n. NAG: 360 (pg/L)
[19]., higher CV; compared to blood KIM-1, Alb, IL-18, sample a.) olm: 22 (mg/L)
2016 biomarkers, creatinine adjustment TIMP-2 NGAL: 32 (pg/L)

reduced the within-subject KIM-1: 1.04 (pg/L)
variability. Alb: 160.4 (mg/L)
1L-18: 39.4 (ng/L)
TIMP-2: 2.9 (ug/L)

Chen et al uDcR2/cre levels were associated uDcR2, NAG, ACR Midstream CKD, IgA nephropathy, oC 72 (n. NAG: 7.5 (U/Cr)
[20]., with tubulointerstitial injury. morning urine DN, FSGS a.) uDcR: 2 67.5 (ng/g
2018 samples Cr)

albumin-creatinine:
74.9 (mg/g Cr)
Donadio uBTP was increased in CKD patients, Creatinine, BTP, Cys,  Fasted morning CKD at any stage oC 295 Not reported.
[21], starting from stage 2. B2M, RBP, Alb. urine (53.6)
2010

Fuhrman et Urinary protein to creatinine ratio, PCR, ACR and Unon-  Spot urine Children eGFR 30 - 75 ocC 540 Protein-creatinine:
al[22]., albumin-creatinine ratio and u-non- alb/cr ml/min per 1.73 m3. (60) 0.32 (mg/mg
2017 alb/cr were associated with creatinine)

progressive decline in eGFR or Albumin-creatinine:

initiation of renal replacement 112 (mg/g

therapy. creatinine)
Albumin-protein:
0.44 (mg/mg
protein)
Nonalbu-creatinine:
167.6 (mg/g
creatinine)

Gupta et al sCD25 rose in patients experiencing Urinary sCD25 Spot urine SLE oC 119 741.1 (pg/mg
[23]., relapse or worsening of disease, it (7.6) creatinine)

2014 falls in patients with good response.

Haase-Fielitz Urine hepcidin levels were higher in Hepcidin Spot urine Patients at risk of ocC 100 (n. 120 ng/mg
et al[24]., patients who did not develop AKI postoperative AKI a.)

2011 after CPB. Pre-operative levels post-
operative were associated with AKI.

Han et al KIM-1 levels are increased in patients ~ KIM-1 Spot urine* AKI Ccs 84 (55) 3.3 ng/mg
[25]., with AKI, even more than in patients creatinine
2008 with CKD and normal controls.

Ixetall7]., A1M and MCP-1 levels were olm, MCP-1, PIIINP, Spot urine Kidney transplant CC 699 (n. Albumin-creatinine:
2017 associated with risk of allograft PINP patients a.) 24.5 (mg/g

failure. PIIINP and PINP were found creatinine)
not to be associated with a risk of Further not
allograft failure. reported.

Jantos-Siwy Quantification of urinary peptide 7 urinary collagen 24-hour urine, DN, macroalbuminuria, Ccs 80 Not reported.
et al[26]., levels can occur through a set of peptides spot urine MGN, FSGS, vasculitis, (77.5)

2009 peptides that can be detected with IgA nephropathy
low variability. 29 peptides offer a
robust method of normalisation,
more than using 7 peptides.

Jotwani et al Lower uUMOD levels and higher f2m  UMOD, p2M, alm Spot urine* Blood pressure > 130 1S 2428 UMOD: 6.5 (ng/mL)
[271., levels were associated with eGFR mm Hg and CVD risk (60) p2M: 95 (ng/mL)
2020 decline; this association was weaker olm: 14 (mg/L)

in the treatment arm.

(continued on next page)
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Table 1 (continued)
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First author,  Biomarker-related findings Urinary biomarker Urine sample Sample population Study N Mean range of
year (s) type design (male biomarker in study
%) population at
baseline, not
control (unit)

Jotwani et al PrEP combined with TDF and FTC olM, Alb, total Spot urine* HIV-seronegative men 1S 200 olm: 0.78 (mg/dL)
[28]., caused a rise in alm and total proteinuria MSM and transgender (100) Albumin-creatinine:
2018 proteinuria, but not with women 7.6 (mg/g

albuminuria. creatinine)
Protein-creatinine:
72 (mg/g creatinine)
Jotwani et al When indexed for creatinine, YKL-40 1L-18, KIM-1, NGAL, Spot urine* eGFR < 60 ml/min/1.73 1S 2377 Not reported.
[29]., was associated with an increased risk ~ MCP-1, YKL-40 m? (60)
2019 of CVD.

Kamijo et al Urinary L-FABP was more sensitive L-FABP Spot urine* CKD Ccs 48 (75) L-FABP: 107.4 (pg/g
[301., for CKD progression than urinary creatinine)

2005 protein.

Kamijo et al Urinary protein levels were not L-FABP, NAG, PCR Spot urine* CKD Cs Study Protein-creatinine:
[31]., affected by urinary dysfunction; 1: 48 1.3 (g/g creatinine)
2006 however, L-FABP did change, (75) NAG: 9.3 (IU/g

indicating that it may be a marker for Study creatinine)
monitoring progression. 2:71 L-FABP: 89.3 (ug/g
(49) creatinine)

Laws et al There were associations between NGAL, IL-18, NAG, Spot urine >1.4 mg/dL sCrea Ccs 284 NGAL: 7.5 (nug/g
[32]., NGAL and NAG and decreases in Alb (88) creatinine)

2015 eGFR. 1L-18: 9.0 (ng/g
creatinine)
NAG: 1.32 (U/g
creatinine)

Mackay et al Urinary RBC did not contribute toany =~ uRBC Spot urine, 24- LN oS 944 (n. Not reported.

[33]., of the risk models. 12-month serum hour urine a.)
2018 creatinine and proteinuria did.

Malhotra et Intensive BP lowering lead to declines f2M, a1M, UMOD, Urine collected at eGFR 20-59 ml/min/ 1S 9361 Albumin-creatinine:
al[34]., in eGFR and no changes in 8 urinary 1L-18, KIM-1, NGAL, months 1, 6, 12 1.73 m? (64.4) 21.9 (mg/g
2019 biomarkers. B2M and A1M were MCP-1, YKL-40, ACR  and yearly up until creatinine)

significantly lower. month 60 p2M: 101.9 (ng/g
creatinine)
olM: 10.4 (mg/g
creatinine)
YKL-40: 442.8 (ng/g
creatinine)
UMOD: 6366.2 (ng/
g creatinine)
MCP-1: 152.4 (pg/g
creatinine)
KIM-1: 673.6 (pg/g
creatinine)

Markoska et Downregulation of collagen CKD273, fetuin A, Spot urine* eGFR > 15 ml/min/1.73 oS 533 (n. Not reported.
al[35]., fragments were associated with OPN m? a.)

2018 progressive disease. Fetuin A is
associated with CKD progression.

Miller et al Supplementation decreased NGAL, L- KIM-1, NGAL, L- 24-hour urine T2DM IS 31 (n. KIM-1: 756 (ng/day)
[36]., FABP, NAG and albuminuria; FABP, NAG, Alb a.) NGAL 16.3 (pg/day)
2013 however, no decrease in creatinine- L-FABP: 3.9 (pg/

based eGFR. day)
NAG: 2.0 (units/
day)
Albumin: 161 (mg/
day)

Nadkarni et Patients who developed incident CKD KIM-1, IL-18, YKL- Spot urine T2DM, HbA1C and 2 risk IS 529 (n. KIM-1: 680.6 (pg/
al[37]., had an eGFR decrease and a rise in IL- 40, MCP-1 factors for CVD a.) mL)

2018 18 and YKL-40. IL-18: 22.4 (ng/mL)
YKL-40: 223.7 (ng/
mL)
MCP-1: 133.5 (pg/
mL)

Nakamura et Urinary levels of L-FABP and 8-OHdG  L-FABP, 8-OHdG Spot urine, 24- IgA nephropathy IS 24 (54) L-FABP: 122.5 (pg/g
al[38]., were higher in IgA patients compared hour urine creatinine)

2007 to healthy controls. 8-OHdG: 22.6 (ng/
mg creatinine)

Nakamura et There was a correlation between L- NAG, alM, L-FABP Spot urine Mild CKD 1S 30 (60) NAG: 7.6 (Ul/g
al[39]., FABP and urinary protein and creatinine)

2006 creatinine clearance. Pitavastatin was olM: 9.5 (mmg/g
effective in reducing urinary protein creatinine)

and L-FABP levels.

L-FABP: 84 (ug/g

(continued on next page)
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Table 1 (continued)
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First author,  Biomarker-related findings Urinary biomarker Urine sample Sample population Study N Mean range of
year (s) type design (male biomarker in study
%) population at
baseline, not
control (unit)
creatinine)
Nandula et al ~ Treated patients exhibited lower Nephrin, Wilm’s Spot urine T2DM oS 29 (n. Not reported.
[40]., podocyte proteins, indicating a Tumor, PODXL1 a.)
2021 protective effect.
Panagiotouet A decline in uNGAL was observed in NGAL Spot urine eGFR < 50 ml/min/1.73 IS 80 (n. 19.7 (ng/mL)
al[41]., patients treated with rhC1INH m?, undergoing a.)
2020 compared to the placebo. This angiography
indicates that rhC1INH interferes
with the chronic inflammatory
processes.
Parikh et al Plasma YKL-40 and KIM-1 could KIM-1, NGAL, IL-18, Urine collected eGFR < 50 ml/min/1.73 LA 797 (n. KIM-1: 1804 (pg/
[42]., serve as prognostic biomarkers for UMOD, YKL-40, 1-2 h prior to m?, undergoing a.) mL)
2019 AKI. MCP-1 angiography angiography NGAL: 37 (pg/mL)
IL-18: 21 (pg/mL)
MCP-1: 205 (pg/mL)
UMOD: 2484 (pg/
mL)
YKL-40: 90 (pg/mL)
Pontillo et al CDK273 predicted decline in GFRand =~ CKD273 Human Urine T1DM T2DM, CKD PA 2087 Not reported.
[43]., progression in disease. Proteome (53.6)
2017 Database/meta-
analysis
Prkacin et al NGAL was shown to be increased in NGAL Spot urine* RH oS 50 (n. 47.2 (pg/L)
[44]., patients who had AKI in the past. a.)
2013
Raphael et al UAG with added phosphate and Urine ammonium 24-hour urine Hypertensive CKD 1S 1044 21 (mEq/d)
[45]., sulphate measurements could act as (62)
2018 surrogate of urine ammonium.
Ribitsch et al 10 patients exhibited a rise in uNGAL, = NGAL Midstream CKD undergoing IS 617 19 (ng/mL)
[461]., of which only one developed AKI. angiography (53.5)
2017
Sanchez- uDKK3 identified patients at high risk =~ DKK3 Morning spot CKD PCS 351 2200 (pg/mg
Alamo etal  for kidney disease progression. urine (74.6) creatinine)
[471.,
2021
Schanstra et The panel CKD273, was associated CKD273 classifier Spot urine* CKD CS 1990 Not reported.
al[48]., with risk of progression. (63.3)
2015
Scherzer et al NAG, KIM-1 and alm were the most NAG, KIM-1, alm, Spot urine HIV, incident CKD CS 902 (0) NAG: 0.9 (mU/mL)
[49]., distinguishing markers to separate IL-18, NGAL, ACR, L- KIM-1: 199 (pg/mL)
2016 patients in clusters and predict CKD FABP, AAG. alm: 0.6 (ng/mL)
and mortality. 1L-18: 59 (pg/mL)
NGAL: 20 (ng/mL)
ACR: 10 (mg/g)
L-FABP: 1.9 (ng/mL)
AAG (pg/mL)
Sezai et al Urinary albumin did not show a Alb Spot urine eGFR < 60 ml/min/1.73 IS 55 (n. Not reported.
[50]., significant difference between the m? a.)
2019 febuxostat vs. topiroxostat.
Sinkala et al KIM-1 has a worse ROC than serum KIM-1 Spot urine* CKD, ocC 80 (60) Not reported.
[51]., creatinine and urea for diagnosing AKI
2017 CKD and AKI.
Siwy et al Lower renal loss after treatment with ~ CKD273 Midstream T2DM IS 300 Not reported.
[52]., linagliptin in patients with high-risk morning urine (63.6)
2019 determined with CDK273.
Tay et al Both the groups experienced an AER 24-hour urine T2DM 1S 115 6 (mg/24 h)
[53]., overall reduction in eGFR and AER. samples (57)
2015 This reduction in eGFR is expected as
an age-related change.
Tiryaki et al When T2DM patients were treated AGT, Cre Morning spot T2DM, albuminuria I 98 (55) uAGT/Cre: 12.18
[54]., with calcitrol, uAGT/uCre levels urine (1g/g)
2016 decreased. Calcitrol had a positive
effect on eGFR. Moreover, the T2DM
patients exhibited higher uAGT levels
than healthy controls.
Titan et al MCP-1 levels changed with MCP-1, TGF-p, VEGF 24-hour and early DN 1S 56 (n. MCP-1: 34.1 (ng/g
[55]., intervention, in contrast to TGF-p and morning spot a.) creatinine)
2011 uVEGF. Indicating that MCP-1 may urine TGF- p: 1.6 (ng/g
be a better biomarker. creatinine)
VEGF: 7.1 (ng/g
creatinine)

(continued on next page)
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Table 1 (continued)
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First author,  Biomarker-related findings Urinary biomarker Urine sample Sample population Study N Mean range of
year (s) type design (male biomarker in study
%) population at
baseline, not
control (unit)
Titan et al uRBP and uMCP-1 were associated RBP, MCP-1, TGF-§, 24-hour and early DN, DM RCT 59 (n. Log MCP-1: 1.6 (ng/
[561., with risk of CKD progression. VEGF morning spot a.) g creatinine)
2012 TGF-p and uVEGF are not associated urine Log TGF- p: 0.02
with renal outcomes in DN and DM. (ng/g creatinine)
Log VEGF: 0.9 (ng/g
creatinine)
RBP: 0.7 (mg/g
creatinine)
Troost et al Proteinuria was found to be Proteinuria 24-hour or spot FSGS RCT 312 (n. Protein-creatinine
[571., associated with progression to kidney urine a) ratio: 4.2
2018 failure in FSGS.
Vaidya et al Median concentrations of cystatin C, Urinary protein, Spot urine or AKI oS 204 Not reported.
[58]., HGF, IL-18, IP-10, KIM-1, NAG, NAG, CysC, KIM-1, catheters (50)
2008 NGAL, VEGF and total protein were NGAL, IL-18, HGF,
significantly higher in patients with IP-10, VEGF
acute kidney injury.
Waanders et Urinary KIM-1 and NAG levels were KIM-1, NAG 24-hour urine Non-diabetic CKD IS 34 Not reported.
al[59]., found to be increased in patients with (73.5)
2009 proteinuria, without diabetes.
Wei et al Urinary mtDNA was associated with Mitochondrial DNA Morning urine Non-diabetic CKD oS 102 Not reported.
[60]., serum creatinine and proteinuria. (46)
2018
Weiner et al Higher ACR levels were associated ACR Spot urine CKD with risk of CVD IS 4110 41.1 (mg/g
[61]., with risk of graft failure, CVD and (62.8) creatinine)
2019 death.
Wu, et al Higher uUMCR levels were related to ~ UMOD Spot urine CKD with gout Ccs 114 5.6 (mg/g
[62]., a decreased risk of CKD in patients (78) creatinine)
2019 with gout. uUMCR levels were
positively correlated with eGFR in
CKD patients with gout.
Xu, et al UuAGT was higher in patients with AGT First morning CKD Ccs 128 2.02 (ng/mg
[63]., eGFR > 90 ml/min/1.73 m? urine (42.2) creatinine)
2015 compared to patients with < 90 ml/
min/1.73 m?
Zewinger et Urinary DKK3 could be used to DKK3 Spot urine eGFR decline PCS 1228 33 (pg/mg
al[64]., distinguish CKD patients with eGFR (n.a.) creatinine)
2018 loss compared to those with stable
kidney function.
Zhang et al Urinary ACR, KIM-1 and MCP-1 were ACR, IL-18, KIM-1, Spot urine CKD, CVD CC 9361 ACR: 18.2 (mg/g
[65]., associated with development of NGAL, MCP-1, YKL- (50) creatinine)
2018 incident CKD and kidney function 40, p2M, olM, 1L-18: 36.9 (pg/mL)
decline. UMOD KIM-1: 595.9 (pg/
mL)
NGAL: 25.9 (ng/mL)
MCP-1: 160.2 (pg/
mL)
YKL-40: 660.8 (pg/
mL)
p2M: 78.3 (ng/mL)
alM: 4.98 (mg/L)
UMOD: 9.95 (pg/
mL)
Zittema et al AVP secretion was increased in later AVP 24-hour urine ADPKD Ccs 30 4.4 (mmol/L)
[66]., stage ADPKD after thirsting. (66.7)
2017

In some cases, specific urine type was not specified, which are denoted with a *.

Abbreviations: alm, alpha-1-microglobulin; f2m, beta-2-microglobulin; UMOD, uromodulin; IL-18, interleukin-18; KIM-1, kidney injury molecule-1; NGAL,
neutrophil gelatinase-associated lipocalin, NGAL; MCP-1, monocyte chemoattractant protein-1; YKL-40, chitinase-3 like 1; miRNAs, microRNAs; protein-to-creatinine
ratio, PCR; albumin-to-creatinine ratio, ACR; retinol-binding protein, RBP; creatinine clearance, CCR; N-Acetyl-Beta-D-Glucosaminidase, NAG; tissue inhibitor of
metalloproteinases 2, TIMP-2; urinary decoy receptor 2, uDcR2; beta-trace protein, BTP; Cystatin C, CysC; albumin, Alb; Urinary non-albumin creatinine ratio, Unon-
alb/cr; Type III procollagen, PIIINP; Type I procollagen, PINP; urinary uromodulin, uUMOD; liver-type fatty acid-binding protein, L-FABP; urinary red blood cells,
uRBC; osteopontin, OPN; 8-hydroxy-2-deoxyguanosine, 8-OHdG; podocalyxin-like protein 1, PODXL1; Dickkopf-3, DKK3; alpha-1-acid-glycoprotein, AAG; angio-
tensin, AGT; Cre, creatinine; transforming growth factor- §, TGF- f; vascular endothelial growth factor, VEGF; proteinuria, PU; chemokine interferon-inducible protein
10, IP-10; hepatocyte growth factor, HGF; arginine vasopressin, AVP; observational cohort study, OC; intervention study, IS; case cohort study, CC; longitudinal
analysis, LA; post-hoc analysis, PA; randomized controlled trial, RCT; prospective cohort study, PCS; cross-sectional, CS; autosomal dominant kidney disease, ADPKD;
diabetic nephropathy, DN; focal segmental glomerulosclerosis, FSGS; systemic lupus erythematosus, SLE; membranous nephropathy, MGN; type 2 diabetes mellitus,
T2DM,; resistant hypertension, RH; diabetes mellitus, DM; acute kidney injury, AKI.
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Table 2
Biomarker types and criteria that are used to determine effectivity and usability
for CKD.

Biomarker Criteria

Diagnostic e Accurately distinguishes healthy from diseased patients.
e Early detection of disease in patients.

Progression o Distinguishes patients between stable and progressive

disease.

e Marker increases prior to progression of the disease.
Mortality risk e Predicts patients at risk of hospitalization within a month.
e Predicts the cardiovascular risk in patients with CKD.
Nephrotoxicity e Biomarker increase is related to adverse events following
risk medicine use.

Adverse events can be predicted before they occur in the
patient.

predict the further loss of kidney function. By using such a biomarker,
treatment can be started or adjusted in time to stop or slow the disease
progression[67]. A biomarker that is suitable for progression must be
able to distinguish between patients with stable and progressive disease,
but also change with progression of the disease. The main urinary bio-
markers that were found to be associated with the progression of CKD
are DKK3, L-FABP, UMOD and CKD273. Below, each of these biomarkers
is elaborated upon, followed by a summary.

4.1. DKK3

DKK3 is a glycoprotein, which is expressed in the PT, and that is
increased in patients with declining eGFR compared to patients with
stable disease[47,64]. In CKD populations, its concentration ranges
between 33 pg/mg creatinine and 22,000 pg/mg creatinine. In addition,
this biomarker decreases in the period of time patients have stable
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disease[47,64]. DKK3 levels are correlated with serum creatinine and
eGFR in patients with CKD[71], which makes it a promising marker to
monitor progression of disease.

4.2. L-FABP

L-FABP is a biomarker that is expressed in the PT and is increased in
kidney diseases. High levels of L-FABP are exhibited when the renal
function is deteriorating[30,31,39]. Concentration ranges for L-FABP in
urine are between 84 and 122.5 pg/g creatinine. However, L-FABP can
also be elevated in liver disease patients. Since kidney disease is a
common occurrence in liver disease patients, L-FABP in liver disease
patients could already be elevated and not be a functional read-out for
their kidney disease[31].

4.3. UMOD

UMOD is produced in the thick ascending limb of Henle (TAL) and
has renoprotective effects[16,27]. Decreased UMOD levels can indicate
declined or impaired kidney function, as it is considered anti-
inflammatory, and anti-infective and has electrolyte handling effects
[62]. Ranges for UMOD could not be defined, as some studies did
normalize for creatinine and others did not. UMOD can be normal even
though people suffer from declining kidney function. However, if
normalization of UMOD levels would mean that progression is halting
and kidney function is recovering, it has wide possibilities as a
biomarker.

4.4. CKD273

CKD273 is a new player on the field and has shown very promising
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Fig. 2. Different releasing mechanisms of tubular markers. Some biomarkers are shed or release by damaged cells (KIM-1, NGAL, NAG). Others are released by
immune cells in the kidney (YKL-40, IL-18). Release by the nucleus and release into the pro-urine also occurs (IL-18, YKL-40, NGAL). In the proximal tubule, damaged
cells do not take up some proteins, which causes them to be present in the urine (a1m, p2m). Abbreviations: alm, alpha-1-microglobulin; p2m, beta-2-microglobulin; IL-
18, interleukin-18; KIM-1, kidney injury molecule-1; NGAL, neutrophil gelatinase-associated lipocalin, NGAL; MCP-1, monocyte chemoattractant protein-1; YKL-40, chitinase-

3 like 1; N-Acetyl-Beta-D-Glucosaminidase, NAG.
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results in diabetic nephropathy. It is a proteomics-based classifier con-
sisting of 273 urinary peptides, that can detect diabetic nephropathy
years before development of microalbuminuria[72]. Furthermore,
another study found that a low CKD273 score was associated with a slow
progression of CKD[48]. CKD273 uses cut-off thresholds to predict early
and advanced CKD. The sensitivity and specificity in predicting disease
progression with the classifier depend upon the used threshold: when
using cut-off scores 0.154 and 0.343, sensitivities of respectively 46 %
and 42 % are reported|[43]. These sensitivities might not be sufficient for
areliable progression marker. Specificities were found to be higher, with
88 % and 94 %, respectively[43].

4.5. Summary

The main urinary biomarkers that were found to be associated with
the progression of CKD are DKK3, L-FABP, UMOD and CKD273. DKK3 is
the most specific to kidney health, and therefore the most reliable
biomarker to use for disease progression. Nevertheless, UMOD is the
only protective biomarker, which means that elevated levels are asso-
ciated with better kidney health. Combining DKK3 with a protective
biomarker such as UMOD could lead to an increased sensitivity. Thus,
DKK3 and UMOD are both promising markers in determining progres-
sion in CKD patients.

5. Mortality risk

Patients with CKD frequently have co-morbidities, including hyper-
tension and high cholesterol[73]. These co-morbidities increase the
mortality risk in patients with CKD, defined in this research as, the risk
for patients to get hospitalized and the risk to develop cardiovascular
diseases (CVD). The strongest predictor and driver of the CVD risk in
CKD patients is vascular calcification (VC), a process in which mineral
deposition consisting of calcium and phosphate is present in the
vasculature. This VC is a silent disease and often undetected, making
earlier diagnosis and risk assessment necessary[74]. Traditionally, the
mortality risk is often determined using the Framingham prediction
model, which is a predictive method that accounts for traditional risk
factors including age, smoking, and diabetes. Despite its use in some
populations, studies have found that the prediction model lacks accu-
racy in CKD cohorts[75]. In addition, there is currently no method that
can predict the risk of getting hospitalized. Therefore, finding a
biomarker that could fill the gap would be essential. A suitable mortality
risk biomarker should either predict patients at risk of hospitalization or
predict the CVD risk in patients with CKD.

There are two biomarkers described as markers for mortality risk:
YKL-40 and IL-18. IL-18 and YKL-40 are both increased in late-stage CKD
patients, most likely due to the inflammatory state of the body. The
releasing mechanisms of these biomarkers are illustrated in Fig. 2. Each
biomarker is explained in the following sections, followed by a
summary.

5.1. YKL-40

YKL-40 is involved in tubular injury and repair, and it is found in the
renal immune cells[37,65]. In urine, the YKL-40 concentration ranges
between 90 pg/mL and 660 pg/mL in different CKD populations.
However, YKL-40 is only associated with the risk to get hospitalized and
not with the risk to develop CVD events[29].

5.2. IL-18

IL-18 is released by immune cells in the PT of the kidney as a
response to injury[32,34]. Its concentration ranges between 36.9 pg/mL
and 59 pg/mL. Similar to YKL-40, IL-18 has been associated with hos-
pitalization risk, but not with CVD events[29]. However, even though
IL-18 is not described as a suitable biomarker for the risk of developing
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CVD, it is a key player in VC. It has been shown to induce VC in vascular
smooth muscle cells in vitro[76]. Furthermore, as IL-18 levels are
correlated with AKI, it can be used to differentiate between patients with
and without AKI[58]. AKI patients exhibit higher IL-18 levels, and IL-18
could be used to differentiate between patients with and without AKI
[58].

5.3. Summary

The definition of mortality risk in this manuscript is the risk for pa-
tients to get hospitalized and the risk to develop CVD. Both YKL-40 and
IL-18 are promising biomarkers to predict the risk to get hospitalized.
However, no biomarkers were found that can directly predict the risk of
developing CVD. Therefore, more research is needed to identify a proper
biomarker for CVD risk in CKD patients. One of the major risk factors for
developing CVD is VC. As such, measuring VC with IL-18, this biomarker
could potentially be used as an indirect marker to predict the risk of
developing CVD.

6. Nephrotoxicity risk

Patients with CKD are more predisposed to developing nephrotoxi-
city. For instance, low-level lead exposure can lead to more rapid CKD
progression[77]. In addition to nephrotoxicity by lead, compounds and
drugs that treat diseases can act as a nephrotoxins. Moreover, in patients
without CKD, compounds and drugs can induce AKI which could
potentially lead to CKD[78]. Furthermore, since it is important to not
affect kidney functioning further in patients with CKD[79]; it is vital to
determine the effect of therapeutics on kidney health in healthy and CKD
patients. The suitable nephrotoxicity risk biomarker should be able to
determine kidney function decline following medicine use and be
capable to predict adverse events before they occur in the patient.

IL-18, alM and MCP-1 have been described that can provide an
insight into the nephrotoxicity in patients. Each biomarker is explained
in the following sections, followed by a summary.

6.1. IL-18

IL-18, also elaborated on in the mortality risk section, can determine
the likelihood of adverse events following anti-hypertensive treatment
[16]. Anti-hypertensive treatment is essential for slowing progression of
CKD and reducing the cardiovascular risk. Safe blood pressure lowering
is essential in CKD, as high blood pressure is a major risk factor for heart
disease, stroke and kidney failure. Moreover, in the SPRINT trial,
intensive blood pressure lowering to less than 130/80 mmHg, resulted in
increasing adverse events[16].

6.2. alM

alM as mentioned in the diagnosis section above, is a biomarker for
the PT. Jotwani et al. showed that ®1M can determine tubular toxicity in
patients after treatment with tenofovir disoproxil fumurate[28]. The
most common cause of mortality and morbidity in HIV-patients includes
renal disease[80]. Tenofovir disoproxil fumurate is a first-line treatment
for HIV-infected patients, though exposure causes increased risk of
proteinuria and rapid decline in kidney function[81]. Thus, monitoring
in this patient-group is of extra importance, as tenofovir can cause
irreversible kidney toxicity.

6.3. MCP-1

In diabetic nephropathy, MCP-1 is linked with treatment modula-
tion, with worse evolution in patients developing hyperkalemia or acute
kidney function deterioration during angiotensin inhibitor use[55]. In
CKD populations, its concentrations in urine ranges between 133.5 pg/
mL to 205 pg/mL. Angiotensin inhibitors are prescribed often to CKD
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patients with hypertension. Since MCP-1 is a measure of treatment
modulation in patients with diabetic nephropathy, it is likely that it can
also determine the effect of treatment in CKD patients using angiotensin
inhibitors.

6.4. Summary

IL-18 and a1lM are both biomarkers that are used to determine the
effect of specific therapies on the kidney. As IL-18 can provide infor-
mation on the tubules during anti-hypertensive treatment and «a1M can
provide information on the toxicity in HIV-patients using tenofovir.
MCP-1 is a promising therapeutic biomarker for patients with diabetic
nephropathy.

Further research should focus on finding biomarkers for the other
commonly used medications by CKD patients, including statins and di-
uretics. Additionally, urinary biomarkers could also be used for medi-
cations that can cause kidney damage. This way, the medicines can be
stopped or changed, prior to excessive kidney damage. In addition to
assessing toxicity, a biomarker could also identify individuals who are
considered “poor responders” to medications. This would offer potential
to prevent unnecessary drug usage and aid in finding suitable medica-
tion choices.

7. Future perspectives

Urinary biomarkers could be the future of health monitoring in
combination with the development of smart toilets. For this purpose, it
may be best to create a panel of different biomarkers, since this can
provide more information than one biomarker alone. Using a panel of
biomarkers can give a wider overview of an individual’s health, it can
say something about the mortality risk and disease progression for
instance. Though, one of the downsides of the biomarkers found in this
review is that most are markers of renal damage, as most are only
released due to damage to the cells. This could be remedied by using a
marker for renal functioning such as creatinine. Another downside to
urinary biomarker use, is that it is time consuming for the patient and
the health care provider as the urine needs to be collected, sent,
measured and saved, making repeated measurements more difficult.

The future of urinalysis may include sampling with a smart toilet,
which might enable the use of biomarkers in determining kidney dis-
ease. Since sampling would occur every day, more measurements will be
taken which will make tracking of patients easier. Moreover, hospital
visits for patients could be shortened or lessened, since urine can be
sampled at home and results can be sent to a specialist.

However, prior to implementation more research is required. Since
the toilet will be using spot measurements, it is necessary to have
reference measurements in the toilet in some way. Moreover, to make
proper implementation of the urinary biomarkers possible, it is neces-
sary to determine the limit of detection, concentration and what tech-
nologies are best for measuring urinary biomarkers.

8. Conclusion

New developments in the field of urinalysis using smart toilets may
open up a number of possibilities for urinary biomarkers. This review
explored which biomarkers could be used for CKD disease management.
KIM-1 is a promising marker for the diagnosis of CKD, whereas DKK3
and UMOD are promising biomarkers for the progression of CKD.
Further research should focus on proper implementation of these uri-
nary biomarkers into the smart toilet, by determining concentrations, a
proper limit of detection and developing technologies that are able to
measure the biomarkers.
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