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Urine as a reservoir of health information can be traced back in history to the 
early days of human writing records [1, 2]. Thus, in modern time, Schistosoma 
haematobium infestation was first described in the nineteenth century by 
Theodore Bilharz, and yet it was mentioned in ancient Egypt, in Ebers papy-
rus dated 1550 BC [3–5]. The same papyrus also mentions the use of yellow 
ochre as a remedy for urological complaints. In ancient India, the Atharva 
Veda text talks for the first time about urological diseases and urinary reten-
tion. Later in the ninth century BC, the writing of the Indian physician 
Charaka includes a volume devoted to urinalysis and clinical interpretations 
based upon color consistency, turbidity, thickness, presence of blood, semen, 
pus, and fat in the urine. The text also offers diagnosis based on symptoms, 
and links urinary retention to dietary and alcoholic indiscretions [6].

In ancient China, the use of herbs as part of a medical culture can be traced 
back to circa 3000 BC.  However, the first medical system developed and 
organized was first realized during the Zhou dynasty (221 BC to 100 BC). 
Herbal medicines to deal with urological problems are mentioned here [7].

In ancient Mesopotamia (Babylon), medicine was well developed. There 
are writing registers reporting more that 250 medicinal plants, 120 mineral 
extracts and 180 other substances. For instance, incontinence was treated, 
introducing medications into the urethra using a bronze catheter [8].

In ancient Greece, Hippocrates (496 BC–399 BC) made several state-
ments that have remained unaltered till today, namely: urine is made in the 
kidneys and flows into the bladder; blood in the urine comes from the kidneys 
or bladder; strangury, dysuria, and anuria are different symptoms; and urinary 
symptoms are caused by diseases of the bladder, kidneys or urethra [9]. 
Finally, in ancient Rome, medicine evolved from the techniques employed 
by ancient Greek and Egyptian physicians. The work of Aulus Celsus De 
Medicina describes perineal lithotomy for bladder stone [10].

As history unfolds and technology progresses, the use of urine as a liquid 
biopsy to decipher the healthy status of a patient is gaining momentum. The 
advent of methods that allows analyzing a wide array of analytes, such as 
proteins, metabolites, DNA, and urinary exosomes has granted possibilities 
never envisioned before in medicine. Thus, it is becoming clear that many 
diseases can be reflected in one way or another in the molecular features pres-
ent in urine. In our group, for instance, we are now developing methods for 
monitoring response to therapy using urine, thus providing near real-time 
information about a patient’s response to treatment.
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In this book, we present an overview of urine analysis using proteomics, 
metabolomics, and immunoreactivity assays as well as other technology-
driven techniques for the diagnosis and prognosis of diseases.

I am in debt to my fellow contributors, who accepted my welcome to write 
a chapter for this book. Also, to the editorial staff at Springer-Nature for 
allowing me to launch the book and for giving me the necessary advice at all 
time. Finally, a word of gratitude to the members of my team and the Bioscope 
Research Group, for their patience during the organization of this book.

� Hugo Miguel Baptista Carreira dos SantosCaparica, Portugal
Pittsburgh, PA, USA
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Sample Preparation for High-
Throughput Urine Proteomics 
Using 96-Well Polyvinylidene 
Fluoride (PVDF) Membranes.

Saima Ahmed, Benoit Fatou, Nilesh M. Mehta, 
Tue B. Bennike, and Hanno Steen

Abstract

Proteomics analysis of urine samples allows 
for studying the impact of system perturba-
tion. However, meaningful proteomics-based 

biomarker discovery projects often require the 
analysis of large patient cohorts with hundreds 
of samples to describe the biological variabil-
ity. Thus, robust high-throughput sample 
processing methods are a prerequisite for 
clinical proteomics pipelines that minimize 
experimental bias due to individual sample 
processing methods. Herein we describe a 
high-throughput method for parallel 96-well 
plate-based processing of urine samples for 
subsequent LC/MS-based proteomic analyses. 
Protein digestion and subsequent sample pro-
cessing steps are efficiently performed in 
96-well polyvinylidene fluoride (PVDF) 
membrane plate allowing for the use of vac-
uum manifolds for rapid liquid transfer, and 
multichannel pipettes and/or liquid handing 
robots. In this chapter we make available a 
detailed step-by-step protocol for our ‘MStern 
blotting’ sample processing strategy applied 
to patient urine samples followed by mass 
spectrometry-based proteomics analysis. 
Subsequently, we provide an example applica-
tion using minimal volume of urine samples 
(e.g. 150 μL) collected from children pre and 
post thoracotomy to identify the predominant 
sites of protein catabolism and aid in the 
design of therapies to ameliorate protein 
catabolism and breakdown during critical ill-
ness. Furthermore, we demonstrate how the 
systemic state is reflected in the urine as an 
easily obtainable, stable, and safe biofluid.
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Keywords
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1.1	 �Introduction

Mass spectrometry (MS)-based proteomics has 
increasingly moved into the translational and clin-
ical research arena, where robust and efficient 
sample processing is prerequisite to process large 
number of samples. The conventional sample pro-
cessing methods in proteomics, namely SDS-
PAGE- or in-solution-based sample processing, 
are slow and laborious, and thus do not easily pro-
vide the necessary high-throughput. The introduc-
tion of filter-aided sample processing method 
(FASP), initially described by Manza et al. [1] and 
then fully realized in practice by Wisniewski et al. 
[2] represented a paradigm shift. These filter-
aided methods use ultrafiltration membranes with 
molecular weight cutoffs (MWCO) in the 10 to 
30 kDa range to efficiently remove contaminating 
small molecules and salts, and to capture dena-
tured proteins. Although the application of FASP 
in the 96-well plate format has been described 
[3–5], the major limitation of FASP in the 96-well 
plate is the much slower speed at which the plates 
have to be centrifuged, which significantly 
increases the processing time compared to the 
individual filters. However, in translational and 
clinical proteomics, which normally include large 
cohorts, the 96-well plate is the preferred format 
for sample processing to minimize the process-
ing-induced variability between the samples.

Here, we provide a detailed step-by-step pro-
tocol of a 96-well platecompatible membrane-
based proteomic sample processing method, 
which enables the complete processing of 96 
individual urine samples from neat urine to liq-
uid chromatography coupled to MS (LC/MS) 
ready sample within a single workday. This 
method uses a hydrophobic polyvinylidene fluo-
ride (PVDF) membrane with 0.45 μm pore. The 
membrane material ensures efficient capture of 

the proteins, while the pore size ensures fast liq-
uid transfer through the membrane which in turn 
significantly reduces sample processing time. 
Without compromising peptide and protein iden-
tification, our method uses a vacuum manifold 
and circumvents the need for time-consuming 
centrifugation steps. Additionally, the cost per 
sample is reduced and the processing method is 
compatible with standard liquid handling robots. 
We have previously validated the usage of 
‘MStern blotting’ for projects with hundreds of 
urine and plasma samples, demonstrating the 
applicability of the protocol [6–9].

Recent technological advancements with MS 
acquisition mode has provided superior data 
quality and quantitation accuracy. Moving for-
ward from traditional data dependent acquisition 
(DDA) to data independent acquisition (DIA), 
has provided a more comprehensive proteome 
coverage including better quantitation and less 
missing values [8]. It has also been shown that 
using project specific spectral libraries provides 
better protein and peptide identification and over-
all more reliable data [7, 8]. In this chapter we 
describe yet another biological application of our 
high throughput method using urine collected 
from children pre and post-thoracotomy.

The metabolic stress response to surgical 
insult in humans is characterized by catabolism 
of the skeletal and visceral protein stores. Free 
amino acids that are released from the breakdown 
of proteins are utilized for, (a) protein synthesis to 
support tissue repair, (b) immune defense, and (c) 
inflammatory and acute-phase responses Unless 
optimal protein intake is ensured, children recov-
ering from surgical interventions are often in a 
net negative protein balance. Both energy and 
protein adequacy are required, with protein intake 
of over 1.5 g per kg bodyweight per day to achieve 
positive protein balance in clinical trials of pro-
tein supplementation during pediatric critical ill-
ness [10–12]. Persistent negative protein balance 
results in loss of muscle protein/lean body mass 
during a vulnerable phase of convalescence. The 
loss of lean body mass may be associated with 
significant morbidity and mortality. In adult sur-
vivors of critical illness, muscle weakness and 
disability may persist for up to 5 years after the 

S. Ahmed et al.



3

insult [13]. Preservation of lean body mass has 
the potential to improve patient outcomes [11]. 
Hence, optimizing protein delivery in the post-
operative phase is an important goal for hospital-
ized children. Future trials of nutritional and 
non-nutritive interventions, aimed at preserving 
the lean body mass, in the post-operative period, 
are highly desirable. Despite awareness of this 
metabolic response to stress, the details of its 
pathophysiology, time course and specific sites of 
lean body mass depletion have not been ade-
quately described.

The utilization of our high throughput and 
robust sample processing method was used to 
investigate the pre and post-thoracotomy urinary 
proteome. Our findings remarkably found time 
point specific post-thoracotomy catabolic mark-
ers in urine. These findings can elucidate the pre-
dominant sites of protein catabolism and aid in 
the design of therapies to ameliorate protein 
catabolism and breakdown during critical illness.

1.2	 �Experimental Section

1.2.1	 �Materials

Prepare all solutions and buffers using ultrapure 
water, LC/MS-grade solvents and analytical 
grade reagents. The following reagents are 
needed for preparing digestion of a full plate (96 
samples) with some solvent to spare for multi-
channel pipetting. We provide example product 
numbers for each reagent/consumable to high-
light the type and purity used in order to enable 
the fast and efficient copying of this protocol.

1.2.1.1	 �Reagents for Digestion
	 1.	 Ethanol (Product Number A962-4, Fisher 

Scientific), 70% in water (Product Number 
W6500, Fisher Scientific). Mix 14 mL etha-
nol with 6 mL water.

	 2.	 ABC Buffer: 50 mM ammonium bicarbonate 
(ABC, Product Number A6141-500G, 
Millipore Sigma). Weigh 0.8 g of ABC and 
add to a glass beaker. Add water to a volume 
of 200 mL, and mix. Store at 4 °C to avoid 
bacterial growth.

	 3.	 Urea sample solution: 8  M urea (Product 
Number U5378-1KG, Millipore Sigma) in 
ABC buffer. Weigh 48.04  g and add to a 
glass beaker. Add ABC buffer to a volume of 
100 mL and mix (see Note 1).

	 4.	 Reducing/DTT stock: 1  M dithiothreitol 
(DTT, Product Number 43815, Millipore 
Sigma) in 50 mM ABC. Weigh 0.154 g DTT 
into a tube in a fume hood and add 50 mM 
ABC to a volume of 1 mL. Mix, aliquot and 
store at −20 °C (see Note 2).

	 5.	 Reducing DTT solution: 50 mM DTT in urea 
sample solution. Dilute 0.25 mL DTT stock 
in 4.75 mL urea sample solution.

	 6.	 Alkylating IAA solution: 0.25  M iodoacet-
amide (IAA, Product Number I1149, 
Millipore Sigma) in urea sample solution. 
Weigh 0.23 g IAA into a tube in a fume hood 
and add urea sample solution to a volume of 
5  mL.  Mix until all IAA is dissolved (see 
Note 3).

	 7.	 Digestion solution: 5% acetonitrile (ACN, 
Product Number A955-4, Fisher Scientific), 
5% trypsin resuspension buffer (Product 
Number V5111, Promega) in 50  mM 
ABC.  Mix 4.5  mL 50  mM ABC, 0.25  mL 
ACN, and 0.25 mL trypsin resuspension buf-
fer (see Note 4).

	 8.	 Sequencing grade modified trypsin (Product 
Number V5111, Promega), 2× 20 μg stock

	 9.	 40% ACN, 0.1% formic acid (FA, Product 
Number F0507, Millipore Sigma): Mix 
23.96 mL water, 16 mL ACN, and 40 μL FA.

	10.	 Loading MS buffer: 5% FA 5% ACN. Mix 
0.5 mL FA with 0.5 mL ACN in 9 mL water.

1.2.1.2	 �Plates and Disposables 
for Digestion

	1.	 PVDF membrane plate: Multiscreen HTS 
0.45 μm Hydrophobic High Protein Binding 
Membrane 96-well Filtration plate (Product 
Number MSIPS4510, Millipore-Sigma).

	2.	 96-well microplate vacuum manifold (Product 
Number MAVM0960R, Millipore-Sigma).

	3.	 3× 96-well plates with V-bottom (Product 
Number 14-222-240, Fisher Scientific), which 
can accommodate volumes in the 300  μL 
range.
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	4.	 1× large 96-well plate with V-bottom which 
can accommodate volumes of >500  μL 
(Product Number AB-0859, Fisher Scientific) 
(see Note 5).

	5.	 Disposable reagent reservoirs (Product 
Number PI15075, Fisher Scientific).

	6.	 Adhesive cover film with holes for the 96-well 
plates (Product Number 2997-0100, USA 
Scientific).

1.2.2	 �Methods (Workflow Design 
Shown in Fig. 1.1)

Carry out all procedures at room temperature 
unless otherwise specified, using multichannel 
pipettes.

1.2.2.1	 �Prepare Plate with Dry Urea
	1.	 The urine sample must be mixed with dry 

urea (Product Number U5378, Millipore 
Sigma). Add urea 1:1 (w/w) to each well, e.g. 
150 μg urea for the standard 150 μL urine (see 
Note 5).

1.2.2.2	 �Protein Reduction 
and Alkylation

	2.	 Add 150 μL of neat urine sample (~15 μg of 
protein) to each well in a prepared plate with 
urea (see Note 6 and 7).

	3.	 Label a disposable reagent reservoir and add 
5 mL reducing DTT solution.

	4.	 Reduce protein disulfide bonds by adding 
30  μL reducing DTT solution to each well 
(final concentration approx. 6.5 mM). Cover 
the plate with a lid or film to prevent contami-
nations and/or evaporation.

	5.	 Briefly shake the plate to mix and incubate for 
20  min at 27  °C on a Thermomixer set to 
1000 rpm.

	6.	 Label a disposable reagent reservoir and add 
the alkylation solution in a fume hood.

	7.	 Alkylate cysteine residues, by adding 30 μL to 
each well (final concentration approx. 
29 mM).

	8.	 Briefly shake the plate to mix and incubate for 
20 minutes at 27 °C on a Thermomixer set at 
750  rpm in the dark (e.g. cover with alumi-
num foil).

Fig. 1.1  Overview of the high-throughput sample preparation protocol for urine proteomics using 96-well polyvinyli-
dene fluoride (PVDF) membranes plates (depicted in purple)
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1.2.2.3	 �Protein Digestion
	 1.	 While the alkylation reaction is ongoing, 

place the 96-well PVDF membrane plate on 
a 96-well plate.

	 2.	 Label a disposable reagent reservoir and add 
20 mL 70% ethanol.

	 3.	 Activate the PVDF membrane plate by add-
ing 150 μL 70% ethanol to each well (see 
Note 8).

	 4.	 Place the 96-well PVDF membrane plate 
with the 96-well collection plate underneath 
in the vacuum manifold. Slowly apply the 
vacuum (approx. −1 psi) and allow the liquid 
to pass through (see Note 8).

	 5.	 Discard the flow-through from the 96-well 
collection plate (see Note 9).

	 6.	 Label a disposable reagent reservoir and add 
35 mL urea sample solution.

	 7.	 Prime the PVDF membrane by adding 
300 μL urea sample solution to each well.

	 8.	 Pass the urea sample solution through the 
PVDF membrane using the vacuum manifold 
and discard the flow-through (see Note 10).

	 9.	 Add half of reduced and alkylated urine sam-
ple from the 96-well plate to the PVDF 
membrane 96 well plate and pass the sample 
using the vacuum.

	10.	 Repeat the step with the flow through, to 
ensure that all proteins are captured on PVDF 
membrane and discard the flow through.

	11.	 Add the remaining half of reduced and alkyl-
ated urine sample to the PVDF membrane 96 
well plate and pass the sample using the 
vacuum.

	12.	 Repeat the step with the flow through, to 
ensure that all proteins are captured on PVDF 
membrane and discard the flow through.

	13.	 Label a disposable reagent reservoir and add 
35 mL 50 mM ABC.

	14.	 Wash the filter plate by adding 300  μL 
50 mM ABC to each well.

	15.	 Pass the solution through the PVDF mem-
brane using the vacuum manifold and dis-
card the flow-through.

	16.	 Resuspend the dry sequencing grade modi-
fied trypsin with 11  mL digestion solution. 
Label a disposable reagent reservoir and add 
the digestion solution with trypsin.

	17.	 Place a new collection plate underneath the 
96-well PVDF-membrane plate and add 
100  μL digestion solution with trypsin to 
each well.

	18.	 Cover the 96-well PVDF-membrane plate 
with a plastic/paraffin sheet to prevent evap-
oration and place the stacked plates in a 
37 °C incubator (see Note 11). Incubate the 
stacked plate for 2 h.

	19.	 Remove the stacked plates from the incuba-
tor, place them in the vacuum manifold and 
transfer the digest into the collection plate by 
applying vacuum.

	20.	 Add 200 μL of 40% ACN / 0.1% FA to each 
well in the 96-well PVDF membrane plate 
and apply the vacuum to elute remaining 
peptides.

	21.	 Transfer the eluent to a deep 96-well collec-
tion plate, to avoid overflowing.

	22.	 Repeat the elution- and transfer step
	23.	 Cover the deep 96-well plate with an adhe-

sive cover film with holes, and evaporate the 
eluted peptides using a vacuum centrifuge.

	24.	 The dry peptide product can be stored at 
−20 °C or analyzed immediately.

	25.	 Prior to analysis, resuspend the peptides in 
an appropriate amount MS loading buffer 
(e.g. 20 μl), ultra-sonicate the plate for 5 min, 
mix, and the sample is ready for LC-MS 
injection.

1.2.3	 �Data Analysis as Used 
for the Example Dataset 
(Monitoring Catabolism Post 
Thoracotomy by Urine 
Proteomics)

1.2.3.1	 �Spectral Library Construction 
with MaxQuant

	1.	 Create pooled samples by combining a frac-
tion of the sample from similar cohort/
groups to limit the number of LC-MS needed 
for the spectral library. For the example 
dataset, we created the pools based on the 
timepoints, each pool containing a small 
fraction of all samples from that given 
timepoint.
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	2.	 Analyze the samples/pooled samples using 
LC/MS in DDA mode, with identical LC-
parameters as in DIA mode (see Sect. 1.2.3.2 
DIA sample Acquisition for LC and MS 
parameters).

	3.	 Search all DDA RAW files together using 
MaxQuant with a FASTA file protein database 
containing all reviewed proteins in the UniProt 
Human Reference Proteome (downloaded 
August 21st, 2016, containing 20,210 protein 
sequence entries) and the sequence for iRT 
(internal Retention Time) peptides for reten-
tion time monitoring.

	4.	 Set MaxQuant parameters to enable LFQ (a 
label-free protein quantitation analysis was 
performed using the MaxLFQ algorithm [14], 
which calculates relative protein abundances 
based on integrated peptide intensities), match 
between runs (to allow peptide identifications 
to be transferred across different LC-MS anal-
yses, based on retention time and accurate 
m/z). Furthermore, set acetylation of the pro-
tein N-termini and oxidation of methionine as 
variable modifications, and carbamidomethyl 
of cysteine as a fixed modification. Set maxi-
mum number of tryptic missed cleavage to 3. 
Keep all other parameters as standard includ-
ing a 1% false discovery rate (FDR) [6, 15, 16].

	5.	 Generate the spectra library in Spectronaut 
(Biognosys) using default parameters [7]. 
Optionally, the spectral library can be enlarged 
using publicly available data which for some 
projects increases the number of identified 
proteins and peptides.

1.2.3.2	 �DIA Sample Acquisition
	1.	 Spike each sample with internal retention 

time (iRT) standard according to iRT kit 
Quick Reference Card (Product Number 
Ki-300201 Biognosys).

	2.	 Analyze each sample in DIA mode using the 
same LC/MS parameters as DDA runs. For sol-
vent in the example dataset, we used 4% ACN 
in water, 0.1% FA, which was increased to 
35% ACN over a 45 min gradient (59 min total 
run time) at a flowrate of 1 μl/min. We used a 
10  cm C18 PicoChip column with a build-in 
emitter coupled online to a Q Exactive (Thermo 
Scientific) operating in positive mode.

	3.	 Optimal DIA method set up for urine was in 
the example dataset found to include: mass 
range m/z 375–1200, divided into 15 variable 
sized windows (Table 1.1), 35,000 resolution 
@ m/z 200. Automatic Gain Control (AGC) 
target 3e6, maximum Ion Transfer (IT) 
130  ms, fixed first mass m/z 200, and 
Normalized Collision Energy (NCE) 27. The 
DIA scans are preceded by an MS1 Full scan 
with identical parameters yielding an actual 
total cycle time of 2.6 s which is optimal for 
quantitation of peptides eluting over <15 sec-
onds, which we found was by far the majority 
at the specified LC parameters [7–9].

1.2.3.3	 �DIA Data Analysis 
in Spectronaut

	1.	 Load all DIA raw files into Spectronaut 
(Biognosys), using default parameters.

	2.	 Analyze the DIA files using the generated 
spectral library. Spectronaut utilizes the 
spiked-in HRM peptides for m/z and retention 
time calibration, and per default filters the 
results to q-value <0.01 (equal to FDR < 1%). 
There is no need to setup the sample group-
ings in Spectronaut if the data analysis is not 
done in this program.

Table 1.1  Example DIA method consisting of 375–
1200 m/z mass range with 15 variable windows specific to 
a Q Exactive (Thermo) MS

Window
#

Center 
(m/z)

Window size 
(m/z)

Min 
(m/z)

Max 
(m/z)

0 
(MS1)

375 1200

1 404.75 60.5 374.5 435
2 452.35 36.7 434 470.7
3 485.1 30.8 469.7 500.5
4 513.4 27.8 499.5 527.3
5 540.2 27.8 526.3 554.1
6 568.45 30.7 553.1 583.8
7 597.8 30 582.8 612.8
8 627.55 31.5 611.8 643.3
9 658.8 33 642.3 675.3
10 691.95 35.3 674.3 709.6
11 729.55 41.9 708.6 750.5
12 776.05 53.1 749.5 802.6
13 834.05 64.9 801.6 866.5
14 909.55 88.1 865.5 953.6
15 1075.85 246.5 952.6 1199.1
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	3.	 To ensure high quality protein quantitative 
data, one can consider filtering proteins with 
less than two quantifiable peptides unique to a 
protein-group [17]. However, the exact filter-
ing criteria are project specific.

	4.	 Spectronaut can preferably generate Pivot-
tables of the resulting protein and peptide 
data. The identified proteins can subsequently 
be analyzed in Perseus, R, or other applica-
tions, by e.g. importing the Pivot-protein 
groups (or peptide for a peptide-centric analy-
sis) directly.

1.2.3.4	 �Data Processing and Statistical 
Analysis

	1.	 Process all DDA raw files using MaxQuant 
(the example dataset was analyzed using 
v1.5.5.1) [14, 18, 19].

	2.	 Process identified proteins in Perseus (the 
example dataset was analyzed using v1.5.5.3) 
[20] by first filtering proteins tagged as con-
taminants and log2 transform all data.

	3.	 Further quantitation can be performed by 
keeping in at least 70% of the samples in at 
least one timepoint/replicate/condition.

	4.	 We recommend imputing missing values sol-
emnly for the purpose of conducting principle 
component analysis. This can be done in Perseus 
by using numbers drawn from a normal distri-
bution with the standard parameters set in to 
simulate signals from low abundant proteins.

	5.	 Further, proteins with a statistically signifi-
cant change of abundance between different 
conditions can be identified by paired two-
samples t-test with permutation-based false 
positive control, to adjust for multiple hypoth-
esis testing using standard parameters in 
Perseus (FDR = 0.05, s0 = 0.1).

1.2.4	 �Notes

	 1.	 The urea sample solution should be freshly 
prepared. The dissolving of urea can take 
some time. The reaction is endothermic and 
can be accelerated by gentle heating, e.g. at 
20 °C. However, care should be taken not to 
heat the urea solution above room 
temperature, as this will accelerate the break-

down of urea resulting in ammonium isocya-
nate, which in turn leads to carbamylation of 
proteins and peptides.

	 2.	 The reducing stock solution can preferably 
be aliquoted in 0.5  mL tubes and stored at 
−20 °C.

	 3.	 Iodoacetamide is light sensitive. Keep in the 
dark when possible. Can be aliquoted and 
stored at −20 °C.

	 4.	 Digestion in the presence of organic solvents 
(ACN) lowers the abundance of peptides 
with several missed tryptic cleavage sites.

	 5.	 Preparing the 96-well plate with dry urea can 
preferably be done well in advance. To avoid 
the need for repeated scale measures, urea 
sample solution can be added and dried 
down, prior to addition of the urine sample: 
Label a disposable reagent reservoir and add 
15 mL urea sample solution. Using a multi-
channel pipette, add 2:1 (v/v) urea sample 
solution: urine (e.g. 300  μL urea sample 
solution for 150  μL urine sample) to each 
well in a 96-well plate using a multichannel 
pipette. Add an adhesive cover film and dry 
down in a vacuum centrifuge overnight.

	 6.	 To easily keep track of what samples goes 
into which well, one can preferably down-
load and print a 96-well plate overview [6]. 
Also, marking the top left corner of the plates 
can help you keep the orientation.

	 7.	 In all transfer-steps, ensure that the A1-well 
on the 96-well PVDF membrane plate is 
positioned on the A1-well on the 96-well col-
lection plate. The design might be different. 
Marking the top left corner of the plates can 
help you keep the orientation.

	 8.	 To avoid damaging the PVDF membranes, 
care should be taken when applying the vac-
uum, which should not exceed – 0.5 psi (−1 
inHg, −0.034  bar, −3.4  kPa). The liquid 
should pass through within 10–30  s. Also, 
the membranes should never be left with 
high organic solvents for longer than 3 min.

	 9.	 Droplets often remain underneath the 96-well 
PVDF membrane plate following liquid 
extraction. If this is the case, hold the vac-
uum manifold with plates inside firmly, and 
tap them once onto the table. This will cause 
the droplets to release.
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	10.	 It is important that the PVDF membrane 
does not dry out. Therefore, add the urea 
samples solution, but do not pass it through 
before you are ready to load the reduced and 
alkylated protein sample.

	11.	 We recommend placing a beaker with water 
in the incubator to ensure sufficient humidity 
which in turn minimizes evaporation.

1.2.5	 �Application: Monitoring 
Catabolism Post Thoracotomy 
by Urine Proteomics

In this section, we demonstrate a biomedical 
application of our high-throughput urine sample 
processing and analysis methods detailed above 
using paired urine samples collected from 14 
children pre thoracotomy (T1), and post thora-
cotomy (T2 – post-operative sample on the day of 
surgery, T3 – one day after surgery, T4 – approxi-
mately 3 days post-surgery), yielding a total of 56 
samples. The objective of this urine proteomics 
study was to better understand the post-surgery 
catabolism of the skeletal and visceral protein 
stores. We also sought to provide novel insight 
into the urinary proteome changes in children 
with thoracotomy at different time points. Our 
hypothesis was that children undergoing major 
surgery will have significant differences in the 
proteomic profile before and after surgery. These 
data could potentially highlight specific types of 
protein degraded after surgery and provide 
insights into metabolic pathways that are sup-
pressed or active in the post-operative phase. 
These observations may guide interventions, 
such as optimal protein intake, aimed at amelio-
rating the protein loss after surgery. Using our 
high-throughput and robust sample processing 
method coupled with DIA we remarkably found 
time point specific post-thoracotomy catabolic 
markers in urine.

In a pilot study, we enrolled children aged 
1–18 years who were scheduled for thoracic sur-
gery. Patients with metabolic disorders, diabetes, 
liver or renal dysfunction, or inability to collect 
24-hour urine were excluded. Patients had in-
dwelling urinary catheter as part of routine post-

operative management. The study was approved 
by the institutional review board (IRB 
P00010517), and written informed consent was 
obtained from a parent or guardian. 19 patients 
were enrolled for a stable isotope study of protein 
turnover, the study protocol and results are 
described elsewhere [21]. In brief, the cohort 
with median age 13.2 years underwent thoracot-
omy or thoracoscopic surgery with an increased 
protein turnover and net negative balance due to 
increased protein breakdown. The stable isotope 
technique demonstrated the whole-body turn-
over, but the site and metabolic pathways for pro-
tein breakdown during the metabolic stress 
response remained unclear. In 14 patients, pre-
operative and post-operative urine samples were 
obtained for proteomic analysis.

1.3	 �Results

The 56 urine samples collected from 14 partici-
pants at time point T1–4, were processed using 
the ‘MStern blotting’ protocol and analyzed by 
LC/MS in DIA mode. Cumulative, we identified 
832 proteins where 623 of them had valid values 
in at least 70% of the samples in at least one time-
point. Of note: the number of detectable urinary 
proteins is highly project dependent.

Largest Impact on the Urinary Proteome Day 
1 Post Surgery
Since the samples were analyzed in a randomized 
order, performing an PCA is an excellent analysis 
tool to visualize any potential batch effects, 
which becomes more relevant with increasing 
numbers of samples. Therefore, we performed an 
unsupervised PCA (Fig.  1.2) to investigate the 
overall variance in the data. Interestingly, the 
unsupervised analysis showed 4 groups repre-
senting each time point, spite some overlap. 
Additionally, a trajectory was apparent on the 
scores plot with samples from later timepoints 
continuously shift to lower PC-1 values. Our 
analysis revealed that the main difference in the 
dataset is described by the timepoint.

We next performed a differential analysis to 
highlight significant protein changes from the 
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time points T2, T3, and T4, relative to T1. 
Comparing the pre-surgery urine (T1) to the 
urine collected immediately following surgery 
(T2), no proteins demonstrated a significant 
abundance change (Fig. 1.3) after performing a 
paired t-test analysis followed by a false discov-
ery rate-based multiple testing correction. This 
indicates that the recent surgery had not impacted 
the urinary proteome composition at the time of 
collection. In contrast, numerous proteins with 
significant abundance differences are observed 
when T3 or T4 is compared to T1. The day after 
surgery (T3), the hemoglobin subunits as well as 
some proteins belonging to the complement sys-
tem (CFB, C4A, CFH, C9) are significantly 
increased whereas some proteins involved in 
metabolism (ALDOA, ALDOB, GGT6, PGK1) 

are significantly decreased compared to the day 
before the surgery (T1). These changes persist for 
3 days after surgery as most of them are still of 
significantly different abundance when compar-
ing T4 vs. T1.

We noticed a consistent increase in various 
hemoglobins. However, since there was no evi-
dence of renal injury or dysfunction in any of the 
patients, we assume that this post-operative 
increase is due to the trauma from the in-dwelling 
urinary catheter.

We next performed a protein-protein interac-
tion analysis of the significantly changed proteins 
(Fig. 1.4). The analysis revealed that clusters of 
functionally associated proteins were changing in 
a similar way, e.g. several complement proteins, 
hemoglobin, aldolases, and S100-proteins. 

Fig. 1.2  Unsupervised principle component analysis (PCA) scores plot with loadings from hemoglobin alpha (HBA) 
and beta (HBB), indicating distinct grouping based on timepoint
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Therefore, to identify underlying biological 
themes, we identified significantly enriched 
Reactome pathways represented in the proteins. 
Based on the number of changing proteins, we 
focused our analysis on the T3-timepoint.

Focusing on the down-regulated proteins, a 
large majority of them are involved in either the 
biosynthesis of amino acids, the glycolysis, the 
carbon metabolism or some other metabolic 
pathways. All 30 proteins tagged as metabolic 
pathways (KEGG ID hs01100) were signifi-
cantly less abundant post T1. The same holds 
true for the 11 proteins tagged as biosynthesis 
of amino acids including argininosuccinate 
synthase (ASS1) (KEGG ID hsa01230) and the 
12 proteins tagged as carbon metabolism 
including isocitrate dehydrogenase (IDH1) 
(KEGG ID has01200) and glycolysis/gluco-
neogenesis (KEGG ID hsa00010). Additionally, 
a number of proteins, although not all, involved 
in metabolism of proteins (Reactome ID 
392499) were increased. This includes apolipo-
protein L1 (APOL1) which was increased 5.3× 
at T3 compared to T1. APOL1 is a part of high-
density lipoprotein, which transport lipids in 
the bloodstream for metabolism. Finally, four 
proteins, including fibrinogen alpha and beta 

(FIBA and FIBB), involved in formation of 
fibrin clot (Clotting Cascade) (Reactome ID 
R-HSA-140877) were all increased post T1.

Overall our analysis reveals a shift from a 
carbon metabolism to a fatty acid metabolism 
post-surgery, including reduced glycolysis, glu-
coneogenesis, synthesis of amino acids, and 
increased metabolism of proteins and blood 
clotting cascades post-surgery. Alterations in 
substrate utilization, and particularly a prefer-
ence for using lipoid as a substrate for metabo-
lism, have been previously described in critically 
ill patients [22, 23] These expected findings vali-
date the applied methodology. The study dem-
onstrates that urine proteomic analysis is feasible 
and that systemic metabolic changes following 
stress are reflected well in the urinary proteome. 
Therefore, urinary proteomic analysis can be 
studied using the applied methodology. Based 
on the findings of our pilot study, proteomic 
analysis may provide important insights into 
substrate metabolism (preference for fatty acid 
oxidation) and characteristics of protein break-
down following stress of injury, illness or sur-
gery in children. These observations may guide 
interventions aimed at ameliorating protein 
catabolism in this group.

Fig. 1.3  Differential analysis comparing different time 
points (a) T2 (b) T3 (c) T4 relative to the pre surgery time-
point T1. ○: More abundant post T1, □: Less abundant post 
T1, + not statistically changed (q-value >0.05). APOL1: 

Apolipoprotein L1, ASS1: Argininosuccinate synthase, 
FIBA/B: Fibrinogen alpha/beta, HBA/B: Hemoglobin 
alpha/beta, IDH1 Isocitrate dehydrogenase

S. Ahmed et al.
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1.4	 �Conclusion

In this chapter we presented a novel and detailed 
step-by-step protocol of a 96-well plate compati-
ble membrane-based proteomic sample process-
ing method, which enables the complete 
processing of 96 individual urine samples from 
the neat urine to the LC/MS ready sample within 

a single workday. We demonstrated this urine 
sample processing and analysis using our 
‘MStern blotting’ strategy with a biomedical 
application. We described an example applica-
tion of our high-throughput method using mini-
mal volume urine samples (e.g. 150 μL) collected 
from children pre and post thoracotomy to iden-
tify the predominant sites of protein catabolism 
and aid in the design of therapies to ameliorate 

Fig. 1.4  Overview of significantly changed proteins 
(q-value <0.05), comparing T3, and T4 to T1, respec-
tively. No proteins passed the significance cutoff for T2 

compared to T1. Protein-protein interactions from the 
STRING database, gene-names, and log2-fold change 
relative to T1 are indicated

1  Sample Preparation for High-Throughput Urine Proteomics Using 96-Well Polyvinylidene Fluoride…
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protein catabolism and breakdown during critical 
illness. We also demonstrated how the systemic 
state is reflected in the urine, an easily obtainable, 
stable, and safe biofluid. Our findings remarkably 
found time point specific post-thoracotomy cata-
bolic markers in urine. With newer high through-
put technology, identification of time points 
specific protein species in the urine of children 
after thoracotomy helped identify unique urinary 
biomarkers of the catabolic process. Overall, our 
biomedical application and results thereof clearly 
demonstrated a practical application of our high 
throughput method.
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Abstract

Kidney diseases are conditions that increase 
the morbidity and mortality of those afflicted. 
Diagnosis of these conditions is based on 
parameters such as the glomerular filtration 
rate (GFR), measurement of serum and urinary 
creatinine levels and equations derived from 
these measurements (Wasung, Chawla, 
Madero. Clin Chim Acta 438:350–357, 2015). 
However, serum creatinine as a marker for 
measuring renal dysfunction has its limitations 
since it is altered in several other physiological 
situations, such as in patients with muscle loss, 
after intense physical exercise or in people on a 
high protein diet (Riley, Powers, Welch. Res Q 

Exerc Sport 52(3):339–347, 1981; Juraschek, 
Appel, Anderson, Miller. Am J Kidney Dis 
61(4):547–554, 2013). Besides the fact that 
serum creatinine is a marker that indicates glo-
merular damage, it is necessary the discovery 
of new biomarkers that reflect not only glomer-
ular damage but also tubular impairment. 
Recent advances in Molecular Biology have 
led to the generation or identification of new 
biomarkers for kidney diseases such as: Acute 
Kidney Failure (AKI), chronic kidney disease 
(CKD), nephritis or nephrotic syndrome. There 
are recent markers that have been used to aid in 
diagnosis and have been shown to be more sen-
sitive and specific than classical markers, such 
as neutrophil gelatinase associated lipocalin 
(NGAL) or kidney injury molecule-1 (KIM-1) 
(Wasung, Chawla, Madero. Clin Chim Acta 
438:350–357, 2015; George, Gounden. Adv 
Clin Chem 88:91–119, 2019; Han, Bailly, 
Abichandani, Thadhani, Bonventre. Kidney Int 
62(1):237–244, 2002; Fontanilla, Han. Expert 
Opin Med Diagn 5(2):161–173, 2011). 
However, early diagnostic biomarkers are still 
necessary to assist the intervention and moni-
tor of the progression of these conditions.
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2.1	 �Introduction

2.1.1	 �Biomarkers

Biomarkers are molecular, biochemical, histo-
logical and radiographic characteristics whose 
measurements are indicative of normal or patho-
genic biological processes, in addition to phar-
macological processes (response to exposure to 
treatments or interventions) [7].

The results of biomarker analyses depend not 
only on the analytical method used, but also on 
the biology of the biomarker and its cellular ori-
gin, the physiology of the associated organ and 
the pathophysiology of the studied process [8]. 
Thus, to understand the value of a biomarker, it is 
necessary to know its pathophysiological rela-
tionship with the clinical outcome of a given dis-
ease or condition. Good biomarkers should have 
values and/or measurements whose alterations 
accompany the variations of the diseases or con-
ditions to which they are associated, thus predict-
ing the clinical outcome of the patient [9].

Biomarkers are classified according to their 
function in medical practice [9]. Diagnostic bio-
markers are those that can confirm the presence 
of a disease or condition, or identify subtypes of 
this disease, in addition to detecting the presence 
of pathogens. Prognostic biomarkers are capable 
of tracking disease progression over time to 
determine the clinical outcome of a patient, while 
predictive biomarkers discern patients who will 
or will not respond to a specific therapy [7]. 
Pharmacodynamic biomarkers are subdivided 
into three different classes: biomarkers of adverse 
reactions that identify patients predisposed to 
adverse drug reactions even before treatment is 
initiated [10]; safety biomarkers that are capable 
of identifying early clinical damage caused by 
the drug [8] or dose-response biomarkers that 
assist in choosing the therapeutic regimen [7].

In several pathological renal situations, such 
as in suspected renal tumors, diabetic nephropa-
thy or nephritis [11, 12], performing solid biopsy 
becomes necessary for the diagnosis of the dis-
ease. However, it is an invasive procedure and, in 
many cases, the tissue for analysis is present in 
sites that are difficult to access. Thus, it is of great 
clinical importance that less invasive methods are 

developed and applied throughout the clinical 
treatment and monitoring process. Recently, liq-
uid biopsies have arousing interest, since they 
include the analysis of biomarkers for monitoring 
diseases in biological matrices acquired by a non-
invasive (or minimally invasive) technique [13].

2.1.2	 �Liquid Biopsy

Peripheral blood is the most commonly used bio-
logical matrix in different biochemical assess-
ments and in recent years has been used in 
molecular biology analyses for the diagnosis of 
chronic diseases, since it has Circulating Tumor 
Cells (CTCs) and Circulating cell free plasmatic 
DNA (ccf pDNA) [13]. Cancer patients, for exam-
ple, have a higher concentration of serum or plasma 
ccf DNA when compared to healthy people [14].

Urine samples, collected through a totally 
non-invasive procedure, have proven to be a 
promising alternative for assessment of renal 
alterations [15]. Urine is produced in the kidneys 
and approximately 70% of its proteins and pep-
tides, for example, are derived from this organ 
[16]. Therefore, the analysis of urinary pro-
teomics apparently reflects the status of the kid-
neys, so that its use can generate biomarkers for 
chronic kidney disease (CKD) and other diseases 
that affect this organ [15]. Even before the con-
cept of liquid biopsy was established, blood and 
urine had been routinely used for analysis of renal 
alterations, by analyzing and measuring creati-
nine, urea, cystatin C and albumin, for example.

As in plasma, urine also contains cell free 
DNA (ucfDNA), derived from the desquamation 
of urinary tract cells. UcfDNA is a tool to iden-
tify a patient’s genomic signature, with great 
potential for tracking and monitoring urological 
and non-urological tumors [17], urinary tract 
infections [18], clinical and experimental neph-
rotoxicity [19], for example.

Urinary sediment is composed of epithelial 
cells that have desquamated from the various 
portions of the urinary tract, from the glomerulus 
to the urethra. The study of target gene mRNA 
expression in urinary sediment has been sug-
gested as promising and non-invasive markers of 
kidney damage [20] and urogenital tumors [21].

G. L. da Veiga et al.
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Thus, in recent years, several studies have 
identified and described biomarkers present in 
serum and urine for acute renal damage and 
chronic kidney disease [22]. Most of these stud-
ies lead to the conclusion that these urinary or 
serum biomarkers lead to an early diagnosis, with 
a better prognosis for patients, including a lower 
kidney transplantation rates or mortality, and thus 
better quality of life [23]. Next, the particularities 
of the main kidney diseases and their classical 
diagnostic biomarkers will be presented, as will 
markers that are currently being studied.

2.1.3	 �Nephrotic Syndrome

Nephrotic syndrome is a kidney disease charac-
terized by impairment of glomerular permeabil-
ity, which prevents the retention of large 
molecules such as proteins, for example. Thus, 
large-scale proteinuria appears in these cases, 
usually above 3.5  g of protein per 1.73  m2 of 
body surface in 24-hour urine [24]. This condi-
tion may develop in both adults and children and 
its classification may be primary, in which the 
cause are different renal alterations, such as:
•	 Segmental and focal glomerulosclerosis 

(FSGS): Mesangial cell accumulation is 
observed and only some glomeruli appear to 
be injured (focal), as well as only portions of 
their capillaries (segmental) [25].

•	 Idiopathic membranous glomerulonephritis 
(IMGN): predominantly autoimmune in ori-
gin, in this type of pathology, IgG4 deposits in 
the podocytes and increase of this circulating 
antibody are observed.

•	 Membranoproliferative glomerulonephritis 
(MPGN): origin is also predominantly auto-
immune. Basal membrane thickening and 
IgG1 deposits are observed [26].

•	 Minimal glomerular change (MGC): absence 
of glomerular lesions or only minimal 
mesangial lesions, absence of IgM deposits or 
low level presence. All laboratory tests are 
altered.

•	 Glomerulonephritis with Mesangial IgA 
Deposits (GNIgA): IgA deposits are observed 
in mesangial cells and less frequently in glo-

merular capillaries. Glomerular capillary scle-
rosis and proliferative capillary lesions occur.
Its cause may also be secondary to diseases 

such as diabetes mellitus, lupus, infections, neo-
plasms and medications [27].

Due to high glomerular permeability, proteins 
such as antithrombin III and protein C and S are 
also excreted, which increases the risk of devel-
oping venous or arterial thrombosis. Increased 
albumin excretion triggers hypoalbuminemia and 
leads to reduced blood oncotic pressure, hypovo-
lemia and edema. The passage of proteins to the 
glomerular filtrate causes mesangial cell damage, 
chronic inflammation, increased synthesis and 
release of cytokines and growth factors, all of 
which facilitate the deposition of fibrosis and glo-
merulosclerosis and progressive loss of renal 
function [24].

2.1.3.1	 �Diagnosis
The laboratory diagnosis of NS consists of pro-
teinuria above 3.5 g protein per 1.73 m2 of body 
surface area in 24 h or above 50 mg/kg of weight 
in 24 h. The albumin/creatinine ratio is also evalu-
ated, which at values ≥3.0 mg/g indicate nephrotic 
proteinuria. In primary NS, albuminuria values 
above 3.5 g/24 h or 3.5 g/g creatinine/24 h con-
firm the presence of nephrotic disease (Veronese 
et al. 2010), while for NS secondary to diabetic 
nephropathy (DN), values above 2.2 g/24 and uri-
nary albumin/creatinine ratio of 2.2  mg/g/24  h 
indicate an excellent correlation for both diagno-
sis of NS and disease progression [28].

Other important laboratory tests are serum 
albumin levels, which below 3 g/dL confirms the 
state of hypoalbuminemia and measurement of 
total cholesterol and fractions, which usually 
show increased low-density lipoprotein (LDL). 
A complete blood count, coagulogram, creati-
nine, and common urine test are complementary 
tests that should be evaluated. Kidney ultraso-
nography is important for assessing tissue size 
and echogenicity and for signs of acute or 
chronic kidney failure. The performance of per-
cutaneous renal biopsy is extremely important 
for histopathological analysis, which will define 
the etiology of NS, treatment planning and prog-
nosis [24, 29].

2  Kidney Diseases: The Age of Molecular Markers
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2.1.4	 �Nephritic Syndrome

Nephritic syndrome is defined by the reduction 
in the glomerular surface available for filtration 
due to inflammation and/or glomerular injury. It 
is directly associated with acute clinical mani-
festations of hematuria, proteinuria, GFR reduc-
tion, edema, oliguria (reduction in urinary 
volume), hypertension and, subsequently, kidney 
disease [30–32]. It is commonly detected in 
developing countries because of its association 
with ineffective or delayed treatments of infec-
tious diseases [33].

This pathology is classified into subtypes, 
which are as follows: acute poststreptococcal 
glomerulonephritis (APSGN), caused by 
Streptococcus and Staphylococcus infections 
[33], viruses (hepatitis B, mononucleosis and 
others), protozoa (malaria and toxoplasmosis) 
and endocarditis; non-streptococcal, related to 
systemic lupus erythematosus (SLE) [34], IgA 
nephropathy and other conditions. Acute diffuse 
glomerulonephritis (ADGN) is in the post strep-
tococcal subclass and is commonly caused by the 
Class A β-hemolytic Streptococcus (EBHGA) 
microorganism, generating a renal inflammatory 
response [33, 35].

Glomerular lesions are mediated by immuno-
logical mechanisms classified as: antibody reac-
tions by fixed glomerular antigens or antigens 
implanted in the glomerulus; and circulating 
antigen-antibody conjugates (immunocom-
plexes) that are deposited on the glomerular 
membrane by the bloodstream. This infiltration 
of lymphocytes in glomerular regions causes cap-
illary constriction, reduction of the lumen and 
lesions in the capillary wall that consequently 
generate an increase in the number of glomerular 
cells, leading to the proliferation of mesangial 
and endothelial cells; erythrocyte and protein 
extravasation that generate hemodynamic 
changes, electrolyte changes, decreased GFR and 
accumulation of extracellular fluid (ECF).

2.1.4.1	 �Diagnosis
Nephritic syndrome is diagnosed through a com-
bination of anamnesis and alterations in classical 
biochemical markers analyzed in blood and urine 

samples, such as: macroscopic hematuria or 
hematic cylinders, erythrocyte dimorphism, pro-
teinuria alterations, blood urea and creatinine, 
hyperkalemia (high potassium concentrations), 
acidosis, ANF (diagnosis of SLE), antistreptoly-
sin O (ASLO), anti-DNase (identification of 
streptococcal bacteria) and cryoglobulins [29].

There is an increase in the number of studies 
aiming to expand the number of renal biomarkers 
and predict nephritic syndrome through molecu-
lar markers, among which: TGF-β1 (transform-
ing growth factor beta-1) – protein that stimulates 
cell growth and death, differentiation and accu-
mulation of extracellular matrix in pathological 
states [36]; BMP-7 (bone morphogenetic pro-
tein) - morphogenetic protein highly expressed in 
medullary tubules, epithelial glomerular cells, 
podocytes and adventitial cells [11]; and EMT 
(Epithelial-mesenchymal transition)  - highly 
expressed in this syndrome and responsible for 
the activation of fibroblasts in kidneys [37].

2.1.5	 �Acute Kidney Injury

Acute kidney injury (AKI) is described as an 
acute/abrupt reduction in renal function resulting 
in: metabolic retention of urea and other nitroge-
nated compounds, alteration of extracellular vol-
ume with fluid accumulation (edema), azotemia 
(nitrogenous waste), disturbance of acid-base 
and hydro-electrolytic balance, decreased glo-
merular filtration and urinary volume [38–40].

AKI progresses rapidly over hours or days 
with rapid reduction in serum creatinine (SCr) 
levels and/or glomerular filtration rate; the 
accelerated and abrupt loss of renal function is 
what defines the acute character of this pathol-
ogy [41, 42].

Clinical classification is based on serum cre-
atinine (SCr) levels and urinary volume proposed 
by the KDIGO group (2012) [38] through stages: 
Stage 1–1.5 to 2.0 increase in baseline SCr and 
urinary volume of <0.5  ml/kg/h for 6  h; Stage 
2–2.0 to 3.0-fold increase in SCr and urinary vol-
ume of <0.5 ml/kg/h >12 h and Stage 3 – >3.0-
fold increase in SCr and urinary volume of <0, 
3 ml/kg/h for 24 h. The clinical classification of 
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AKI is commonly categorized as: pre-renal AKI; 
post-renal AKI; functional and intrarenal AKI.

2.1.5.1	 �Diagnosis
Conventional diagnostic tests for AKI evaluate: 
oliguria (abrupt reduction in urinary volume), 
uremia (presence of urea in the blood), retention 
of urea, alterations in serum creatinine level, 
hyperkalemia and metabolic acidosis, reduction 
in extracellular volume (due to vomiting and 
diarrhea), anorexia (with retention of uro-
chromes), edema, arterial hypertension and heart 
failure. Desanti de Oliveira (2019) states that in 
the last 70 years, the lack of uniform diagnostic 
and clinical criteria has made the study of the 
incidence, prevalence and clinical relevance of 
AKI challenging [41].

2.1.6	 �Chronic Kidney Disease

Chronic kidney disease (CKD) is considered one 
of the major public health problems worldwide. 
In 2016, it affected approximately 47 million 
adults in the United States (United States Renal 
Disease Center). It is a progressive and multifac-
torial pathology characterized by decreased renal 
function, GFR impairment and renal tissue dam-
age, as well as the presence of parenchymal 
lesion (Kidney Foundation: Kidney Disease 
Outcome Quality Initiative [43]).

Clinically, according to the Kidney 
Foundation: Kidney Disease Outcome Quality 
Initiative (2002) and the European Best Practice 
Guidelines Expert Group on Hemodialysis, 
European Renal Association [44], the patient that 
presents suboptimal kidney performance for a 
period longer than three consecutive months is 
considered to have chronic kidney disease, and 
this parameter is mainly established by evaluat-
ing the glomerular filtration rate (GFR).

CKD can be classified into five stages of wors-
ening severity according to the decline in GFR 
and the degree of loss of renal function. Renal 
function index criteria were used to define these 
stages, and stages 1 and 2 were established with 
the presence of kidney damage with albuminuria 
[45], urine sediment, erythrocyte abnormalities 

and tubular disorders, as well as structural dam-
age. Stages 3 and 4 are defined as having a GFR 
under 60 ml/min/1.73m2 with or without a kidney 
injury marker, or a GFR  >  60  ml/min/1.73m2 
associated with a kidney injury marker such as 
hematuria and/or an albuminuria/proteinuria 
ratio less than 30 mg/g over a period longer than 
3  months. Patients that present a GFR under 
15 ml/min/1.73m2 are in stage 5 of CKD [30, 44, 
46, 47]. In the European Union, approximately 
13% of the adult population suffers from some 
degree of CKD, which has a high impact on pub-
lic spending on treatment [48].

Different factors may be involved in the devel-
opment of CKD, among which are type II diabe-
tes mellitus, chronic glomerulonephritis, and 
systemic arterial hypertension (SAH) [45, 49]. 
These factors lead to glomerular hypertension 
and changes in renal hemodynamics that com-
prise the most relevant causes for the onset of 
kidney injury, followed by inflammatory and 
fibrotic processes and association with oxidative 
stress [50–52]. Advanced stages of this disease 
culminate in a process of glomerulosclerosis, 
glomerular tubule injury, and tubulointerstitial 
fibrosis, and in the last stage it is necessary to use 
methods that replace the functions of the kidneys, 
such as organ transplantation [53–55].

2.1.7	 �Diabetic Nephropathy

Renal disease stemming from diabetes mellitus is 
called diabetic nephropathy (DN), which is a glo-
merular function disorder that, histologically, is 
due to the presence of glomerulosclerosis accom-
panied by endothelial dysfunction of afferent and 
efferent renal arterioles. Generally, it is a silent 
disease which the physician can only diagnose 
when there is an effective loss of renal function, 
at this stage there is no recovery of kidney func-
tionality. Its detection occurs between the moder-
ate and late phases, usually presenting three 
clinical phases that allow patients to be classified 
according to disease progression. The first stage 
is incipient nephropathy, characterized by the 
presence of 30–299  mg of albumin in 24-hour 
urine (microalbuminuria) which presents an 
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increased cardiovascular risk; the second is overt 
nephropathy with nephrotic proteinuria with over 
300  mg of albumin in 24-hour urine (albumin-
uria) or decreased GFR; and the third is kidney 
failure per se [30, 56, 57].

2.1.7.1	 �Diagnosis
DN is confirmed by measurement of microalbu-
minuria (per single sample or sample collection 
for periods of 4 or 12 night hours), serum creati-
nine measurement with estimated GFR, in addi-
tion to urinalysis including microscopic and 
urinary sediment analysis. However, these bio-
markers are considered inaccurate for being 
unable to measure actual kidney damage and are 
relatively insensitive to minor alterations in renal 
function. However, an early diagnosis is known 
to guarantee the adoption of preventive measures 
capable of delaying the evolution of the disease 
and, consequently, offer the patient a better qual-
ity of life [47, 58].

The diagnosis of DN generally follows the 
same diagnostic protocol as AKI, with the evalu-
ation of renal function being performed using the 
GFR, measurement of serum creatinine and urea 
and urinary volume evaluation. The GFR being 
the best approach for diagnosis. The evaluation 
of albuminuria also helps to determine renal 
injury.

New methods are currently being studied that 
propose the evaluation of biomarkers that can 
identify minor damage to kidney tissue as well as 
identify the imminent risk of DN before it is 
properly diagnosed. Biomarkers such as cystatin 
C, KIM-1 (Kidney Injury Molecule-1), NGAL 
(Neutrophil Gelatinase-Associated Lipocalin), 
Angiotensinogen, Periostin, and MCP-1 
(Monocyte Chemoattractant Protein-1) reflect 
early stage tubular or nephron damage in diabetic 
patients [59–63].

2.1.8	 �New Era of Biomarkers 
and Liquid Matrices

The recent concern with studying less invasive 
biological matrices for a more accurate and reli-
able clinical evaluation has led researchers to 

investigate liquid matrices such as blood, urine, 
tear fluid and saliva [64–66]. In addition, new 
collaborative techniques for measuring or detect-
ing biomolecules have improved the accurate 
diagnosis and prognosis of kidney diseases such 
as those described above. Thus, we selected the 
most recent techniques regarding the diagnosis 
and prognosis of diseases affecting the kidneys. 
In this scenario, the omic sciences emerge poten-
tially promising in identifying the pathophysio-
logical state of nephropathies [67].

Urine is one of the richest biofluids in metabo-
lites and the preference of studies aiming to iden-
tify biomarkers in this matrix is precisely because 
of the ease of collection, besides the fact that 
urine reflects the imbalance of the main meta-
bolic pathways in specific pathologies. The meta-
bolic profile of a system, such as the urinary or 
renal system, is the final step of the omic cascade 
that is determined by the activation of some genes 
(genomics) and their transcripts (transcriptome), 
followed by the production of proteins (pro-
teomics) or metabolites (metabolomics) [68]. 
Each of these techniques will be briefly outlined 
below.

Metabolomics is a technique capable of iden-
tifying and quantifying metabolic alterations in 
different tissues, cells or biological fluids. This 
technique makes it possible to measure small 
molecules (<1500 daltons), such as sugars, amino 
acids, fatty acids, nucleotides and lipids in a cell 
or tissue. At this evaluation level, alterations in 
the metabolic profile of a system are identified 
even before there are clinical symptoms. The 
evaluation of this profile is performed by high 
throughput nuclear magnetic resonance spectros-
copy (NMR) or mass spectroscopy (MS), with 
these methods it is possible to draw a complete 
profile of the metabolites in a sample through an 
analytical spectrum and to draw comparisons 
between them using specific statistical techniques 
that recognize patterns. These patterns are like 
fingerprints and combined they will be compared 
with others, facilitating the understanding of the 
metabolic pathway that is altered and the actual 
cell conditions at the time of collection [69]. A 
human metabolite database (HMDB) includes all 
metabolites so far identified, their biofunctions, 
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metabolic pathways, and normal or abnormal 
concentrations [70]. Nevertheless, researchers in 
this field are still cautious to use it in medical rou-
tines because, unlike the study of genes and pro-
teins, metabolites are not specific to a single 
pathway [71]. Assessing the metabolic profile in 
kidney diseases is complex. In the clinical con-
text, decreased renal function affects circulating 
metabolite levels. The influence of the kidneys on 
these levels is due to some mechanisms such as 
glomerular filtration, tubular secretion and catab-
olism, among others [72]. In a study analyzing 
the urine of 158 diabetic volunteers with and 
without CKD, a variety of biomarkers were 
observed in the samples, such as cytochrome C 
oxidase and PPARγ-coactivator-1alpha (PGC1α) 
mRNA, for example. Among the metabolites 
present in urine it is also possible to quantify 
mtDNA in exosomes to measure mitochondrial 
activity in patients with kidney disease [73].

Proteomics is a qualitative and quantitative 
study of the proteome performed by mass spec-
trometry. This technique allows the description 
of cell and tissue differentiation. The identifica-
tion of protein structures can be done in 3D by 
means of X-ray, NMR and cryo-electron 
microscopy. Data obtained through the study of 
proteomics are deposited in protein lists and 
metadata in public databases such as 
PRoteomics IDEntifications [74]. In this way, 
the genesis of proteomic evaluation made pos-
sible the global study of protein expression. 
Siwy et  al. (2017) used the capillary electro-
phoresis coupled to mass spectrometry (CE-
MS) technique which analyzes specific proteins 
(biomarkers) capable of discriminating the dif-
ferent phases of CKD or other renal alterations. 
As a result, the authors identified 619 renal 
disease-specific biomarkers in urine samples 
[75]. These markers can be used as adjuvants or 
determinants in the diagnosis of diseases such 
as AKI, for example, and this can directly 
reflect on the patient’s survival.

Genomics evaluates the whole genome of the 
individual. The human genome has approxi-
mately 3 billion base pairs of DNA and is capable 
of coding over 20,000 different genes. Within this 
potential for vast amounts of information it is 

known that only 1–2% of the entire genome is 
part of coding regions, with the remaining 98% 
making up non-coding regions [76, 77]. 
Considering this wide range of information, it is 
easy to understand how this science is highlighted 
in the study of genetic factors that determine the 
presence of some diseases in the individual, 
including kidney diseases. This methodology 
allows the extraction of diagnostic and prognostic 
information in addition to directing preventive 
and therapeutic measures for numerous diseases. 
Some branches of this science include computa-
tional genomics, functional genomics, and post-
genomic sciences that evaluate the expression of 
genes that determine the synthesis of specific pro-
teins [78]. The genomic study is able to identify 
pathological (mutations) and non-pathological 
(polymorphisms) genetic variations [76]. 
Inherited etiologies are known to account for 
approximately 10% of end-stage kidney disease 
in adults and over 70% of cases of pediatric 
nephropathy. Therefore, genetic diagnosis is 
capable of providing accurate information about 
the pathogenesis of nephrological disorders and 
can be a determining factor in the diagnosis and 
clinical decision support. Genetic testing in 
patients with kidney disease is also used to iden-
tify the inherited form of the condition and to 
assess the compatibility of living kidney donors 
[79]. Another possible evaluation is the quantifi-
cation of DNA methylation, which is a wide-
spread epigenetic study in recent years [80]. DNA 
extraction from fresh or frozen urine samples 
from patients with kidney disease makes the study 
of DNA methylation possible, but the success rate 
of extraction of this material in urine is still mod-
est and needs to be solidified in order to perform 
this technique in the medical routine [79].

Finally, accurate studies of gene expression of 
molecules involved in the onset of kidney disease 
are on the rise and have shown greater accuracy 
compared to most classical biochemical analyses 
in diagnostic practice. Sadar et al. (2016) evalu-
ated the expression of KIM-1, NGAL, TGF-β and 
type I collagen genes in streptozotocin-induced 
diabetic rats. In this study the authors treated the 
animals with L-glutamine, an amino acid with 
antidiabetic and antioxidant potential, and found 
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that the rats showed improvement in biochemical 
parameters related to the onset of kidney disease. 
Expression of the studied genes in the kidneys 
was inhibited after treatment, confirming the 
effectiveness of the study of mRNA of these 
genes [81]. Kaucsár et al. (2016) studied the accu-
racy of NGAL gene expression as a marker of 
acute kidney failure in mice submitted to different 
degrees of renal ischemia. A 10-minute ischemia 
resulted in a high expression of the NGAL gene 
in the kidney and protein expression of NGAL in 
the blood and urine increased in parallel with 
gene expression in kidney tissue, confirming the 
high sensitivity and specificity of this marker in 
the identification of subclinical AKI [82]. A clini-
cal study evaluated the reliability of predicting 
the transition of AKI to CKD, and investigated 
the potential prognosis of urinary biomarkers 
such as NGAL (protein expression) and biomark-
ers KIM-1, IL-18, alpha-1-microglobulin (α1M), 
sodium/hydrogen exchanger-3 (NHE-3), beta-2 
microglobulin (β2M) and acetyl-β-D-
glucosaminidase (NAG) by gene expression in 

urinary sediment. In this study urinary NGAL 
levels correlated with serum creatinine. β2M 
expression was inversely proportional to GFR, 
while α1M and NHE-3 expressions were 
increased in cases of ischemia-mediated tubular 
necrosis, demonstrating that the evaluation of 
these markers in patients transitioning from AKI 
to CKD is accurate. Therefore, quantification of 
urinary mRNA can be used as a non-invasive tool 
in risk stratification for these pathologies [83].

Considering these modern and effective tech-
niques for measuring and diagnosing kidney dis-
eases, new biomarkers are being proposed to 
assist in the early detection of these diseases 
applied to these techniques. These are molecules 
capable of detecting the onset of pathology in 
time to prevent the disease from progressing and 
thus improve the quality of life and survival of 
the nephropathic patient. For this, the biomarker 
must be highly sensitive and specific, thus pro-
viding good accuracy. Figure 2.1 and Table 2.1 
shows the most recent biomarkers of kidney dis-
ease studied in last few years.

Fig. 2.1  Representative scheme of nephron segments and lesion biomarkers
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Table 2.1  List of major kidney disease biomarkers studied in the last decade

New Biomarkers in kidney diseases [84–134]
Biomarker Function/kidney Nephron Segment Sample Diseases
Calbindin D28 Vitamin D-dependent 

clacium-binding 
protein – 
reabsorption of 
calcium and 
magnesium

Principal cells of distal 
tubule and
Cortical duct collecting

Urine Drug-induced kidney injury

Clusterin or 
apolipoprotein J 
(chaperone)

Tissue remodeling, 
membrane recycling, 
stabilization of 
stressed proteins, and 
is an inhibitor of 
apoptosis

Proximal tubule
Distal tubule

Urine
Serum

Kidney damage 
(nonspecific)
Ischemic AKI

COL IV Extracellular matrix 
component

Glomerulus and renal 
interstitium

Urine
Serum

Glomerular diseases
Chronic kidney disease 
(initial and end stage)
Diabetic nephropathy

Cysteine-rich protein 
61 (Cyr61)

Cysteine-rich 
matricellular protein
Extracellular matrix 
formation
Cell adhesion
Proliferation, 
differentiation
Angiogenesis,
Apoptosis and 
inflammation

Proximal tubule
Thick ascending limb of 
Henle’s loop
Distal and colleting tubule
Podocytes

Urine AKI
Membranous nephropathy
Diabetic nephropathy
IgA nephropathy

Fetuin A Glycoprotein 
(secreted from 
adipose and hepatic 
tissues)
Calcification of 
vessels

Proximal tubule Urine
Serum

Chronic kidney disease
Glomerulopathy
AKI
Diabetes nephropathy
Nephrolithiasis

π-Glutathione 
S-Transferase (GST- π)

Enzymes of a 
multigene family

Distal tubule damage Urine AKI

Heart type of fatty 
acid-binding protein 
(H-FABP)

Cytoplasmic protein Proximal
Distal tubule

Urine
Serum

AKI
Nephrotoxic AKI
Chronic kidney disease

Hepatocyte growth 
factor (HGF)

Pleiotropic cytokine
Angiogenic and 
angioprotective 
actions
Tubulogenesis

Mesangial cells
Endothelial cells
Proximal tubule
Distal tubule

Urine
Serum

AKI
Chronic kidney disease
Nephrolithiasis

Insulin-like growth 
factor-binding protein 
7 (IGFBP-7)

Cell cycle arrest 
protein

Renal tubular epithelial 
cells

Urine
Serum

AKI
Chronic kidney disease

Interleukin-18 (IL-18) Cytokine Proximal tubule Urine
Serum

AKI
Chronic kidney disease

Kidney injury 
Molecule-1 (KIM-1)

Type 1 cell 
membrane 
glycoprotein

Proximal tubule Urine
Plasma

AKI
Chronic kidney disease
Diabete nephropathy
End stage of kidney disease

(continued)
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Table 2.1  (continued)

New Biomarkers in kidney diseases [84–134]
Biomarker Function/kidney Nephron Segment Sample Diseases
Liver-type of fatty 
acid-binding protein 
(L-FABP)

Cytoplasmic protein Lysosomal compartment 
proximal tubule

Urine
Serum

Ischemic and nephrotoxin-
induced AKI
Chronic kidney disease
Diabetic nephropathy
Glomerular nephritis

N-acetyl-β-D 
glucosaminidase 
(NAG)

Enzyme found 
predominantly in 
lysosomes of the 
proximal tubular 
cells

Proximal tubule Urine
Blood

Diabetic nephropathy
Primary glomerulonephritis
Idiopathic membranous 
nephropathy
Primary focal segmental 
glomerulosclerosis
Sepsis (AKI)

Netrin-1 Conserved family of 
laminin-related
Proteins
Angiogenesis
Cell migration, tissue 
morphogenesis
Regulation of 
inflammation

Proximal tubule Urine
Serum

Chronic kidney disease
AKI

Neutrophil gelatinase-
associated lipocalin 
(NGAL)

Membrane 
glycoprotein
Bacteriostatic agente

Proximal and distal 
tubules
Ascending limb of the 
loop of Henle

Urine
Serum

Chronic kidney disease
Acute kidney injury
Autossomal polycystic 
kidney disease
Glomerulonephritis
Autosomal dominant 
polycystic kidney disease

Na+/H+ exchanger 
isoform 3 (NHE3)

Apical sodium 
transporter

Apical membrane and 
subapical endosomes of 
renal proximal tubular 
cells
Apical membrane of thick 
ascending limb cells

Urine AKI
Prerenal azotemia

Osteopontin Pleiotropic 
glycoprotein

Thick ascending limbs of 
the loop of Henle
Distal tubules

Urine
Serum

Chronic kidney disease
Diabetes nephropathy
AKI

Retinol binding 
protein (RBP)

Vitamin A transport Proximal tubule Urine
Serum

AKI

Tissue inhibitor of 
MetalloProteinases-2 
(TIMP-2)

Cell cycle arrest All epithelial cells Urine AKI
Chronic kidney disease

α1-antitrypsin Member of the 
serpin superfamily
Potent inhibitor of 
multiple serine 
proteinases

Tubule epitelial cells Urine
Serum

AKI
Chronic kidney disease

α1-microglobulin Member of lipocalin 
family

Proximal tubule 
dysfunction

Urine Fabry nephropathy
Nephrotoxic AKI
Renal transplantation
Acute tubulointerstitial 
nephritis
Chronic kidney disease

β2-microglobulin 
(β2M)

Light chain component 
of the major 
histocompatibility 
class I

Proximal tubule Urine
Serum

Rhabdomyolysis
Drug nephrotoxicity
AKI
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Abstract

Extracellular vesicles (EV) are small 
membrane-coated structures secreted by all 
cells of the body and can be detected in all 
bodily fluids, including urine. EV contents 
(e.g. proteins and distinct RNA classes) reflect 
the physiological state of their cells of origin, 
offering a new source of biomarkers. 
Accordingly, urinary Extracellular Vesicles 
(uEVs) are emerging as a source for early bio-
markers of kidney damage and beyond, hold-
ing the potential to replace the conventional 
invasive techniques including kidney biopsy. 
However, the lack of standardization and sam-
ple collection and isolation methods, and the 
influence of factors such as inter- and intra-
individual variability create difficulties in 

interpreting current results. Here we review 
recent results and reported uses of especially 
urinary EVs and also pinpoint approaches to 
be considered when designing experiments.

Keywords

Urinary extracellular vesicles · Exosomes · 
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3.1	 �Introduction

While the history of urinary Extracellular Vesicles 
(uEV) is relatively young, knowledge of their 
biologic roles appear to grossly follow those of 
vesicles found in other bodily fluids.

With the already impressive impact list of 
EVs, it is fair to state that these abundant vesicu-
lar structures once considered as handy waste 
packages to be excreted out of the body, now 
appear to open new understanding to many key 
biological phenomena. These include, but not 
limited to, general cell-to-cell communication 
and regulation of immune reaction and extends to 
roles in spread of cancer cells to precise modula-
tion of tissue -and cell-type specific functions.

Detailed information of molecular mecha-
nisms mediated by EVs and their “holistic” 
understanding in distinct tissue functions is rap-
idly emerging. Notably, many of these mecha-
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nisms have now been established and appear to 
parallel generic EV functions in different biolog-
ical fluids. Interestingly, many recent reports 
have highlighted the potential of customized EVs 
as targeted future “magic bullets” in precision 
medicine to enable advanced personalized and 
tissue targeted treatments. EVs are lucrative 
sources of personalized disease biomarkers, 
snapshots of cellular and tissue pathophysiology. 
These snapshots provide unforeseen accuracy to 
monitor distinct functions and, more importantly, 
to highlight new understanding of basic cellular 
biological events.

Reproducible use of extracellular vesicles in 
academic or applied research for clinically rele-
vant problems still needs stringent standardization 
at many levels including sample collection, stor-
age, EV analytics and downstream applications. In 
spite of valuable standardization guidelines 
already achieved, with particular and continued 
efforts by the International Society for Extracellular 
Vesicles [1], many important steps remain to be 
achieved and strict adherence to published guide-
lines enforced. During the rapid expansion of EV 
applications in a multitude of areas and from an 
ever increasing number of laboratories, the sheer 
credibility and reproducibility of results will need 
much stronger attention. Before EVs can be 

adopted in wide general use, especially in the bio-
marker applications, several fundamental limita-
tions and controversies still exist.

Here we review recent results and reported 
uses of especially urinary EVs and also pinpoint 
approaches to be considered when designing 
experiments.

3.2	 �Urinary EV Biology

Extracellular vesicles are well characterized to 
their main categories of exosomes, microvesicles 
and apoptotic bodies (Fig. 3.1). This division is 
somewhat arbitrary and mostly considers the bio-
genesis and size of vesicles, without going into 
other physicochemical features nor into their pre-
cise biochemical characteristics. These basic EV 
properties have been well described several 
recent excellent reviews [2–6].

The milestone report of urinary EVs by 
Pisitkun et al. 2004 translated the physicochemi-
cal features of EVs also into urine, including their 
size, shape and contents. Thus, it appears that 
uEVs show the similar variety of protein, RNA 
and lipid content as EVs from other biological 
sources. This suggests but does not prove that EV 
functions in the distinct sources are identical.

Fig. 3.1  Schematic representation of EV sources and biology. EE early endosome, MVB multivesicular bodies, OMVs 
outer membrane vesicles
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Traditional view tells that urine is the vehicle 
to excrete metabolic waste products from not only 
the kidney tissue but, via glomerular filtration and 
tubular secretion, from the whole body. It is 
becoming increasingly evident, mostly by uEV 
studies, that urine is far beyond simple means to 
excrete waste from the body but indeed is a com-
plex, poorly understood mixture of different bio-
logically active molecular species. Notably, 
urinary contents dynamically reflect metabolic 
extremes within an individual, e.g. after strong 
physical exercise leading to dehydration [7]. 
These extremes result in well-established changes 
in urinary osmolality as well as in some key uri-
nary “normal contents”. While uEV changes 
could reflect individual physiological adaptation 
to stress situations at the organ level, it is also evi-
dent that such changes are similarly seen follow-
ing shift in e.g. dietary patterns, disease states and 
upon introduction of new medication. This means 
that uEV content reflects more the total body 
reaction and implies that all uEV clinical studies 
should also contain comprehensive reporting of 
clinical chemistry values as well as activity, diet, 
and, particularly, use of medications.

With the uEV contents of specific proteins 
beyond the kidney, it is conceivable that uEVs 
indeed reflect systemic rather than merely local 
tissue level physiology. How EVs from circula-
tion get access to urine remains an open question 
but could involve transglomerular passage 
through the glomerular filtration barrier (GFB) or 
active secretion by tubular epithelial cells.

Normal urine contains cell type-specific pro-
teins from the glomerular filtration barrier, par-
ticularly the glomerular visceral epithelial cells 
(podocytes) [8], and electron microscopy of 
glomeruli also show abundance of vesicles in this 
site [9]. Final proof visualizing EVs passaging 
the GFB remain to be achieved.

EV contents in general include specific func-
tional, structural and metabolic proteins, lipids 
and, particularly, a rich content of RNA species 
(mi/messenger/lncRNA) and DNA [4, 10]. uEVs 
show a closely similar repertoire of molecules 
[6]. While their respective physiologic signifi-
cance remains still poorly studied, it is tempting 

to speculate that these active molecules continue 
to have their respective functions also in urine. In 
this respect, EV surface molecules could serve as 
address codes to target their active contents to 
specific downstream sites [8]. However, further 
consensus needs to be reached on the methods to 
isolate and characterize the EV surface contents 
as passive adsorption of a variety of molecules in 
this site is possible [11, 12]. After targeting and 
adhesion, EVs may be taken up by a variety of 
well described mechanisms [13–15] to subse-
quently induce functional changes [5].

It is interesting to note that diet [16], use of 
medication, exercise and other still poorly under-
stood factors [17–19] may cause intra-individual 
changes in vesicle content as detected by pro-
teomics or RNomics. Our own results indicate 
significant intra-individual variation in first 
morning urine uEV size, class and especially 
contents distribution during daily monitoring 
over 3  months of first morning urine voids 
(Holthofer et al., unpublished).

Our recent results have shown distinct gender 
and ethnic differences in uEV contents of healthy 
subjects, which may be only partly explained by 
dietary differences (Xu et al., unpublished). These 
results emphasize the crucial importance of 
recording comprehensive phenotypic data of sub-
jects under study to understand the dynamic 
changes in uEV signatures and factors behind. 
With this complexity in mind, our approach to 
understand biological roles of uEVs has consisted 
of using three pronged approach (see Fig. 3.2) and, 
especially, established animal models of diseases 
under study. Notably, this approach as a first step 
eliminates differences based on e.g. gender, 
genetic heterogeneity, diet, medication, and exer-
cise (Xu et al., unpublished). It is also interesting 
to note that our preliminary studies with human 
subjects show rapid changes in distinct uEV cate-
gories upon medication: when type II (adult onset) 
diabetics started with SGLT1 inhibitor or miconat-
sole, distinct intra-individual changes in miRNA 
were observed (Barreiro et al., unpublished). This 
shows the rapid, dynamic changes in cellular 
physiology that can be recapitulated as cellular 
content snapshots in the form of uEV changes.
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Taken together, there are currently many 
unknown individual factors which may explain 
the observed complexity of uEV patterns (as well 
as EVs from other bodily sources). It is also evi-
dent that significant advances need to be achieved 
to understand the abundance of factors influenc-
ing uEV contents before they can be fully intro-
duced as biomarkers or tools to precision 
medicine.

3.3	 �Urinary Extracellular Vesicle 
Isolation

Currently, numerous methods are used for extra-
cellular vesicle isolation e.g. ultracentrifugation 
[6], filtration [20], precipitation [21] and hydro-
static filtration dialysis [22] based techniques, or 
combination of these. Isolation methods make 

use of several of the extracellular vesicle proper-
ties e.g. size, density and solubility and this is 
why different subpopulations of extracellular 
vesicles are enriched by different methods. The 
method or combination of methods to be applied 
usually depends on the starting material and the 
volume [23]. However, there is presently no solid 
standardization approaches of protocols and, in 
many cases, methods applied are reported loosely 
to confound result interpretation and repeatabil-
ity. Details on the isolation methods, advantages 
and disadvantages such as processing times, 
costs, ease of implementation, and co-isolation of 
contaminants are well described in recent detailed 
reviews [8, 24–27]. For reporting a new method, 
a modification of an existing method or, when 
applying a method for the first time, we strongly 
recommend strict adherence to MISEV2018 
guideline details [1].

Fig. 3.2  Overarching experimental setups to verify uEV biomarkers of diabetic kidney disease targets. EV extracellular 
vesicles

K. Barreiro et al.
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3.4	 �Inter- and Intra- Individual 
Variability in EVs Samples

Few studies have assessed systematically the 
intra- and inter- individual variation of EV con-
tents, and most of them focus on results based on 
proteomics findings.

Accordingly, in many proteomics based stud-
ies, it has been reported that inter- and intra- indi-
vidual variation is lower in EVs compared to 
crude urine [28]. In addition, inter-individual 
variation was described to be higher than intra- 
individual variation in urinary EVs [29]. In con-
trast, both inter- and intra- variation for cell 
culture EVs proteins were reported to be low [30].

Interestingly, the opposite was described for 
miRNA urinary EV content (inter-individual 
variation was lower than intra- individual varia-
tion) [31] and less variability for miRNA isolated 
from plasma derived EVs [32] was observed.

The differences regarding inter and intra- indi-
vidual variation in these reports may be due to the 
use of different biological fluids, differences in 
pre-analytical variables and to the diversity of EV 
isolation methods used. Thus, for biomarkers 
research it is of key importance to determine the 
variation for each sample type, downstream 
application and, vesicle isolation method in order 
to calculate a solid sample number [33].

Age, gender, and race differences have also 
been reported to affect the size of the vesicles and 
the protein content [34, 35]. Thus, these factors 
should be considered for a well-balanced experi-
mental design.

3.5	 �Example of Experimental 
Setups Relevant in uEV 
Studies

To avoid oversimplification and misinterpretation 
of uEV results seen especially in urines from dia-
betic patients, our experimental setup has built on 
utilization of three levels of meticulously moni-
tored EV parameters as follows:
	1.	 EVs from in vitro cultured diabetes target 

cells
	2.	 uEVs from established experimental model of 

diabetes in the rat

	3.	 uEVs from human diabetic (type 1 diabetes) 
patient urines
This comprehensive approach to study uEVs 

in Diabetic Kidney Disease (DKD), starting from 
in  vitro and in  vivo models to human samples, 
aims to identify better tools and predictive marker 
candidates for early DKD diagnostics and dis-
ease management.

For the in  vitro studies (Figs.  3.3 and 3.4) 
our hypothesis was that the use of known diabe-
tes target cells and their EV secretion patterns 
upon diabetic conditions gives the most simple 
and targeted information of respective EV secre-
tion responses. This approach allows to study 
effects of a variety of modifications, e.g. varia-
tions of insulin, glucose or established pharmaco-
logic manipulation with standardized harvesting 
of EV response, respectively. Thus, we used con-
ditioned culture media from all three resident 
glomerular cell types, the kidney targets of diabe-
tes: podocytes, mesangial and endothelial cells 
with the adjacent proximal tubular cells. 
According to the study protocol, cells were 
grown with or without diabetes -mimicking con-
ditions (collaboration with Prof Richard Coward’s 
lab, Bristol University, UK). EVs from cell 
culture media were isolated by Hydrostatic 
Filtration dialysis [36]. Rigorous quality control 
of the isolated vesicles was done by Western blot, 
nanoparticle analysis and electron microscopy. 
Samples were processed for small and long RNA 
sequencing, and quantitative proteomics. With 
this data, we seek to define a panel of dysregu-
lated miRNAs, mRNAs and proteins (by cell 
type) in these in vitro conditions. All data layers 
are being integrated with multiomics approach to 
reveal novel candidate pathways involved in 
insulin resistance and other parameters. 
Preliminary results of the study from podocytes 
are shown.

3.6	 �uEV Omics Studies 
for Biomarker Research

The application of omics techniques to EV sam-
ples has increased remarkably as a consequence 
of general interest into EV for biomarker 
research. This is clearly reflected in the amount 
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of publications involving EV proteomics, tran-
scriptomics, lipidomics, or metabolomics, which 
are thoroughly documented in recent reviews 
[37–41]. Even if these techniques offer exciting 
possibilities to profile EV contents precisely, it is 
important to consider the technical challenges 
that accompany them in order to design experi-
ments accordingly [42]. Table  3.1 shows 
examples of recent studies involving specifically 
urinary extracellular vesicles. As evident from 
Table 3.1, the use of different approaches to iso-
late EV, workflows for isolation of features under 
study (e.g. RNA, proteins), and normalization 
protocols vary from study to study. The lack of 
standardization in general and only a few pilot 
studies available to compare particular omics 
approaches using same sample sets affects inter-
pretation on what is the preferential approach to 
study uEV.

All omics approaches can be considered ultra-
sensitive. This fact, especially in transcriptomics 
approaches emphasizes the crucial importance of 
selecting optimized uEV isolation methods and 
their critical application at all steps. Poor early 
quality measures will automatically result in poor 
data quality. Reports have shown that different 
uEV isolation methods result in dissimilar 
miRNA containing EV populations and/or even 
co-isolate non-EV miRNA [43–45]. However, 
most of the comparisons have thus far focused in 
uEV miRNA analysis. Thus, more studies are 
needed to reach a clear picture on the effect of 
early EV isolation steps on RNA type outcomes.

Furthermore, the library preparation protocol 
applied has major effects on sequencing results 
as e.g. (i) small vs total RNA library approaches 
affect RNA biotype distribution [40], (ii) poly(A) 
library preparation approach does not perform 
well with partially degraded RNAs. Thus, integ-

Fig. 3.3  Experimental workflow for EVs derived from 
cell culture lines to study diabetic kidney disease. EVs 
extracellular vesicles, TMT proteomics tandem mass tag 

proteomics, TEM transmission electron microscopy, WB 
Western blot, NTA nanoparticle tracking analysis

K. Barreiro et al.
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rity of EV samples RNA has to be evaluated 
before choosing this kind of library, (iii) Library 
Kits that employ universal adapters with fixed 
sequences generate biases in small RNA sequenc-
ing. As reported by Srinivasan et al. [46], the kits 
that use adapters with degenerate bases reduce 
biases for small RNA sequencing.

Normalization of quantitative data is also a 
possible confounding factor. Whether it is better 
to normalize per starting volume of urine, creati-
nine or EV related values (e.g. particle number, 
presence of CD9) is not clear and remains an 
open debate [47]. MISEV 2018 guidelines 
acknowledge the lack of agreement on normal-

ization strategy and calls for more studies on the 
topic.

Validation of sequencing results is usually 
done through qPCR.  However, for example the 
lack of a reference miRNA and biases introduced 
by the library preparation itself could difficult 
validation of the respective miRNA targets [48]. 
As housekeeping genes used normally may not 
work properly for EV sequencing data, ISEV rec-
ommends to use multiple reference genes to nor-
malize qPCR data [49]. For more information on 
EV RNA analysis, methodologies and biases, we 
recommend an ISEV position review by Mateescu 
et al. [50].

Fig. 3.4  Representative results obtained for the in vitro 
model of diabetic nephropathy. PCA of small and long 
RNA sequencing (a, b), expression heatmap of pro-

teomics data [58] (c) and multiomics integration of 
miRNA and Proteomics data [59] (d)

3  Urinary Extracellular Vesicles Magic Particles for Biomarker Discovery
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3.7	 �Future of uEV Studies

Urine remains an underutilized diagnostic matrix, 
which can be easily and painlessly collected in 
large quantities, repeatedly and processed easily 
for further analytics. Factors limiting its diagnos-
tic consist of dynamic contents together with 
constituents causing serious artifacts in down-
stream analytics. For these reasons, rigorous 
standardization of urine is needed and methods 
are now available for successful use of urine. 
Notably, to solve these challenges we recently 
developed a method combining equalization of 
urinary electrolytes while neutralizing effects of 
pigments and manage Tamm-Horsfall [51]. 
Interestingly, the method developed simultane-
ously suits perfectly for unbiased collection of 
uEVs to release the full analytical power of the 
uEVs. It is notable, that uEVs contain 5–20 times 
the contents of proteins, RNA and lipids as com-
pared to crude urine and, furthermore, without 
many known artifacts associated with the use of 
crude urine.

With the wealth of data being increasingly 
published on the biology, derivation, association 
to disease and future therapeutic aspects of EVs, 
it is now reasonable to expect that the uEVs will 
show their power as future analytic and source 
for biomarkers valuable for precision medicine.

To process the large number of samples 
needed to define reliable biomarkers, automated 
methods to isolate efficiently extracellular vesi-
cles are needed. This is especially important to 
reduce the processing time; to reduce the number 
of steps needed to process samples (to reduce 
batch effects). Reducing these factors to essential 
ones, addition of technical replicates and follow 
up samples in large studies would be achievable 
in reasonable times. However, performance of 
commercially available kits (better for high-
throughput) is variable when compared to more 
traditional and well characterized isolation meth-
ods [52, 53]. More studies are needed to compare 
isolation methods including control and disease 
samples and their use in downstream applica-
tions. In addition to the commercially available 

kits new approaches are emerging to automate 
and standardize the isolation process [54].

With the increasing interest in EVs as source of 
novel biomarkers, the need to develop devices that 
could both isolate and detect markers (Lab-on-a-
chip) has grown substantially. Promising devices 
have already been designed, based e.g. in diverse 
microfluidic strategies to isolate successfully 
extracellular vesicles as well as detection of their 
RNA and protein contents and the combination of 
both on single device [55, 56]. These approaches 
provide an interesting future solution for quick EV 
biomarker detection in clinical settings.

Together with the innovation in isolation 
methods, exiting advances were made in single 
EV detection in e.g. flow cytometry, which could 
be applied for accurate biomarker detection [57].
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Abstract

Cardiac troponin T (cTnT) is a sensitive and 
specific biomarker for detecting cardiac mus-
cle injury. Its concentration in blood can be 

significantly elevated outside the normal ref-
erence range under several pathophysiological 
conditions. The classical analytical method in 
routine clinical analysis to detect cTnT in 
serum or plasma is a single commercial immu-
noassay, which is designed to quantify the 
intact cTnT molecule. The targeted epitopes 
are located in the central region of the cTnT 
molecule. However, in blood cTnT exists in 
different biomolecular complexes and proteo-
forms: bound (to cardiac troponin subunits or 
to immunoglobulins) or unbound (as intact 
protein or as proteolytic proteoforms). While 
proteolysis is a principal posttranslational 
modification (PTM), other confirmed PTMs 
of the proteoforms include N-terminal initia-
tor methionine removal, N-acetylation, 
O-phosphorylation, O-(N-acetyl)-
glucosaminylation, N(ɛ)-(carboxymethyl)
lysine modification and citrullination. The 
immunoassay probably detects several of 
those cTnT biomolecular complexes and pro-
teoforms, as long as they have the centrally 
targeted epitopes in common. While analytical 
cTnT immunoreactivity has been studied pre-
dominantly in blood, it can also be detected in 
urine, although it is unclear in which proteo-
form cTnT immunoreactivity is present in 
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urine. This review presents an overview of the 
current knowledge on the pathophysiological 
lifecycle of cTnT. It provides insight into the 
impact of PTMs, not only on the analytical 
immunoreactivity, but also on the excretion of 
cTnT in urine as one of the waste routes in that 
lifecycle. Accordingly, and after isolating the 
proteoforms from urine of patients suffering 
from proteinuria and acute myocardial infarc-
tion, the structures of some possible cTnT 
proteoforms are reconstructed using mass 
spectrometry and presented.

Keywords

Cardiac troponin T · Post-translational 
modifications · Immunoreactivity: blood · 
Urine

4.1	 �Basic Primary Structure 
and Isoforms of cTnT

The troponin complex, which is composed of tro-
ponin T (TnT), troponin I (TnI) and troponin C 
(TnC) is involved in muscle contraction. 
Immunoassays of the cardiac-specific variants of 
TnT and TnI (cTnT and cTnI) play an important 
role in the diagnosis of acute coronary syndrome, 
predominantly myocardial infarction (MI). While 
several reviews in respect to cTnT already have 
addressed all kinds of analytical, biochemical 
and clinical aspects in blood [1–3], this overview 
intends to present an integrated biochemical con-
cept for the pathophysiological lifecycle of cTnT 
with a focus on posttranslational modifications 
(PTMs), analytical immunoreactivity and urine 
as one of the waste routes in that lifecycle.

In contrast to cTnI, the concentration of cTnT 
in serum or plasma can be measured by only one 
particular commercial immunoassay (Roche 
Diagnostics). This immunoassay is a sandwich-
type assay and is targeting epitopes located in the 
central region of the cTnT molecule (Fig. 4.1). It 
is designed to quantify the intact cTnT molecule, 
as it is calibrated using intact recombinant cTnT 
[4]. These epitopes are the same for all versions 

of the low- as well as high-sensitivity cTnT 
Roche Diagnostics immunoassay. Consequently, 
the analytical specifity did not change between 
the versions. However, this cTnT assay also 
detects degraded cTnT forms, as long as it has the 
required central located epitopes. Degradation of 
cTnT is now a well-established phenomenon and 
consequently, detection of degraded cTnT forms 
is and should be a matter of interest, though its 
clinical effect remains still to be investigated. 
Moreover, any other possible existing PTM of the 
cTnT proteoforms within the region of the epit-
opes may be relevant for the detection by the 
immunoassay. Proteoforms are defined in this 
context as any specific molecular form of a pro-
tein product arising from a single gene and 
differing due to genetic variation, alternatively 
spliced ribonucleic acid (RNA) transcripts and 
PTMs [5].

The current version of the high-sensitivity 
cTnT (hs-cTnT) immunoassay detects cTnT 
immunoreactivity at the level of 87  fmol/L 
(3 ng/L of intact cTnT immunoreactivity equiva-
lents when calibrated using recombinant cTnT) 
[6].1 Applying this hs-cTnT immunoassay, it has 
been shown that the concentration of cTnT is 
elevated above the normal 95% reference range 
for healthy individuals, not only under pathologi-
cal conditions, but also under some physiological 
conditions [4, 10]. Therefore, the clinical speci-
ficity of the hs-cTnT immunoassay is frequently 
subjected to discussion. It might be that under the 
different pathophysiological conditions or under 
acute and non-acute pathological circumstances 
the profile of biomolecular complexes and pro-
teoforms of cTnT is distinctive and that the dis-
cussion could be settled by measuring the 

1 Although the unit mole per litre is recommended for con-
centrations of substances in clinical chemistry [7] and 
despite the fact that immunoassays are measuring purely 
the number of target molecules, cTnT concentrations in 
serum or plasma commonly are presented in ng/L [8]. 
Moreover, while the hs-cTnT assay is calibrated against 
intact recombinant human cTnT produced in Escherichia 
coli cell culture [9], this cTnT proteoform for assay cali-
bration is not identical to the mixture of cTnT proteo-
forms usually measured in serum or plasma (see this 
review). Consequently, a cTnT concentration expressed in 
fmol/L is more logical than in ng/L.
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different forms of cTnT simultaneously. 
Especially, the proteolytic forms might be of 
interest [6, 11]. Hence, the analytical distinction 
between intact and degraded cTnT proteoforms 
might improve the clinical specificity of the hs-
cTnT immunoassay. While this topic of clinical 
specificity and sensitivity is currently focused on 
measuring cTnT immunoreactivity in blood, it 
certainly will also be a topic when measuring 
cTnT immunoreactivity in urine becomes feasi-
ble. Besides proteolysis, other PTMs are of inter-
est, especially since the knowledge of PTMs is 
expanding and the topic of cTnT and those other 
PTMs are underexposed. In relation to the mea-
surement of cTnT immunoreactivity and besides 
the relevance of the basic primary structure and 
the impact of possible PTMs of cTnT, also those 
of the different isoforms and secundary, ter-
tiary  and quaternary structures of cTnT need 
attention.  This chapter presents an overview of 
the current knowledge of the issue of immunore-
activity for the different structures of cTnT in 
blood and urine.

4.2	 �Isoforms of cTnT and Cross 
Reactivity

While the gene corresponding to cTnT deter-
mines its basic primary structure, different pri-
mary structures of cTnT are formed from 
alternative splicings. The gene itself is part of a 

troponin gene family and therefore, the cTnT 
variants also have relations with other troponin T 
proteins. Together these variants form the group 
of specific cTnT isoforms as well as the so-called 
subunit troponin isoforms. Three genes encode 
for the different subunit troponin T isoforms. 
Besides for cardiac isoforms (TNNT2), genes 
exist for slow skeletal muscle (TNNT1) and fast 
skeletal muscle (TNNT3) isoforms of TnT.  The 
TNNT2 gene encodes an amino acid sequence 
resulting in the straightforward and “unspliced” 
isoform of cTnT (isoform 1 or TNT1: Fig. 4.1) 
[2]. Alternative RNA splicing generates multiple 
other specific cTnT isoforms. The predominate 
specific isoform in normal adult heart is cTnT 
isoform 6, which misses the amino acids between 
position 24 and 33 when compared to the canoni-
cal sequence (Fig.  4.1). This non-expressed 
amino acid sequence is very negatively charged. 
Subsequently, this leads, besides to the shorten-
ing of the protein, also to a less acidic isoform 6 
(Table  4.1). Physiologically, the non-expressed 
sequence results in an increase of myofilament 
sensitivity to calcium. This is essential for exam-
ple in the fetal human heart, where the isoform 1 
is expressed at a high level. In the immature myo-
cardium this is functionally important, as the 
peak cytosolic calcium concentration transient is 
significantly less than that of isoform 6 [12].

Several mutations in the TNNT2 gene are 
known, which might result in slightly different 
genetic variants of isoform 6. Some of these 

1-52: Highly acidic N-terminus 

135-141, 146-157: Roche M7 and 11.7 antibodies, respectively 

24-33: Peptide spliced in the isoform 6 

  1 MSDIEEVVEE YEEEEQEEAA VEEEEDWRED EDEQEEAAEE DAEAEAETEE TRAEEDEEEE  60 

 61 EAKEAEDGPM EESKPKPRSF MPNLVPPKIP DGERVDFDDI HRKRMEKDLN ELQALIEAHF 120  

121 ENRKKEEEEL VSLKDRIERR RAERAEQQRI RNEREKERQN RLAEERARRE EEENRRKAED 180  

181 EARKKKALSN MMHFGGYIQK QAQTERKSGK RQTEREKKKK ILAERRKVLA IDHLNEDQLR 240 

241 EKAKELWQSI YNLEAEKFDL QEKFKQQKYE INVLRNRIND NQKVSKTRGK AKVTGRWK   298 

Fig. 4.1  Basic primary structure of cardiac troponin T 
(cTnT): annotated amino acid sequence of the canonical 
isoform of cTnT. The orange highlighted area is spliced in 
the human adult cTnT isoform 6, while the canonical iso-

form corresponds to the isoform 1 (see also Table  4.1). 
The purple highlighted areas indicate the target epitopes 
of the clinical cTnT immunoassay by Roche Diagnostics
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Table 4.1  Characteristics of possible human cTnT isoforms and proteoforms based on the current knowledge as well 
as physical and physiological characteristics other relevant proteins

cTnT isoforms and proteoforms (labelled 1 to 19), 
human and bovine cTnI (labelled 20 to 23) and other 
relevant proteins (labelled A to F)

MW roughly 
estimated 
(Da)a,b

MW 
exactly 
averaged 
(Da)c pIc Radius (nm)a

Relative 
filtrationa

1. Non-modified cTnT (isoform 1) – 35,924 4.94 – –
2. Non-modified cTnT (isoform 6) 37–40 kDa 34,590 5.13 3.4d –
3. ------------------------------------------- minus Met1 37–40 kDa 34,459 5.13 – –
4. ------------------------------------------------------------ 
N-acetylated Ser2

37–40 kDa 34,501 <5.13 – –

5. Non-modified cTnT (isoform 6) minus Lys298 37–40 kDa 34,462 5.09 – –
6. ------------------------------------------- minus Met1 
and Lys298

37–40 kDa 34,331 5.09 – –

7. --------------------------------------------------------------
--------------- N-acetylated Ser2

37–40 kDa 34,373 <5.09 – –

8. ------------------------------------------- minus Met1 
and Lys290-Lys298

– 33,404 4.99 – –

9. --------------------------------------------------------------
--------------- N-acetylated Ser2

– 33,446 <4.99 – –

10. Non-modified cTnT (isoform 6) minus 
N-terminuscaspase-3

29 kDa 26,773 9.86 – –

11. -------------------------------------------- minus 
N-terminuscaspase-3 and Lys298

29 kDa 26,645 9.82 – –

12. -------------------------------------------- minus 
N-terminuscaspase-3 and Lys290-Lys298

– 25,718 9.69 – –

13. Non-modified cTnT (isoform 6) minus 
N-terminuscalpain-1

– 24,518 9.99 – –

14. -------------------------------------------- minus 
N- terminuscalpain-1 and Lys298

– 24,390 9.96 – –

15. -------------------------------------------- minus 
N- terminuscalpain-1 and Lys290-Lys298

– 23,463 9.84 – –

16. Non-modified cTnT (isoform 6) minus C-terminus – 22,613 4.55 – –
17. -------------------------------------------- minus Met1 
and C-terminus

– 22,482 4.55 – –

18. -------------------------------------------- minus 
N-terminuscaspase-3 and C-terminus

15–20 kDa 14,797 7.99 – –

19. -------------------------------------------- minus 
N-terminuscalpain-1 and C-terminus

15–20 kDa 12,541 9.34 – –

20. Non-modified cTnI (human) – 24,008 9.87 – –
21. Non-modified cTnI minus Met1 (human) – 23,876 9.87 – –
22. Non-modified cTnI (bovine) – 24,054 9.87 – –
23. Non-modified cTnI minus Met1 (bovine) – 23,922 9.87 2.9e –
A. Non-modified albumin 69,000 66,472 5.67 3.5f < 0.01

B. Non-modified hemoglobin (α2β2-heme B) 68,000 62,602 7.52 3.2g 0.03

C. Non-modified ovalbumin (chicken) 43,500 42,881 5.19 3.0 ± 0.7h 0.22

D. Non-modified β-lactoglobulin dimer (bovine) 36,000 36,562 4.83 2.5 ± 6833i 0.4

E. Non-modified myoglobin 16,900 17,052 7.29 1.7 ± 0.1j 0.75
F. Non-modified lysozyme C 14,600 14,701 9.28 1.6 ± 0.3k 0.8

aThe radius is the effective molecular radius, which is the Einstein-Stokes radius; it is the radius of a sphere that diffuses 
at the same rate as the substance indicated; if more than one dadius was reported, a mean radius was calculated
bData in Da unless indicated otherwise
cData as calculated using the compute pI/Mw tool using UniProt Knowledgebase (Swiss-Prot or TrEMBL) [The UniProt 
Consortium. Nucleic Acids Res 2019; 47(D1): D506–D515]
dClin Chem Lab Med 2006; 44: 1422–1427
eJ Biol Chem 1983; 258: 2951–2954
fBiophys J 2004; 87: 4259–4270
gBiophys J 2006; 91: 3014–3021
hNature 1990; 347: 99–102
iBiophys J 2009; 97: 590–598/J Biol Chem 1966; 241: 2496–2501
jBiophys J 2000; 78; 719–730/J Phys Chem B 1998; 102: 10615–10621/Nat Commun 2015; 6; 6772–6779
kArch Biochem Biophys 1982; 219: 89–100/Biophys J 2000; 78; 719–730/Biophys J 2009; 97: 590–598
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genetic modifications have been associated with 
cardiomyopathies [2, 13]. Because the majority 
of these mutations are located in the middle 
region of cTnT, single amino acid substitutions 
and deletions in the target epitopes of the clinical 
cTnT immunoassay may directly affect the abil-
ity to detect cTnT by this immunoassay (Fig. 4.1). 
However, as no such examples have been studied 
and reported until now, this seems an unrelevant 
complication when measuring immunoreactivity 
in blood or urine.

On the other hand, cross reactivity between 
cardiac and skeletal troponins is an issue requir-
ing more attention. For example, at high cTnT 
concentrations (e.g. after an acute MI) and high 
human skeletal muscle TnT (skTnT) concentra-
tions (e.g. after an acute MI combined with a sur-
gical intervention), extrarenal clearance will not 
dominate anymore [14]. Consequently, in urine 
high troponin concentrations may be expected 
and the question arises if cross-reactivity affects 
the measurement of cTnT.  For the current fifth 
generation hs-cTnT immunoassay, the manufac-
turer claims that the assay does not show signifi-
cant cross-reactions with other relevant human 
troponin isoforms; <0.07% with skTnT and 
<0.006% with human skeletal muscle TnI or 
human TnC, while with human cTnI <0.02% 
[15]. However, Schmid et al. described elevated 
cTnT concentrations in serum of patients with 
skeletal myopathies, in which they suggested 
cross-reaction with skTnT isoforms in the hs-
cTnT immunoassay as the most likely cause [16]. 
This disagrees with Wens et  al., who detected 
cTnT mRNA expression in skeletal muscle in 
patients with Pompe disease and identified one 
cTnT peptide by mass spectrometry in skeletal 
muscle tissue [17]. Also in myotonic dystrophy 
patients the concentration of cTnT in serum was 
significantly higher [18]. Moreover, using west-
ern blotting combined with the original monoclo-
nal cTnT antibodies from the commercial 
hs-cTnT immunoassay (M7 antibody for capture 
and M11.7 antibody for detection, Roche 
Diagnostics), it was shown that in purified human 
skTnT at high skTnT levels not only skTnT was 
present, but also cTnT [19]. All these data sug-
gest that not only cross-reactivity with skTnT, but 
also cTnT expression in skeletal muscle may 

contribute to elevated cTnT concentrations in 
patients with skeletal myopathies [20]. It thus 
may complicate an interpretation of a high cTnT 
concentration in blood as well as urine and 
requires full insight into the patients’ medical 
record of possible muscle myopathic diseases. It 
may even require the measurement of skTnT.

4.3	 �Structures of cTnT beyond Its 
Basic Primary Structure

Structural characteristics of cTnT beyond its 
basic primary protein structure are of interest, 
especially if pathophysiological mechanisms 
result in characteristic structures and if PTMs are 
disease specific. While mutations in the TNNT2 
gene may have an effect on the secondary and 
tertiary structure of cTnT, no studies are avail-
able, which evaluated the influence of those 
structures on the performance of cTnT immuno-
assays. Therefore, this overview will focus on 
quaternary structures and PTMs involving cTnT.

4.4	 �Quaternary Structures: 
Biomolecular Complexes 
of cTnT

cTnT is the tropomyosin-binding subunit of the 
troponin complex specific to the cardiac muscle, 
which also binds to the subunits cTnI and non-
cardiac specific TnC [1]. As a protein, cTnT is a 
non-complicated, medium-sized protein with a 
minor glycosylation profile. In the first hours 
after the onset of symptoms of a MI, a mixture of 
the ternary cardiac troponin complex (cTnT-
cTnI-TnC) and the binary complex cTnI-TnC 
was found in the patients’ plasma [21]. During 
the subsequent hours, the ratio ternary/binary 
complex progressively shifted towards the binary 
complex, meaning that cTnT is the first troponin 
subunit to dissociate from the ternary complex 
(Fig. 4.2). The presence of the ternary and binary 
complex in blood was also previously observed, 
but not rapidly after the onset of symptoms [22, 
23]. This rapid dissociation was recently con-
firmed from a totally different perspective in a 
multi-site coronary vein sampling study [24]. In 
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this study coronary venous system samples dem-
onstrated that the ternary cardiac troponin com-
plex was present in higher concentrations than in 
simultaneously obtained peripheral samples. 
While that of the ternary complex proportionally 
decreased due to dilution in the blood volume 
during its passage from the coronary to the 
periphery, it also disappeared over time. 
Moreover, the ternary complex was more promi-
nent in an early than in a late presenting MI 
patient.

Both Bates et al. and Vylegzhanina et al. spec-
ulated whether the ternary complex itself could 
be subjected to proteolysis and for example could 
lose cTnI and cTnT fragments, but no evidence-
based data are available [21, 23]. However, such 
a phenomenon is not illogical and should be 
anticipated (Fig. 4.2). Anticoagulants do have a 
direct effect on the stability of the ternary com-
plex. Wu et al. showed that ethylenediaminetet-
raacetic acid (EDTA) destabilizes the complex 
into separate subunits, whereas heparin does not 
show such an effect [22]. This phenomenon 
relates to the function of calcium, which stabi-
lizes the complex.

With respect to the detection of the ternary 
complex Vylegzhanina et  al. applied in-house 
developed sandwich immunofluorescent assays 
[21, 25]. Others used different generations of the 
commercial hs-cTnT immunoassay by Roche 
Diagnostics [22–24]. Thus, it can be concluded 
that the commercial hs-cTnT immunoassay is 

able to detect the ternary troponin complex. No 
binary complexes with cTnT have been reported 
and therefore, it is unknown whether the hs-cTnT 
immunoassay is able to detect in blood a binary 
troponin complex with cTnT.

Additional and relevant quaternary structures 
are complexes, which include autoantibodies 
against cardiac troponins (Fig. 4.2). In blood of 
healthy subjects generally up to 10% of the sub-
jects are showing antibodies against cTnT, while 
up to 20% are showing antibodies against cTnI 
[26]. The exact implication for the measurement 
of analytical immunoreactivity by the commer-
cial hs-cTnT immunoassay is still unclear, but 
incidental cases have reported to detect com-
plexes with autoantibodies this way [27, 28]. 
Also the in-house developed cTnT sandwich 
immunofluorescent assays were able to detect 
similar complexes with autoantibodies [25].

The possible cause of favoured clinical immu-
noreactivity against cTnI rather than against 
cTnT might be an immuno-dominant epitope 
within cTnI [29] or the localization of cTnI 
within the troponin complex [30]. Perhaps 
because the complexes of troponins commonly 
are not circulating in the extracellular compart-
ment, the immune system might consider them as 
foreign invaders and as a reaction anticardiac tro-
ponin autoantibodies might be formed (Fig. 4.2).

Another cause or a co-factor might be citrul-
lination. Citrullination, the irreversible PTM 
involving the conversion of arginine to citrulline 

Fig. 4.2  Hypothetical model of the biomolecular com-
plexes between cardiac troponin T (TnT) proteoforms, 
some proteases and autoantibody formation based on their 

reported presence in cardiac muscle tissue and blood; Ig 
immunoglobulin, TnC troponin C, TnI troponin I, N- 
N-terminus, –C, C-terminus

D. de Boer et al.
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by the family of peptidylarginine deiminase 
enzymes, is associated with several diseases. 
Specific citrullinated proteins have been shown 
to alter their function while others act as autoan-
tigens. It has been reported that citrullination of 
cTnI is more extensive than of cTnT, which also 
may contribute to a favoured clinical immunore-
activity against cTnI [31]. Within that same study 
Arg78 was identified in cTnTn as one of the sites 
that were altered in heart failure patients com-
pared to non-failing controls.

Whether or not combined with autoantibodies, 
the excretion of ternary and binary troponin com-
plexes in urine is very unlikely in patients with a 
normal kidney function. When the glomerular 
filtration has been reduced significantly, renal 
excretion of large protein complexes may no lon-
ger be excluded.

4.5	 �Posttranslational 
Modifications in the Basic 
Primary Structure of cTnT 
and Clearance of cTnT

PTMs in proteins include a wide variety of modi-
fications: internal protein changes (e.g. disulfide 
bond formation), removal of amino acid residues 
(e.g. proteolysis and N-terminal initiator methio-
nine removal), attachment of other proteins (e.g. 
ubiquitinylation, NEDDylation and 
SUMOylation), N-terminal modifications (e.g. 
acetylation, arginylation, lipidation by myris-
toylation and palmitoylation), S-modifications 
(e.g. S-myristoylation, S-sulfenylation, 
S-glutathionylation and S-nitrosylation) and 
other side-chain modifications (e.g. acylation, 
hydroxylation, (de)alkylation, (de)amination, 
oxidation, reduction, phosphorylation, glycosyl-
ation, critullination, carbamylation, lipidations 
such as palmitoylation and prenylation, as well as 
advanced glycation end product (AGE) attach-
ment). Some of these PTMs are reversible, while 
others are irreversible.

PTMs in the myocardium occur in case of 
ischemia and cardiomyopathies on the tissue 
level. However, it is not always clear what the 
consequences are for cTnT measurements on the 

peripheral blood and urinary level, at which the 
clinical diagnosis is based on. Established PTMs 
for cTnT in muscle tissues consist of N-terminal 
initiator methionine removal, N-acetylation, 
O-phosphorylation, O-(N-acetyl)glucosaminyl-
ation, N(ɛ)-(carboxymethyl)lysine modification 
and citrullination. Also intracellular and extracel-
lular proteolytic degradations are confirmed 
PTMs, while myristoylation is a non-confirmed 
PTM for cTnT. All these established PTMs for 
cTnT will be discussed in this review separately 
in the context of the pathophysiological lifecycle 
of cTnT.

Once released into the bloodstream, the thus 
generated proteoforms will undergo further pro-
teolysis. It will generate even smaller proteo-
forms. Subsequently, all proteoforms will 
experience a different clearance process primar-
ily dominated by liver and renal clearance. This 
dual clearance system has been described for 
myoglobin and projected on cTnT [32]. Because 
extrarenal clearance of cTnT dominates in rats 
and is not affected by renal function [33], it has 
been postulated that cTnT clearance occurs 
mainly via unidentified scavenger receptors [32]. 
Scavenger receptors in general bind all kinds of 
proteins and direct them to intracellular degrada-
tion. PTMs may accelerate such a clearance pro-
cess, as previously identified for modified 
lipoproteins and pathogens [34]. Moreover and if 
escaping those receptors, maintaining appropri-
ate levels of proteins within a body might be the 
drive to prevent excretion of proteins in urine. 
This is achieved by (1) blocking the passage 
through the glomerular filtration barrier, which 
consists of endothelium and glomerular base-
ment membrane (GBM), (2) recovering intact 
proteins, which are able to pass the GBM and (3) 
degrading proteins after successfully passing the 
GBM and to recycle amino acids in order to syn-
thesize new proteins [35]. Blocking is accom-
plished by an electrokinetic model, in which the 
filtration of ions and water will generate a poten-
tial difference and thus an electrical field across 
the GBM [36]. Because the majority of proteins 
are negatively charged in the blood circulation, a 
significant number of proteins will be repelled 
after drifting into the direction of the GBM by 
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convection and diffusion. The remaining number 
of proteins will be recovered or recycled. 
Recovering of intact proteins by endocytosis is 
followed by reabsorption through transcytosis. 
Recycling of amino acids occurs through endocy-
tosis of proteins followed by degradation into 
amino acids within lysosomes.

Therefore, the combination of all kinds of 
PTMs and different clearance mechanisms will 
assure that the pathophysiological lifecycle of 
cTnT is simply part of continuously recycling 
proteins and amino acids. The series of PTMs can 
be comprised into four sequentially logical steps 
starting in muscle tissue and ending in urine, 
which will be described as such. Some miscella-
neous PTMs do not directly fit into the steps, but 
indirectly regulate or affect those steps.

4.6	 �Step 1: N-Terminal Initiator 
Methionine Removal, 
N-Acetylation and C-Terminal 
Proteolysis

In cardiac muscle tissue N-terminal initiator 
methionine removal is one of the possible ele-
ments of the lifecycle of cTnT and is followed by 
N-terminal acetylation [37]. Unlike N-side chain 
acetylation, N-terminal acetylation seems to be 
irreversible. Therefore, it is a one-way gateway 
into the pathophysiological lifecycle of 
cTnT.  Verified by low-resolution mass spectro-
metric analysis the National Institute of Standards 
and Technology (NIST) [38] standard for the 
human cardiac troponin complex has been 
reported to contain predominately the N-terminal 
acetylated variant of the isoform 6 at Ser2 after 
N-terminal initiator methionine removal (Met1). 
The theoretical isoelectric point pI of the thus 
modified isoform 6 without N-acetylation is 5.13 
(Table  4.1). However, N-acetylation neutralizes 
the positive charge on the N-terminus, therefore 
shifting the pI of the major intact cTnT isoform 6 
variant as well as of the minor proteolytic form to 
be even more acidic. Consequently, the net elec-
tric charge at physiological pH makes this slightly 
modified cTnT molecule a relatively acidic pro-
tein like albumin. Its molecular weight (MW) 
with N-acetylation is 34,501 Da (Table 4.1). Also 

identified in the NIST standard is a minor proteo-
lytic form of this proteoform with the loss of the 
last C-terminal amino acid residue (Lys298) from 
the full-length sequence (Fig. 4.1). Responsible 
intracellular proteases still have not been identi-
fied. This minor proteoform with N-acetylation 
has a theoretical pI of <5.09 and a MW of 
34,373 Da. Zhang et al. confirmed all these PTMs 
by high-resolution mass spectrometric analysis 
of purified human heart tissue [39]. Consequently, 
the N-acetylated variant of the isoform 6 at Ser2 
after N-terminal initiator methionine removal can 
be considered as the predominant intact form of 
cTnT in heart tissue.

4.7	 �Step 2: N-Ubiquinylation, 
N,S-Myristoylation 
and O-(N-Acetyl)-
Glucosaminylation

N-acetylation of proteins has been suggested to 
precede N-ubiquinylation as part of a normal 
physiological process [37]. This process is sup-
posed to start with N-terminal acetylation as a 
degradation signal and as a major determinant for 
the pathophysiological lifecycle of proteins in 
general and thus of cTnT in particular. The signal 
in its turn is thought to trigger an ubiquitin ligase, 
which recognizes N-terminal acetylated proteins 
and marks them with ubiquitin for destruction. 
Together with ubiquitin proteases, ubiquitin 
ligases play an essential role in degradation path-
ways in particular and cellular regulatory pro-
cesses in general [40–42]. The principle of 
N-ubiquinylation and skeletal muscle atrophy has 
been studied in a mouse and rat model using 
mass spectrometry. In the mouse model an 
ubiquitin-ligase ubiquitylated certain thin fila-
ment components and promoted amongst others 
the degradation of slow skeletal troponins under 
muscle atrophy and after fasting [43]. In the rat 
model direct N-ubiquinylation of slow skeletal 
TnT was reported under muscle atrophy after 
immobilization [44]. It is very likely that 
N-ubiquitinylation of cTnT in the cardiac protea-
some merely is part of a macro-molecular pro-
cess, rather than a specific cTnT related process, 
but N-ubiquinylation of cTnT in the cardiac mus-
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cle is under stressful conditions a logical and pre-
dictable phenomenon.

Myristoylation of human cTnT in cardiac 
muscle was observed by Zhang et  al. [39], but 
they were not able to confirm that by tandem 
mass spectrometry and to point out at which posi-
tion in cTnT myristoylation might have occurred. 
Myristoylation is either a co-translational reac-
tion that occurs for example after the removal of 
the N-terminal initiator methionine residue at an 
N-terminal glycine or a posttranslational reaction 
in apoptotic cells [45]. During apoptosis proteins 
amongst others are cleaved by caspases. This 
cleavage exposes an N-terminal glycine within a 
cryptic myristoylation consensus sequence, 
which subsequently can be myristoylated. 
S-myristoylation of proteins as a side-chain mod-
ification also has been reported. As the slightly 
modified variant of isoform 6 of cTnT after the 
removal of the N-terminal initiator methionine 
residue (Met1) remains with a serine (Ser2) and 
not with a glycine, a co-translational reaction 
N-myristoylation is unlikely and thus 
S-myristoylation is a more likely scenario.

O-(N-acetyl)-glucosaminylation or O-linked 
β-linked N-acetylglucosaminylation (O-GlyNAc) 
is a PTM, which interacts with N-ubiquinylation 
[46]. Mass spectrometric proof of direct 
O-GlyNAc of skTnT has been reported in rat 
skeletal muscle [47]. Independently from the 
physiological function of N-acetylation and 
O-GlyNAc with respect to cTnT, the above-
indicated considerations imply that 
N-ubiquinylation and S-myristoylation must be 
anticipated. Therefore, future identification of 
cTnT immunoreactivity in blood or urine by 
mass spectrometry should also focus on 
N-ubiquinylated and S-myristoylated proteo-
forms of cTnT.

4.8	 �Miscellaneous PTMs Related 
to Step 2: O-Phosphorylation 
and Advanced Glycation

O-phosphorylation by kinases and dephosphory-
lation by phosphatases are classically known bio-
chemical processes, which reversibly regulate the 
function of proteins [41]. A variety of Ser/Thr 

kinases regulate O-phosphorylation, but for 
humans a limited number of phosphorylated sites 
have been identified for cTnT [48]. An important 
and confirmed phosphorylation target on the iso-
form 6 of cTnT in human cardiac muscle is at 
Ser2 [39]. Site-specific effects of phosphoryla-
tion on contractile properties have been reported, 
mostly by using transgenic animals with cTn 
phosphorylation mimicking charge mutations [2, 
49].

Like for N-ubiquinylation, O-GlyNAc is 
potentially another reversible PTM of cTnT [47], 
which presents a dynamic interplay with phos-
phorylation for proteins in general [46, 50] and 
for cTnT in particular in ischaemic mice heart 
failure models [51]. However, for humans no 
such sites in cTnT have been identified.

Advanced glycation is the irreversible attach-
ment of reducing sugars onto the free amino 
groups of proteins. Its physiological roles include 
the identification of aged and damaged proteins 
[52]. While it is interesting to hypothesize 
whether aged proteins contain more PTMs, 
which may result in protein damage and aggrega-
tion, it is clear that there is a time dependent 
accumulation of advanced glycation end-products 
(AGEs). AGE labelled proteins are catabolised 
by cells into peptides and amino acids. While the 
AGE free adducts are released directly into the 
urine, AGE peptides are recycled and excreted in 
urine to a lesser extent [53]. cTnT exhibited 
fewer AGE modification sites than cTnI [54]. 
These modifications were limited to N(ɛ)-
(carboxymethyl)lysine (CML)-modification and 
were detected on 3 cTnT amino acid residues 
(Lys107, Lys125 and Lys227). These AGE pep-
tides of cTnT may modify interaction of the tro-
ponin subunits and influence 
phosphorylation-mediated signalling regulation 
of the troponin complex [54].

It has been claimed that excessive O-GlyNAc 
is a major trigger of the glucotoxic events that 
affect heart function under chronic hyperglycae-
mia [55]. Consequently, it may be clear that 
advanced glycation has a cardiac impact and that 
it may be of interest to explore CML-modification 
of cTnT and to evaluate these AGE peptides of 
cTnT in for examples diabetic subjects at high 
risk for subclinical cardiac injury [56]. Once 
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more, as PTMs may accelerate clearance by scav-
enger receptors, it might be a challenge to detect 
single amino acid PTMs in relation to cTnT.

4.9	 �Step 3: Proteolytic 
Degradation

Proteolytic degradation is a dominant step in the 
pathophysiological lifecycle of cTnT.  It can be 
classified in minor and major modifications by 
either intracellular or extracellular proteases. 
Intracellular proteases, that are shown to have a 
function in the physiology of cTnT, are calpain-1 
and caspase-3. The only extracellular protease, 
that has been identified to play a role, is throm-
bin. Obviously, more proteases must be involved, 
but those have not yet been identified in the con-
text of the human cTnT isoform 6. Candidate 
proteases, which should be investigated amongst 
several others, are proteases like in the digestive 
tract. After all, it has been reported that for exam-
ple rabbit skTnT is cleaved directly by chymo-
trypsine into several fragments including one 
with the C-terminus [57, 58]. However, and as 
previously indicated, proteolysis at the 
C-terminus of cTnT already was observed in 
heart tissue, which suggests that proteases other 
than thrombin should also be looked for [38, 39].

Calpain-1, or μ-calpain according to former 
nomenclature, is a calcium-dependent cysteine 
protease and acts directly as an acute mechanism 
to adjust muscle contractility under stress condi-
tions [59]. The increasing calcium concentration 
during ischemia and reperfusion causes an 
activation of calpain-1. Upon activation it affects 
the contractile apparatus and also impairs the 
energy production by cleaving structural and func-
tional proteins of myocytes and mitochondria. 
Additionally, it is involved in structural remodel-
ling after MI by the generation and release of 
apoptosis-inducing factors [60]. Calpain-1 has a 
broad endopeptidase specificity [61].

Caspase-3 is a cysteine–aspartic acid protease 
and is as such one of the several caspases that are 
involved in a chain of reactions leading to apop-
totic cardiomyocyte death [62]. Its specific prote-
ase activity is based on a cysteine in its active 

site, which cleaves a target protein only after an 
Asp residue with a strict requirement for an Asp 
residue at positions P1 and P4 and a preferred 
cleavage sequence of Asp-Xaa-Xaa-Asp-|- with a 
hydrophobic amino-acid residue at P2 and a 
hydrophilic amino-acid residue at P3, although 
Val or Ala are also accepted at this position [63]. 
Interestingly, caspase-3 only cleaves cTnT in its 
ternary complex and not in its free form [64].

After release into the bloodstream cTnT is 
cleaved by the most abundant coagulation prote-
ase thrombin [65, 66]. Thrombin is a serine pro-
tease that converts amongst others fibrinogen 
into fibrin and therefore plays a central role in 
the coagulation cascade. While in fibrinogen it 
cleaves selectively Arg-|-Gly bonds, thrombin 
can cleave bonds in general after Arg and Lys 
[67]. The consensus thrombin cleavage site for 
cTnT is identical to that of calpain-1 [68]. 
However, further proteolysis does occur [69] and 
for example combined with the loss of the 
C-terminus it leads to proteoforms of cTnT in 
the theoretical range of 12 to 22  kDa, the so-
called secondary products (Table  4.1). The 
majority of cTnT proteolysis studies are apply-
ing sodium dodecyl sulfate polyacrylamide gel 
electrophoresis (SDS-PAGE) combined with 
immunodetection to estimate MWs of proteo-
forms of cTnT [24, 25, 65, 66, 68–72]. The con-
sequence is that the MWs of intact cTnT and the 
proteolytic products are overestimated. As indi-
cated in Table 4.1, those of intact cTnT are esti-
mated to be in the range of 37–40 kDa and those 
of the primary products in the range of 29 kDa. 
Observed secondary products are more hetero-
geneous and estimated to be in the range of 15 to 
20 kDa [24, 25, 65, 66, 68–72]. The overestima-
tion becomes clear when the exact theoretical 
MWs of different possible cTnT proteoforms are 
calculated, which are in the range of 34 kDa for 
intact cTnT, of 26 kDa for the primary products 
and of 12 to 22 kDa for the assumed secondary 
products (Table  4.1). A similar overestimation 
occurs when applying Size Exclusion 
Chromatography (SEC)2 combined with immu-

2 Technique is also known as Gel Filtration Chromatography 
(GFC).
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nodetection [22, 24, 25, 71, 73]. The elongated 
shape of cTnT may even lead to a misinterpreta-
tion using SEC [23, 74], because calibration of 
SEC commonly is based on proteins with a 
spherical shape [71]. Overestimation of MWs of 
proteoforms in biological materials can be pre-
vented by the analysis of cTnT using mass spec-
trometry, but for routine analysis in for example 
blood or urine the analytical sensitivity of liquid 
tandem mass spectrometry (LC-MS/MS)-based 
methods is still a true challenge [68,75,76].

4.10	 �Step 4: Excretion in Urine

Theoretically, the excretion in urine of the intact 
proteoforms of cTnT by the kidney would be 
restricted by their relatively negative electric 
charge at physiological pH of intact cTnT and/or 
by their molecular shape and size. As its effective 
molecular radius characterizes the molecular 
shape and size of a protein objectively, this radius 
correlates with the renal clearance of proteins. 
This way, and combined with the electric charge 

at physiological pH, the excretion of intact cTnT 
and cTnI in the kidney by the glomerulus can be 
predicted accordingly using a model based on 
anionic, cationic and neutral macromolecular 
dextrans (Fig. 4.3).

Merely based on the MW, it implies that intact 
cTnT would behave as for example the bovine 
β-lactoglobulin dimer (Table  4.1). Because the 
percentage of the bovine β-lactoglobulin dimer 
filtered in urine is 40% and assuming that no 
proteolysis occurs and no other clearance mecha-
nisms are involved, the maximum percentage of 
intact cTnT excreted in urine would be similar. 
However, and rationally, because of the elongated 
shape of cTnT, which results in a relatively high 
effective molecular radius, the percentage proba-
bly would be more likely as that of albumin and 
thus <1% (Fig. 4.3 and Table 4.1). This is in con-
trast to cTnI, which would have an excretion per-
centage in the range of 70%. Although the true 
excretion percentages may differ from the model-
based percentages, it is very probable that due to 
its physical characteristics intact cTnT cannot be 
filtered in the kidney by the glomerulus.

Effective molecular radius (nm)

1 2 3 4

ytilibaretlif
evitaler

0,0

0,2

0,4

0,6

0,8

1,0

polyanionic dextran
neutral dextran
polycationic dextran
observed value for proteins

AB

C

D

E
F

TnT

TnI

Fig. 4.3  Effect of the molecular radius and electric 
charge of model dextrans on the relative filterability by the 
glomerular capillaries as derived from data described by 
Hall [77]. A value of 1.0 indicates that the dextran is fil-
tered as freely as water, whereas a value of 0 indicates that 
it is not filtered. Dextrans are polysaccharides that can be 

manufactured as neutral molecules or with negative or 
positive charges and with varying molecular weights. Also 
shown are the observed filterabilities of globular proteins 
(albumin [A], hemoglobin [B], ovalbumin [C], 
β-lactoglobulin [D], myoglobin [E], lysozyme C [F]); TnI 
cardiac troponin I, TnT cardiac troponin T
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Obviously and also theoretically, the excretion 
in urine of the proteolytic proteoforms of cTnT by 
the kidney is less restricted than that of intact pro-
teoforms of cTnT.  After all, proteolytic proteo-
forms of cTnT have smaller radii. Moreover, and 

based on proteolytic activities and thus by losing 
the N-terminus, the MW of the respective proteo-
forms of cTnT are in the range of 23 to 27 kDa 
with a drastic change in pI (Table 4.1 and Fig. 4.5). 
Assuming no further proteolysis the combination 
of a smaller size and an increased pI must result 
that these primary proteolytic products are 
excreted in a higher fraction in urine, probably 
>40% (Table 4.1). As indicated, further proteolysis 
does occur and in principal leads to proteoforms of 
cTnT in the theoretical range of 12–22 kDa. These 
products can be excreted in urine without further 
restrictions. Consequently, it can be summarized, 
that proteolysis leads to smaller proteoforms and 
that they easily can be excreted in urine.

Lastly, Van der Linden et  al. from our 
research group argued that the contribution of 
renal cTnT clearance is low based on the diur-
nal variation of cTnT in a group of healthy sub-
jects and chronic kidney disease (CKD) 
patients [78]. Using a validated mathematical 
model, it was predicted that the amplitude of 
the observed diurnal variation would fade out 
in patients with renal disease. Because no such 
fading was observed, we concluded that 
impaired renal elimination is not the main 
driver behind increased cTnT levels in patients 
with CKD. Based on the thoughts of the pres-
ent chapter, the CKD results do not really 
exclude that cTnT is cleared by the kidneys, 

Fig. 4.4  Cardiac troponin T (cTnT) immunoreactivity as 
detected in urine samples of myocardial infarction patients 
and healthy volunteers. Red dots indicate the results of 
urine samples where cTnT was identified using mass 
spectrometry (reproduced with permission) [76]

1-52: Highly acidic N-terminus: no detectable tryptic peptides 

135-186: Positively charged central region; tryptic peptides too small to be detected 

78-79: Consensus site calpain-1 98-99: Consensus site caspase-3 

199-200: Non-tryptic cleavage site 
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Fig. 4.5  Relation between the analytical as well as 
pathophysiological activity of proteases and targeted pep-
tides in cardiac troponin T (cTnT) analysis: annotated 
amino acid sequence of the canonical isoform of 
cTnT. Green highlighted areas indicate peptides of inter-
est that were synthesized for and targeted in a liquid tan-

dem mass spectrometry (LC-MS/MS) method for the 
cTnT analysis in urine [76]. The orange highlighted area 
is spliced in the human adult cTnT isoform 6. The purple 
highlighted areas indicate the target epitopes of the clini-
cal cTnT immunoassay by Roche Diagnostics
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but merely suggests that factors other than 
renal elimination such as subclinical MI might 
contribute to elevated cTnT levels in subjects 
with CKD [78].

4.11	 �Observed Proteoforms 
in Urine

The concentration of cTnT in urine has been 
observed and evaluated in only a very few reported 
studies [76, 79]. In our study a targeted LC-MS/
MS method was developed for the analysis of 
cTnT in serum, which was combined with a spe-
cific immunoprecipitation assay employing the 
M11.7 antibody containing the EQQRIRNEREKE 
epitope (Fig. 4.5) as well as with a non-specific 
acetone protein precipitation in order to isolate 
cTnT proteoforms from urine [76]. The LC-MS/
MS method was optimized using 12 specific cTnT 
peptides [75]. Ten of those peptides were moni-
tored, or measured after the precipitation and 
tryptic digestion by LC-MS/MS of urine samples 
from patients suffering from proteinuria and MI 
with an increased urinary cTnT concentration as 
measured by the clinical cTnT immunoassay 
(Fig. 4.5). The amino acid coverage of the cTnT 
isoform 6 was <60% and was limited amongst 
others because of the highly acidic N-terminus 
and the positively charged central region, which 
both in these regions did not yield detectable tryp-
tic peptides. However, despite of that, in a few 
urine samples some specific cTnT peptides were 
identified (Table 4.2). Compared to urine samples 
from healthy volunteers and also of other patients, 
the cTnT immunoreactivity in those few urine 
samples was high to exceptionally high (Fig. 4.4).

In our study of the analytical identification of 
specific cTnT peptides in urine of different sub-
jects we did not speculate on the structures of the 
urinary cTnT proteoforms, of which the analyti-
cally identified peptides must have originally 
arisen from [76]. However, this still can be done 
based on the separate pieces of information 
obtained by precipitation and immunochemical 
and LC-MS/MS analysis. Therefore, the hypo-

thetical structure of the possible proteoforms can 
be reconstructed by the combination of those 
pieces of information (Table 4.2). These recon-
structed structures represent the minimal possible 
amino acid sequence present in the urine of three 
subjects (A, B, and C) and as such are all proteo-
forms which can be excreted in urine without 
restrictions (Fig. 4.5).

Compared to the measured analytical immu-
noreactivity in the urine samples of subject A and 
B, the number and analytical abundances of the 
identified peptides were disappointing 
(Table  4.2). Obvious reasons are an inadequate 
limit of detection when applying LC-MS/MS for 
the detection of the peptides involved or exten-
sive proteolysis and thus preventing the detection 
of the relevant peptides. This limit of detection is 
the range of 0.6–5 μM (1200–8100 ng/L of cTnT 
peptide equivalents [75]). Less obvious reasons 
that may have affected the measurement by the 
hs-cTnT assay are PTMs not accounted for. In 
this context the CML-modifications of Lys107, 
Lys125 and Lys227 in cTnT may have interfered 
(Fig. 4.6). While elevated levels of urinary cTnT 
immunoreactivity were associated with patients 
suffering from proteinuria [76, 79], it is also well 
known that AGE formation directly affects renal 
function [80]. A disputable reason is the uncer-
tain impact of cross-reactivity with skTnT [19], 
although it is also unclear whether the subjects 
involved, suffered from skTnT injury due to an 
unidentified medical intervention, which might 
have initiated release of skTnT. Also citrullina-
tion in combination with cTnT autoantibodies is 
not an obvious explanation in spite of the fact that 
the involvement of autoantibodies were not ruled 
out and renal dysfunction caused proteinuria in 
the subjects investigated (Fig. 4.6).

In Fig. 4.7 we hypothetically linked the patho-
physiological relations between cTnT proteo-
forms and involved proteases to the peptides 
identified in urine [76]. Besides a possible link 
between the 15 kDa proteoform and the peptides 
identified in the urine of subject A and B, also a 
link between the N-terminus fragment with those 
of subject C is indicated.
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Fig. 4.6  Relation between established posttranslational 
modifications (PTMs) and targeted peptides in cardiac 
troponin T (cTnT) analysis: annotated amino acid 
sequence of the canonical isoform of cTnT. Green high-
lighted areas indicate peptides of interest that were tar-
geted in a liquid tandem mass spectrometry (LC-MS/MS) 
method for the cTnT analysis in urine [76]. The orange 
highlighted area is spliced in the human adult cTnT iso-

form 6. The purple highlighted areas indicate the target 
epitopes of the clinical cTnT immunoassay by Roche 
Diagnostics. Other labelled and reported positions indi-
cate PTMs, that have been established in literature: phos-
phorylation (PHO), N-acetylation (ACE) after N-terminal 
initiator methionine removal, citrullination (CITR) and 
N(ɛ)-(carboxymethyl)lysine (CML)-modification (see this 
review)

Fig. 4.7  Hypothetical and simplified model of the patho-
physiological relations between cardiac Troponin T (TnT) 
proteoforms and involved proteases based on their 

reported presence in cardiac muscle tissue and blood as 
well as the detected peptides in urine; TnC troponin C, TnI 
troponin I, N- N-terminus, –C C-terminus
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4.12	 �Final Remarks

Already in 2000 Labugger et al. formulated the 
following question: Does the appearance of a 
certain troponin modification product or a dis-
tinct pattern of products over time correlate with 
a distinct cardiovascular condition, a specific 
time point after the onset of an acute MI or, pos-
sibly, the severity of an infarct or even re-
infarction? These issues must be addressed in 
larger clinical studies [81]. Anno 2020, as indi-
cated in this overview, it is now obvious that in 
blood cTnT is subjected to a cascade of proteo-
lytic cleavages. As such, important answers to the 
question of Labugger et al. can be given. The next 
thing would be to include more PTMs in investi-
gations, especially since cTnT and PTMs other 
than proteolysis are an underexposed topic. 
Although our study was the first attempt to tackle 
the problem of analytical cTnT immunoreactivity 
in urine by LC-MS/MS, it might be that targeting 
unmodified peptides is an incomplete analytical 
strategy. Figure  4.6 summarizes the identified 
PTMs for cTnT as specified in this overview in 
relation to the targeted peptides by us [76]. It also 
implies that as far as known the epitopes of the 
clinical assay of Roche Diagnostics are not 
affected by those PTMs. Future LC-MS/MS 
investigations of cTnT proteoforms in blood and 
well as in urine should therefore also target pep-
tides with PTMs in general and citrullinated and 
CML-modified peptides in particular. This 
way the problem of unexplained analytical cTnT 
immunoreactivity in urine might be resolved by 
LC/MS/MS.

4.13	 �Conclusion

In blood cTnT exists in different biomolecular 
complexes and proteoforms: bound (to cardiac 
troponin subunits or to immunoglobulins) or 
unbound (as intact protein or as proteolytic pro-
teoforms). The hs-cTnT immunoassay probably 
detects several of those cTnT biomolecular com-
plexes and proteoforms, as long as they have the 
central region and thus the same epitopes in com-
mon and the epitopes are not modified. All pro-
teoforms will experience different clearance 

processes primarily dominated by liver and renal 
clearance. cTnT clearance might possibly occur 
via unidentified scavenger receptors and direct 
the proteoforms to intracellular degradation. Like 
for other examples, PTMs in cTnT may acceler-
ate such a clearance process. If escaping those 
receptors, maintaining appropriate levels of pro-
teins within the human body might be the drive to 
prevent excretion of cTnT in urine. Despite of 
this all, we proved that analytical cTnT immuno-
reactivity can be detected in urine. After isolating 
the proteoforms from urine of patients suffering 
from proteinuria and acute myocardial infarction, 
the structures of some possible cTnT proteoforms 
were reconstructed using mass spectrometry.
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Abstract

Bladder cancer (BC) is one of the most com-
mon tumor with high incidence. Relative to 
other cancers, BC has a high rate of recur-
rence, which results in increased mortality. As 
a result, early diagnosis and life-long monitor-
ing are clinically significant for improving the 
long-term survival rate of BC patients. At 
present, the main methods of BC detection are 
cystoscopy and biopsy; however, these proce-
dures can be invasive and expensive. This can 
lead to patient refusal and reluctance for mon-
itoring. There are several BC biomarkers that 
have been approved by the FDA, but their sen-
sitivity, specificity, and diagnostic accuracy 
are not ideal. More research is needed to iden-

tify suitable biomarkers that can be used for 
early detection, evaluation, and observation. 
There has been heavy research in the pro-
teomics and genomics of BC and many poten-
tial biomarkers have been found. Although the 
advent of metabonomics came late, with the 
recent development of advanced analytical 
technology and bioinformatics, metabonom-
ics has become a widely used diagnostic tool 
in clinical and biomedical research. It should 
be emphasized that despite progress in new 
biomarkers for BC diagnosis, there remains 
challenges and limitations in metabonomics 
research that affects its translation into clinical 
practice. In this chapter, the latest literature on 
BC biomarkers was reviewed.

Keywords
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5.1	 �Introduction

5.1.1	 �Bladder Cancer (BC) 
Incidence, Epidemiology, 
and Risk Factors

Bladder cancer (BC) is the fourth most common 
cancer in the U.S. and the second most common 
cancer of the urinary system, accounting for 7% 
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of all new cancer cases. It also accounts for 4% of 
all cancer-related deaths in the U.S., ranking it the 
fifth deadliest cancer. The male to female ratio of 
morbidity and mortality was about 3:1 [1]. Risk 
factors are related to the environment, diet, and 
lifestyle, especially smoking, exposure to aro-
matic amines, and genetic factors [2–4]. Other 
known risk factors include the ingestion of high 
levels of arsenic or significant usage of pain 
relievers containing finazepine [4, 5].

5.1.2	 �Economic Burden of BC

The European Organization for Research and 
Treatment of Cancer (EORTC) has established 
recommended plans for low to moderate-risk BC 
patients. This involves a cystoscopy every three 
months during the first two years, every four 
months during the following two years, and once 
a year thereafter [6]. Because BC treatment is 
continuous, the lifetime cost of treatment and 
monitoring increases with time. Studies have 
shown that the cumulative cost of health insur-
ance for long-term survivors (those over 16 years) 
is $172,426 [7]. As a result of this need for life-
long monitoring, the cost per patient when treat-
ing BC is the highest of all other cancers [8].

5.1.3	 �Classical Classification of BC

Based on the degree of invasion in the bladder 
muscle wall, BC is divided into either non-muscle 
invasive BC (NMIBC) or muscle invasive BC 
(MIBC)[9]. There may be different genetic varia-
tion underlying the difference between the two 
types of BC [10]. When histologically subtyping 
BC, there are several types. Transitional cell car-

cinoma (TCC), also known as urothelial carci-
noma, accounts for about 90% of all BC. 
Squamous cell carcinoma (SCC) and adenocarci-
noma account for about 10%[11]. There are vari-
ous other rare types of BC as well [12].BC can 
also be divided pathologically into low-grade 
(LG) and high-grade (HG) tumors. LG tumors 
are usually well-differentiated, while HG tumors 
are poorly differentiated [13].

5.1.4	 �Molecular Phenotyping of BC

Recent genome mRNA expression analysis dem-
onstrated that BC can be classified into molecular 
subtypes. These different subtypes of BC have 
distinct progression patterns, biological and clin-
ical properties, and response to chemotherapies. 
There are currently five published classification 
methods; these include guidelines from the 
University of North Carolina (UNC), MD 
Anderson Cancer Center (MDA), The Cancer 
Genome Atlas (TCGA), Lund University (Lund), 
and Broad Institute of Massachusetts Institute of 
Technology and Harvard University (Broad) 
(Table 5.1).

The classifications by UNC define two molec-
ular subtypes of high-grade BC, “luminal” and 
“basal”, with molecular features reflecting differ-
ent stages of urothelial differentiation [14]. 
Luminal BC expresses terminal urothelial differ-
entiation markers, such as those seen in umbrella 
cells (UPK1B, UPK2, UPK3A, and KRT20), 
whereas basal BC expresses high levels of genes 
that are typical in urothelial basal cells (KRT14, 
KRT5, and KRT5B). The UNC study created a 
gene signature, BASE47, that accurately discrim-
inates intrinsic bladder subtypes. Identified basal 
tumors had significantly decreased disease-

Table 5.1  Different classifications of BC based on molecular phenotyping. This table does not contain classifications 
based on Gottfrid’s research

UNC MDA Lund TCGA Broad
Basal Basal UroA Cluster I Basal
Luminal Luminal UroB Cluster II Luminal

P53-like GU Cluster III Luminal immune
SCCL Cluster IV Immune undifferentiated
Infiltrated
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specific and overall survival. In addition, among 
the clinicopathological features available in the 
MSKCC dataset, only subtypes identified by 
BASE47 were found to be significant in disease-
specific survival by univariate analysis. This 
study also found that females have an increased 
incidence of basal-like BC, which is associated 
with a worse prognosis.

The classification system by MDA identified 
three molecular subtypes of MIBC: “basal”, 
“luminal”, and “P53-like” [15]. Basal MIBC was 
associated with shorter disease-specific and over-
all survival, presumably because these patients 
tend to have more invasive and metastatic disease 
at presentation. Transcription factor P63 plays a 
central role in controlling basal gene signatures 
and preliminary data suggests that EGFR, Stat-3, 
NFκB, and Hif-1α are also involved. Luminal 
MIBC displays active ER/TRIM24 pathway gene 
expression and were enriched for FOXA1, 
GATA3, ERBB2, and ERBB3. Luminal MIBC 
contains active PPAR gene expression and acti-
vating FGFR3 mutations; thereby, PPARγ- and 
FGFR-3-targeted agents may be active in this 
subtype. Because luminal MIBC responds well 
to neoadjuvant chemotherapy (NAC), targeted 
therapies should be combined with conventional 
chemotherapy for maximum efficacy. The P53-
like MIBC responded very poorly to NAC and 
were consistently resistant to frontline neoadju-
vant cisplatin-based combination chemotherapy. 
Additionally, comparative analysis of matches 
gene expression profiles before and after chemo-
therapy revealed that all resistant tumors 
expressed wild-type P53 gene expression signa-
tures. These results indicate that “P53-ness” may 
play a central role in BC chemoresistance.

The classification by TCGA identified four 
clusters (clusters I–IV) by analyzing RNA-seq 
data from 129 tumors [16]. Cluster I (papillary-
like) is enriched in tumors with papillary mor-
phology, FGFR3 mutations, FGFR3 copy number 
gain, and elevated FGFR3 expression. Cluster I 
samples also had significantly lower expression 
of miR-99a, miR-100, miR-145 and miR-125b. 
Tumors with FGFR3 alterations and those that 
share similar cluster I expression profiles may 
respond well to inhibitors of FGFR and its down-

stream targets. Clusters I and II express high lev-
els of GATA3 and FOXA1. Markers of urothelial 
differentiation, such as uroplakins, epithelial 
marker E-cadherin, and members of miR-200 
miRNAs are also highly expressed in clusters I 
and II. Clusters I and II express high HER2 levels 
and an elevated estrogen receptor beta signaling 
signature, which suggests potential targets for 
hormone therapies, such as tamoxifen or raloxi-
fene. Cluster III (basal/squamous-like) express 
characteristic epithelial lineage genes, including 
KRT14, KRT5, KRT6A, and EGFR. Many of the 
samples in cluster III express cytokeratins 
(KRT14 and KRT5). Integrated expression profil-
ing analysis of cluster III revealed a urothelial 
carcinoma subtype with cancer stem-cell expres-
sion features, perhaps providing another avenue 
for therapeutic targeting.

The Lund classification system defines five 
major urothelial carcinoma subtypes: urobasal A, 
genomically unstable, urobasal B, squamous cell 
carcinoma-like (SCC-like), and infiltrated tumor 
class [17]. This was established using gene 
expression profiles from 308 tumor cases. These 
different molecular subtypes show significantly 
different prognosis. The best prognosis is the uro-
basal A, and the worst prognosis are urobasal B 
and SCC-like. The prognosis of genomically 
unstable and infiltrated class are between them. 
Urobasal A tumors were characterized by elevated 
expression of FGFR3, CCND1, TP63, as well as 
expression of KRT5 in cells at the tumor–stroma 
interface. The majority of urobasal A tumors were 
non-muscle invasive and of low pathologic grade. 
The genomically unstable subtype was character-
ized by expression of ERBB2 and CCNE, low 
expression of cytokeratin, and frequent mutations 
of TP53. Genomically unstable cases represented 
a high-risk group, as close to 40% were 
MIBC.  This subtype also showed low PTEN 
expression. The SCC-like subtype was character-
ized by high expression of basal keratins, which 
are normally not expressed in the urothelium; 
these include KRT4, KRT6A, KRT6B, KRT6C, 
KRT14, and KRT16. SCC-like tumors also had 
markedly bad prognoses. Furthermore, this group 
showed a comparatively different proportion of 
female/male patients, reminiscent of the 1:1 pro-
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portion seen in patients diagnosed with bladder 
SCC, suggesting that females are more likely to 
develop urothelial carcinomas with a keratinized/
squamous phenotype, which is associated with an 
adverse prognosis. Urobasal B tumors showed 
several similarities to urobasal A tumors, such as 
a high FGFR3 mutation frequency, elevated 
FGFR3, CCND1, and TP63 levels, and expres-
sion of the FGFR3 gene signature. However, this 
group also showed frequent TP53 mutations and 
expression of several keratins specific for the 
SCC-like subtype. Additionally, 50% of the cases 
were MIBC; including 5of 9 FGFR3 mutated 
cases. The infiltrated subtype demonstrated a pro-
nounced immunologic and extracellular mem-
brane (ECM) signal, indicating the presence of 
immunologic and myofibroblast cells. This sub-
type most likely represents a heterogeneous class 
of tumors; immunohistochemistry (IHC) revealed 
the presence of tumors with genomically unsta-
ble, urobasal B, and SCC-like protein expression 
patterns in this group.

The Broad classification identified four differ-
ent subtypes: luminal, immune undifferentiated, 
luminal immune, and basal [18]. Approximately 
41% of invasive BC was in the luminal subtype, 
with high expression of KRT20 and UPKs 
2/1A/1B/3A as well as moderate to high expres-
sion of multiple pertinent transcription factors 
(KLF5, PPARG, and GRHL5). The luminal sub-
type was enriched for in male patients, papillary 
histology, and stage II tumors. A third (29%) of 
invasive BC was in the basal subtype, with high 
expression of KRT14, KRT5, KRT6A/B, and 
KRT16, and low expression of uroplakins, which 
is consistent with basal or undifferentiated cyto-
keratin expression patterns. Consistent with prior 
studies, the basal subtype expressed TP63, TP73, 
MYC, EGFR, TGM1, and SCEL, which is indic-
ative of some degree of squamous differentiation. 
The basal subtype was enriched in female patients 
and tumors with nonpapillary histology. The 
basal subtype also expressed many immune 
genes at intermediate and somewhat variable lev-
els. These genes include CTLA4 and CD274, 
which encodes for PD-L1, suggesting that there 
may be immune cell infiltration of tumors. A 
smaller percentage of cancers (11%) were 

grouped into a novel subtype called immune 
undifferentiated. These cancers showed very low 
expression of luminal markers, variable expres-
sion of basal cytokeratins, and relatively high 
expression of immune genes, including CTLA4 
and CD274, which further suggests significant 
immune cell infiltration and possible immune 
evasion. Lastly, the luminal immune subtype 
group constitutes about 18% of all cases and is 
characterized by the expression of luminal genes 
(cytokeratins and uroplakins) and intermediate 
expression of immune genes. This group was 
notably enriched for stage N+ tumors. The lumi-
nal subtype was enriched for in cancers with 
FGFR3 mutations and amplification events 
involving PVRL4 and YWHAZ. The basal sub-
type was enriched for NFE2L2 mutations. Both 
the luminal immune and immune undifferenti-
ated subtypes had high expression levels of 
ZEB1, ZEB2, and TWIST1, which is characteris-
tic of epithelial-mesenchymal transition (EMT).

Gottfrid et al. proposed five major tumor-cell 
phenotypes in advanced BC: urothelial-like, 
genomically unstable (GU), basal/SCC-like, mes-
enchymal-like, and small-cell/neuroendocrine-
like [19]. Urothelial-like tumors express FGFR3 
and CCND1 and frequently demonstrate a loss of 
9p21 (CDKN2A). GU tumors express FOXM1, 
but not KRT5, and frequently show loss of RB1. 
Basal/SCC-like tumors were found to express 
KRT5 and KRT14, but not FOXA1 and GATA3. 
The mesenchymal-like BC is a new subtype that 
shows a tumor-cell phenotype that starkly con-
trasts with previously defined subtypes and is bio-
logically different from the basal/SCC-like cases 
that they are clustered with. The tumor cells are 
mesenchymal-like and express typical mesenchy-
mal genes, such as ZEB2 and VIM.  The tumor 
cells were themselves mesenchymal-like and 
expressed the typical mesenchymal genes ZEB2 
and VIM.  The consensus cluster Sc/NE-like 
turned out to harbor two very distinct tumor-cell 
phenotypes. One-half of these tumors expressed 
markers that are typical for neuroendocrine dif-
ferentiation. This part of the Sc/NE consensus 
cluster also showed an absence of PPARG, 
FOXA1, and GATA3 expression, as well as of 
uroplakin and KRT20 expression.
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Kardos et  al. reported the discovery of a 
claudin-low molecular subtype of high-grade BC 
that shares characteristics with the homonymous 
subtype of breast cancer [20]. Although there has 
been much work done on the molecular pheno-
typing of BC, the different emphases of different 
classification methods have made it difficult to 
consolidate a widely accepted classification 
method. As a result, the molecular phenotyping 
of BC remains to be further studied. The claudin-
low subtype can be considered a subpopulation 
of the basal-like subtype (UNC classification sys-
tem). Claudin-low bladder tumors are rich in a 
variety of genetic characteristics, including 
increased mutation rates of RB1, EP300, and 
NCOR1, increased the frequency of EGFR 
amplification, decreased mutation rates of 
FGFR3, ELF3, and KDM6A, and decreased the 
frequency of PPARG amplification. These char-
acteristics define a molecular subtype of BC with 
distinct molecular features and an immunological 
profile that is theoretically primed for an immu-
notherapeutic response.

Figure 5.1 summarizes the classification of 
BC.

5.2	 �Biomarker Discovery in BC

More than 75% of patients are diagnosed and 
treated for NMIBC. At the time of initial evalua-
tion, its recurrence rate can be as high as 70% 
[21]. Currently, the standard and most important 
examination method for BC is cystoscopy, 
However, this procedure is invasive, uncomfort-
able, and expensive [22]. Furthermore, cystos-
copy may miss certain lesions, particularly 
smaller areas of carcinoma in situ [23]. Molecular 
biosignatures indicative of altered cellular land-
scapes and functions have been casually linked to 
pathological conditions, suggesting the promise 
of BC-specific biomarkers. However, a noninva-
sive biomarker that is as sensitive and specific as 
standard cystoscopy has yet to be discovered. As 
we progress through the twenty-first century, we 
now have access to a number of ways to analyze 
diagnostic markers in-depth. The evolution of 
omics platforms and bioinformatics to allow for 
analysis of the genome, epigenome, transcrip-
tome, proteome, lipidome, metabolome et  al. 
enables the development of more sensitive bio-
markers. These discoveries will broaden under-
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Fig. 5.1  Schematic illustration of molecular subtypes 
of bladder cancer. Based on Whole-genome mRNA 
expression profiling, several molecular subtypes of 
muscle-invasive bladder cancer (MIBC) have been identi-
fied. Molecular subtypes of MIBC might have important 
implications for patient prognosis and response to conven-

tional chemotherapy and targeted agents. Four groups 
have shown great similarities among tumor subtype. 
Lund, University of Lund; MDA, MD Anderson Cancer 
Center; TCGA, The Cancer Genome Atlas; UNC, 
University of North Carolina
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standing of the complex biology and 
pathophysiology of bladder diseases, which can 
then be clinically translated. Biomarkers of inter-
est can be detected in different types of samples, 
including serum, tissue, and urine. Urinary bio-
markers are particularly attractive due to cost, 
time, and minimal effort. As a result, studies on 
urinary BC biomarkers continue to expand.

Figure 5.2 shows the overview of the multi-
OMICS strategies for urine-based biomarker dis-
covery and translational application.

5.2.1	 �Proteomics-Based BC 
Biomarkers

In patients with hematuria, aurora A kinase 
(AURKA) can discriminate low-grade BC patients 
vs. normal patients [24]. After adjusting for 
patients, clinical features, and treatment with 
Bacillus Calmette-Guerin, the activated leukocyte 
cell adhesion molecule (ALCAM) is positively 
correlated with tumor stage and overall survival 
(OS) [25]. Nicotinamide N-methyltransferase has 
been shown to be elevated in BC patients and is 
correlated with histological grade [26]. Apurinic/
apyrimidinic endonuclease 1/redox factor-1 
(APE/Ref-1) levels are higher in BC, with respect 
to non-BC, and is correlated with tumor grade 
and stage; moreover, it has been shown to be sig-
nificantly increased in patients with historical BC 
recurrence [27]. The urinary cytokeratin-20 

(CK20) RT-PCR assay shows that the sensitivity 
of urothelial BC detection was 78–87%, and the 
specificity was 56–80%., with improved diagnos-
tic accuracy in tumor progression [28]. However, 
its performance is relatively poor in low-grade 
tumors. Higher urinary levels of CK8 and CK18 
have been detected via UBC Rapid Test in high 
vs. low-grade BC [29].

There are multiple markers that can poten-
tially be used for BC detection; increased urinary 
levels of apolipoproteins, A1, A2, B, C2, C3, and 
E (APOA1, APOA2, APOB, APOC2, APOC3, 
APOE) were found in BC compared to healthy 
controls [30, 31]. A signature of 4 urinary frag-
ments of uromodulin, collagen α-1 (I), collagen 
α-1 (III), and membrane-associated progesterone 
receptor component 1 may be able to discrimi-
nate MIBC from NMIBC [32]. Other panels 
employ IL-8, MMP-9/10, ANG, APOE, SDC-1, 
α1AT, PAI-1, VEGFA, and CA9 to indicate BC 
from urine samples. The advantage of these 
multi-urinary protein biomarkers is evident in 
high and low-grade and high and low-stage dis-
eases [33]. Combined with urine markers, includ-
ing midkine (MDK), MDK, synuclein G, 
CEACAM1, ZAG2 [34], clusterin (CLU) and 
angiogenin (ANG), the sensitivity and specificity 
of NMIBC diagnosis can be improved through 
immunoassay and urine cytology [35]. CK20 and 
insulin-like growth factor II (IGF-II) levels were 
found to be increased in the urine sediments of 
NMIBC patients compared to controls [36]. 

Biomarkers

Novel pathways

Novel networks

Proteomics Metabolomics

Transcriptomics

Genomics

Epigenetics

Urine
sample

Biomarker
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application

Novel therapeutics targets

Novel strategies for
patient management

Fig. 5.2  Overview of the multi-OMICS strategies for 
urinary bladder cancer biomarker discovery and their 
clinical implication. A typical integrated multi-omic 
technologies workflow showing to probe the complexity 

of bladder cancer biology. Integration of several of omics 
data sources use systems biology approach build bio-
marker discovery
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Increased levels of urinary HAI-1 and epithelial 
cell adhesion molecule (EpCAM) are prognostic 
biomarkers in high-risk NMIBC patients [37]. 
Urine survivin have been proved by chemilumi-
nescence enzyme immunoassay that it is a poten-
tial biomarker for BC, which has been shown to 
be related to tumor stage, lymph node metastasis, 
and distant metastasis.[38]. Snail overexpression 
represents an independent prognostic factor for 
tumor recurrence in NMIBC [39]. CD44 in urine 
was found to be elevated in high-grade MIBC by 
glycan-affinity glycoproteomics nanoplatforms. 
[40].

Proteomics-based BC biomarkers were sum-
marized in Table 5.2.

5.2.2	 �Metabolomics-Based BC 
Biomarkers

Urinary metabolomics signature may be useful in 
detecting early stage BC.  Jin X et  al. analyzed 
urinary metabolites by high-performance liquid 

chromatography-quadrupole time-of-flight mass 
spectrometry (HPLC-QTOFMS), and found 12 
metabolites that help to identify BC. [41]. Zhou 
Y et  al. developed a urinary pseudotargeted 
method based on gas chromatography-mass 
spectrometry (GC-MS) which has been validated 
by a BC metabolomics study [42]. Using binary 
logistic regression analysis, a four-biomarker 
panel was defined for the diagnosis of BC. The 
results revealed that the urinary four-biomarker 
panel can be used to diagnose NMIBC or low-
grade BC. Among the four metabolites, choles-
terol levels were significantly increased in the BC 
group, while 5-hydroxyvaleric acid, 
3-phosphoglyceric acid, and glycolic acid levels 
were markedly decreased in the BC group.

X. Cheng et al. carried out a study based on 
metabolomics with liquid chromatography-
high resolution mass spectrometry (LC-HRMS) 
to discover novel biomarkers for detecting 
early-stage BC. [43]. A total of 284 subjects 
were enrolled in the study including 117 
healthy adults and 167 BC patients. Metabolite 
panels are known to have more predictive 
power than a single metabolite [44]. A metabo-
lite panel consisting of dopamine 4-sulfate, 
MG00/1846Z,9Z,12Z,15Z/00, aspartyl-histi-
dine, and tyrosyl-methionine was found to 
have the best predictive accuracy in diagnosing 
NMIBC.

A study by Yumba Mpanga A et al. developed 
and validated an analytical method for the simul-
taneous quantitative determination of metabolites 
using reversed phase high-performance liquid 
chromatography coupled with triple quadrupole 
mass spectrometry (RP-HPLC-QQQ/MS) [45]. 
The optimized and validated method was applied 
to urine samples from 40  BC patients and 40 
healthy matched controls. Statistical analysis was 
done using the Student’s t-test or U-Mann 
Whitney test. This identified 10 compounds that 
participate in different metabolic pathways, such 
as gut flora metabolism, RNA degradation, purine 
metabolism, etc., as being significantly different 
in urine between BC and control groups 
(p < 0.05). These 10 compounds include acetyl-
lysine, N-acetylneuraminic acid, pseudouridine, 
uridine, xanthine, 7-methylguanine, gluconic 

Table 5.2  Summary of proteomics-based BC 
biomarkers

Samples Proteins References
Urine AURKA [24]

ALCAM [25]
Nicotinamide 
N-methyltransferase

[26]

APE/Ref-1 [27]
CK20 [28]
CK8, CK18 [29]
APOA1, APOA2, APOB, 
APOC2, APOC3, APOE

[30, 31]

Uromodulin, collagen α-1 (I), 
collagen α-1 (III), and membrane-
associated progesterone receptor 
component 1

[32]

IL-8, MMP-9/10, ANG, APOE, 
SDC-1, α1AT, PAI-1, VEGFA, 
and CA9

[33]

Midkine (MDK), synuclein G or 
MDK, ZAG2, CEACAM1 adn 
angiogenin, clusterin

[34, 35]

CK20, IGFII [36]
HAI-1, Epcam [37]
Survivin [38]
Snail [39]
CD44 [40]
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acid, glucuronic acid, 1,7 dimethylxanthine, and 
hippuric acid. Moreover, acid trehalose, nicotinic 
acid, and AspAspGlyTrp peptide were upregu-
lated; inosinic acid, ureidosuccinic acid, and 
GlyCysAlaLys peptide were downregulated in 
BC, but not in healthy controls [46].

Metabolomics-based BC biomarkers were 
summarized in Table 5.3.

5.2.3	 �Genomics-Based BC 
Biomarkers

5.2.3.1	 �DNA Methylation
Using urine sediments from BC patients, Sun and 
her group demonstrated that SOX-1, IRAK3, and 
Li-MET gene methylation status have higher 
recurrence predictivity than urine cytology and 
cystoscopy (80 vs. 35 vs. 15%, respectively) [47]. 
Methylated genes, such as those for APC and 
cyclin D2, were found to be significantly preva-
lent in the urine from malignant vs. benign cases 
[48]. Hypermethylation of the GSTP1 and 
RARβ2 and APC genes have been identified in 
the urine of BC patients [49]. Evaluation of Twist 
Family BHLH Transcription Factor 1 (TWIST1) 
and NID2 genes methylation status in urine has 
been shown to differentiate primary BC patients 
from controls with 90% sensitivity and 93% 
specificity [50]. Additionally, evaluation of the 
methylation status of NID2, TWIST1, CFTR, 
SALL3, and TWIST1 genes in urinary cells in 
combination with urine cytology has been found 
to increase sensitivity and have high negative pre-
dictive value in BC patients [51, 52]. Urinary 
methylation levels of POU4F2 and PCDH17 is 
able to distinguish BC from normal controls with 
90% sensitivity and 94% specificity [53]. 
Promoter hypermethylation of HS3ST2, 
SEPTIN9, and SLIT2 combined with FGFR3 
mutation showed 97.6% sensitivity and 84.8% 
specificity in the diagnosis, surveillance, and risk 
stratification of low- and high-risk NMIBC 
patients [54]. Lastly, the methylation status of 
p14ARF, p16INK4A, RASSf1A, DAPK, and 
APC has been found to be correlated with BC 
grade and stage [55].

5.2.3.2	 �miRNAs
Urinary levels of miR-146a-5p are significantly 
increased in high-grade BC [56]. MiR-126 uri-
nary levels were found to be elevated in BC com-
pared to healthy controls [57]. Low miR-200c 
expression has been shown to be correlated with 
tumor progression in NMIBC [58]. Chen et  al. 
detected 74 miRNAs, of which 33 were upregu-
lated and 41 were downregulated in BC com-

Table 5.3  Summary of metabolomics-based BC 
biomarkers

Metabolites Alteration References
Succinate ↑ [41]

Pyruvated ↑
Oxoglutarated ↑
Carnitine ↑
Phosphoenolpyruvate ↑
Trimethyllysine ↑
Melatonin ↓
Isovalerylcarnitine ↑
Glutarylcarnitine ↓
Octenoylcarnitine ↑
Decanoylcarnitine ↑
Acetyl-CoA ↑
Cholesterol ↑ [42]

5-hydroxyvaleric acid ↓
3-phosphoglyceric acid ↓
Glycolic acid ↓
Dopamine 4-sulfate ↑ [43]

MG00/1846Z,9Z,12Z,15Z/00 ↓
Aspartyl-histidine
Tyrosyl-methionine
Acetyllysine ↑ [45]

N-acetylneuraminic acid ↑
Pseudouridine ↑
Uridine ↑
Xanthine ↑
7-methylguanine ↑
Gluconic acid ↑
Glucuronic acid ↑
1,7 dimethylxanthine ↓
Hippuric acid ↓
Acid trehalose ↑ [46]

Nicotinuric acid ↑
AspAspGlyTrp peptide ↑
Inosinic acid ↓
Ureidosuccinic acid ↓
GlyCysAlaLys peptide ↓
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pared to healthy patients; the most notable of 
these include let-7miR, mir-1268, miR-196a, 
miR-1, miR-100, miR-101, and miR-143 [59]. 
By screening patients with negative cystoscopy, 
Eissa et  al. identified miR-96 and miR-210 as 
being associated with BC [60]. MiR-125b, miR-
30b, miR-204, miR-99a, and miR-532-3p were 
downregulated in the urine supernatant of BC 
patients [61]. MiR-9, miR-182, and miR-200b 
have been shown to be correlated with MIBC 
aggressiveness, recurrence-free, and overall sur-
vival (OS) [62]. MiR-145 distinguishes NMIBC 
from non-BC [63]. MiR-144-5p inhibits BC pro-
liferation, affecting CCNE1, CCNE2, CDC25A, 
and PKMYT1 target genes [64]. Cell-free urinary 
miR-99a and miRNA-125b were found to be 
downregulated in the urine supernatants of BC 
patients (sensitivity 86.7%; specificity 81.1%)
[65]. Urinary levels of miR-618 and miR-
1255b-5p were increased in MIBC patients com-
pared to healthy controls [66]. Whole genome 
analysis determined increased miR-31-5p, miR-
191-5p and miR-93-5p levels in the urine of BC 
patients compared to controls [67].

Genomics-based BC biomarkers were shown 
in Table 5.4.

5.3	 �Metabolomics and Metabolic 
Phenotypes of BC

In biological research, the omics approach 
includes genomics, proteomics, and metabolo-
mics. It probes physiological and malignant pro-
cesses at the cellular and molecular levels; 
thereby, characterizing the global molecular 
quantity, structure, function, and dynamic 
changes within an organism. Although genomics 
and proteomics have helped subtype many can-
cers based on gene mutation or receptor status, 
considerable heterogeneity is observed in tumor 
behavior and patient outcome, even within a 
genomic subtype. This is due to the unique cel-
lular processes and metabolic profiles that can 
only be elucidated through metabolomics [68]. 
Metabolomic analysis is less complex compared 
to genomics, transcriptomics, and proteomics 
due to fewer endpoints. Metabolomics measures 

the entire set of small molecule products of meta-
bolic processes in a biological system. By focus-
ing on the downstream products of genomic and 
proteomic processes, metabolomics summarizes 
the effects of other omics methods and most 
closely represents a system’s phenotype [69].

Metabolomic studies are either untargeted, 
aiming to comprehensively include all measur-
able analytes without a prior hypothesis, or tar-
geted, measuring only select predefined groups 
of metabolites [70]. Although untargeted studies 
deal with large complex data sets and carry the 
risk of false positives due to multiple testing of 
variables, the advantage is that they are free from 
assumptions. Targeted studies, on the other hand, 
are hypothesis-driven and offer measurements of 
high precision and accuracy. In metabolomic bio-
marker research, targeted studies are often used 
to validate findings from prior untargeted studies 
[71].

The field of blood-based genomic and pro-
teomic cancer biomarkers are more developed 
than that of urine-based metabolomics because 
blood is considered to be an active participant in 
biological processes unlike urine, which is a con-
trast to waste product. With the advancement of 
urine analysis technology, urinalysis techniques 
have improved considerably. There are a number 
of methods that now enable in-depth analysis of 
diagnostic markers. In particular, NMR and 
MS-based identification of urinary metabolites 
are powerful techniques that can potentially diag-
nose a number of conditions. At present, urine 
metabolomic biomarker studies are being primar-
ily conducted by either NMR or MS.  Both of 
these tools have their strengths and limitations. 
The major advantage of MS is its accuracy and 
specificity in regard to metabolite detection. MS 
is more accurate compared to NMR spectrome-
try; however, the analytes need to be separated 
for detection and assimilation. In contrast, NMR-
based spectrometry is more expensive and has 
lower sensitivity, generally limited to less than 
100 analytes in biological fluids. Furthermore, 
NMR does not require the segregation of analytes 
for detection. The major advantage of NMR is 
that samples are not destroyed and can actually 
be reused [72–74].
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BC has profound metabolic abnormalities. 
Several altered metabolic pathways play a role in 
bladder tumorigenesis. As a result, metabolomics 
can contribute substantially to understanding the 
relevant alterations of catabolic and anabolic 
metabolic processes impaired in cancer through 
the identification of tumor-specific metabolic 
biomarkers with potential diagnostic, prognostic, 
or predictive value [75]. Metabolomic studies 
have already identified various metabolites of 
diverse pathways (glucose, lipid, amino acid, 
nucleotide metabolites) as probable BC biomark-
ers [76].

However, caution must be applied; clinical 
metabolic phenotypes (metabotypes) may be 
altered due to age, gender, diet, race, lifestyle, 
surgical intervention, and underlying pathophysi-
ological conditions [77]. In the context of BC 
metabolomics, baseline characteristics, such as 
tumor stage and grade, hematuria (gross or 
micro), surgical interventions, and smoking habit 
should additionally be taken into consideration 
[78].

5.4	 �Metabolomic Platforms

Contrary to the genome or proteome, the human 
metabolome composition is still not fully defined. 
There are few research approaches, all of which 
have emerged in metabolome analysis; these 
include metabolic profiling, metabolic finger-
printing and metabolic footprinting [79].

Metabolic profiling is an example of a tar-
geted approach, focusing on identifying and 
quantifying predetermined groups of metabo-
lites with similar physicochemical properties 
(e.g., carbohydrates, amino acids, organic acids, 
nucleosides) or under the same biochemical 
pathway (e.g., glycolysis, gluconeogenesis, 
β-oxidation or citric acid cycle) [80]. Metabolic 
profiling is considered to be an extension of 
metabolite targeted analysis, which relies on 
analyzing a single compound or small subset of 
metabolites to determine the influence of the 
specific stimuli on metabolism. Metabolic fin-
gerprinting is an untargeted approach that is not 
driven by any preliminary assumption and aims 

Table 5.4  Summary of genomics-based BC biomarkers

Biomarkers Alteration References
DNA methylation SOX-1, IRAK3, and Li-MET [47]

APC and cyclin D2 [48]

GSTP1 and RARβ2 and APC [49]

TWIST1 and NID2 [50]
NID2 and TWIST1 or CFTR, SALL3 and TWIST1 [51, 52]
POU4F2 and PCDH17 [53]
HS3ST2, SEPTIN9 and SLIT2 [54]
p14ARF, p16INK4A, RASSF1A, DAPK, and APC 
tumor suppressor

[55]

miRNAs miR-146a-5p ↑ [56]

MiR-126 ↑ [57]

miR-200c ↓ [58]

Let-7miR, mir-1268, miR-196a, miR-1, miR-100, 
miR-101, and miR-143

[59]

miR-96 and miR-210 [60]
MiR-125b, miR-30b, miR-204, miR-99a, and 
miR-532-3p

↓ [61]

MiR-9, miR-182 and miR-200b [62]
MiR-145 [63]
MiR-144-5p [64]
miR-99a and miRNA-125b ↓ [65]

miR-618 and miR-1255b-5p ↑ [66]

miR-31-5p, miR-191-5p and miR-93-5p ↑ [67]
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to define changes in the whole metabolome, 
which occurs at a specific state in the cell, tissue 
or organism. Therefore, the main purpose of 
metabolic fingerprinting is to identify and qual-
ify as many possible metabolites in samples. 
Metabolic fingerprinting is frequently used in a 
comparative analysis of two subject groups (i.e., 
healthy vs disease, one disease vs another dis-
ease), which makes it a promising tool in studies 
focused on disease diagnosis and prognosis [81]. 
Metabolic footprinting is often applied in micro-
biological or biotechnological studies. Compared 
to the other methods, this approach does not con-
cern intracellular metabolites but focuses on 
compounds that are secreted or failed to be used 
by cells in specific media. Due to the close rela-
tionship between intracellular and extracellular 
metabolism, metabolic footprinting can provide 
an integrative interpretation of the metabolic net-
work in a specific living system [82].

Due to both the physicochemical diversity of 
the metabolome and complexity of the biological 
systems, no single analytical platform is able to 
determine all metabolites present in complex bio-
fluids. Therefore, numerous analytical platforms 
are commonly used in both targeted and untar-
geted metabolomic studies [83]. NMR or MS 
coupled with different separation techniques cur-
rently dominates in metabolomics. There are at 
least four major analytical platforms with proven 
utility for metabolomic applications: NMR, 
GC-MS, LC-MS, and LCECA [84]. Each of 
these platforms has specific advantages and dis-
advantages (Table 5.5).

Modern NMR makes it possible to perform 
rigorous structural analysis of many metabolites 
in crude extracts, cell suspensions, intact tissues, 
or whole organisms. Structural determination of 
known metabolites using various one-dimensional 
(1D) or 2D NMR methods is straight forward; in 
fact, de novo structural analysis of unanticipated 
or even unknown metabolites is also feasible. 
NMR has high throughput capability and is par-
ticularly capable of determining the structure of 
metabolites, including the location of isotope 
labeled atoms in different isotopes produced dur-
ing stable isotope tracing studies [85–88]. As a 
result, metabolic pathways can now be systemati-
cally mapped by NMR with unprecedented 

Table 5.5  Summary of the advantages and limitations of 
different metabolomics platforms

Strengths Drawbacks
NMR Rapid Lack of sensitivity

Reproducible Multiplicity of the 
resonance

Nondestructive Difficulty of 
quantification-
chemical noise and 
signal overlapping

High-throughput Lack of an analyte 
separation 
component

Minimal sample High instrument cost 
(over one million 
dollars)

Manipulation
Possible tissue 
analysis

MS High sensitivity Low quantitation
Wide detection 
range

Low reproducibility

Easy metabolite Destructive
Identification-
databases 
availability

High sample volume 
requirements

Possibility to 
couple with 
separation 
techniques

GC-MS Reasonable 
quantitative 
precision

Can’t study 
nonvolatile 
molecules

High throughput Low mass accuracy 
(often unit 
resolution)

Low 
instrumentation 
costs 
($100–$300,000)

Undesirable 
metabolite losses

High sensitivity
Volatile and 
thermally stable 
analytes

LC-MS High flexibility High instruments 
cost($100,000-over 
one million dollars)

Tailor separations 
to the compounds

Difficulty in 
obtaining consistent 
quantitative precision

Enable low, 
medium, or high 
mass accuracy
Can trade off 
sensitivity for 
throughput

(continued)
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speed. In summary, NMR offers essentially uni-
versal detection, excellent quantitative precision, 
and the potential for high-throughput (>100 sam-
ples/day is possible). NMR is an unbiased, robust, 
reproducible, non-destructive and selective ana-
lytical platform. In NMR analysis almost no sam-
ple pretreatment is required. However, the main 
disadvantages of this technique include low sen-
sitivity and lack of analyte separation. Another 
disadvantage is its high initial cost; NMR instru-
ments can cost well over a million dollars.

MS represents a universal, sensitive tool that 
can be used to characterize, identify, and quan-
tify a large number of compounds in biological 
samples where metabolite concentrations may 
constitute a broad range [89]. Liquid chromatog-
raphy coupled with mass spectrometry (LC–
MS), gas chromatography coupled with mass 
spectrometry (GC–MS) or capillary electropho-
resis coupled with mass spectrometry (CE–MS) 
has a significantly wider application in metabo-
lome analysis [83].

GC, which employs high-resolution capillary 
columns and is combined with MS detection, is a 
powerful platform for determining the metabo-
lome. GC–MS often employs either an electron 
impact (EI) or chemical ionization (CI) mode, 

which provides putative identification based on 
the highly reproducible mass spectra of metabo-
lites and availability of universal structural and 
mass spectral libraries [90]. GC-MS can provide 
structural information (more informative if the 
compounds are present in existing libraries), rea-
sonable quantitative precision, and high-
throughput (>100 samples/day is possible). 
Sensitivity is at least 2 orders of magnitude 
higher than NMR. One limitation of GC-MS is 
its inability to study molecules that cannot be 
readily volatilized. Another limitation is its rela-
tively low mass accuracy (unit resolution). 
GC-MS is a technique of choice for volatile and 
thermally stable analytes. Therefore, complex 
and time-consuming sample derivation is neces-
sary; however, this can lead to undesirable 
metabolite loss. The recent development of mul-
tidimensional GC (GC x GC) has improved reso-
lution, robustness, and sensitivity compared to 
conventional GC-MS.

LC–MS is the most suitable technique for ana-
lyzing non-volatile, thermally unstable, high or 
low-molecular-weight compounds with a wide 
polarity range. Most compounds can be analyzed 
by LC-MS.  LC–MS is commonly used in the 
metabolomic analysis of various biofluids (urine, 
blood or tissue extracts) [91, 92]. One limitation 
of LC-MS is its relative difficulty in obtaining 
consistent quantitative precision. The develop-
ment of the LC–NMR-MS systems combines the 
high-throughput capability of NMR with the high 
sensitivity and resolution of LC–MS [93, 94]. To 
improve the sensitivity of conventional LC–MS 
technique, nanoLC–MS was implemented in 
metabolomics studies [95, 96].

Compared to LC–MS or GC–MS, CE–MS is 
rarely applied in metabolomic studies. However, 
recent significant improvements have opened 
CE-MS application in metabolomics. This tech-
nique is particularly useful in analyzing highly 
polar ionogenic metabolites in biological fluids 
[97]. CE-MS is a suitable method for urinary 
metabolomic analysis, which can be performed 
with relatively minimal sample preparation. 
However, extensive research is also being con-
ducted in applying CE-MS to serum metabolo-
mics [98]. CE-MS is a technique dedicated to 

Table 5.5  (continued)

Strengths Drawbacks
Can determine the 
exact molecular 
composition
Various biofluids 
analytes

CE–MS Highly polar 
ionogenic 
metabolites 
analytes

Notable migration 
time shift during 
analyses

Minimal sample 
preparation
High resolution 
power

LCECA Extremely sensitive Lack of structural 
information

Strong run-to-run 
precision

Low throughput

High specificity 
(tryptophan and 
tyrosine pathways)

Low cost (under 
$100,000)
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water-soluble and charged molecules, which 
makes it a highly complementary platform to 
other separation methods, like LC-MS or 
GC-MS. The main advantages of CE-MS include 
high resolution power and small sample or 
reagent requirements. Its main limitation is the 
unstable electroosmotic flow phenomenon, which 
can result in notable migration time shifts during 
analyses [99].

LCECA is ideal for studies on the tryptophan 
and tyrosine pathways that lead to monoamine 
neurotransmitters because many metabolites 
within these two pathways can be measured 
quantitatively with LCECA. The robust nature of 
this platform, its reproducibility, and sensitivity 
have been well described in a series of peer-
reviewed publications [100–104]. Preliminary 
experiments described later in this review dem-
onstrate the power and promise of electrochemis-
try-based platforms for metabolomics analysis in 
defining signatures for central nervous system 
(CNS) disorders and treatments. The LCECA 
system is extremely sensitive, perhaps 2–3 orders 
of magnitude higher than that of GC-MS, and 
displays strong run-to-run precision over long 
periods of time. The disadvantages include the 
lack of structural information and low throughput 
(12 samples/day is the most commonly used 
metabolomic configuration). The system can 
detect molecules, such as tyrosine and tryptophan 
metabolites, as well as antioxidants and oxidative 
damage products, but it is “blind” to other mole-
cules, such as glucose, ketoglutarate, and most 
fatty acids.

Table 5.5 shows the advantages and limita-
tions of different metabolomics platforms.

5.5	 �Metabolomics in BC 
Diagnosis and Prognosis 
and Predicting Response 
to Therapies

BC has profound metabolic anomalies that play 
central roles in tumor progression [105]. 
Metabolic pathways, such as the tricarboxylic 
acid (TCA) cycle, lipid synthesis, amino acid 
synthesis, nucleotide synthesis, and glycolysis 

pathway, are known to be increased in BC tissue 
compared to adjacent benign tissue [106].

5.5.1	 �Tricarboxylic Acid Cycle

A significant decrease in citrate concentration 
was consistently observed in the urine and serum 
of BC patients [107]. One possible explanation 
for this is the active uptake of citrate from the 
extracellular medium into the tumor cell [108]. 
Citrate is important for lipid biosynthesis, which 
is crucial for tumor proliferation [109]. Therefore, 
the decrease in citrate levels in the urine or serum 
may illustrate the increased utilization of citrate 
in lipogenesis for the rapid proliferation of tumor 
cells [2].

5.5.2	 �Lipid Metabolism

Up or downregulation of carnitine species, includ-
ing carnitine, carnitine C8:1, carnitine C9:0, carni-
tine C9:1, carnitine C10:1, carnitine C10:3, 
isobutyryl carnitine, acetylcarnitine, 2,6-dimethyl-
heptanoylcarnitine, isovalerylcarnitine, glutaryl-
carnitine, and decanoylcarnitine, has been reported 
in BC [41, 110, 111]. The carnitine system plays a 
central role in lipid metabolism; it facilitates the 
entry of long-chain fatty acids into the mitochon-
dria for utilization in energy-generating processes 
and removes short-chain and medium-chain fatty 
acids that accumulate as a byproduct [112]. It has 
been postulated that the dysregulation of lipid 
metabolism provides an environment that is benefi-
cial to the development of BC. Additionally, altered 
fatty acid transportation, fatty acid β-oxidation, or 
energy metabolism might partially explain why BC 
patients are prone to lethargy [2].

5.5.3	 �Amino Acid Metabolism

5.5.3.1	 �Glutathione Metabolism
Elevated glutathione (GSH) level was reported 
in BC tissues and cell lines via metabonomic 
studies [2]. Oxidative stress results in elevated 
GSH and overexpression of antioxidant enzymes, 
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such as glutathione peroxidase, glutathione 
reductase, and glutathione-S transferase [113]. 
While GSH is involved in the detoxification of 
carcinogens, its elevation in tumors may pro-
mote chemotherapy resistance in cancer cells via 
conjugation with pharmacologically active drugs 
or metabolites [114].

5.5.3.2	 �Tryptophan Metabolism
Upregulation of tryptophan metabolism in BC 
was observed with increased levels of anthranilic 
acid, N-acetylanthranilic acid, kynurenine, 
3-hydroxykynurenine, and malonate [115–117]. 
The proposed underlying mechanisms include 
autoxidation and interaction with nitrite or transi-
tion metals to form reactive intermediates, bind-
ing as ligands to aryl hydrocarbon receptor 
(AHR) that plays a role in carcinogenesis [118]. 
Notably, Opitz et  al. demonstrated that 
tryptophan-2,3-dioxygenase (TDO)-derived kyn-
urenine suppresses antitumor immune responses 
and promotes tumor-cell survival through AHR, 
which in turn suggests TDO as a potential cancer 
therapeutic target [119].

5.5.3.3	 �Hippuric Acid & Taurine 
Metabolism

Downregulation of hippuric acid was generally 
observed in BC patients and taurine was found to 
be elevated in BC patients compared to benign 
and healthy controls [107]. Taurine inactivates 
hypochlorous acid, which is a strong oxidant and 
cytotoxic agent, by forming stable taurine chlora-
mine (Tau-Cl). In turn, Tau-Cl downregulates 
immunological responses via production of pro-
inflammatory cytokines, leading to tumor pro-
gression [120].

5.5.3.4	 �Nucleotide Metabolism
Purine and pyrimidine metabolism has been 
found to be perturbed in BC, leading to upregula-
tion of guanine, hypoxanthine, cytidine mono-
phosphate, thymine, uracil, uridine, and 
pseudouridine [111, 115]. Nucleosides, particu-
larly modified nucleosides (e.g., pseudouridine), 
are elevated and suggested as potential biomark-
ers in various cancers [121]. Such elevation 
nucleoside levels have been postulated to be the 
result of increased DNA synthesis associated 

with enhanced cell cycle activity in cancer [122]. 
Modified nucleosides are excreted in urine 
because they cannot be recycled as nucleosides 
[123]. Thus, levels of modified nucleosides in 
urine reflect oxidative DNA damage and RNA 
turnover in the body.

5.5.3.5	 �Glycolysis
Lactate, an important end product of glycolysis, 
was found to be elevated in BC tissue and urine 
[115, 124], indicating an increased rate of glycoly-
sis rate. The upregulation of glycolysis, resulting 
in increased glucose consumption, is a universal 
phenomenon in cancer and is termed the “Warburg 
effect” [125, 126]. Gatenby and Gillies proposed 
that the upregulation of glycolysis is an adaptation 
of premalignant lesions to intermittent hypoxia, 
but requires evolution to the resultant proliferative 
and invasive phenotypes where resistance to acid-
induced cell toxicity is also observed [125].

Diagnosis and prognosis of various diseases 
are enhanced by the identification of biomarkers, 
which can differentiate individuals with the dis-
ease from those without. Ideal markers are easily 
detectable in tissue, serum, and urine, and have a 
high sensitivity and specificity. There are several 
potential applications of metabolomics in BC and 
other cancers; this includes improving detection, 
providing prognostic information, and impacting 
treatment.

5.6	 �Clinically Applicable BC 
Biomarkers-Based Tools

At present, the FDA has approved six tests for 
detecting or monitoringBC.  NMP22, NMP22 
BladderChek, and UroVysion have FDA approval 
for BC diagnosis and surveillance; 
Immunocytology (uCyt+), BTA-TRAK, and 
BTA-STAT have been approved only for surveil-
lance [127–131]. There are also many metabo-
lites that can be considered as potential tumor 
biomarkers for BC.

By ultra-performance liquid chromatography 
time-of-flight mass spectrometry, imidazole-
acetic acid was evidenced in BC [132]. A metab-
olite panel consisting of indolylacryloylglycine, 
N2-galacturonyl-L-lysine, and aspartyl-
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glutamate can discriminate high- vs. low-grade 
BC [133]. In addition, alterations in the metabo-
lisms of phenylalanine, arginine, proline, and 
tryptophan were evidenced by UPLC-MS in 
NMBIC [134]. Jin X et  al. confirmed through 
their study that carnitine acyltransferase and 
pyruvate dehydrogenase complex expressions are 
significantly altered in cancer [41]. Alberice JV 
et al. propose that metabolites related to the tryp-
tophan metabolism pathway, such as kynurenine 
and tryptophan, are potential urinary biomarkers 
and therapeutic targets of BC therapy [116]. 
Wittmann et  al. performed unbiased metabolo-
mics on a set of urine samples from BC patients, 
revealing nearly 1000 distinct metabolic signa-
tures, of which 587 have a chemical identity 
[135]. The authors chose a set of 25 potential bio-
markers from this group and tested this panel on 
a second independent cohort to validate its pre-
dictive power. A new group of metabolites, 
including lactate, adenosine, succinate, and pal-
mitoyl sphingomyelin, were proposed as urinary 
biomarkers; thus, showing the involvement of 
lipid metabolism in BC progression.

5.7	 �Conclusions 
and Perspectives

At present, there is much research on biomark-
ers of BC. Biomarkers can be identified in tis-
sue, blood, urine, etc. and include genes, 
proteins, metabolites, etc. In this paper, we sum-
marized the research progress of BC biomarkers 
in recent years. Due to the advantages of urine 
collection, including non-invasive procedures, 
simplicity, easy storage, low-cost, and direct 
contact with bladder cancer tissue, we focused 
particularly on urinary biomarker research prog-
ress. Compared to genomics and proteomics, 
metabonomics of BC is still in its early stages. 
However, because of the great progress in meta-
bonomics research in BC using NMR, GC-MS, 
and LC-MS, metabonomics has been widely 
used to propose new biomarkers. These may be 
applied to screening, diagnosing, treating, eval-
uating, and monitoring BC. Although the poten-
tial of metabonomics to improve detection and 
treatment of BC may be great, the main limita-

tion is the lack of reliable validation for a large 
population. Current research has so far been 
limited to smaller samples without validation 
and metabolites can be easily affected by vari-
ous factors. For future metabonomics research, 
experimental design and analysis methods need 
to be standardized to eliminate the systemic 
influence of confounding variables on the mea-
surement of metabolites, make results more 
comparable, verify potential biomarkers, and 
assist in clinical applications against BC.
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Abstract

Chronic glomerulonephritis (CGN) is a dis-
ease with a steady progressive course that 
involves the development of nephrosclerosis, 
which is especially evident in clinical courses 
with incidences of high proteinuria (PU). 
Currently, proteinuria is considered the main 
laboratory feature (sign) of CGN activity and 
progression because proteinuria is closely 
related to the process of tubulointerstitial 
fibrosis, which is correlated with the grade of 
renal insufficiency. The injury to podocytes, 
which are key components of the filtration 
barrier, plays a central role in proteinuria 
development. The detachment of podocytes 
from the glomerular basement membrane 
leading to podocytopenia is suggested to 
induce glomerulosclerosis and hyalinosis with 
obliteration of capillary loops and the progres-
sion of chronic kidney disease. Urinary mark-
ers of podocyte dysfunction could serve as 
useful tools while monitoring the activity and 
prognosis of CGN.  In this chapter, the most 
important mechanisms of podocyte loss and 
urinary markers of this process are discussed.
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6.1	 �Introduction

The modern concept of the pathogenesis of 
chronic glomerulonephritis involves an interac-
tion between damaging and anti-damaging/anti-
inflammatory factors. Damage to podocytes, 
which are key components of the filtration bar-
rier, plays a central role in glomerular lesions and 
associated disorders of self-protection leading to 
the development of proteinuria, which is still 
considered the clinical equivalent of chronic glo-
merulonephritis (CGN) activity/progression 
[1–5].

6.2	 �Podocyte Damage. Podocyte 
Damage Markers in Chronic 
Glomerulonephritis

In chronic glomerulonephritis, inflammation ini-
tially affects glomeruli and progresses because of 
the limited regenerative capacity of glomeruli. 
This feature is primarily related to podocytes, 
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which are the epithelial cells of the glomerular 
filter [6, 7]. At birth, few podocytes are laid at 
approximately 800 cells per glomerulus in 2 mil-
lion nephrons. In adults, some podocytes are con-
stantly lost, but the number of podocytes suffices 
to maintain the filter barrier function. Kidney dis-
eases, particularly glomerulonephritis, accelerate 
podocyte damage and depletion. If the number of 
podocytes in a glomerulus decreases by over 
60% of the norm, the glomerulus becomes scle-
rosed [8].

6.2.1	 �Glomerular Filter Structure 
and Function

The glomerular filtration barrier comprises a cap-
illary basement membrane, a monolayer of endo-
thelial cells lining the glomerular filter from the 
inside, and a monolayer of podocytes that cover 
the glomerular filter from the urinary space [9]. 
Podocytes and the podocyte slit diaphragm play 
an important role in the permeability mechanisms 
of the glomerular filter and form the main barrier 
for protein passage [10]. In addition to glomeru-
lar permeability, podocytes perform several 
important functions as follows: podocytes par-
ticipate in the maintenance of the capillary loop 
structure by restructuring the actin cytoskeleton, 
counteract the intra-capillary hydrostatic pres-
sure, provide endocytosis of filtered proteins and 
immunoglobulins that can damage the glomeru-
lar filter, participate in collagen type IV synthe-
sis, basement membrane repair, and the immune 
response, and support the normal function of 
other glomerular cells (mesangial and endothelial 
cells) through the production of vascular endo-
thelial growth factor (VEGF) [11, 12].

6.2.2	 �Podocyte Response 
to Damage. Podocyturia

Podocyte damage disrupts the glomerular base-
ment membrane (GBM) according to the location 
of these cells outside the capillary wall, leading 
to proteinuria and nephrotic syndrome [13]. The 
earliest sign of podocyte damage, which is only 

detected by electron microscopy, is the podocyte 
foot process effacement. This damage spreads by 
the reorganization of the actin cytoskeleton and 
redistribution of actin microfilaments, resulting 
in the loss of the shape of the podocyte processes. 
After mechanical stretch, the podocyte foot pro-
cesses efface, and the podocytes detach from the 
GBM and desquamate [14]. Due to podocyte foot 
process effacement, the slit diaphragm is 
stretched, the intercellular space increases, serum 
proteins enter the urinary space, and proteinuria 
develops [1–5].

During the process of the spread, the cells lose 
their usual form, tightly and directly attach to the 
GBM, and fill the subpodocytic space.

In most cases, podocyte foot process efface-
ment precedes the cell detachment from the base-
ment membrane. GBM denudation under the 
high intraglomerular pressure and adhesion of 
glomerular loops to the Bowman’s capsule forms 
“hernia-like” protrusions [15]. These processes 
both increase protein loss and trigger glomerular 
sclerosis.

The role of podocytes in the mechanisms of 
proteinuria development and the search for valu-
able podocyte dysfunction markers have been 
studied in recent years. Vogelmann SU et al. [16]
were among the first to test the excretion of spe-
cific podocyte proteins (podocalyxin, synaptopo-
din, and WT-1) and find their increase in urine 
from CGN patients. These issues were most 
intensively studied by a group of researchers [17–
19], who showed that the urinary excretion of 
podocytes and their structural proteins increases 
in parallel with proteinuria and reflects glomeru-
lonephritis activity, while in healthy individuals 
and patients with CGN remission, only scarce 
podocytes were found in the urine [20–22].

Many primary glomerulopathies, including 
focal segmental glomerulosclerosis (FSGS), 
membranous nephropathy, and membranoprolif-
erative glomerulonephritis, are accompanied by 
podocyte damage and podocyturia. Hara et  al. 
also showed podocyte detachment from the GBM 
and desquamation in urine in an active IgA 
nephropathy with podocyturia reflecting the 
activity of the disease [23]. Podocyte damage is 
suggested to be secondary and result from 
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increased renin angiotensin aldosterone system 
(RAAS) activity and intra-glomerular pressure. 
Regarding IgA nephropathy, the authors also dis-
cuss the role of complement activation and sub-
epithelial membrane attack complex C5b-9 
deposition [24]. The authors further discuss the 
role of the mechanical influence of changed 
glomerule architectonics on podocytes under pri-
mary damage to mesangial cells. In an experi-
ment involving Thy-1 nephritis, the change in the 
shape of the capillary loops due to damage to 
mesangial cells (mesangiolysis) leads to the pro-
trusion of the capillary loops into the urinary 
space. Under the resulting shear stress, the podo-
cytes stretch and desquamate. Compared with 
proteinuria, podocyturia appears to be a more 
accurate marker of glomerular damage according 
to recent studies [25, 26].

Therefore, two experimental models of glo-
merular damage, i.e., primary (PAN-nephrosis) 
and secondary (anti-Thy1.1-nephritis) GN, 
showed podocyturia and proteinuria development 
at an early stage of nephritis. However, at a later 
stage of experimental nephritis, podocyturia 
(active damage) disappeared, while proteinuria 
persisted. The authors believe that podocyturia is 
a more specific marker of active glomerular dam-
age, while proteinuria does not allow differentia-
tion between a chronic glomerular barrier defect 
and active damage to the glomeruli [25, 26].

To determine the severity of glomerular filter 
damage in patients with various forms of glomer-
ulonephritis, the following tests are used: cell 
culture to detect “viable” and apoptotic podo-
cytes in urine; identification of various structural 
proteins of podocytes and the slit diaphragm, 
including nephrin, podocin, podoplanin, synapto-
podin, and podocalyxin; anti-podocalyxin flow 
cytometry antibody product techniques; and 
urine immunoblotting to detect the mRNA of 
these proteins [27, 28].

6.2.3	 �Nephrinuria

In podocyte damage, specific podocyte-derived 
proteins may be found in urine, and primarily 
nephrin, which is the main protein of the slit dia-

phragm, is considered an early marker of podo-
cyte damage. Nephrin binds actin fibres in the 
podocyte cytoskeleton and forms the intercellular 
slit diaphragm [29].

Since the slit diaphragm is a type of “signal-
ling platform” necessary to maintain the functions 
of podocytes, the release of nephrin, its structural 
component, is also a stereotypical podocyte reac-
tion to damage in active CGN [30–32].

Recent experimental studies have shown an 
increase in urinary nephrin excretion in nephrotic 
syndrome because of damage to podocytes and 
the closely related slit diaphragm [33]. In a rat 
PAN nephrosis model, Luimula et  al. found an 
increase in the urine excretion of nephrin at the 
peak of proteinuria [34]. In experimental mem-
branous nephropathy (Heymann nephritis), com-
plement components (C5-9) enter the podocyte 
membrane, leading to F-actin damage and neph-
rin dissociation from the podocyte with subse-
quent excretion in urine [35]. Even before the 
development of proteinuria, electron immunomi-
croscopy of kidney tissue shows sites of slit dia-
phragm destruction corresponding to areas 
exhibiting reduced nephrin expression. In 
advanced disease, if high proteinuria develops, 
the number of these areas significantly increases, 
with an uneven distribution and alternation with 
the completely preserved areas of the slit dia-
phragm [36]. These studies showed for the first 
time that the relationship between nephrinuria 
and focal slit diaphragm defect development is an 
important mechanism of proteinuria (PU) [37]. 
The data reveal a decrease in nephrin expression 
in kidney tissue regardless of the morphological 
form (minimal change disease, FSGS, membra-
nous nephropathy, MPGN, or IgAN) [38–40].

We tested the podocytic diaphragm lesion in 
patients with chronic glomerulonephritis by 
nephrin excretion in urine (nephrinuria). In total, 
73 CGN patients were studied as follows: 20 
patients with inactive CGN (group III); 23 
patients with active CGN with proteinuria (PU) 
>1 g/d (group I); and 30 patients with nephrotic 
syndrome (NS) (group II), including 11 patients 
with severe NS (PU >10 g/d, hypoalbuminemia 
<20 g/L) (IIb) and 19 patients with moderate NS 
(IIa) (Table 6.1).

6  Urinary Markers of Podocyte Dysfunction in Chronic Glomerulonephritis
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Additionally, 8 healthy subjects were studied 
as a control group. The levels of nephrin in the 
urine were assessed by ELISA.  The levels of 
nephrinuria in the patients with active CGN were 
significantly higher than the levels in the patients 
who were in remission and the levels in the 
healthy individuals. These levels in the patients 
with NS were significantly higher than those in 
the patients with lower levels of proteinuria. The 
highest urinary levels of nephrin were observed 

in the patients with heavy nephrotic syndrome 
and renal dysfunction.

The differences between the morphological 
forms of both primary “true” podocytopathies 
(minimal change disease, FSGS, and membra-
nous nephropathy) and other proliferative forms 
of CGN (MPGN and IgAN) were insignificant in 
terms of nephrinuria; the severity of proteinuria 
and nephrotic syndrome played a decisive role 
(Fig. 6.1).

Table 6.1  Subjects characteristics

Groups
value

Group I
n = 23

Group II
(NS)
n = 30

Group IIa moderate 
NS
n = 19

Group IIb
severe NS
n = 11

Group III
n = 20

Proteinuria,
g/24 h

1.9 [1.4–3.2] 6.12 [4.37–10.0] 5.54 [3.4–7.9] 10.0 [7.3–16.0] 0.48 [0.157–0.78]

Serum albumin, g/l 39.8 [37.5–42.4] 25.6 [21.3–30.7] 28.7 [25.0–31.0] 19.0 [17.5–20.0] 43.8 [41.2–46.1]
Serum total protein, g/l 63.2 [59.7–68.7] 43.9 [39.2–50.6] 46.9 [42.5–51.6] 37.9 [33.6–37.7] 67.8 [65.2–71.9]
Serum creatinin,
mg/dl

1.1 [0.85–1.65] 1.06 [0.8–1.5] 1.0 [0.72–1.4] 1.25 [0.9–1.93] 1.03 [0.84–1.5]

eGFR CKD-EPI
ml/min/1.73 m2

87.3 [55.0−
114.5]

90.0 [60.0−117.0] 101.0 [76.0–134.0] 65.3 [43.0–98.8] 76.0 [55.0–116.0]

Systolic blood pressure, 
mm Hg

130 [125–140] 135 [120–160] 140 [120–160] 135 [130–150] 120 [120–135]

Diastolic blood 
pressure, mm Hg

80 [80–90] 90 [80–100] 90 [80–100] 83 [80–90] 80 [80–90]

Abbreviations: NS nephrotic syndrome, eGFR estimated glomerular filtration rate, CKD-EPI formula

Fig. 6.1  Nephrinuria in patients with various forms of 
CGN. Abbreviations: IgAN Immunoglobulin A nephropa-

thy, FSGS focal segmental glomerular sclerosis, MN 
membranous nephropathy, MPGN membranoproliferative 
glomerulonephritis, MCD minimal change disease
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Active CGN manifested not only by the uri-
nary excretion nephrin, which is a protein that 
plays structural and functional roles, but also 
podocytes because of their detachment from the 
glomerular basement membrane and desquama-
tion of damaged podocytes in urine (Fig.  6.2). 
Podocyturia was assessed by flow cytometry, 
which applied phycoerythrin-conjugated, mouse 
monoclonal, and anti-human antibodies to the 
podocyte surface antigen podocalyxin. The 
excretion of whole cells or cell fragments in 
100  mL increments of urine sediment was 
detected. Among the patients with nephrotic syn-
drome, podocyturia was significantly higher than 
that in the other groups (Table 6.2). Podocyturia 
was correlated with proteinuria (Rs  =  0.23, 
p < 0.05).

Regarding nephrinuria, we found significant 
correlations between podocyturia and protein-
uria, serum albumin, and duration of nephrotic 
syndrome, highlighting the increasing severity of 
podocytic damage in patients with NS (Tables 6.2 
and 6.3). Podocyturia was closely correlated with 
nephrinuria (Rs = 0.9, p < 0.05).

6.3	 �Heat Shock Protein 27

In addition to the “classical” markers, we studied 
a small heat shock protein 27 as an alternative 
marker of podocyte damage and disturbance to 
the glomerular filter.

Small (low-molecular) HSP is a group of pro-
teins that vary in molecular weight from 16 to 

Fig. 6.2  Urine cytoflowgrams in patients with different levels of CGN activity
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40 kDa. These proteins play an important role in 
maintaining normal function and stabilizing the 
actin cytoskeleton of cells [41, 42]. Among these 
proteins, HSP27 performs an important protective 
function in human kidney tissue. Larger HSP27 
molecules coexist in the cell as chaperone pro-
teins, and smaller HSP27 oligomers associated 
with actin fibres (actin-associated proteins) stabi-
lize actin filaments if damaged by proinflamma-
tory factors [43–45]. These proteins confer the 
main protective role to unphosphorylated HSP27 
oligomers bound to actin microfilaments after 
phosphorylation by p38MAP kinase and remodel-
ling of the cell actin network.

The increase in unphosphorylated HSP27 
blocks the restructuring of the actin cytoskele-
ton, stabilizes the cytoskeleton, and increases the 
resistance of the cell to damage. HSP27 in kid-
ney glomeruli is localized almost entirely in 
podocytes with a well-developed actin cytoskel-
eton. The mechanisms of podocyte actin cyto-
skeleton damage under the influence of 
proinflammatory factors are under investigation. 
Podocyte damage by various pro-inflammatory 
factors is supposedly accompanied by adenosine 

triphosphate (ATP) deficiency in the cell, 
unphosphorylation of adhesive proteins, and 
aggregation (or destruction) of actin microfila-
ments in the cytoskeleton [46]. Another cause of 
podocyte damage under ATP deficiency is the 
primary inherited pathology of its actin cytoskel-
eton [47].

Under physiological conditions, HSP27 is not 
associated with actin fibres and is located intra-
cellularly. When the cell is damaged, unphos-
phorylated HSP27 forms closer bonds with 
cellular actin, thus stabilizing the intracellular 
microfilaments and cytoskeleton of podocytes 
and tubular cells in the kidney, rendering the cells 
more resistant to stress [45, 48]. HSP27 phos-
phorylation by mitogen activated kinases is 
accompanied by the separation of HSP27 from 
actin microfilaments, remodelling of the actin 
network, aggregation and redistribution of micro-
fibres in the cell, and podocyte foot process 
effacement; therefore, HSP27 plays an important 
role in maintaining the integrity of podocyte pro-
cesses during damage. Any alterations in actin 
microfilaments due to podocyte stress may lead 
to the accumulation of HSP27, the polymeriza-
tion of actin and changes in the podocyte shape, 
which is a process known as podocyte foot pro-
cess effacement.

Smoyer et al. showed a significant increase in 
BTS27 expression in glomeruli in rats. The 
induction of nephrotic syndrome led to an 
increase in glomerular HSP27 expression and 
phosphorylation [49, 50].

An increase in the glomerular expression of 
HSP27 was observed in nephropathies mani-
fested by proteinuria and nephrotic syndrome, 

Table 6.2  Nephrinuria and podocyturia in patients with chronic glomerulonephritis

Study group n Podocyturia (pdx + cells/μL) Nephrinuria (ng/mg Cr)
Healthy subjects 10 0[0;0.6] 7.9 [1.7; 9.5]
CGN group I
(prominent urinary syndrome)

23 5.45 [2.5;18.3] 9.5 [7.6; 13]*

CGN group II
(ns)
Moderate NS
Severe NS

38
28
10

12.0 [7.0;35.0] **
8.0 [4.2;15.5]
36.5 [9.0; 80.3]

16.9 [10.9; 27.8] **
16.6 [10.45;27.3]
17.8 [16.1;37.5]

CGN group III
(inactive)

20 5.4 [1.0;9.43] 7.25 [5.4; 9.8]

*p<0.05 group II vs. group I and healthy; p<0.05 significant NS vs moderate NS, **p < 0.01 vs. Groups I and II

Table 6.3  Relation of podocyte damage parameters 
(podocyturia, nephrinuria) with clinical and laboratory 
signs of CGN activity

Parameter Podocyturia Nephrinuria
Proteinuria, g/d Rs = 0.23. 

p < 0.05
Rs =0.27. 
p < 0.05

Blood serum 
albumin, g/L

Rs = −0.38. 
p < 0.001

Rs = −0.27. 
p < 0.05

NS duration, mo Rs = 0.42. 
Р < 0.05

Rs = 0.4. 
p < 0.05

N. Chebotareva et al.
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i.e., diabetic nephropathy and FSGS, and in 
patients with hypertensive nephropathy. Tsagalis 
et  al. showed the important role of HSP27  in 
intracellular protection against lupus nephritis in 
humans. Increased HSP27 expression is observed 
mainly in resident kidney cells (glomerular and 
tubular). The HSP27 expression level in kidney 
tissue was high in diffuse proliferative nephritis 
and correlated with the disease activity parame-
ters and serum creatinine levels [51].

In our study, stress to podocytes in patients with 
CGN with high proteinuria (Groups I and II) 
resulted in an increase in the urine HSP27 levels. 
HSP27 excretion was the highest in the patients 
with severe NS (Group II), less significant in the 
patients with subnephrotic proteinuria (Group I), 
and insignificant in the patients with CGN remis-
sion (Group III) (Table 6.4). The urine level of pro-
tective HSP27 is directly correlated with the severity 
of PU (Rs = 0.297, p < 0.05), which is explained by 
the data showing that the role of this protein in 
podocyte foot process changes leads to PU.

Since the content of heat shock protein 27 in a 
cell under the influence of damaging factors 
explodes, the severe damage to podocytes in 
patients with NS is accompanied by a significant 
depletion of these cells and the release of intra-
cellular proteins in the urine. Thus, an increase in 
urine HSP27 can indicate both increased damage 
and the violation of podocyte self-protection.

In patients with NS, the three parameters stud-
ied (podocyturia, nephrinuria, and urine HSP27 
level) are correlated, confirming both their value 
as pathogenically related markers of podocyte 
dysfunction, which is an important component in 
the development of proteinuria, and a disturbance 
of the kidney damage/self-protection (heat shock 
proteins) systems interaction in podocyte terri-
tory (Fig. 6.3).

6.4	 �Factors of Apoptosis 
and Survival of Podocytes 
in Urine from CGN Patients

An important component of the mechanism of 
podocyte depletion and increase in proteinuria is 
an increase in podocyte apoptosis, which is 
marked by the activation of the intracellular cas-
pase cascade. Urine caspase-9 excretion has been 
shown to be significantly higher in patients with 
active forms of CGN with NS than in those with 
urinary syndrome. The caspase-9 level increases 
in parallel with the increase in nephrinuria, show-
ing the contribution of apoptosis to podocyte 
damage, which leads to ne phrinuria and protein-
uria development in CGN patients (Fig. 6.4).

Table 6.4  HSP27 urinary excretion in CGN patients 
(n = 84)

Parameter
Group

HSP27
(ng/mg Cr)

Healthy (n = 10) 0.73 [0.66; 0.96]
I. CGN with urinary 
syndrome (n = 34)

0.76 [0.68; 1.14]

II. CGN with NS (n = 30) 1.1 * [0.73; 1.83]
Moderate NS (n = 23) 0.94 [0.71; 1.73]
Significant NS (n = 7) 1.88 *[0.8; 7.195]
III. CGN remission (n = 10) 0.72 [0.65; 0.98]

*p<0.05 group II vs. group I and healthy; p<0.05 signifi-
cant NS vs moderate NS

PODOCYTURIANEPHRINURIA

HSP27

Rs=0.9; p<0.05

Rs=0.42; p<0.01Rs=0.32; p<0.05

Fig. 6.3  Relation of 
podocyte lesion 
parameters in CGN 
patients with NS
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6.4.1	 �Vascular Endothelial Growth 
Factor (VEGF) in CGN

The urinary excretion of antiapoptotic Vascular 
Endothelial Growth Factor (VEGF) further indi-
cates a decrease in podocyte survival.

VEGF is an angiogenic factor and a key regu-
lator of the glomerular filtration barrier [52]. An 
experiment showed the development of protein-
uria in mice treated with anti-VEGF antibodies 
or soluble VEGF receptor 1 (sFlt-1) [53]. 
Oncological patients undergoing anti-VEGF 
therapy experience proteinuria and podocyturia 
[54–57]. Women with preeclampsia, which is 
characterized by the circulation of sFlt-1 of pla-
cental origin, develop anti-VEGF treatment-like 
symptoms [58, 59]. These data confirm the 
important role of VEGF in regulating the glomer-
ular barrier and the mechanisms of proteinuria 
development.

In human kidneys, the most common form is 
VEGF-A, which is mainly expressed by podo-
cytes and partially expressed by tubular cells 
[60]. In different forms of glomerulonephritis, 
the results of experiments and a study involving 
humans were contradictory. In some experimen-
tal CGN models, the amount of VEGF was ele-

vated and correlated with the proteinuria levels 
[61]. In minimal change CGN, the urinary VEGF 
level was also elevated and depended on the 
severity of NS [62], and a study investigating 
VEGF expression in kidney tissue showed its 
increase primarily in podocytes [63]. Hohenstein 
et  al. found an increase in VEGF expression in 
kidney biopsy from patients with endocapillary 
nephritis, MCGN, and crescentic glomerulone-
phritis. In kidney biopsies from patients with 
membranous nephropathy, VEGF was also 
expressed mainly in podocytes. In contrast, other 
experimental and clinical studies have shown a 
decrease or absence of VEGF expression in 
FSGS, diabetic nephropathy, crescentic glomeru-
lonephritis, and lupus nephritis [64–68].

The results indicate the complex regulation of 
the VEGF signal necessary to maintain the glo-
merular filtration barrier, including the normal 
phosphorylation of nephrin and the slit dia-
phragm protein. Violation of nephrin phosphory-
lation in VEGF deficiency weakens nephrin 
binding to podocin, leading to a separation of the 
extracellular part of the nephrin molecule from 
the podocyte membrane, and increases the excre-
tion of this protein in urine. Damage to the endo-
thelium and podocytes with PU development in 

Fig. 6.4  Caspase-9 and nephrin in the urine of CGN patients
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VEGF deficiency were first shown in women 
with pre-eclampsia [69]. In anti-GBM nephritis, 
VEGF deficiency formation exacerbates the dis-
ease course severity with impairment of the slit 
diaphragm protein function, loss of podocyte foot 
processes, and proteinuria development [70]. We 
obtained evidence indicative of a decrease in the 
survival of podocytes based on a study investigat-
ing the urinary excretion of the anti-apoptotic 
factor VEGF.  VEGF is produced by podocytes 
and supports the function of nephrin and the slit 
diaphragm while also preserving the integrity of 
the glomerular barrier.

In our study, the urinary levels of VEGF were 
the highest in the patients with NS but were 
observed to decline when renal dysfunction 
appeared. However, the nephrinuria levels con-
tinued to rise as a result of the severity of podo-
cyte dysfunction. A decline in VEGF levels under 
the conditions of NS and renal dysfunction may 
indicate the depletion of podocytes (Fig. 6.5).

Urinary VEGF in patients with active CGN 
with preserved renal function (Groups I and II) is 
directly correlated with the PU (Rs  =  0.673 
p < 0.0001), and in patients with progressive dis-
ease and renal dysfunction, the urinary VEGF 
reduction depended on the serum creatinine level 
(Rs = −0.31 p < 0.05). We found a negative cor-
relation between urine VEGF excretion and the 
severity of nephrinuria (Rs = −0,8, p < 0.05).

6.5	 �Mechanisms 
of Podocytopenia Are 
the Main Determinants 
of Glomerulosclerosis

Podocyte desquamation and depletion are the 
central mechanisms of glomerular sclerosis in 
glomerulonephritis [71]. There are several 
hypotheses related to podocytopenia develop-
ment in immune-mediated diseases.

Podocyte damage leads to a disruption of 
adhesive protein synthesis in podocytes, the sepa-
ration of these cells from the glomerular basement 
membrane and, ultimately, their desquamation 
into the urinary space, i.e., so-called podocyturia. 
Podocytes, which are highly differentiated cells, 
are incapable of proliferation and substitution; 
therefore, the progressive depletion of these cells 
in the glomerule leads to GBM denudation and 
triggers glomerulosclerosis [72, 73].

Apoptosis is another equally important mech-
anism of podocyte depletion from GBM and 
excretion into the urinary space [74, 75]. This 
role is discussed in podocyte hypertrophy and the 
epithelial-mesenchymal transition, which reduce 
the adhesive properties of cells and promote the 
desquamation of “living” podocytes [76–78]. 
Studies involving cell culture have shown that the 
response of podocytes to mechanical stretch is 
hypertrophy, particularly by activating cell cycle 

Fig. 6.5  VEGF and nephrin urinary excretion in CGN patients
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inhibitors [79], which is often accompanied by 
nucleus division without the complete division of 
the cell as illustrated by the appearance of dual- 
and multi-nucleated podocytes [80]. Podocytes 
adhere less to GBM and desquamate in urine [81] 
(Fig. 6.6).

Under these conditions, the intensive podocyte 
detachment from the GBM and their depletion in 
urine lead to podocytopenia accompanied by the 
“denudation” of separate areas of the GBM, loss 
of the capillary loop shape, and formation of local 
basement membrane protrusions. The contact of 
these protrusions with glomerular parietal cells 
forms synechiae between the capillary loops and 
Bowman’s capsule, starting glomerular sclerosis 
[73]. Since podocytes are highly differentiated 
cells with limited proliferative potential, a 
decrease in the number of podocytes leads to an 
irreversible defect in the glomerular filter, contrib-
utes to the formation of synechiae between the 
capillary loops and Bowman’s capsule, and starts 
glomerular sclerosis (Fig. 6.7). A critical decrease 
in the number of podocytes (podocytopenia) in a 
glomerule is the main factor in the progression of 
glomerular sclerosis and decrease in the glomeru-
lar filtration rate [74, 75]. In 2005, Wharram BL 
et al. used a glomerulosclerosis model in rats to 
show that an approximately 20% depletion of 
podocytes per glomerule leads to the development 
of transient proteinuria and that a total depletion 

>40% of podocytes is accompanied by persistent 
high proteinuria with impaired kidney function; 
morphologically, multiple synechiae formation 
between the capillary loops and Bowman’s cap-
sule, focal segmental sclerosis development, and 
global glomerulosclerosis are detected during the 
final stage [82].

6.6	 �Immunohistochemical 
Evaluation of Podocytopenia 
in Patients with Chronic 
Glomerulonephritis

We also confirmed the progressive loss of podo-
cytes in glomeruli in the active types of CGN 
with proteinuria by the use of 
immunohistochemistry.

Compared with the control group, which was 
represented by individuals with normal renal tis-
sue removed via nephrectomies in cases of renal 
carcinomas, a significant decrease in the expres-
sion level of WT-1 in the glomeruli in this group 
of patients was established.

The number of WT-1 nuclei expressing 
WT-1  in the patients with active CGN with NS 
was reduced (21 [16, 27.5] cells/section of the 
glomerulus) compared with that in the control 
group (44 [38; 47] cells/section of the glomeru-
lus) (Fig. 6.8).

Fig. 6.6  Mechanisms of podocyte loss
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A correlation was found between podocyturia 
and proteinuria (Rs = −0.35, p < 0.05) and the 
severity of podocytopenia (Rs = −0.47, p < 0.05), 
which is a determinant of glomerulosclerosis.

6.7	 �Matrix Metalloproteinases 
and Their Inhibitor 
Disturbance

Matrix metalloproteinases (MMP) constitute a 
large family of Zn-containing and Zn-dependent 
endopeptidases; approximately 28 different MMP 
are known. MMP function mainly to control 
extracellular matrix component cleavage and 
accumulation, but in severe inflammation, to a 
great extent, MMP perform a pro-inflammatory 
function by activating cytokines, growth factors, 
and adhesive molecules [83–86]. MMP contribute 
to the epithelial-mesenchymal transition (EMT) 
of kidney tissue cells (podocytes and tubular 
cells). In the course of the EMT, podocytes are 
de-differentiated and acquire mesenchymal cell 
markers [87]. MMP-2 and MMP-9 are localized 
in the EMT zones of the tubular epithelium and 
induce myofibroblasts [88, 89]. Increased MMP-2 
expression in the proximal tubular epithelium 
stimulates GBM destruction, tubular atrophy, and 
myofibroblast-transformed cell migration into the 
kidney interstitial tissue [90].

Fig. 6.7  Mechanism of glomerulosclerosis - podocytopenia
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MMR-2 is produced by fibroblasts, epithelial 
cells, and mesangial cells. In glomerulonephritis, 
an MMP increase is associated with disease 
activity and inflammatory cell attraction; the 
level and duration of the MMR increase deter-
mine the glomerular damage burden. Despite the 
proteolytic properties, MMP are more likely to 
exert a pro-inflammatory and profibrogenic effect 
and induce the synthesis of profibrogenic cyto-
kines, particularly TGF-beta [79, 91].

Metalloproteinase activity is controlled by 
endogenous tissue inhibitors (TIMP). TIMP (21–
28 kDa) are specific endogenous inhibitors link-
ing MMP. Among these inhibitors, four members 
of the family (TIMP-1,-2,-3, and -4) have been 
identified in humans. MMP-2 and MMP-9 form 
proenzyme complexes with the endogenous 
inhibitors TIMP-2 and TIMP-1, respectively. An 
increase in the TIMP/MMP ratio indicates more 
complete control of the proteolytic activity of 
metalloproteinases [92].

MMP and TIMP increases have also been 
found in various forms of glomerulonephritis in 
humans, including rapidly progressing (an 
ANCA-associated vasculitis), IgA nephropathy, 
and acute post-infection glomerulonephritis [93–
96]. In the membranous nephropathy model, 
MMP-9 expression increased in the glomeruli, 
mainly in podocytes [97].

In patients with NS and renal dysfunction, the 
kidney self-protection/damage imbalance lead-
ing to the activation of inflammation and the 
epithelial-mesenchymal transition was evidenced 
by a violation of the urine ratio of proinflammatory 
MMP-2 and tissue MMP-2 inhibitor (TIMP-2). 
Patients with renal dysfunction showed an 
increase in the urinary excretion of MMP-2 with 
a simultaneous decrease in that of its inhibitor 
TIMP-2 (Fig. 6.9).

The balance between the synthesis and degra-
dation of extracellular matrix (ECM) compo-
nents is the basis of the structural and functional 
integrity of the glomerule. Changes in MMP 
expression or activity are directly involved in the 
intensity of ECM metabolism and may contribute 
to glomerulosclerosis and decrease in renal func-
tion [98].

The epithelial-mesenchymal transition (EMT) 
is the third way to achieve podocyte loss. In addi-
tion to inflammation, matrix metalloproteinases 
(MMPs) stimulate the EMT of podocytes with 
increased mobility, loss of contact of cells with 
GBM and finally detachment of cells from the 
GBM. We examined the expression of MMP-9 in 
renal tissues from patients with CGN. An increase 
in the MMP-9 expression levels in the glomeruli 
was observed in the active types of CGN. High 
expression levels were associated with high 
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nephrinuria levels, thus suggesting the important 
role of the EMT in the loss of podocytes and the 
development of podocytopenia (Fig. 6.10).

6.8	 �Prognostic Value 
of the Studied Parameters 
in CGN Patients

We also analysed the effects of immunosuppres-
sive therapy according to the podocyturia, neph-
rinuria and urinary VEGF levels at baseline in 52 
patients. The response to the therapy was signifi-
cantly worse in the patients with high nephrinuria 
and podocyturia levels and those with low VEGF 
levels. In most patients with high baseline levels 
of podocyturia and nephrinuria, NS was resistant 
to immunosuppressive therapy, despite the long-
term use of different immunosuppressive 
schemes of treatment, which ranged from 
9  months to 3  years. The relative risk of resis-
tance to therapy was 5 times higher under the 
podocyturia condition. Thus, the initial level of 

these parameters allows for the prediction of the 
response to therapy in CGN patients (Fig. 6.11).

Moreover, the accuracies of the areas under 
the curve of the nephrinuria and podocyturia lev-
els were higher than those of the proteinuria and 
serum creatinine levels in response to immuno-
suppressive therapy (Fig. 6.12).

6.9	 �Summary

In chronic glomerulonephritis with predominant 
proteinuria (PU) and nephrotic syndrome (NS), 
podocyte damage accompanies the excretion of 
slit diaphragm structural proteins and desquama-
tion of podocytes in urine; the severity of these 
changes depends on the clinical course of CGN, 
primarily the PU and kidney dysfunction. The 
increase in proteinuria and podocyturia in patients 
with active CGN is accompanied by kidney 
podocyte apoptosis activation, which is mani-
fested by an increase in caspase-9  in the urine. 
The simultaneous increase in podocyte survival 
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Fig. 6.11  Effect of 
immunosuppressive 
therapy in patients with 
active CGN (n = 55)
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factor VEGF excretion is a consequence of the 
compensatory activation of its synthesis; in 
patients with NS and renal dysfunction, VEGF 
production is depleted, showing the prevalence of 
apoptosis and progressive podocyte damage with 
the persisting high urine levels of caspase-9 and 
nephrin. In CGN with massive PU and NS, the 
number of podocytes in the glomeruli decreases 
(podocytopenia) and is correlated with podocytu-
ria, the severity of renal dysfunction, and nephro-
sclerosis. In patients with NS and renal 
dysfunction, the podocyte damage coincides with 
the failure of the kidney self-protection system, 
which is characterized by a TIMP-2 decrease and 
MMP-2 increase in the urine.

The high urine levels of nephrin, podocytes, 
and VEGF reflect severe podocyte damage and an 
unfavourable prognosis. This spectrum of urinary 
biomarkers is accompanied by increased desqua-
mation of damaged and dead podocytes in the 
urine with the bulk podocyte depletion in glom-
eruli (development of podocytopenia). Along 

with the activation of apoptosis, as a mechanism 
of podocyte depletion and glomerulosclerosis 
development, the activation of the epithelial-mes-
enchymal transition of damaged podocytes is of 
great importance. The severity of the podocyte 
dysfunction affects the course of CGN and the 
response to immunosuppressive therapy. These 
markers could identify patients with CGN belong-
ing to a group at a high risk of disease progression 
and failure of immunosuppressive therapy.
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On Research and Translation 
of Urinary Biomarkers

Youhe Gao

Abstract

From the theory of homeostasis, it can be 
deduced that urine is the source of sensitive 
disease markers reflecting early changes of the 
body. The study of urinary biomarkers using 
animal models is essential to prove this theory 
and encourage people to continue exploring 
the potential of urine. In clinical research, 
when disease-related changes are greater than 
individual variances, disease-related biomark-
ers with potential clinical application can be 
obtained by directly dividing samples into dis-
ease groups and control groups. To discover 
small early changes in disease, pre-and-post 
control of the same person can minimize most 
interfering factors. In this way, changes in uri-
nary proteins before, during and after disease 
and/or treatment can be found, which can pro-
vide useful information for early detection and 
evaluation of the disease condition and treat-
ment effect. In the study of clinical urinary 
biomarkers, regional and ethnic factors cannot 
be completely ignored. Diseases such as 
autism, which have only social behavior 
changes, may also be reflected in the urine 

proteome. Current research on urinary bio-
markers is not sufficient to earn the recogni-
tion it deserves in the field of biomarkers. The 
recognition of urinary biomarkers will require 
the cooperation of more doctors and scientists 
and the participation of more foundations and 
companies.
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Early diagnosis is almost always better than late 
diagnosis, even if medical intervention some-
times needs to be started later by design. For 
early diagnosis, the vast majority of efforts are 
still devoted to developing more precise instru-
ments and detection methods to find smaller 
changes in blood. As for where to find these 
changes, researchers in the biomarker field seem 
to have little doubt. Blood is the first choice. 
After all, blood communicates with all organs of 
the body and carries out direct material and 
energy exchange all the time. To change current 
thinking, we should not only try to be as sensitive 
and precise as possible in detection but should 
also present new ideas to search for biomarkers at 
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different sites. Do the smallest changes in the 
human body occur earliest in blood?

Homeostasis of the internal environment was 
an important discovery in physiology [1, 2]. In 
short, as an important component of the internal 
environment, blood is regulated by the body’s 
homeostatic mechanisms and is kept as stable as 
possible. This effect is very important to both 
human health and survival. However, this effect 
makes it very difficult to find changes in blood, 
especially when changes occur relatively early 
and are small. Small changes are gradually elimi-
nated by the homeostatic mechanisms of the 
body during the process of detection. The result 
is that we have always wondered whether our 
detection methods and instruments are stable 
enough. However, early diagnosis is so important 
to medicine that it can give the body a chance to 
be repaired when the changes in the body are still 
reversible. Although late diagnosis has better 
reproducibility, the reversibility of changes in the 
body is not as good at late stages. The treatment 
of advanced diseases is much more difficult if 
they can still be treated.

A few years ago, the urine biomarker theory 
was proposed, which defined biomarkers as mea-
surable changes related to diseases, emphasizing 
the important characteristic of biomarkers as 
“changes.” Moreover, due to the control of the 
homeostatic mechanisms, early small changes in 
blood are eliminated, while urine collects waste 
from the whole body and is richer in changes than 
blood, making it a better biomarker source [3].

Although this theory makes sense, habitual 
thinking still controls the biomarker field. The 
acceptance of new ideas still requires much work, 
and it is difficult to prove that early disease 
changes can be reflected in urine. Many people 
think that the changes found in clinical samples 
of urine are not necessarily disease-related 
because many other factors can also change 
urine. When the sample size is not large, the per-
suasibility is even more limited. However, when 
people do not have enough confidence, who will 
provide the funding and which researchers will 
perform large clinical studies with many uncon-
trolled variables?

One simple and effective way to prove the 
urine biomarker theory is to use animal models. 
The advantage of using animal models is that the 
researcher can know the exact time when the dis-
ease starts, which is equivalent to knowing the 
absolute early stage of the disease. This early 
stage can be much earlier than the early stage 
observed in clinics, which is limited by the time 
of the chief complaint or a regular check-up, 
whichever comes earlier. Animal models can also 
eliminate interfering factors caused by medicine 
and other lifestyle factors, such as tobacco, alco-
hol, beverages, and nutrition [4].

Although the conclusions drawn from animal 
models may not be directly applicable in clinical 
practice, if urine can reflect the very early stages 
of diseases in animal models, it can also eventu-
ally reflect the very early stages of diseases in 
humans. This information has not been taken 
seriously in the biomarker field. It is hoped that 
results from animal models will arouse the atten-
tion of scientists, doctors, companies and founda-
tions. Only sustained investment in human and 
material resources can lead to the translation of 
urinary biomarkers into clinics.

There is a large difference between animal 
model research and clinical research. Animal 
model experiments can be well designed so that 
samples before and after the disease process can 
be collected and compared. Such comparisons 
can more accurately reflect changes related to the 
occurrence and development of disease. However, 
in clinical research, the earliest samples that can 
be obtained are from when the patient first comes 
to visit the doctor. Healthy controls are often 
missing if physical examination samples are not 
preserved before the onset of disease. Thus, com-
parisons before and after disease cannot be made. 
In this case, only samples of other people can be 
chosen as the controls, but no control is better 
control than the patient’s own sample. Clinical 
samples are inherently affected by various influ-
encing factors, and it is difficult to find a perfectly 
matched control. Thus, it is difficult to obtain uri-
nary changes only related to diseases through the 
use of limited clinical samples because of these 
confounding factors. Candidate urinary disease 
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biomarkers identified in the presence of various 
factors are also difficult to be verified in other 
groups of samples. Therefore, such research is 
often paused due to various reasons, such as 
funding and human resource limitations, before 
the urine biomarker theory can be approved by 
researchers and clinicians in a convincing way.

At this stage, more laboratories are needed to 
perform more studies using animal models. Only 
when many laboratories successfully prove that 
urine can reflect early changes of various dis-
eases will more resources be poured into this 
field, will the development of the urine marker 
field be accelerated, and will the clinical applica-
tion of urine biomarkers begin to gradually 
emerge. Once this positive feedback starts, the 
impact of urine biomarkers on medicine can 
occur in many different fields very quickly.

For researchers and doctors who insist on 
starting clinical trials as soon as possible, it is 
important to fully understand the various factors 
that affect urine. Understanding the influence of 
various lifestyle factors and drug factors is help-
ful for designing experiments to avoid, reduce or 
offset the influence of such factors. There are 
variances among healthy individuals. If the dif-
ferences caused by disease are sufficiently large 
and much larger than the variances among 
healthy individuals, then disease-related changes 
can be found using the method of disease-healthy 
grouping. However, it is difficult to anticipate 
how large early changes can be in certain chronic 
diseases. Because early changes of diseases are 
usually very small, their magnitude may not 
exceed the variance among healthy individuals. 
In many cases, it is difficult to find a perfectly 
matched control group. At this time, using one’s 
own pre-to-post control, as in animal model 
experiments, is a direction for future clinical 
application. The self-control comparison can the-
oretically eliminate the impact of many different 
lifestyle factors on urine and can identify urinary 
changes that are only related to disease. Moreover, 
self-control is also in line with the direction of 
personalized medicine in the future; after all, 
every person has a unique genetic background 
and unique living environment. In this way each 
person’s own urinary status can be accurately 

recorded, and changes before and after a period 
of time can be analyzed [5].

One of the disadvantages of the pre-and-post 
comparison is that the current medical system 
does not routinely preserve samples from a 
healthy people. It is difficult to find urine samples 
to use as a healthy self-control when people are 
ill, although urine can be stored economically 
and noninvasively. The use of urine for early dis-
ease diagnosis may not have been realized nor 
recognized, and the cost of the cryopreservation 
of urine is too high. The method of urimem solves 
the problem of cost. Proteins in urine can be 
adsorbed onto various membranes when urine is 
filtered, and other macromolecules, such as 
nucleic acids, can also be selectively adsorbed 
onto membranes that are sticky for nucleic acids. 
Through drying and vacuum preservation, most 
preservation costs can be saved. The urimem 
preservation method enables macromolecules in 
urine to be simply and economically stored in 
medical records. With the availability of these 
samples and biological information, the diagno-
sis and monitoring of disease progression will 
become very different from current practice and 
the face of medicine will change [6].

In short, research on animal models is still of 
great significance at this stage, and more labora-
tory involvement is needed. Without considering 
all the factors that influence clinical research, 
blindly starting clinical research will hardly pro-
duce convincing results and will lead to errone-
ous conclusions that urinary biomarkers are 
unstable, unable to distinguish different disease 
states, and have no future. This is the biggest mis-
take that can be made at this stage for the urinary 
biomarker field.

Compared with animal model research, clini-
cal research has several common problems. One 
problem is that in an animal model study there is 
often one subtype of disease involved, and it is 
easier to obtain consistent results when studying 
the same subtype of animals. However, in clinical 
studies, in the disease group, only clinical mani-
festations and/or some laboratory tests are simi-
lar, and individuals may not suffer from exactly 
the same disease. Another factor that is difficult 
to control is the time point, that is, the specific 
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stage of the disease. We used to naively hope that 
a disease can be reflected by one marker that 
gradually increases with the aggravation of the 
disease and decreases with the alleviation of the 
disease. In fact, diseases may be qualitatively dif-
ferent in different stages, and the combination of 
biomarkers may be essentially different in differ-
ent stages of the same disease. Grouping differ-
ent subtypes of diseases into one group and 
grouping diseases at different time stages into 
one group makes it difficult to obtain reproduc-
ible and verifiable results in biomarker research. 
The specificity of biomarkers is also a problem 
with this “one disease one biomarker” ideal. 
Only through exhaustive studies will complicated 
combinations of biomarkers become so-called 
practically usable specific biomarkers.

Many of the studies described in this chapter 
also fail to take into account the above mentioned 
differences in disease processes and subtypes due 
to their preliminary nature.

In fact, at this stage, many factors that need to 
be considered have not been considered yet, and 
sometimes, they are avoided purely by chance. 
However, these factors may need to be consid-
ered in future research. For example, people from 
one region may have different urinary protein 
profiles than those from other regions due to vari-
ous reasons. First, it should be stressed that the 
scope of the research mentioned below is not at a 
very large scale. The specific results of this 
research should be viewed with caution, but it is 
still worth knowing that such differences may 
exist. One study showed human urinary proteome 
differences in samples from people from three 
different regions (Haikou, Xi ‘an and Xining). 
The study conducted nonlabeled, quantitative 
analysis of total urinary proteins from 9 individu-
als in each region. Among the total 1898 proteins 
identified, 16 differentially expressed proteins in 
males and 84 in females were significantly differ-
ent (P < 0. 05) from different regions [7]. At this 
stage, the cost of increasing the scale and improv-
ing the reliability is relatively high, especially 
when the use of mass spectrometers is still rela-
tively expensive. However, the results of are still 
worth reporting. Please pay attention to the pos-
sibility of regional influences on urinary proteins 

when urine samples from different regions are 
used for clinical research. After the article was 
published and before writing this chapter, we 
reanalyzed the differences via exhaustive random 
grouping. The samples from the two locations 
were randomly divided into two equal groups. 
The numbers of differentially expressed proteins 
were calculated for all possible random group-
ings to evaluate the possibility of random genera-
tion of urine differential proteins from the two 
sites. The differences that we regarded as regional 
differences were not likely to be generated ran-
domly. Of course, not all locations may show dif-
ferences in urine proteomes. These results only 
suggest that there may be regional differences 
worth noting when performing multicenter clini-
cal urinary biomarker studies in the future.

In addition to the influence of different 
regions, in a casual study, we found that different 
ethnic groups in the same region also had differ-
ences in urinary protein profiles. The Han and Li 
nationalities in Hainan have lived in the same 
area for thousands of years, and genetic research 
has shown that they have some specific genetic 
characteristics. Due to various reasons, such as 
personnel and instruments, the number of sam-
ples identified by nonlabeled quantitative pro-
teomics at that time was very limited and only 
included the Han and Li nationalities, with 3 
males and 3 females each, totaling 12 samples. 
Because of the small amount of data and the 
long-term delay of analysis, the study was con-
sidered to hardly yield convincing or interesting 
results. In an unsupervised cluster analysis with-
out any positive expectation, we unexpectedly 
observed that without any data processing, these 
12 samples actually divided themselves into four 
groups, namely, Han men, Han women, Li 
women and Li men. If men and women were 
divided into two groups according to nationality, 
53 differentially expressed proteins were pro-
duced, but if the 12 samples were randomly and 
equally divided into two groups, all the grouping 
possibilities were taken into account, and the 
average number of differentially expressed pro-
teins was only 12. In other words, there may still 
be large differences in urine proteins among these 
two nationalities, even though the two groups 
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have lived together for many years and even if the 
differences in their lifestyle are no longer very 
significant. This very preliminary result makes us 
interested in continuing to analyze the results 
because unsupervised clustering does not look 
for differential proteins first and then display dif-
ferentially expressed proteins as an aesthetically 
pleasing map. Instead, unsupervised clustering 
refers to clustering all identified proteins without 
any pretreatment. If the categories can be classi-
fied under the condition of unsupervised cluster-
ing, the differences between categories are 
considered relatively obvious. Of the 1555 total 
urine proteins identified, 25 had significant dif-
ferences, 16 of which have been reported to be 
biomarkers of diseases. This preliminary result at 
least suggests that nationality may be a factor 
worth considering in future clinical studies [8].

The results mentioned above are from very 
small sample sizes. The results are not recom-
mended as being conclusive but rather are more 
suitable as a clue. Laboratories with energy and 
resources should consider using a larger scale 
and more rigorous design to verify these results.

If there is a large difference among people, 
can urinary biomarkers ever be translated into 
clinical use?

It can be assumed that if the difference caused 
by a disease is larger and does not coincide with 
that of healthy people, then it is still possible to 
group samples into disease and control groups. 
Thus, which diseases are likely to be studied in 
this way? The answer is difficult to guess 
accurately.

Due to the limited understanding of the field, 
the following is only a brief introduction of what 
we have tried with collaborators.

First, we discuss a preliminary result from 
autism research. Autism is a complex neurologi-
cal disease. The cause of autism is not clear, and 
there are many contributing factors, including 
many genetic factors. Moreover, the main mani-
festation of autism is a social abnormality, and 
there is no clear organic manifestation in the 
body. Is it possible to find differences between 
autistic and healthy control groups? I suspect that 
infectious diseases may cause greater differences 

compared to healthy controls and have significant 
clinical manifestations.

The following experiment is a very casual pre-
liminary attempt performed without any expecta-
tions. Eighteen urine samples of 3–7-year-old 
autistic patients were voluntarily donated from 
autistic children at the Sunshine Angel Special 
Training Center of Fengtai District in Beijing, 
which specializes in the rehabilitation of children 
diagnosed with autism. Urine of healthy children 
came from children of the same age of the staff of 
the College of Life Sciences, Beijing Normal 
University. The urine of 18 autistic children aged 
3–7 years old and of 6 healthy children was ana-
lyzed by data-independent quantitative pro-
teomics. Compared to healthy children, 120 
differential proteins were identified in the urine 
of autistic children (Fold Change ≥1.5 or ≤0.67 
and P  <  0. 01). Twenty-four of these proteins 
have been reported to be associated with autism. 
When we observed these differences, we still 
doubted whether they were generated by random 
chance. Is it possible that any 24 samples with 
1770 proteins identified will produce some num-
ber of differential proteins if they are randomly 
divided into two groups of 18 to 6? We tried all 
the combinations using a simple homemade pro-
gram, and the average number of differential pro-
teins was 10. That is, the urine proteomes of 24 
children were randomly divided into two groups 
(18 to 6) with 134,596 grouping possibilities, and 
an average of 10 differential proteins were identi-
fied using the exact same threshold used above. 
This finding means that approximately 10 of the 
120 differential proteins might be randomly gen-
erated and have nothing to do with the real differ-
ence between autistic and healthy children. 
Therefore, approximately 110 differential pro-
teins are truly related to differences between 
autistic and healthy children [9]. It was unex-
pected to find such a large difference in such a 
small sample size. Perhaps this difference is 
because of the following factors: children’s life-
styles are relatively simple in that they do not 
smoke or drink; the patients happened to have the 
similar or even same subtype of autism; and the 
patients happened to be at the same stage of the 
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disease. Even so, it was unexpected to see such 
statistically significant differences.

In addition to statistical support, these differ-
ential proteins were found to participate in mul-
tiple signaling pathways, of which endogenous 
cannabinoid developmental neural pathways, 
synaptic long-term inhibition pathways, synaptic 
signaling pathways and mTOR signaling path-
ways have been reported to be associated with 
autism. In addition, some pathways that may be 
related to autism were also significantly enriched, 
such as the Ephrin receptor signaling pathway, 
CREB signaling pathway and STAT3 pathway in 
neurons. These results makes us believe that the 
differential proteins in urine may actually reflect 
differences of autistic children. These results pro-
vide objective indicators for the clinical diagno-
sis of autism and also provide clues for 
understanding the pathological mechanisms and 
opportunities for early intervention.

If a disease with only social symptoms can be 
distinguished using the urine proteome so early, 
what other diseases should not be tried?

If a disease has significant physical signs, 
should it be easier to distinguish using urine? 
Urine samples of three different subtypes of 
abdominal anaphylactoid purpura according to 
traditional Chinese medicine were collected from 
our partner Beijing Children’s Hospital. The 
treatments for different subtypes of this disease 
are different in China, but there is no objective 
differential diagnostic biomarker. In short, the 
clinical manifestations of the three subtypes are 
somewhat different and cannot be clearly distin-
guished. In total, 59 patients were divided into 3 
subtypes and a healthy control group. In the anal-
ysis of these samples, 75 differentially expressed 
proteins could be used to distinguish healthy 
people from abdominal anaphylactoid purpura. 
Ten differentially expressed protein panels were 
selected to distinguish these three subtypes from 
each other [10]. Because abdominal anaphylac-
toid purpura is a children’s disease, the influence 
of lifestyle may be relatively small, and different 
clinical manifestations indicate significant 
changes of the affected organs. It was not surpris-
ing that he pathological changes of different 

organs were reflected in urinary proteins. Similar 
diseases should be studied the same way. Perhaps 
this is the earliest result that can be translated into 
clinical practice.

Some researchers prefer to use clinical sam-
ples directly for biomarker discovery instead of 
verifying clues found in animal model studies. 
After all, diseases in animal models are different 
from those in patients, and the complexity 
between animal models and patients varies 
greatly. However, how can we find clues in rela-
tively small numbers of clinical samples? One 
attempt was to find tumor-related differential 
proteins by comparing the urine proteome before 
and after surgery among brain tumor patients in 
Peking University International Hospital. By 
comparing the urine proteome of 5 pairs of gli-
oma patients before and after surgery, 27 proteins 
were found to have significant changes. Many of 
these proteins have been reported by previous 
studies in other laboratories to be related to gli-
oma. The biological processes represented by 
these differential proteins were related to glioma 
occurrence and development, autophagy and 
angiogenesis. This kind of pre-post control study 
is more suitable for offsetting various known or 
even unknown influencing factors. This study 
sought to find clues by comparing urine before 
and after surgery. For various reasons, only five 
pairs of samples of these five patients were evalu-
ated. Even so, there were still some consistent 
changes, and it seems that these patients may still 
have certain similarities [11].

I think, for urinary biomarkers, the closest 
way to translate them into clinics is using mark-
ers for pre-post comparisons of the same person. 
In this way, most confounding factors can be off-
set as long as there are no significant changes in 
lifestyle between the two states being compared. 
Moreover, such research does not require study-
ing many cases at the same time for statistical 
purposes. After all, studying a large number of 
people requires more resources. The clinical 
samples required for a large study will not be 
available according to the requirements of the 
research, and it will take time to collect samples. 
We hope the importance of using the pre-post 
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control for early diagnosis will be realized and 
recognized and that the collection of urine sam-
ples from healthy people as future controls can be 
started. However, not enough attention has been 
paid to date, although there is a very simple and 
economical way to preserve urinary proteins on a 
membrane, urimem. Overall, the amount of 
money needed to preserve urine should be negli-
gible compared to the increasing cost of disease 
treatment if a diagnosis is made late. Due to 
insufficient attention, it is still very difficult to 
obtain urinary protein samples when people are 
healthy. To compare urine samples of the two 
time points before and after, it is necessary to 
design a scenario that is helpful for clinical appli-
cation in the near future. One clinical scenario is 
drug therapy. Urine samples before, during and 
after lung cancer treatment were obtained from 
Peking Union Medical College Hospital after 
obtaining informed consent and passing ethical 
approval without affecting patients’ treatment. 
By comparing the urine proteome of the same 
patient before, during and after treatment, differ-
entially expressed urinary proteins were identi-
fied. The related biological processes were then 
provided to the clinician to see whether the 
changes in urine could provide a picture of the 
drug effects on the patient. This strategy may be 
helpful for guiding future clinical medication.

In the analysis of several samples before, dur-
ing and after drug treatment of 8 patients, the 
only preliminary result that we could obtain was 
that the urine proteomes before and after the 
treatment were different. This is because tumors 
from different patients are different, and the 
stages and treatments are different too. Through 
the analysis of these differential proteins, we 
could obtain some hints, such as which biological 
processes and which pathways had changed. 
When the clinicians saw these results, they felt 
that they reflected the overall clinical manifesta-
tions of the patients. The paper is still in the pre-
print stage [12]. We do not yet know whether this 
type of article is publishable in current peer 
review system. We hope that this form of pre-post 
treatment research can help clinicians find corre-
lations between the biological process shown in 
urine and the clinical effects of a drug in the 

future. Perhaps this type of research can help cli-
nicians continue to insist on or change a treat-
ment over time. At present, these ideas are still in 
the stage of proof of concept. It is still difficult to 
conclude which tumors, which stages of patients, 
which drugs to treat, and which stable proteome 
changes are related through these small numbers 
of examples. More doctors and scientists are 
needed to use this strategy to eventually produce 
a large database of urinary protein changes with 
clinical manifestations. With a larger and more 
detailed database, we may find similar cases 
more easily and make medical decisions more 
accurately.

The current research is far from sufficient in 
terms of both quantity and quality. More cooper-
ation between doctors and scientists interested in 
urinary biomarkers and more participation of 
foundations and companies are needed. Only suf-
ficient high-quality data can be used to identify 
better correlations between urinary protein 
changes and the efficacy of disease 
management.
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Abstract

Our general goal was to non-invasively evalu-
ate kidney tubular dysfunction. We developed 
a strategy based on cysteine (Cys) disulfide 

stress mechanism that underlies kidney dys-
function. There is scarce information regard-
ing the fate of Cys-disulfides (CysSSX), but 
evidence shows they might be detoxified in 
proximal tubular cells by the action of 
N-acetyltransferase 8 (NAT8). This enzyme 
promotes the addition of an N-acetyl moiety to 
cysteine-S-conjugates, forming mercapturates 
that are eliminated in urine. Therefore, we 
developed a strategy to quantify mercaptur-
ates of CysSSX in urine as surrogate of disul-
fide stress and NAT8 activity in kidney tubular 
cells. We use a reduction agent for the selec-
tive reduction of disulfide bonds. The obtained 
N-acetylcysteine moiety of the mercapturates 
from cysteine disulfides was monitored by 
fluorescence detection. The method was 
applied to urine from mice and rat as well as 
individuals with healthy kidney and kidney 
disease.
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8.1	 �Introduction

Cysteine-disulfides (CysSSX) include cystine 
(two cysteines linked via a disulfide bridge, 
CysSSCys) and mixed cysteine disulfides (disul-
fide bond between cysteine (Cys) and another 
thiol including glutathione (GSH) (CysSSG), 
Cys (CysSSCys), coenzyme A (CoA) 
(CysSSCoA), sulfite (SulfoCys) or homocysteine 
(HCys) (CysSSHCys) [1] (Fig.  8.1). We have 
previously shown an increase in the formation of 
CysSSX kidney using an animal model of hyper-
tension [2], that is related to increased oxidative 
and inflammatory status [3]. The increased for-
mation of CysSSX and other low molecular 
weight (LMW) disulfides has also been described 
as a mechanism of redox signaling associated 
with acute organ inflammation events [4]. This 
mechanism was named disulfide stress and might 
represent a new paradigm in inflammatory/oxida-
tive conditions, as it is independent of the classi-
cal view of GSH redox status. Cys is less likely to 
remain reduced in an oxidative environment than 
GSH [5, 6]. Additionally, the reaction of Cys 
with reactive compounds forming Cys-conjugates 
has been reported as far more stable and faster 
than the reaction with GSH [7]. On the other 
hand, Cys is highly abundant in kidney [8, 9] 
which is a primordial organ for oxidation due to 
its high metabolic rate and strong dependence on 
oxidative phosphorylation to produce energy 
[10]. Even though, scarce information is cur-
rently available in the literature regarding the fate 
of CysSSX. Evidence shows that, similarly to the 
cysteine-S-conjugates which are not disulfides 
(CysSX), CysSSX might be detoxified by the 
action of N-acetyltransferase 8 (NAT8) [1, 11, 
12] (Fig. 8.1). NAT8 has been associated to the 
control of blood pressure and regulation of kid-
ney function [13–15] and it is the last enzyme of 
the mercapturate pathway [12]. This pathway 
mostly takes place in kidney tubular cells [16] 
and it is NAT8 that renders cysteine-S-conjugates 
prone to urinary elimination by promoting the 
addition of an N-acetyl moiety to the cysteine-S-
conjugates (Fig. 8.1) [1, 14].

The mechanisms beyond LMW disulfides that 
contribute for disulfide stress signaling and 

effects are still to be unveiled, but it might con-
tribute to an adaptive response to an acute insult 
[2, 4]. Our general aim was to find out a strategy 
to non-invasively measure tubular disulfide stress 
in kidney. Therefore, we developed a method to 
quantify mercapturates of CysSSX (N-acetyl-
CysSSX) in urine samples (Fig. 8.1) and we used 
it to evaluate the capability of kidney in detoxify-
ing CysSSX in volunteers, patients after an epi-
sode of acute kidney injury (AKI), mice and rats.

8.2	 �Experimental

8.2.1	 �Method Development

Our strategy aiming to evaluate the capability of 
kidney to detoxify CysSSX and address renal 
disulfide stress was based on three basic prem-
ises: (a) insult-triggered disulfide stress in kidney 
increases CysSSX formation [2, 4], (b) cysteine-
S-conjugates undergo NAT8-mediated 
N-acetylation [11, 12] and are eliminated in urine 
as mercapturates [1, 14] and (c) NAT8 is mostly 
expressed in kidney [16] and is related to kidney 
function [13, 15]. Herein, we developed a method 
to quantify urinary N-acetyl-CysSSX (Fig. 8.1).

For that, we used a reducing agent, tris(2-
carboxyethylphosphine) (TCEP), that allows the 
selective reduction of disulfide bonds (converting 
the oxidized form to the reduced thiol, i.e. 
N-acetylcysteine) (Fig. 8.1) [18]. We named the 
N-acetylcysteine moiety resultant from the reduc-
tion of urinary N-acetyl-CysSSX of uNAC and 
we use it as a surrogate of N-acetyl-CysSSX. 
(Fig. 8.1). Then, by using a selective fluorescent 
reagent for thiol groups, 7-fluorobenzofurazan-4-
sulfonic acid ammonium salt (SBD-F) [19], 
uNAC can be monitored through fluorescence 
detection (FD), providing high sensitivity to the 
method, similarly to what has been described for 
other thiols [20]. The coupling with a chromato-
graphic procedure allows the separation of uNAC 
from the other endogenous thiols like cysteinyl-
glycine (CysGly), GSH, Cys, CoA, cysteamine 
and Hcys (Sects. 8.2.2.3 and 8.2.2.4).

We have evaluated whether the method is able 
to distinguish uNAC from N-acetylcysteine 
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(NAC) freely existing in urine (Sect. 8.2.3.7). 
Moreover, we ascertain that the uNAC that is 
being quantified is a surrogate of N-acetyl-
CysSSX that is excreted from tubular cells and 
not from other cells further undergoing glomeru-
lar filtration. For this, we quantified the levels of 
uNAC in serum samples from volunteers, follow-
ing the protocols described in Sects. 8.2.2.3 and 
8.2.2.4 (Fig. 8.1). The levels of free NAC were 
also quantified, using for this the protocol 
described in Sect. 8.2.3.7. (Fig.  8.1). As so, if 
uNAC formed at the hepatocytes would be 
excreted in bile the levels of uNAC would not be 
detectable in serum samples.

Therefore, serum samples were collected from 
volunteers with normal kidney function, as shown 
by glomerular filtration rate superior to 90 mL/
min/1.73m2.

8.2.2	 �Method Description

8.2.2.1	 �Chemicals
High-performance liquid chromatography 
(HPLC)-grade solvents were purchased from 
VWR (Belgium). All reagents were purchased 
from Sigma-Aldrich (USA), except for trichloro-
acetic acid (TCA), which was purchased from 
Roth (Germany).

8.2.2.2	 �Stock and Calibration Solutions
Calibration solutions (CS) were prepared from 
successive dilutions in phosphate buffered saline 
(PBS 1×) to obtain eight different concentrations 
of NAC, namely, 2.2, 12.5, 18.8, 25, 150, 400 and 
600 μM.

8.2.2.3	 �Reduction and Derivatization
An initial volume of 50 μL of each CS, quality 
control solution (QC) or sample were treated 
with TCEP (100 g/L, 5 μL) in deionized water for 
reduction of disulfide bonds. After an incubation 
period of 30 min at room temperature (RT), pro-
teins were precipitated with TCA (100  g/L) in 
1  mM ethylenediaminetetraacetic acid (EDTA) 
(45 μL)-containing deionized water. The mixture 
was then centrifuged (13,000  g, 10  min, 4  °C) 
and the supernatant collected into a new lab tube 

containing 1.55  M sodium hydroxide (NaOH) 
(5  μL), 125  mM sodium tetraborate buffer 
(Na2B4O7, pH 9.5) with 4 mM EDTA (62.5 μL) 
and 25 μL of SBD-F (1 g/L) in 125 mM Na2B4O7 
buffer with 4 mM EDTA. The final mixture was 
vortexed and incubated in the dark, at 60 °C for 
1 h, to complete derivatization of free sulfhydryl 
groups.

8.2.2.4	 �Chromatographic Conditions
A volume of 10 μL of the solution prepared as 
described in Sect. 8.2.2.3 was analyzed by 
HPLC-FD on a Shimadzu LC-10  AD VP 
(Shimadzu Scientific Instruments Inc) system, 
using a reversed-phase C18 LiChroCART 
250 × 4 column (LiChrospher 100 RP-18, 5 μm, 
VWR, USA), at 29 °C, as previously described 
for other thiols quantification [20, 21]. The 
detector was set at excitation and emission 
wavelengths of 385 and 515  nm, respectively. 
The mobile phase consisted of 100 mM acetate 
buffer (pH  4.5) and methanol (MeOH) [99:1 
(v/v)]. The analytes were separated in an iso-
cratic elution mode for 20 min, at a flow rate of 
0.8 mL/min.

8.2.3	 �Method Validation

The validation criteria were defined according to 
standard procedures for bioanalytical methods 
[22]. For this purpose, the criteria assessed 
included linearity, lower limit of quantification 
(LLOQ), higher limit of quantification (HLOQ), 
and four quality control (QC) samples were pre-
pared to obtain concentrations independently 
from CS. Selectivity, carry-over effect, accuracy, 
intra- and inter-assay precision and stability after 
freezing cycles were studied.

8.2.3.1	 �Selectivity and Carry-over 
Effect

Blank samples of PBS 1×, MeOH or mobile 
phase were prepared as previously described 
(Sect. 8.2.2.3). The carry-over effect was studied 
by preparing and injecting into the HPLC system 
three blank samples of PBS 1× after the analysis 
of the highest CS sample.
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8.2.3.2	 �Linearity
Three calibration curves were prepared from dif-
ferent stock solutions. Each calibration curve 
contained eight CSs ranging from 2.2 to 600 μM 
of NAC (namely, 2.2, 6.3, 12.5, 18.8, 25, 150, 
400 and 600 μM). Linearity was assessed by lin-
ear regression of the chromatographic peak area 
(mAU*min) as a function of NAC concentration 
(μM). The average back-calculated concentra-
tions were also assessed. The slopes and 
Y-intercept of the curves where compared in 
order to assess reproducibility.

8.2.3.3	 �Lower and Higher Limits 
of Quantification

The LLOQ was defined as the lowest concentra-
tion of NAC that could be quantified with accept-
able accuracy and precision. For this, six samples 
with a concentration of 2.2 μM were analyzed for 
the accuracy and the intra- and inter-assay preci-
sion. Additionally, the same was performed for 
the validation of the HLOQ.

8.2.3.4	 �Accuracy
Accuracy was defined as the closeness to the the-
oretical concentration of the QC samples. To 
study the accuracy of the method, six samples 
from the LLOQ and the HLOQ as well as four 
QC samples in between the concentration range 
(QC1 = 3.2 μM; QC2 = 9.4 μM; QC3 = 50 μM 
and QC4 = 300 μM). The accuracy of the method 
was calculated as the ratio between the measured 
and theoretical concentrations, expressed in 
percentage.

8.2.3.5	 �Intra- and Inter-assay Precision
The precision of the method was defined as the 
closeness between multiple measurements. Intra- 
and inter-assay precisions were assessed by anal-
ysis of six samples from LLOQ, HLOQ and 
QC. While intra-assay precision was assessed by 
the coefficient of variation (CV) obtained from 
analytical runs on the same day, the inter-assay 
precision was evaluated using the CV obtained 
on different days. Precision calculation was per-

formed assuming that its value would ideally be 
100%, subtracting the obtained CV.

8.2.3.6	 �Stability and Storage 
Conditions

Stability tests were carried out to ensure that the 
concentration of uNAC is not affected during 
sample preparation, sample analysis or even dur-
ing storage. To this end, urine samples from vol-
unteers were collected to a) readily quantify 
uNAC fractions; b) store at RT for 2 h or 6 h; c) 
store at 4 °C for 2 h or 6 h; and d) store at −80 °C 
and thaw. The stability was also investigated in 
samples stored at −80 °C for 1, 6 or 12 months 
after collection.

8.2.3.7	 �Quantification of uNAC vs. Free 
NAC

The ability to distinguish uNAC from freeN-
acetylcysteine in urine was also evaluated 
(Fig. 8.1). Thiols might be present in urine in dif-
ferent fractions, the protein-bound and the 
unbound/free fractions, which includes disulfides 
and free reduced forms [23]. To measure each 
fraction, we adapted the protocol previously 
described [20] (Fig. 8.1). The sum of all fractions 
corresponds to the total urinary NAC content, 
herein called uNAC.  To quantify free reduced 
NAC that does not require the addition of a reduc-
tion step as it is present in its reduced sulfhydryl 
form, freshly collected urine samples from vol-
unteers referred at Sect. 8.2.1 were firstly submit-
ted to protein precipitation with TCA, followed 
by centrifugation (13,000  g, 10  min, at 4  °C). 
Then, samples were incubated with reverse 
osmosis water at RT for 30  min. The use of 
reverse osmosis water instead of the reduction 
agent TCEP allows the posterior derivatization of 
only the naturally free reduced NAC (Fig. 8.1). 
The protocol for the derivatization step was iden-
tical to the one described in Sect. 8.2.2.3. For 
quantification of total uNAC, a surrogate of mer-
capturates derived from CysSSX, samples from 
the same volunteers were analyzed by perform-
ing the protocol described in Sect. 8.2.2.3.
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8.2.4	 �Method Applicability

8.2.4.1	 �uNAC in Urine of Rats and Mice
Experiments were performed using male Wistar 
Crl:WI (Han) (Rattus norvegicus L.) and male 
C57BL/6 mice obtained from the NOVA Medical 
School rodent facility. Animals were housed in 
polycarbonate cages with wire lids and main-
tained under standard laboratory conditions as 
follows: artificial 12  h light/dark cycles at 
RT.  Animals were maintained ab libitum on a 
standard laboratory diet (SDS diets RM1 for rats 
and RM3 for mice, Special Diets Services) and 
reverse osmosis water. While the RM1 diet has 
2.2 g/Kg of methionine and 2.4 g/Kg of cystine, 
the RM3 diet has 3.6  g/Kg of methionine and 
3.5  g/Kg of cystine. Urine samples were col-
lected throughout time. Animals were specific-
pathogen-free (SPF) according to FELASA 
recommendations. All applicable institutional 
and governmental regulations concerning the 
ethical use of animals were followed, according 
to the NIH Principles of Laboratory Animal Care 
(NIH Publication 85 23, revised 1985), the 
European guidelines for the protection of animals 
used for scientific purposes (European Union 
Directive 2016/63/EU) and the Portuguese Law 
n° 113/2013. The experimental procedures 
received prior approval by the Institutional Ethics 
Committee of the NOVA Medical School for ani-
mal care and use in research (protocol n° 15/2017/
CEFCM).

The levels of uNAC were obtained using the 
procedure described in Sects. 8.2.2.3 and 
8.2.2.4.

8.2.4.2	 �uNAC in Patients with Kidney 
Disease

To obtain a proof-of-principle of the impact of 
kidney dysfunction on uNAC, its levels were 
quantified in urine samples from patients after an 
episode of acute kidney injury (AKI) through the 
same procedure described in Sects. 8.2.2.3 and 
8.2.2.4. The levels of uNAC were then compared 
with those obtained in urine samples form volun-
teers (quantified in Sect. 8.3.3.7).

8.2.5	 �Statistical Analysis

Statistical analysis was performed using 
GraphPad Prism® version 5.0 (GraphPad 
Software Inc., San Diego, CA, USA). Data are 
presented in percentage (%), mean  ±  standard 
error of the mean (SEM) or median ± interquar-
tile range (IQR), whenever applicable. Variability 
among data is expressed in CV. The F-test was 
used to explore differences between the slopes 
and elevations of the calibration curves and to 
ascertain the influence of the concentrations on 
the chromatographic signal area. Comparisons 
among groups were performed using paired 
t-test, unpaired t-test or one-way ANOVA, when-
ever applicable.

8.3	 �Results and Discussion

8.3.1	 �Method Development

To clarify uNAC as a surrogate of kidney tubular 
cell excretion of CysSSX by the action of NAT8, 
serum samples from five volunteers (median 
[IQR] age of 39 [28–54] years old, 60% men, all 
Caucasian) were analyzed using the protocol 
described in Sects. 8.2.2.3 and 8.2.3.7, respec-
tively, for quantification of uNAC and free 
NAC. Both uNAC and NAC were not found in all 
serum samples tested (Fig.  8.2). This suggests 
that uNAC is a marker of N-acetylation of 
cysteine-disulfides in the kidney. It is known that 
cysteine-S-conjugates are acetylated by NAT8 
that is predominantly expressed in human kidney 
tubular cells and present at substantially lower 
levels in hepatocytes [16]. The absence of uNAC 
in serum might indicate that the mercapturates 
from the liver are formed in small amounts and/or 
they are excreted into the bile and not found in 
circulation. As so, uNAC present in urine, i.e., the 
mercapturates from CysSSX (the oxidized frac-
tion), is not derived from the glomerular filtrate 
but rather from tubular cells where the expression 
of NAT8 is the highest [16]. To the best of our 
knowledge, protein N-acetyl-cysteinylation by 
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NAT8 has never been described in literature. 
However, as protein cysteinylation is described in 
kidney [2], these conjugates will be plausible 
substrates of NAT8. Nevertheless, as urine from 
healthy kidneys is not rich in proteins, we have 
not addressed this topic in this work, which 
should be evaluated in models of kidney disease.

Free reduced NAC was also not expected to be 
observed in accordance with previous reports 
showing that NAC levels are only detectable in 
serum or plasma samples after oral administra-
tion of the drug N-acetylcysteine [23].

In fact, the acetylation of Cys in the kidney 
seems to be the only process by which endoge-
nous NAC is produced and, because of that, not 
present in plasma but only in urine. As so, the 
obtained results support that the approach herein 
employed enables to distinguish N-acetyl-
CysSSX formed in tubular cells from the one 
formed in hepatocytes by measuring uNAC in 
urine.

8.3.2	 �Method Description

8.3.2.1	 �Optimization of Reduction 
and Derivatization Steps

The general approach for the quantification of 
thiols initially requires the generation of free thi-
ols from disulfides, a process accomplished by 
the use of a reducing agent such as TCEP [18]. 

This step is required for quantification of the total 
and of the oxidized fractions of thiols (free and 
protein-bound, as this is the only way for the sulf-
hydryl groups to be available for posterior 
derivatization). Other authors have taken the 
advantage of the properties conferred by TCEP 
agent [24], but the quantification was performed 
in a reversed-phase ion-pair liquid chromatogra-
phy with ultraviolet (UV) detection at 355  nm. 
Herein we minimize the interferences character-
istic of absorption methods, especially in the UV 
range, that are more susceptible to interference 
from other biological substances than methods 
using FD as the one herein proposed [25, 26]. On 
the other hand, thiols have physicochemical 
properties including high polarity and water-sol-
ubility that makes their extraction from biologi-
cal matrices almost impossible without a 
derivatization process [27]. As thiols are not 
spontaneously fluorescent [29], this step needs to 
be performed with a fluorescent probe that reacts 
selectively with the free sulfhydryl group of the 
thiol in order to generate a derivative that is 
strongly fluorescent, hence enabling a highly sen-
sitive and precise measurement [19–21].

Taking the advantage of a previously reported 
method [20], we added NAC to the analytical run 
and we were able to reduce the initial volume of 
samples, CS and reagents to half of the initially 
used volume without any changes in the chro-
matographic peak area.

Fig. 8.2  Representative 
chromatograms of NAC 
in serum (black arrow). 
In black, a 
chromatogram for 
calibration solution; In 
pink, total fraction of 
uNAC (oxidized + 
reduced + protein-bound 
fractions) and in blue 
uNAC free reduced 
fraction in a serum 
sample of a volunteer
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8.3.2.2	 �Optimization 
of Chromatographic Conditions

The development of this methodology required 
the optimization of several chromatographic con-
ditions: a) mobile phase – isocratic elution using 
different concentrations of acetate buffer with 
MeOH in several proportions; b) stationary 
phase – two different length C18 columns were 
tested (LiChroCART 125  ×  4 and C18 
LiChroCART 250  ×  4) with different tempera-
tures (from 23 to 35 °C) and c) flow rate – a flow 
of 0.6 and 0.8 mL/min were tested. As far as we 
know, this is the first method developed with the 
objective of quantifying the mercapturates of 
CysSSX.

Using an isocratic elution with 1% of MeOH in 
100  mM acetate buffer (pH  4.5) on a C18 
LiChroCART 250 × 4 column at 29 °C, the chro-
matographic peak of NAC eluted at 16.5 min, totally 
separated from the retention time of the remaining 
thiols (Cys: 5.9  min, HCys: 8.1  min; CysGly: 
10.0 min; CoA: 11.8 min and GSH: 13.1 min).

There are few reports that describe methods 
that allow the quantification of uNAC, even 
though laborious and requiring high amounts of 
samples and using other reducing and labelling 
agents [24, 28, 29]. However, it is important to 
highlight that these methods were not developed 
to investigate mercapturates of CysSSX nor their 
potential as non-invasive indicators of renal 
injury. Instead, the objective was to develop 
methods for pharmacokinetics studies of the drug 
N-acetylcysteine. One of the plausible reasons 
that might explain the absence of studies investi-
gating the meaning of increased or decreased lev-
els of mercapturates of CysSSX in urine, might 
be the lack of information regarding NAT8 and 
disulfide stress, that is recent as it is their relation 
with renal function [2, 14, 17].

The novelty of our approach was to associate 
disulfide stress and increased CysSSX to NAT8 
activity and their detoxification as mercapturates. 
This is in fact the first report aiming at the quan-
tification of uNAC as a surrogate of the urinary 
mercapturates derived from CysSSX and that 
provides evidence that its formation occurs in 
kidney.

8.3.3	 �Method Validation

8.3.3.1	 �Selectivity and Carry-over 
Effect

The injection of blank samples of PBS 1× or 
MeOH or mobile phase (100 mM acetate buffer 
(pH  4.5) and MeOH [99:1 (v/v)]) showed no 
interferences with uNAC. Additionally, the injec-
tion of three blank samples after the higher CS 
(600 μM) showed no carry-over effect.

8.3.3.2	 �Linearity
Linearity was assessed using three calibration 
curves containing eight CSs ranging from 
2.1875 to 600 μM of NAC.  Linear regression 
proved to be the most suitable model for fitting 
the experimental data (Runs Test, p > 0.05). The 
concentration of the standard samples signifi-
cantly influenced the chromatographic signal 
area (F test p < 0.001). Additionally, no differ-
ences were found between the slopes and eleva-
tions of the calibration curves. The correlation 
coefficient, r2, of the calibration curves were 
> 0.99, showing a good adjustment of all cali-
bration curves. The 95% confidence interval for 
the intercept contained zero, indicating that the 
concentration of the CSs was the only factor 
with significant influence on the chromato-
graphic peak area.

The observed back-calculated values were 
close to the expected ones at each tested concen-
tration. The CVs were lower than 13% for higher 
and lower limits and 12% for the remaining 
standards.

8.3.3.3	 �Lower and Higher Limits 
of Quantification

The LLOQ was set at 2.1875 μM, and the CV of 
multiple measures was 5%. Although concentra-
tions lower than 2.1875 μM were also tested, the 
chromatographic peaks were not distinguishable 
from background noise. This LLOQ allows the 
quantification of NAC at reported urinary levels 
[32]. The HLOQ was defined at 600 μM, with 
CV of several measures lower than 12%. The 
accuracy and intra- and inter-assay precisions of 
LLOQ and HLOQ are presented in Table 8.1.
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8.3.3.4	 �Accuracy
The accuracy ranged from 87% to 114% for 
LLOQ and HLOQ and between 102% and 112% 
for QC samples (Table 8.1).

8.3.3.5	 �Intra- and Inter-assay Precision
The intra-assay precision was 96% and 97% for 
LLOQ and HLOQ, respectively, while for the 
remaining QCs it ranged from 95% to 98%. As 
for the results obtained for the inter-assay preci-
sion, the values were 88% and 95% for the LLOQ 
and HLOQ and between 95% and 98% for the 
QCs (Table  8.1). The obtained results further 
support the use of this method to quantify with 
accuracy and precision the levels of uNAC in bio-
logical samples.

8.3.3.6	 �Stability and Storage 
Conditions

The variations on the levels of total uNAC in 
urine sample subjected to different storage condi-
tions are presented in Table 8.2. No differences 
were found between the concentrations obtained 
for all samples from the same volunteer for the 
several tested conditions. The conditions herein 
tested did not influence uNAC levels (One-way 
ANOVA).

The presented results are particularly impor-
tant for clinical studies, where the logistics of 
sample procurement, its storage, lifecycle and 
deliver to the laboratory are most of the times dif-
ficult to manage one at a time. Similarly to mer-
capturates of endogenous CysSSX, the levels of 
several mercapturates derived from both 
endogenous (e.g. acrolein, 4-hydroxy-2-nonenal) 
and exogenous substances (e.g. flupirtine, 
1-vinyl-2-pyrrolidones, thioTEPA, acrylamide, 
acrylonitrile, benzene, 1,3-butadiene, crotonalde-
hyde, ethylene, ethylene oxide, N,N-
dimethylformamide, vinyl chloride, propylene 
oxide, styrene, toluene, propylene oxide) were 
found to be fairly stable when subjected to differ-
ent storage conditions or several freeze-thaw 
cycles [33–39].

8.3.3.7	 �Quantification of uNAC vs. Free 
NAC

Urine levels of uNAC (58 [44–69] μM) and free 
NAC (9 [8–13] μM) from volunteers are pre-
sented in Table 8.3. The levels of free NAC repre-
sent 13–24% of total uNAC. (Paired t-test, 
p = 0.001).

The presence of endogenous free reduced 
NAC in urine samples was already reported in 
healthy volunteers [24, 28]. NAC levels in urine 
range from 3 to 7 μM, and represented 18–26% 
of total uNAC, in accordance with our findings. 
In fact, the acetylation of cysteine in the kidney 
seems to be the only process whereby endoge-
nous NAC is present in urine [24, 28]. Although 
this represents a small contribution to uNAC, the 
presence of NAC in urine has been also described 
a result of oral administration of NAC [29].

Our results support the hypothesis that 
CysSSX might undergo acetylation by NAT8, 
forming mercapturates that are eliminated in 
urine. uNAC can thus be used as a surrogate of 

Table 8.1  Mean accuracy, intra- and inter-assay preci-
sion of the method

Sample
(μM)

Accuracy
(%)

Precision (%)
Intra-assay Inter-assay

LLOQ (2.2) 96 96 95
QC1 (3.1) 98 95 96
QC2 (9.4) 104 97 95
QC3 (50) 105 98 98
QC4 (300) 110 96 98
HLOQ (600) 102 97 88

LLOQ lower limit of quantification, QC quality control, 
HLOQ higher limit of quantification

Table 8.2  Stability of uNAC in urine samples from volunteers subjected to different storage conditions

Storage conditions

Temperature RT 4 °C −80 °C
Time 2 h 6 h 2 h 6 h 1d 30d 180d 1y
uNACa (%) 104 ± 5 107 ± 5 98 ± 4 113 ± 3 109 ± 4 117 ± 5 106 ± 6 97 ± 6

aMean ± SEM; uNAC expressed as % of values quantified readily after collection; RT: room temperature

8  A Mechanistic-Based and Non-invasive Approach to Quantify the Capability of Kidney to Detoxify…



118

these mercapturates and the differences between 
free reduced NAC and total NAC are derived 
from this acetylation step.

8.3.4	 �Method Applicability

8.3.4.1	 �uNAC in Urine of Rats and Mice
The levels of uNAC were quantified in urine sam-
ples from rat (n = 13 male rats, 12 weeks of age, 
mean ± SD body weight (BW) of 303 ± 28 g) and 
mouse (n  =  13 male mice, 5  weeks of age, 
19 ± 2 g of BW). There were no temporal differ-
ences in uNAC levels for both species (Fig. 8.3). 
The levels of uNAC found in both rat and mouse 

samples are higher than those quantified in 
human samples.

8.3.4.2	 �uNAC in Patients with Kidney 
Disease

uNAC was quantified in four patients after an 
episode of AKI. Anthropometric and clinical data 
are presented in Table 8.4. Lower levels of uNAC 
were found in urine of patients after an episode of 
AKI (23 [16–41] μM) in comparison with volun-
teers (58 [44–69] μM) (Unpaired t-test, p = 0.016) 
and all patients progressed to chronic kidney dis-
ease (CKD). These findings support that uNAC 
might represent an added value for the diagnosis 
and monitoring of kidney tubular injury.

Table 8.3  Quantification of total uNAC vs. free reduced NAC in urine samples from volunteers

Sample Age Gender uNAC (μM)
NAC
(μM)

NAC
(% of uNAC)

1 27 F 67 12 18
2 29 M 70 14 20
3 68 M 33 8 24
4 39 F 58 9 16
5 39 M 54 7 13

F female, M male, uNAC urinary surrogate of mercapturates from cysteine-disulfides, NAC free 
reduced N-acetylcysteine

Fig. 8.3  Temporal variation of uNAC in urine samples from rats (a) and mice (b) (n = 5–13 per week)
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8.4	 �Conclusions

The developed and validated HPLC-FD method 
is able to quantify the levels of mercapturates 
derived from endogenous CysSSX, herein called 
uNAC. This method might be applied in clinical 
studies aiming to investigate NAT8 and disulfide 
stress in kidney tubular dysfunction in man as 
well as in animal models of kidney tubular 
disease.
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Diagnosis of Fluorosis by Analysis 
of Fluoride Content in Body Fluids 
Using Ion Selective Electrode 
Method
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Abstract

Analysis of fluoride in body fluids (urine and 
serum) is essential for fluorosis diagnosis. 
Although 24-h urine collection is adopted to 
assess community defluoridation/fluoride sup-
plementation program/research studies, but 
not feasible for Clinical/Pathological labora-
tories. Patients are reluctant to bring 24-h 
urine samples. Hence, spot urine samples are 
collected in clean, dry polypropylene bottles 
(not glass) without any preservative and ana-
lyzed on the same day by the Ion analyzer 
(ISE method). Equal volumes of Total Ionic 
Strength Adjustment Buffer (TISAB) solution 
are then added with body fluids before analy-
sis and mixed well to eliminate interference 
from other ions besides pH adjustment and to 
provide a constant ionic strength. Results are 
reported as mg of Fluoride/l (ppm). High fluo-
ride level in body fluids is an indication of 
confirmed cases of fluorosis. Two interven-
tions, e.g. withdrawal of fluoride intake and 
intake of nutritive diet was introduced for pre-
vention and control of fluorosis. The present 
study is to provide useful guidelines for moni-

toring of fluorosis disease in human beings, 
those who are at the risk of fluoride exposure.

Keywords

Body fluids · Fluoride · Diagnosis · Fluorosis 
· Early detection

9.1	 �Introduction

Fluorosis disease is endemic in several countries 
of the world, including India [1–7]. In India, peo-
ple are suffering from fluorosis due to ingestion 
of excess fluoride (F) through various sources 
[8–12] such as the drinking of untreated ground 
water [13], consumption of food products rich in 
F [14, 15], the use of fluoridated dental products 
and inhalation of dusts and fumes from industrial 
emission [16]. There is many F containing drugs 
that are often prescribed for long periods of time 
[17] viz. Sodium Fluoride (NaF) for Osteoporosis, 
Osteosclerosis, Dental caries besides anti-
depressant, anti-inflammatory drugs, anesthetic 
agents, etc. Fluorosis can afflict the multiple sys-
tems, organs, tissues and cells of young and old 
without gender discrimination. There are several 
factors that are responsible for the onset of fluo-
rosis in person such as duration of exposure, 
quantity of F consumed, age factor, nutritional 
and hormonal status of an individual. The people 
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living in rural or semi-urban areas of India are 
suffering from fluorosis due to ingestion of 
untreated ground water from a tube well, hand 
pump, bore well, etc. which contains F > 1.0 mg/l 
as a natural contaminant. As per Bureau of Indian 
Standards guideline (BIS) [18], the acceptable 
limit of F in drinking water is up to 1.0 mg/l, less 
the better and permissible limit is 1.5 mg/l in the 
absence of alternate source although WHO’s per-
missible limits is 1.5 mg/l. Fluorosis is a complex 
public health problem [19]. Accumulation of 
high F in the human body causes derangement in 
metabolism and results in major health disorders 
like Dental [20, 21], Skeletal [22, 23] and 
Nonskeletal fluorosis [24–26] affecting teeth, 
bone and soft-tissues, respectively. Dental fluoro-
sis is the earliest visible signs of chronic F toxic-
ity, affects the children due to consumption of the 
excess F during developmental stages teeth up to 
6–8 years. It causes irreversible discoloration or 
staining of the teeth with yellow/yellowish 
brown/deep brown horizontal streaks or spots 
which is bilaterally symmetrical and away from 
the gums. Skeletal fluorosis causes pain in major 
joints with rigidity in the neck, shoulder, back 
(lumbar spine), hip (pelvic region) and knee 
besides restricted movement, inability to squat. 
Severe form of Skeletal fluorosis results in 
marked disability, crippling and paralysis. 
Symptoms of Dental and Skeletal fluorosis [27] 
appear at late/advanced stages of F toxicity when 
there is very little scope for recovery or treat-
ment. Nonskeletal fluorosis symptoms also 
known as ‘Early Warning Signs’ viz. gastrointes-
tinal disorders like gas formation [28], pain in 
stomach [29], constipation, nausea, loss of appe-
tite, muscle weakness, tiredness, headache, fre-
quent tendency to urinate (polyuria) and excessive 
thrust (polydipsia) [30], anemia [31], allergic 
reaction, etc. are the earliest manifestations of 
fluorosis which affect the soft tissues and organs 
of the body. But the clinical symptoms of 
Nonskeletal fluorosis often overlap with other 
disorders in the body, hence misleads the Doctors 
to suspect and diagnose fluorosis. As a result, 
patients remain undiagnosed and continue to 
consume F unknowingly and finally lead to crip-
pling and paralyzed conditions. Fluorosis causes 
irreversible and permanent damage to the body, 

therefore early detection through confirmed diag-
nosis is the most important factor [32, 33].

To prevent and control of fluorosis, it becomes 
necessary to develop a diagnostic procedure by 
which F toxicity manifestation could be detected 
in theprevention and control of fluorosis. 
Retrieval of clinical history, laboratory based 
diagnostic tests, including radiological investiga-
tions is the most important for early diagnosis of 
fluorosis. Fluoride contents of various body 
parts, namely urine, blood (serum), bones, nails, 
hair, saliva and breast milk can be used for analy-
sis of F content, but most easily available body 
fluid i.e. urine and blood (serum) with minimum 
sample preparation is commonly preferred for 
analysis. Although there are several methods like 
Gas Chromatography, Atomic Absorption, 
Spectrophotometry, etc. are available for estima-
tion of F, well-established Ion Selective Electrode 
(ISE) technology using potentiometric method is 
considered as ‘Gold Standard Method’ for its 
precision and accuracy [34, 35] and widely used 
for determination of F. The main aim of this com-
munication is to provide information on how to 
diagnose fluorosis correctly by analysis of F con-
tent by following a rapid, simple suitable analyti-
cal method, suitable for clinical laboratories 
without much hassle [36–38].

9.2	 �Materials and Method

Retrieval of clinical history, laboratory based and 
radiological investigation is important for early 
diagnosis of fluorosis. A battery of diagnostic 
tests to be conducted for the patients, those who 
are having health complaints suggestive of F 
poisoning.

9.2.1	 �First Method: Estimation 
of SA/GAG Ratio

The first diagnostic procedure developed is based 
on estimation of bone matrix molecules viz. 
Glycosaminoglycan (GAG) and Sialic acid (SA) 
and assessment of the SA/GAG ratio in the blood 
for early detection/diagnosis of F toxicity [39]. It 
is established that the ratio of SA/GAG reduced 
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by one-third of fluorosis affected patients, but no 
significant changes in other bone disorders. SA/
GAG test, though excellent but time-consuming 
and requires highly skilled personnel.

9.2.2	 �Second Method: Estimation 
of F Levels in Body Fluids 
(Urine and Serum)

To overcome these lacunae, efforts continued to 
develop a simple procedure for diagnosis of fluo-
rosis where report can be provided within a short 
span of time. The second diagnostic method 
based on estimation of F contents in urine and 
serum by using F Ion Selective Electrode (ISE) 
through the potentiometric method [40–45]. The 
procedure provides rapid, uncomplicated deter-
minations and eliminates interference associated 
with other methods. In addition to body fluids’ 
test (i) it is also required to test the F content of 
drinking water, if the source of drinking water of 
the patient is an untreated ground water (viz. 
Hand pump, tube well, bore well, etc.) and (ii) to 
take forearm X-ray radiography to view interos-
seous membrane calcification/wavy outline of 
the radius and ulna. ISE method is inexpensive, 
suitable for wide concentration measurement 
range and unaffected by sample color or turbidity 
and commonly use for measuring F content in 
numerous samples in a clinical laboratory. It is 
considered as ‘Gold Standard Method’ by the 
Medical fraternity/Researchers due to its selec-
tivity to F ion and higher precision.

9.2.3	 �Details of ISE Method

9.2.3.1	 �Apparatus
Ion Meter/Ion Analyzer  Fluoride content in 
body fluids is analyzed potentiometrically using F 
Ion Selective Electrode (ISE) attached to an Ion 
Meter or Ion Analyzer. Ion Selective Electrode 
(ISE) measures the concentration of free F ions 
(inorganic form) in the solutions. A combination 
type single electrode (an integrated sensing elec-
trode and reference electrode together) is generally 
preferred to use to decrease the amount of required 
solution/reagents and to cut wastage as well.

Interference  The analysis of ISE is affected by 
many analytical interference viz. Polyvalent cat-
ions and pH of the solution which could be mini-
mized by adding a proper buffer.

Reagents  Total Ionic Strength Adjustment 
Buffer (TISAB) is essential to add during analy-
sis as it provides a constant background ionic 
strength, de-complexes F ions and adjusts the 
solution pH (5.0–5.5).

Sample Collection  (a) Blood sample - Serum to 
be separated by centrifugation as soon as possible 
after drawing the blood and analyzed directly 
without further treatment except mixing of the 
appropriate buffer solution; (b) Urine sample  - 
Although 24 h urine sample collection is ideal for 
F analysis, but not feasible for clinical/pathologi-
cal laboratories. Sometimes patients are reluctant 
to bring 24-h urine sample. Hence, spot urine 
samples (fasting not required) are collected from 
patients for F testing.

Sample Preservation  Analysis of the urine and 
serum samples are done as early as possible on 
the day of collection. If not possible, then it can 
be stored at 4 °C in the refrigerator.

Handling  No special sample preparation is 
required for analysis [46]. During analysis of F, 
urine sample (3–5 ml) or serum sample (1–2 ml) 
mixed with equal volume of buffer solution and 
mixed thoroughly in a small polyethylene beaker 
(not in glass). TISAB II solution is added to stan-
dard solution/samples in a ratio of 1:1 and mea-
sured directly.

Calibration  Since the ISE is capable to trace 
out very minute quantity (i.e. in ppm or mg/l 
level) of F from the solution, calibration of Ion 
meter is essential before starting any analysis. It 
is very important to check the electrode operation 
(slope). The slope is defined as the change in mil-
livolts (mV) observed with every ten-fold change 
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in concentration. Obtaining a slope value in the 
range of (−) 54 to (−) 60 mV during calibration is 
the best means to check the electrode operation. 
Calibration of ISE is done by using F standards 
that narrowly bracket the expected sample con-
centration. If the sample concentration is 
unknown, then calibrate Ion meter with at least 
three F standard solutions.

Analysis of Samples  After calibrating the Ion 
meter, F content of the samples is measured 
directly by dipping the electrode into the sample 
[47, 48]. Calibration and all measurements to be 
carried out in ambient/room temperature to avoid 
erratic reading/results due to temperature fluctua-
tion. Express F contents as mg of F per liter 
(mg/l) or parts per million (ppm).

Quality Control  Quality control procedure to 
be followed to get accurate and reliable results 
during an analysis. It is advisable to run in 
between samples, known concentration of F stan-
dard solution for checking the accuracy of the 
calibration of the meter. The sensitivity of the 
electrode to be verified every 1–2 h, if there are 
any temperature fluctuations. Forearm X-ray 
radiography shall take to assess the presence of 
interosseous membrane calcification along the 
margin of the radius and ulna which may vary in 
shape from a wavy outline or thorny projections. 
The presence of calcification of the forearm 
interosseous membrane is useful for the differen-
tial diagnosis of Skeletal fluorosis from other 
bone disorders.

9.3	 �Results

After analysis of F content, the values are com-
pared with normal reference range. If the samples 
showed high F contents in comparison to normal 
reference range, the disease is diagnosed as fluo-
rosis. The normal reference range of F contents in 
urine and serum is considered to be 0.1–1.0 mg/l 

and 0.02–0.05  mg/l, respectively [49]. Higher 
circulatory and excretory levels of F suggest F 
poisoning, which leads to differential diagnosis 
of Nonskeletal fluorosis from other diseases with 
overlapping clinical manifestations. Suspect F 
consumption through water, food, beverages, use 
of habit-forming substances viz. Rock salt, black 
tea, use of fluoridated toothpaste or inhalation of 
F dust and fumes. Analysis of F content of drink-
ing water provides a clue to identify the source of 
F entry into the body, i.e. whether from water, 
food or any other sources [50]. Pain in the joints 
viz. Neck, shoulder, back, hip and knee without 
visible sign of fluid accumulation could be due to 
F toxicity manifestations. The X-ray radiograph 
may reveal an increase in bone mass and bone 
density and calcification of ligaments, which is 
an indication of the definitive diagnosis of 
Skeletal fluorosis besides the high level of F in 
body fluids. Due to Dentalfluorosis, discoloration 
on the enamel surface in the front row of the per-
manent teeth, rarely on milk teeth of the children 
can be seen as horizontal streaks or spots, away 
from the gums, bilaterally symmetrical which are 
visible to the naked eyes.

9.4	 �Discussion

It needs to diagnose the disease correctly through 
a well-defined protocol at the earliest onset of the 
disease. Once fluorosis is detected or diagnosed 
at a very early stage, it is possible to prevent the 
disease from further progressions through prac-
ticing interventions. Fluorosis can be prevented 
and controlled by introducing simple, easy to 
practice 2 dietary interventions [51, 52]. 
Intervention  – 1 i.e. Diet Editing: To withdraw 
the F entry from all sources to arrest further pro-
gression of disease. This would be followed by 
Intervention – 2 i.e. Diet Counseling: To promote 
adequate intakes of essential nutrients, vitamins, 
antioxidants and micronutrients through dietary 
sources viz. Fruits, vegetables and dairy prod-
ucts; by improving the diet, the damage done by 
F to the body is repaired and maintained [53, 54]. 
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Drugs/medicines containing essential nutrients 
and antioxidants are not recommended as supple-
menting the diet with nutrients provide better 
results and faster recovery than pharmaceutical 
products. Monitoring of the patients is carried 
out for impact assessment after practicing inter-
ventions. Withdrawal of the source(s) identified 
for F, re-testing of F levels is made after an inter-
val of 4–6  weeks and compared with baseline 
value. The reduction in the level of F in body flu-
ids shall result in the disappearance of health 
complaints emanating from fluorosis within a 
short span of time. Follow-up patients carried out 
till recovery until F level comes down to normal 
reference range. Patients should continue the 
nutrient rich dietary regimes to keep them 
healthy.

Institutionlization of diagnosis of fluorosis 
and practice of interventions should be promoted 

for the benefit of the communities living in 
endemic areas ail from diverse health complaints 
due to F poisoning.

	 ∗∗∗∗ 	
Normal reference range of fluoride contents in body 
fluids and drinking water

Parameters

Normal 
reference 
range

Fluoride content which 
may lead to Fluorosis

F in urine 0.1–
1.0 mg/l

> 1.0 mg/l

F in serum 0.02–
0.05 mg/l

> 0.05 mg/l

F in drinking 
watera

Upto 
1.0 mg/l

> 1.0 mg/l

Radiograph of 
forearm X-ray

– Interosseous 
membrane 
calcifications & 
dense bone

aAs per Bureau of Indian Standards (BIS)

Patients with health complaints pertaining to F toxicity

Retrieval of health complaints & collection of body fluids for F analysis

Analysis of samples by Ion Selective Electrode (potentiometric method)

Forearm X-ray radiograph to check interosseous membrane calcification

If F levels above the normal reference range, then diagnosis of Fluorosis confirmed

To prevention & control of Fluorosis, interventions introduced

2 Interventions to practice: (a) withdrawal of F consumption; (b) enhanced intake of 
nutritive diet 

Impact assessment by re-checking F levels after 4-6 weeks

F levels reduced & health complaints disappeared gradually

Interventions continue to keep healthy  

Schematic diagram of Fluorosis diagnosis protocol
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Abstract

Dioctophyme renale, the giant kidney worm, 
is a renal nematode from domestic and wild 
mammals that has zoonotic potential. In 
humans, dioctophimosis has been reported in 
several countries, mainly on the Asian conti-
nent, totaling more than 40 cases, which 
describe the parasite mainly infecting the kid-
neys, bladder, urethra and skin. Infection in 
animals and humans is related to the ingestion 
of the infective larva (L3) present in the 
aquatic oligochaete annelid (mandatory inter-
mediate host) or fish and anurans (facultative 
paratenic hosts). Thus, the infection is related 
to the habit of drinking water contaminated 
with the mandatory intermediate host, as well 
as raw or undercooked meat from the faculta-

tive paratenic hosts. Dioctophimosis destroys 
the renal parenchyma and, in some cases, can 
cause the death of its hosts. In this chapter, we 
discuss the main topics regarding dioctophi-
mosis in humans, domestic and wild animals, 
highlighting its importance in public health.
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10.1	 �Introduction

Popularly known as giant kidney worm, 
Dioctophyme renale (Goeze, 1782) is a parasite 
nematode that infects domestic and wild mam-
mals and, occasionally, humans [1, 2]. The para-
sitosis in animals is reported mainly in domestic 
dogs and in some species of wild carnivores such 
as ferrets, raccoons, maned wolfs, and Geoffroy’s 
cat, among others [3–7]. Cases of dioctophimosis 
in humans have been reported in larger numbers 
in Asia [2]. The infection site of the parasite is the 
kidney of mammals, particularly the right-side 
one [1, 8]. Although uncommon cases have been 
seen of bilateral kidney parasitism by D. renale 
in both dogs and humans, which leads to worsen-
ing of the clinical setting and death [9, 10]. In 
animals, its occurrence has been reported in ecto-
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pic sites such as the abdominal cavity, thoracic 
cavity, urethra, bladder, uterus, ovary, mammary 
gland, scrotum, testicle, stomach, liver, subcuta-
neous tissue, and spine [1, 10–20]. The parasite 
has been found in humans in the skin, bladder, 
urethra, and kidneys, mainly causing lumbar pain 
and hematuria [2, 21].

Dioctophyme renale has blood-red color, sex-
ual dimorphism, and may reach up to one meter 
long in its adult form (Fig.  10.1). The cycle of 
this helminth involves the participation of aquatic 
organisms such as oligochaetes (mandatory inter-
mediate hosts), fish and anurans (facultative 
paratenic hosts). The definitive hosts (domestic 
and wild mammals) eliminate worm unembryo-
nated along with urine and contaminate aquatic 
environments, where the first-stage larva devel-
ops (L1). Eggs with L1 are ingested by the inter-
mediate host, where the infectant larva develops 

(L3). Fish and anurans may be infected by ingest-
ing oligochaetes containing the L3, thus becom-
ing paratenic hosts of infectant larvae, which 
remain mainly encapsulated in the serosa of 
stomach and intestine, and in the mesentery. The 
definitive hosts are infected by ingesting L3 lar-
vae present in oligochaetes, fish, or anurans. The 
parasite then reaches the kidneys (preferential 
infection site), where it completes the cycle by 
laying eggs that will be eliminated by urine 
(Fig.  10.2). Humans are considered accidental 
hosts and can be infected in the same way as ani-
mals [1, 13, 22].

Dioctophyme renale is a cosmopolitan nema-
tode, i.e., it has been reported infecting animals 
and humans in several countries and continents, 
such as North and South America, Europe, 
Africa, Asia, and Oceania [2, 24–29]  (Fig. 10.3). 
Brazil is the country with the highest incidence of 

Fig. 10.1  (a) Two females (left) and five males (right) of 
Dioctophyme renale removed from the right-side kidney 
and abdominal cavity of dogs with dioctophimosis. (b) 
Male specimen of D. renale. Source: Project Dioctophyme 
renale in Dogs and Cats (PRODIC), Veterinary Clinics 
Hospital, Federal University of Pelotas, Rio Grande do 

Sul, Brazil. (c) Left- and right-side kidneys of lesser gri-
son (Galictis cuja) infected by D. renale. Right-side kid-
ney full of worms inside. Source: Albano, A.P.N. (d) 
Three females and one male of D. renale removed from 
the right-side kidney of lesser grison (Galictis cuja). 
Source: Mascarenhas, C.S
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Fig. 10.2  Lyfe cycle of Dioctophyme renale. Source: Adapted from Anderson [23]

Fig. 10.3  Current geographic distribution of dioctophimosis in humans and animals. Red: D. renale in humans; Purple: 

D. renale in animals; Yellow: D. renale in humans and animals; : Dogs; : Cats;  : Wild animals
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dioctophimosis in domestic and wild animals, 
which is found in over half of the states, i.e., 
Maranhão, Pará, Pernambuco, Minas Gerais, 
Espírito Santo, Mato Grosso, Mato Grosso do 
Sul, Goiás, São Paulo, Rio de Janeiro, Paraná, 
Santa Catarina, Rio Grande do Sul, and the 
Federal District [3, 4, 12, 17, 30–49] (Fig. 10.4). 
The state of Rio Grande do Sul stands out as it 
has the highest rate of animal infection, with 
diagnosed cases in Porto Alegre, Uruguaiana, 
Santa Maria, Passo Fundo, Capão do Leão, and 
Pelotas [7, 19, 48–54]. In cities in southern Rio 
Grande do Sul state, such as Pelotas, the parasit-
osis has been reported mainly in domestic dogs 
[6, 15, 51] and cats [41, 51]. In addition, wild 
animals have been reported as hosts of adult 
worms [4, 7, 52] and larval forms of D. renale 

[55–59]. Such occurrences as a whole are worri-
some for the public health status of the region 
due to the zoonotic potential of the nematode.

10.2	 �Dioctophimosis in Domestic 
Animals

Studies published to date, in addition to those 
underway (data not published), indicate that the 
southern region of Rio Grande do Sul, Brazil, is 
the area with the most reported cases of diocto-
phimosis in domestic animals worldwide, mainly 
in dogs [6, 51]. Cases of canine dioctophimosis 
have also been reported in neighboring some 
countries of Brazil, i.e., Uruguay, Paraguay, 
Colombia, and Argentina [4, 18, 60–62]. The 

Fig. 10.4  Current geographic distribution of dioctophi-
mosis in humans and domestic and wild animals in the 
states of Brazil. Purple: D. renale in animals; Yellow: D. 

renale in humans and animals; : Dogs;  : Cats; : 
Wild animals
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occurrence of infections in those countries indi-
cates their climate and geographic characteristics 
may favor the maintenance of the parasitosis. 
Many cases occur in animals living in wetlands 
or close to large bodies of waters, such as rivers, 
creeks, and ponds [33, 61]. In addition to South 
America, the parasitosis in dogs has also been 
reported in North America, Europe and Asia [29, 
63, 64, 65, 66, 67, 68, 69] (Fig. 10.3).

Dogs are the animals with the highest number 
of cases of dioctophimosis worldwide [19, 33, 
51, 61, 70, 71] since access to the street observed 
in diagnosed patients and the little-selective feed-
ing habits of the species may favor the ingestion 
of paratenic hosts and water contaminated with 
the intermediate host (oligochaete) [48]. 
Although the parasitosis is less common among 
domestic cats, its occurrence has been reported in 
Brazil, Argentina, Poland, China,  and Iraq [29, 
32, 38, 72, 73]. In Brazil, such infections have 
been diagnosed in the states of Mato Grosso do 
Sul,  Rio de Janeiro,  São Paulo, Paraná,  Santa 
Catarina, and Rio Grande do Sul [6, 29, 32, 38, 
41, 51]. According to Rappeti et  al. (2017), 92 
cases in dogs and three in cats have been diag-
nosed between 1981 and 2015  in Pelotas (Rio 
Grande do Sul), 81 of which since 2010. Perera 
et  al. (2017a) analyzed 42 urine samples from 
dogs and one from a cat from Pelotas and found 
eight positive samples for D. renale, including 
the feline sample.

Infections by D. renale in domestic animals 
often result in the destruction of the renal paren-
chyma with atrophy and loss of glomeruli and 
renal tubules, fibrosis, and thickening of the renal 
capsule, which may contain parasites, serosan-
guineous fluid, and helminth eggs [10, 14, 74]. 
Several authors have reported progressive 
destruction of the cortical and medullar kidney 
layers, which reduces the organ to a fibrous cap-
sule [73, 75] (Fig.  10.5a). The parasitosis may 
also cause hydronephrosis caused by flattening of 
the kidney crest and compression of the medullar 
and cortical regions by adult nematodes [19]. 
When present in the abdominal cavity, D. renale 
may cause peritonitis, alteration in omentum 
color, and thickening of the peritoneum with 
micronodullar aspect [12] (Fig. 10.5b).

Clinical signs vary according to parasite loca-
tion. The animals are often asymptomatic, espe-
cially when neither or only one kidney is infected 
due to the compensation by the contralateral 
organ [43, 76]. However, when present, clinical 
signs manifest as hematuria and kidney pain due 
to the destruction of the parenchyma in the organ 
[19, 73]. Occasionally, some animals exhibit gen-
eralized discomfort, such as arching the back, 
abdominal pain, reluctance to walk, polyuria, 
strangury, vomit, and progressive weight loss, 
among others [8, 31, 77].

The surgical removal of helminths in infected 
animals has been recommended since the para-
sites may reach up to one meter in length [8]. 

Fig. 10.5  Lesions caused by Dioctophyme renale in 
dogs. (a) Right-side kidney with destruction of the renal 
parenchyma. (b) Thickened omentum with micronodullar 

aspect. Source: Project Dioctophyme renale in Dogs and 
Cats (PRODIC), Veterinary Clinics Hospital, Federal 
University of Pelotas, Rio Grande do Sul, Brazil
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Thus, when present in the kidney, nephrectomy is 
the treatment of choice when complete paren-
chyma destruction occurs [74]. When parasites 
are found in both kidneys, nephrotomy is the rec-
ommended procedure [10].

10.3	 �Dioctophimosis in Wild 
Animals

In addition to Brazil, dioctophimosis in wild ani-
mals has been reported in several countries such 
as Paraguay [78], Mexico [79], Canada [80, 81], 
United States [82–86], Egypt [28], Iran [88], and 
Japan [89], among others [29] (Fig.  10.3). The 
records refer to the helminthiasis in severeal spe-
cies, including American marten (Martes ameri-
cana), long-tailed weasel (Mustela frenata), 
mink (Mustela vison), American mink (Neovison 
vison), coyote (Canis latrans), gray fox (Urocyon 
cinereoargenteus), red fox (Vulpes vulpes), 
maned wolf (Chrysocyon brachyurus), raccoon 
(Procyon lotor), brown rat (Rattus norvegicus), 
mice (BALB-mice), and harbor seal (Phoca 
vitulina).

In Brazil, adult worms have been reported in 
wild mammals such as maned wolf (Chrysocyon 
brachyurus) [46], lesser grison (Galictis cuja) [4, 
39, 40, 90], ring-tailed coati (Nasua nasua) [3], 
capuchin monkey (Cebus apella) [45], crab-
eating fox (Cerdocyon thous) [37], neotropical 
otter (Lontra longicaudis) [52], and Geoffroy’s 
cat (Leopardus geoffroyi) [7], among others [29]. 
Some wild animals have also been reported as 
possible paratenic hosts of third-stage D. renale 
larva, particularly yellow cururu toad (Chaunus 
ictericus) in Três Barras (Santa Catarina) [91], 
tamuatá catfish (Hoplosternum littorale), 
D’Orbigny’s slider and Saint-Hilaire’s side-
necked turtle (Trachemys dorbigni and Phrynops 
hilarii), and Patagonia green racer (Philodryas 
patagoniensis) from Pelotas and Capão do Leão 
(Rio Grande do Sul) [56–59].

The occurrence of dioctophimosis in wild ani-
mals is a health public concern since mammals 
disseminate the eggs that contaminate aquatic 
environments, the dwelling of oligochaetes, fish, 

and turtles, which may host the infectant form of 
the parasite. The source of infection in humans is 
possibly the same as in animals, i.e., the ingestion 
of water contaminated with infected aquatic oli-
gochaetes and the consumption of raw fish [2, 
59]. Mascarenhas et al. (2019) raised a warning 
for the lack of studies assessing the presence of 
infectant D. renale larvae in fish, highlighting the 
importance of such investigation particularly in 
areas where fishing is practiced and the incidence 
of the parasitosis in animals is high.

10.4	 �Dioctophimosis in Humans

Dioctophyme renale is an important helminth for 
public health due to its zoonotic potential. Cases 
of human infection by it in the tegument, urinary 
vesicle, ureter, and kidneys have been reported 
likely due to the consumption of frogs, raw or 
rare fish, and non-boiled water [2, 9, 21, 92–96]. 
Most reports of human dioctophimosis come 
from Asian countries, such as China, India, 
Japan, Iran, Thailand, Indonesia, and South 
Korea, but other continents have also documented 
the parasitosis in humans, such as Europe 
(Greece, Yugoslavia, Austria, and Bulgaria), 
Oceania (Australia), North America (United 
States), and South America (Brazil  and Chile), 
with a total of more than 40 cases [2, 24, 29, 93, 
94] (Fig. 10.3).

In Brazil, a single case was reported in 1945, 
in which a woman eliminated the worm through 
the urethra [24]. In Indonesia, Sardjono et  al. 
(2008) reported one case of human dioctophimo-
sis, with the elimination of 23 D. renale speci-
mens through the urethra. The parasite has also 
been detected through elimination in urine by 
other authors [9, 97]. In both cases, diagnosis was 
accidental since the clinical suspicion in the 
patients was not dioctophimosis. Yang et  al. 
(2019) suggested that dioctophimosis in humans 
is not well recognized yet and is misdiagnosed 
for being considered a rare occurrence. Thus, it 
often goes undiagnosed even when imaging 
exams, such as ultrasound, are performed [98].
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The most common infection sites in humans 
are the kidneys, mainly the right-side one [2, 9, 
96]. Clinical signs and symptoms in humans, as 
well as in animals, are non-specific and are usu-
ally related to renal alterations such as hematuria, 
pyuria, lumbar pain, urinary retention, and fever 
[9, 99–101]. Possibly due to its rarity in humans, 
there is no standard treatment for dioctophimosis. 
No assessment has been made of the use of 
anthelmintics [94], although they are used in 
some cases, as is nephrectomy [21, 102]. 
Moreover, in extreme cases of renal lesions, the 
parasitosis may lead to death [9]. Prophylaxis 
and control measures recommended for humans, 
as well as for animals, are not drinking untreated 
water, especially from canals and ditches, thus 
preventing the ingestion of infected oligochaetes, 
and avoiding the consumption of raw or rare fish 
and frogs, which may host infectant larvae of the 
helminth [56, 59, 91, 103].

10.5	 �Diagnostic

Dioctophimosis may be diagnosed through urine 
tests, imaging exams such as abdominal ultra-
sound and computed tomography, and surgical 
and necropsy findings [6, 18, 19, 104]. Urinalysis 
is one of the most commonly employed methods 
to diagnose dioctophimosis as it allows identify-
ing D. renale eggs in urinary sediment [8]. It is 
important the urine sample be homogenized prior 
to the exam since the eggs tend to settle at the 
bottom of collection flasks. Failure in doing so 
increases the risk of eggs going unnoticed in the 
sample.

After homogenization, centrifugation of 10 to 
15 mL of urine at 1500 rpm is performed for five 
to 10 min [105]. In case the analysis aims to only 
detect D. renale eggs, centrifugation may be per-
formed at 3000 rpm for 5 min. After centrifuga-
tion, the supernatant must be discarded and an 
aliquot of the urinary sediment placed onto a 
slide and analyzed in an optical microscope (10X 
and 40X) to visualize egg morphology [106].

Compared to eggs of other nematodes, D. 
renale eggs are relatively large at around 
73–83  μm by 45–47  μm [8] and easily 

differentiated due to their morphological charac-
teristics, i.e., elliptical shape; brown, yellow, or 
clear color; thick and wrinkled skin; and the pres-
ence of light-colored symmetrical bipolar ends 
[6, 107]. In addition, the core of the eggs is usu-
ally composed of only one or two cells when 
eliminated in urine [107] (Fig. 10.6).

Mature D. renale females usually lay eggs in 
lumps daily [108], which allows easily identify-
ing eggs in urine. However, they may not be iden-
tified in urinalysis when the females are not 
laying eggs. That may occur when the parasite is 
unviable or dead inside the kidney or if she is too 
young and sexually immature, which prevents the 
production and dissemination of eggs.

Urine may be collected through spontaneous 
urination, bladder catheterization, or cystotomy 
[109]. Collection through spontaneous urination 
is non-invasive [105], but sufficient volume may 
be difficult to achieve in veterinary medicine 
since animals often halt urination at the moment 
of collection due to the proximity of the collector, 
little production depending on the time of collec-
tion, or lack of practice by the collector. Bladder 
catheterization is usually effective, but more trau-
matic [105] and is more easily performed in male 
dogs. Cystotomy may be carried out for urine 
analysis, in which case the bladder must be full 
and palpable, and collection may be guided by 
ultrasound [105]. Both bladder catheterization 
and cystotomy reduce the risk of microbial con-
tamination of the sample, but require more skill 
[110].

The urine samples collected for urinalysis and 
D. renale egg identification must be stored under 
refrigeration and analyzed within one to two 
hours after collection due to microbial growth 
[110, 111]. However, if the samples are used only 
for identification of eggs, the analyses may be 
carried out a few days after collection. In that 
case, preservatives such as formalin may be used 
to reduce microorganism growth (bacteria and 
fungi) in the samples [110] with no impact on 
helminth eggs. Another major advantage of this 
diagnosis method is that only three parasite forms 
can be identified in the urine, i.e., Dirofilaria 
immitis microfilaria and Capillaria plica and D. 
renale eggs [109]. The latter two parasites are 
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able to infect the urinary system of animals, with 
D. renale infecting the kidney and C. plica, the 
bladder [112]. Furthermore, the helminths are 
morphologically different while their eggs are 
similar, except mainly for their sizes. Capillaria 
plica eggs are colorless and oval (barrel shaped) 
with bipolar ends, being 50–68 μm in length and 
22–32 μm in width [112, 113], smaller than D. 
renale eggs.

The main advantages of diagnosing dioctophi-
mosis through urinalysis is that it is an economic 
test that is quickly and easily performed by tech-
nicians trained to recognize the parasitosis. Thus, 
the experience of the professionals is key to dif-
ferentiate D. renale eggs from those of other hel-
minths to avoid false-positive and false-negative 
diagnostics. Urinalysis has been considered the 
golden standard to diagnose dioctophimosis [8]. 
However, despite being quick and convenient, it 

requires the presence of at least one viable sexu-
ally mature D. renale female infecting the kidney 
of the definitive host [6, 19]. It is, therefore, note-
worthy that urinalysis is not a good diagnosis 
method in cases in which only ectopic parasitism 
occurs or when kidneys are infected with only 
male or unviable or sexually immature D. renale 
females.

Hence, in order to confirm diagnostic and hel-
minth location, it is recommended to associate 
urinalysis with an imaging exams, of which ultra-
sound is the most commonly employed in veteri-
nary medicine [51, 104]. Worms can be detected 
in such exam from their morphology given their 
sizes, regardless of sex, sexual maturity, or viabil-
ity. In ultrasound images, helminths show a 
hypoechoic core and hyperechogenic edges [19]. 
In addition, the exam detects helminths both in 
the kidney and in ectopic sites such as the abdom-

Fig. 10.6  (a) 
Dioctophyme renale 
eggs identified in the 
urinary sediment of a 
dog with dioctophimosis 
in an optical microscope 
at 10X. (b) 
Unembryonated D. 
renale egg 
(bar = 45 μm). Source: 
The author
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inal cavity, which is also often infected in animals 
[12, 19]. Nonetheless, false-positive and false-
negative diagnostics may occur since the parasites 
could be mistaken for similar structures such as 
the intestine [104], or not be visualized if they are 
too young and small as they may overlap with 
anatomic structures. Besides echography exams, 
computed tomography has been used to diagnose 
renal dioctophimosis in animals [104]. Although 
effective, that is an uncommon exam in veterinary 
medicine in cases of D. renale parasitism and it is 
more often performed in humans, as are magnetic 
resonance imaging exams [2, 21, 27, 102].

Especially in animals, diagnosis is often car-
ried out through surgical findings and necropsy 
[19, 48, 51]. That tends to occur when the hosts 
are asymptomatic, particularly when the worms 
are found in the abdominal cavity, or when the 
animal dies before being diagnosed with diocto-
phimosis [19, 48]. In humans, the helminthiasis 
is often diagnosed after nematodes or their frag-
ments are eliminated in urine [9, 100].

In addition to urinalysis, imaging exams, and 
surgical and necropsy findings, Brazilian and 
Argentinian researchers have developed molecu-
lar and serologic assays to diagnose dogs with 
dioctophimosis for the presence of D. renale anti-
bodies in the organism. Although serologic diag-
nosis is not routine in clinical practice, studies 
involving said method have shown promising 
results, as have molecular discoveries related to 
pseudocoelomic D. renale proteins [114–116].

10.6	 �Conclusion

Dioctophimosis is a parasitosis that may cause 
severe and irreversible lesions especially to the 
kidney of animals and humans. Moreover, as it is 
often a silent infirmity of chronic evolution and 
with unspecific clinical signs, the parasitosis may 
be improperly diagnosed or diagnostic may be 
late, leading to greater impact to the definitive 
hosts or, in some cases, even death. Therefore, it 
is highly important that healthcare professionals 
know the parasitosis so as to suspect it in differ-
ential diagnosis in animals and persons living in 
areas where infection occurs. Urinary sediment 
and imaging exams, particularly ultrasound, must 

be associated to diagnose the parasitosis and 
detect helminths in the kidneys and other infec-
tion sites.

After dioctophimosis is confirmed, proper 
treatment must be sought as soon as possible in 
order to minimize the damages caused to patients. 
It is also important to train human and animal 
healthcare providers regarding the control and 
prevention of D. renale given its zoonotic poten-
tial, in particular in regions where the helminthia-
sis is common.
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