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In the past decade there has been a sea change in the way disease is diagnosed and
investigated due to the advent of high throughput technologies, such as microarrays,
lab on a chip, proteomics, genomics, lipomics, metabolomics, etc. These advances
have enabled the discovery of new and novel markers of disease relating to autoim-
mune disorders, cancers, endocrine diseases, genetic disorders, sensory damage,
intestinal diseases, etc. In many instances these developments have gone hand in
hand with the discovery of biomarkers elucidated via traditional or conventional
methods, such as histopathology or clinical biochemistry. Together with
microprocessor-based data analysis, advanced statistics and bioinformatics these
markers have been used to identify individuals with active disease or pathology as
well as those who are refractory or have distinguishing pathologies. Unfortunately
techniques and methods have not been readily transferable to other disease states and
sometimes diagnosis still relies on single analytes rather than a cohort of markers.
Furthermore, the discovery of many new markers have not been put into clinical
practice, partly because of their cost and partly because some scientists are unaware
of their existence or the evidence is still at the preclinical stage. In some cases the
work needs further scientific scrutiny. There is thus a demand for a comprehensive
and focused evidenced-based text and scientific literature that addresses these issues.
Hence the formulation of Biomarkers in Disease: Methods, Discoveries and Appli-
cations. The series covers a wide number of areas including for example, nutrition,
cancer, endocrinology, cardiology, addictions, immunology, birth defects, genetics
and so on. The chapters are written by national or international experts and
specialists.
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In the present volume, Biomarkers in Kidney Disease, we have sections on

* General Aspects

* Circulating and Body Fluid Biomarkers

* Specific Diseases and Conditions

* Molecular, Cellular, and Histological Variables
* Functional and Structural Variables

* Resources

While the Editors recognize the difficulties in assigning particular chapters
to particular sections, the book has enormously wide coverage and includes the
following areas, analytes, and conditions: osmolal gap, metabolic acidosis,
metabolomics, hypoxia, micro-RNAs, creatinine, spot urine markers, neutrophil
gelatinase-associated lipocalin (NGAL), chemokines, angiotensinogen, flow
cytometry, leucocytes, lymphocytes, exosomes, N-acetyl-beta-p-glucosaminidase
(NAG), endothelin, methylated arginines, albuminuria, cystatin C,
homocysteinemia, fetal beta2-microglobulin, proteinuric biomarkers, apelin,
copeptin, BLyS and APRIL cytokines, glutathione transferase, growth arrest-specific
protein 6 (Gas6), urokinase receptor, urea nitrogen, allograft damage index (CADI),
antibody arrays, malondialdehyde, matrix metalloproteinase-2 (MMP-2), plasmino-
gen activator inhibitor-1 (PAI-1), fibrosis, kidney biopsies, next generation sequenc-
ing (NGS), cell-cycle arrest biomarkers, integrin-linked kinase (ILK), molecular
biomarkers, M-type phospholipase A2 receptor, ultrasound elastography, aortic
pulse wave velocity, renal arterial resistance index, pulmonary pressure, glomerular
filtration rates, and erythrocyte width. A wide spectrum of acute and chronic
conditions are described including, nephritis, neoplastic disease, transplantation,
allograft damage, cystic fibrosis, diabetes, IgA nephropathy, focal segmental
glomerulosclerosis, renal microthrombosis, and dialysis.

There are also many other analytes and conditions described within this volume.

Finally, the last chapter is devoted to locating resource material for biomarker
discovery and applications.



Vi Volume Preface

The chapters are written by national or international experts and specialist. This
book is specifically designed for clinical biochemists, nephrologists, specialists
working within the field of kidney disease and treatments, health scientists, epide-
miologists, and doctors and nurses, from students to practioners at the higher level.
It is also designed to be suitable for lecturers and teachers in health care and libraries
as a reference guide.

April 2015 Victor R. Preedy
London Vinood B. Patel



In the past decade, there has been a sea change in the way disease is diagnosed and
investigated due to the advent of high-throughput technologies and advances in
chemistry and physics, leading to the development of microarrays, lab-on-a-chip,
proteomics, genomics, lipomics, metabolomics, etc. These advances have enabled
the discovery of new and novel markers of disease relating to autoimmune disorders,
cancers, endocrine diseases, genetic disorders, sensory damage, intestinal diseases,
and many other conditions too numerous to list here. In many instances, these
developments have gone hand in hand with the discovery of biomarkers elucidated
via traditional or conventional methods, such as histopathology, immunoassays, or
clinical biochemistry. Together with microprocessor-based data analysis, advanced
statistics, and bioinformatics these markers have been used to identify individuals
with active disease as well as those who are refractory or have distinguishing
pathologies.

Unfortunately, techniques and methods have not been readily transferable to other
disease states, and sometimes diagnosis still relies on a single analyte rather than a
cohort of markers. Furthermore, the discovery of many new markers has not been
put into clinical practice partly because of their cost and partly because some
scientists are unaware of their existence or the evidence is still at the preclinical
stage. There is thus a demand for a comprehensive and focused evidenced-based text
and scientific literature that addresses these issues. Hence the book series Bio-
markers in Disease: Methods, Discoveries and Applications. It imparts holistic
information on the scientific basis of health and biomarkers and covers the latest
knowledge, trends, and treatments. It links conventional approaches with new
platforms. The ability to transcend the intellectual divide is aided by the fact that
each chapter has:

* Key Facts (areas of focus explained for the lay person)

» Definitions of Words and Terms

» Potential Applications to Prognosis, Other Diseases, or Conditions
* Summary Points

vii



viii Series Preface

The material in Potential Applications to Prognosis, Other Diseases, or Con-
ditions pertains to speculative or proposed areas of research, cross-transference to
other diseases or stages of the disease, translational issues, and other areas of wide
applicability.

The Series is expected to prove useful for clinicians, scientists, epidemiologists,
doctors, and nurses, and also academicians and students at an advanced level.

April 2015 Victor R. Preedy
London
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Abstract

Kidney transplantation is the optimal renal replacement therapy. The progressions
in immunosuppressive drugs improved the short-term survival, but 10-year graft
survival is about 50 %, only. Acute or chronic rejection, drug nephrotoxicity, and
transplant glomerulopathy all have adverse impacts on graft survival. Most of
these events are the result of over- or under-immunosuppression.

On the other hand, tolerance as a state of no immunosuppression in the
presence of functioning graft is an ultimate goal of transplantation.
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M. Nafar and S. Samavat

In order to individualize treatments and recognize the optimal level of immu-
nosuppression, noninvasive methods for diagnosis of acute rejection and toler-
ance have been developed, and biomarkers in the shade of technological advances
would help physician in this way. Peripheral blood cell, plasma, and urine are
readily accessible and perfect specimens for identification of biomarkers. This
review is focused on recently developed biomarkers in acute rejection and
tolerance as the two most important processes in decision-making about immu-
nosuppressive therapy. The clinical utilities and limitations of these markers are
discussed in details.

Keywords
Kidney transplantation * Acute rejection ¢ Tolerance * Biomarker « Genomics ¢

Proteomics * miRNA

Abbreviations

AR Acute rejection

ATI Acute tubular injury

ATN Acute tubular necrosis

AUC Area under the curve

BPAR Biopsy-proven acute rejection

CAD Chronic allograft dysfunction

CAMR Chronic antibody-mediated rejection
CE-MS Capillary electrophoresis mass spectrometry
CMV Cytomegalovirus

COT Clinical operational tolerance

Cr Creatinine

CXCL-10 C-X-C motif chemokine 10

DGF Delayed graft function

eGFR Estimated glomerular filtration rate

ELISA Enzyme-linked immunosorbent assay
Foxp3 Forkhead/winged helix transcription factor
IF/TA Interstitial fibrosis/tubular atrophy

IRI Ischemia-reperfusion injury

IS Immunosuppression

LC-MS Liquid chromatography-mass spectrometry
LC-MS/MS Liquid chromatography-tandem mass spectrometry
MMP-8 Matrix metalloproteinase-8

NPV Negative predictive value

PBMC Peripheral blood mononuclear cell

PCR Polymerase chain reaction

PPV Positive predictive value

gPCR Quantitative polymerase chain reaction
RT-gPCR Real-time quantitative polymerase chain reaction

SELDI-TOF-MS  Surface-enhanced laser desorption/ionization time-of-flight
mass spectrometry



1

Biomarkers in Kidney Transplantation 5

TCMR T-cell-mediated rejection

TG Transplant glomerulopathy

TOL Tolerance

Treg Regulatory T-cells

UMOD Uromodulin

UTI Urinary tract infection

VEGF Vascular endothelial growth factor
Key Facts

Key Facts of Operational Tolerance

Operational tolerance is a state of stable graft function despite cessation of
immunosuppressive drug for more than a year without evidences of chronic
rejection.

Most cases were reported in liver transplantation.

The majority of cases in renal transplantation are due to noncompliance or
intentional withdrawal due to lymphoproliferative disorders.

Lack of donor-specific antibodies and donors of young age are related to opera-
tional tolerance.

Key Facts of Costimulatory Signal

T-cell activation requires two signals.

Signal 1 is an antigen-specific pathway that involves T-cell receptor and major
histocompatibility complex.

Signal 2 is the result of other T-cell surface receptors and their ligands on antigen-
presenting cell.

Cytotoxic T-lymphocyte-associated antigen 4 (CTLA-4) and CD28 and their
ligands B7-1 and B7-2 are the major receptors involved.

CTLA-4 binding to B7-1 and B7-2 is an inhibitory signal and leads to anergy.
Abatacept and belatacept are CTLA4Igs that block costimulatory signal.
CTLAA4Ig is a competitive inhibitor of CD28 binding.

Targeting receptors and/or ligands in costimulatory pathway is a way to increase
graft survival.

Definitions

ELISA The enzyme-linked immunosorbent assay is based on antigen and antibody
interaction and enzyme-induced color changes in substrate. Antigens are attached
into wells in a plate. Then an antibody that can bind to the antigen and is linked to an
enzyme is added. The next step is the addition of substrate. The reaction causes color
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change in the substrate, and the intensity of the color signal is indicative of the
amount of antigen present.

Genomics Genomics is a combination of genome detection methods (polymerase
chain reaction) and bioinformatics to detect the whole genome in a cell and to
identify the function and pathways that are involved.

Microarray Microarray is one of the tools in genomics, which is consisted of a
glass slide with DNA molecules attached to it in specific spots. It detects gene
expression, and the data is processed and normalized and the results are expressed in
a gene expression matrix. The information from microarray studies is presented
either in absolute measures or expression ratio.

MicroRNAs MicroRNAs (miRNAs) are 21-23-nucleotide noncoding RNAs that
regulate posttranscriptional gene expression by binding to target mRNA leading to
either the degradation of mRNA or inhibition of their transcription.

Proteomics Proteomics is the analysis of the whole protein content of a biofluid.
The changes in the proteomes are caused by changes in synthesis or modifications
during the course of biologic or pathologic processes. These modifications can be
used as specific markers of the process.

SELDI-TOF technique One of the proteomic techniques for profiling the prote-
ome of different types of samples using mass spectrometer. This technique does not
need sample preparation procedure and may serve as a diagnostic tool. Low resolu-
tion and lack of reproducibility are some of the limitations of this technique.

Introduction

Kidney transplantation is the most physiologic renal replacement therapy. Despite
significant improvement in 1-year graft survival, long-term graft survival improve-
ment was minimally increased (Hariharan et al. 2000).

During the early phase (first 2 weeks, mostly) of kidney transplantation, factors
affecting the outcome are those related to the status of the donated kidney, ischemia-
reperfusion injury, acute tubular necrosis (ATN), and the resulting delayed graft function
(DGF). Acute rejections whether antibody-mediated or cell-mediated ones are other
determinants of graft survival especially during the first posttransplant year.

During recent years, advances in immunosuppressive protocols lead to better
short-term graft survival. On the contrary, the incidence of highly sensitized recip-
ients, extended criteria donors, and marginal kidney quality are rising, and therefore
detecting patients at higher risk of acute rejection and prompt intervention is critical
to save the organ.

The early-phase insults might occur subclinically and consequently cause chronic
allograft rejection, transplant glomerulopathy, and end in chronic allograft loss.
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Detecting rejection based on currently available techniques (increased serum
creatinine or allograft biopsy) is either inaccurate, late, or invasive.

There is an urgent need for markers of graft status from early to late phase of
transplantation to ensure timely diagnosis of events before irreversible histologic
damage occurred.

On the other hand, overzealous immunosuppression causes infection and malignan-
cies in the long term. It would be wise to adjust immunosuppressive regimes according
to the immunologic risk of each individual patient (Lodhi and Meier-Kriesche 2011).

In order to define a biomarker or a panel of biomarkers for a specific process,
apart from accuracy, precision, and validity, one must describe the clinical utility of
the marker, such as when to evaluate and the frequency of assessments. Additionally,
these biomarkers must be clinically available and cost effective.

Biofluids such as blood and urine are readily available and relatively noninvasive
samples with the ability of repeated sampling and follow-up monitoring.

Finding and proving the clinical use of biomarkers of ATN, DGF, acute rejection,
transplant glomerulopathy (TG), chronic allograft dysfunction (CAD), and tolerance
would help to prolong allograft survival. In the following sections, biomarkers of
acute rejection and allograft tolerance will be discussed as a guide for immunosup-
pression therapy.

Biomarkers of Allograft Rejection

Diagnosis of acute rejection is currently based on histologic assessment of allograft
sample, which is invasive and has a minor risk of bleeding complications. Additionally,
current markers such as serum creatinine cannot detect subclinical rejections (Rush
et al. 1994). To improve clinical outcome, there is a need to find markers that predict
events before histopathologic and mostly irreversible evidences of rejection become
evident and have the ability to differentiate rejection from other causes of allograft
inflammation and dysfunction such as pyelonephritis, viral infection, and ATN.

Differentially expressed proteins in blood or urine sample of transplant patients
might help to have early diagnosis, predict outcome, and response to therapy in a
noninvasive way.

Urine Biomarkers
Urine is an easily accessible biofluid, which allows repeated sampling and reflects
intrarenal processes.

Perforin, Granzyme B, and Fas-L mRNA

The major players in cell-mediated rejection are cytotoxic T-cells. CD8" T-cells are
first cells that appear at the scene of rejection. Activated cytotoxic T-cells release
granzyme B and perforin. Perforin allows granzyme B to enter the target cells and
lead to cell death via mitochondrial apoptotic pathways. Additionally, a small
portion of endothelial cell death is mediated by Fas-ligand (Fas-L) pathway (Choy
2010). Apart from CD8" T-cells, CD30" T-cells have been proven to be involved in
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alloimmunity, and CD30 acts as a costimulatory molecule (Stisal et al. 2011). Thus,
urinary cytotoxic markers might be helpful in diagnosis of acute rejection.

Urinary concentration of perforin and granzyme B mRNA was elevated in
24 patients with biopsy-proven acute rejection (BPAR) compared with 22 patients
with other diagnoses (chronic allograft nephropathy, toxic tubulopathy, ATN, and
nonspecific findings). The ROC curve for perforin mRNA at the cutoff of 0.9 fg per
microgram of total RNA showed 83 % sensitivity and specificity for diagnosis of
acute rejection. At the cutoff point of 0.4 fg per microgram of total RNA for
granzyme B mRNA, granzyme B had 79 % sensitivity and 77 % specificity in
identifying acute rejection (Li et al. 2001). These data demonstrate diagnostic value
of cytotoxic markers; however, the question is whether they could distinguish acute
rejection from other etiologies of inflammation. In a study, urinary mRNA levels of
perforin, granzyme B, and Fas-L were followed longitudinally in 37 cadaveric
transplant patients by the means of real-time PCR assay. Urine samples were
collected during the episodes of BPAR, cytomegalovirus (CMV) infection and
disease, urinary tract infection (UTI), DGF, and CAD. Perforin, granzyme B, and
Fas-L mRNA levels were significantly higher in BPAR than controls with stable
graft function. Interestingly, the urinary levels of markers were not significantly
different among patients with BPAR, UTI, CMV infection or disease, and DGF
(Yannaraki et al. 2006). Therefore these markers are not specific for acute rejection
and are evidences of graft inflammation.

Granzyme A mRNA
Granzyme A along with granzyme B is the most abundant cytolytic molecules of the
effector T-cells. It also triggers inflammation by induction of cytokines. Its role as a
biomarker of subclinical and clinical T-cell-mediated rejection (TCMR) has been
evaluated in a study on 60 patients in six different groups, including those with stable
graft function, CMV infection, calcineurin inhibitor toxicity, subclinical rejection
(SCR), TCMR-I (with prominent tubulitis), and TCMR-II (with moderate or severe
intimal arteritis and tubulitis). High urinary granzyme A mRNA was able to differ-
entiate patients with SCR and TCMR-I from those stable graft function and
calcineurin inhibitor toxicity. However, this marker was also elevated in patients
with CMV infection; thus, confronting an increased urinary granzyme A, one must
rule out the presence of CMV infection by CMV-PCR (van Ham et al. 2010).

It seems that granzyme A could be a useful marker in diagnosis of subclinical
rejection after exclusion of CMV infection and gives the clinician enough time to
promptly treat the patients before occurrence of irreversible damage.

Foxp3 mRNA

Regulatory T-cells are known since 1975 and have regulatory role in immune
response and are involved in tolerance. In the biopsy samples of acute rejection,
increased infiltration of Tregs along with effector T-cells has been shown.
The immunoregulatory role of Tregs was proven in acute rejections as they con-
trolled further damage. Forkhead/winged helix transcription factor (Foxp3) is
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expressed by Tregs and could be used as a marker of their presence and activity
(Brown and Wong 2008).

Urinary expressions of Foxp3 mRNA along with CD3E, perforin, and CD25 were
significantly higher in patients with biopsy-proven acute rejection compared with
those with chronic allograft nephropathy and stable graft function. Foxp3 mRNA
level was inversely correlated with severity of acute rejection. Interestingly, there
was no correlation among other markers (perforin, CD3E, and CD25) and serum
creatinine in patients with acute rejection. Urinary Foxp3 mRNA was predictive of
acute rejection episode reversibility, and at the cutoff of 3.46, it had a sensitivity of
90 % and specificity of 73 % in prediction of reversal of graft function. Furthermore,
the combination of serum creatinine and the Foxp3 mRNA level was more accurate
in predicting the reversal of acute rejection with 96 % specificity. The results indicate
that the higher the Foxp3 mRNA level, the greater the chance of reversal of acute
rejection. These are all in line with damage controlling role of Tregs (Muthukumar
et al. 2005).

Thus, increased urinary Foxp3 mRNA is useful in diagnosis as well as predicting
the outcome of acute rejection.

Cytokine/Chemokine mRNA
Cytokines and chemokines (chemotactic cytokines) play a major role in the inflam-
matory cascade. Each cytokine represents activation of a specific pathway.

C-X-C motif chemokine 10 (CXCL-10) also known as interferon gamma-induced
protein 10 (IP-10) is secreted by monocytes, endothelial cells, and renal tubular and
mesangial cells in response to interferon-y (IFNy). CXCL-10 by binding to its
receptor CXCR-3 on activated T-cells and natural killer cells leads to leukocyte
recruitment during acute rejection (Ho et al. 2011).

Data suggested that urinary CXCL-10 elevation preceded serum creatinine rise.
Urine CXCL-10 can be used as a marker of inflammation and can distinguish
tubulitis (histologic characteristic of cellular rejection) from fibrosis. In a study of
91 patients with a wide range of histologic findings from normal to various degrees
of tubulitis (borderline, subclinical, and clinical tubulitis) and those with interstitial
fibrosis and tubular atrophy (IF/TA), urine CXCL-10-to-creatinine (CXCL-10/Cr)
ratio at the cutoff of 2.87 ng/mmol had 81.8 % sensitivity and 86.4 % specificity in
differentiating normal histology from subclinical and clinical tubulitis. At the lower
cutoff of 1.97 ng CXCL-10/mmol Cr, the sensitivity and specificity for diagnosis of
normal histology versus borderline or subclinical tubulitis were 73.3 % and 72.7 %,
respectively (Ho et al. 2011).

Along with CXCL-10, the other CXCR-3 ligand, CXCL-9, was shown to be
correlated with subclinical rejection. At the cutoff of 7.5 ng/mmol Cr, CXCL-9 had
86 % sensitivity and 64 % specificity in diagnosis of subclinical tubulitis from
normal histology or borderline tubulitis. Urinary CXCL-10 and CXCL-9 were not
elevated in those with IF/TA as a sole histologic finding (Schaub et al. 2009).

The advantage of these chemokines is earlier appearance in urine than CXCR-3,
perforin, and granzyme B and therefore timely recognition of subclinical tubulitis.
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These chemokines have same accuracy in pediatric as well as adult transplant
patients (Jackson et al. 2011).

Unlike granzyme B and perforin, urine CXCL-10 level is not increased in other
inflammatory processes such as UTT and CMV infection (Ho et al. 2011). Tubuloin-
terstitial inflammation by BK virus and ischemia-reperfusion injury (IRI) might
increase urinary levels of CXCL-9 and CXCL-10. Therefore, it is necessary to
exclude BK virus infection by plasma PCR. The effects of IRI would not last
more than 2 months, and thereafter urine chemokines could be reliable markers of
tubulitis due to rejection (Schaub et al. 2009). The influence of UTI on urine
chemokines is controversial; thus, to be on the safe side, it is better to rule out UTI
by negative urine cultures.

A group evaluated the clinical utility of CXCL-9 in risk stratification, prediction
of acute rejection in patients with acute graft dysfunction, and prediction of late graft
loss. In the setting of acute graft dysfunction, urinary levels of CXCL-9 mRNA had a
negative predictive value (NPV) of more than 92 % in putting acute rejection aside.
As its positive predictive value (PPV) was about 61-67 %, this biomarker could not
be used instead of the gold standard tissue biopsy, but the high NPV might help to
avoid the unnecessary invasive kidney biopsy. The NPV was independent of recip-
ient age, HLA mismatch, and de novo donor-specific antibodies. The elevated urine
CXCL-9 mRNA level preceded the serum creatinine increment by almost 30 days,
and thus it could be used as a predictor of intragraft inflammation days before the
clinically evident increase in serum creatinine and as a guide for prompt treatment.
Additionally, high urine CXCL-9 mRNA level at 6 months posttransplantation could
predict >30 % decrement in estimated glomerular filtration rate (¢GFR) at 24 months
posttransplantation. In this study, urinary level of CXCL-9 was higher in patients
with acute rejection than in those with BK virus infection (Hricik et al. 2013).

Briefly, the urinary mRNA of CXCL-9 is a promising marker to rule out acute
rejection and graft inflammation based on its high NPV. As measurement of CXCL-9
protein by ELISA is easier and more reliable in clinical settings, according to the
current data, its use to exclude acute rejection is suggested.

0X40/0X40-L mRNA
During T-cell activation along with T-cell receptor (TCR) and major histocompati-
bility complex (MHC) interaction on antigen-presenting cells (APC), there are
second regulatory signals consisted of costimulatory and co-inhibitory pathways
(Fig. 1). The major molecular players of these pathways are from either the immu-
noglobulin superfamily (CD28, CTLA-4, CD80 and CD86, PD-1, and PD-L) or the
TNF family (CD40, CD40L, 0X40, and OX40-L) (Ford et al. 2014).

0X40 interaction with its ligand causes memory T-cell generation and cytokine
production and results in Th2 response and leads to acute rejection. On the contrary,
PD-1 and PD-L ligation acts as an inhibitory signaling pathway on T-cells. In a
study, the urinary mRNA expression of costimulatory pathway members was com-
pared between patient with stable graft function and those with biopsy-proven acute
rejection. The group reported significantly increased levels of OX40, OX40-L, and
PD-1 mRNA in urinary cells of patients with acute rejection. PD-1L levels were not
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T-Cell APC

Fig. 1 The costimulatory pathway. Costimulatory signaling results from interaction of ligands on
antigen-presenting cells (4PCs) and the related protein on T-cells. Signals with positive effect lead
to T-cell proliferation and cytokine production, and signals with negative effects cause anergy and
apoptosis. CTLA-4 cytotoxic T-lymphocyte-associated protein 4, MHC major histocompatibility
complex, PD-1 programmed cell death protein 1, PD-L programmed cell death protein 1 ligand,
TCR T-cell receptor

different between the two groups. OX40 mRNA level alone at a cutoff of 5.98 had a
sensitivity of 81 % and specificity of 88 % in diagnosis of acute rejection. When
combined with urinary levels of mRNA for OX40-L, PD-1, and Foxp3, the sensi-
tivity and specificity would rise to 95 % and 92 %, respectively. Also the higher
OX40-L mRNA level (cutoff value of 3.79) predicted the higher probability of
reversal of acute rejection (sensitivity of 69 % and specificity of 100 %) (Afaneh
et al. 2010).

Thus, OX40 and its ligand might be used as diagnostic and also predictive
biomarker of acute rejection.

mRNA Signature

In a recent study, investigators introduced a urinary mRNA profile instead of a single
mRNA in approach to kidney transplant patient with acute graft dysfunction by the
means of RT-qPCR. They suggested an mRNA signature with the ability to differ-
entiate acute rejection (AR) from acute tubular injury (ATI).

Combination of urinary values of CD3E, CD105, TLR4, CD14, complement
factor B, and vimentin mRNAs formed a diagnostic signature that differentiated AR
from ATI. Data suggested that using this signature decreases the unnecessary
allograft biopsies. Among patients with AR, a five-mRNA diagnostic model was
developed that differentiated acute cellular rejection (ACR) from antibody-mediated
rejection (AMR). This model was consisted of CD3E, CD105, CD14, CD46, and
18S rRNA with the area under the curve of 0.81 (95 % confidence interval,
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0.68-0.93). Decision curve analysis to assess the clinical benefit was performed in
this study (Matignon et al. 2014).

Briefly, using the signature model of mRNAs helps decreasing the number of
biopsies in patients with acute graft dysfunction.

Urine miRNAs

MicroRNAs (miRNAs) are 21-23-nucleotide noncoding RNAs that regulate post-
transcriptional gene expression by binding to target mRNA leading to either the
degradation of mRNA or inhibition of their transcription. They play a role in almost
every cellular pathway, and each cell type has its own miRNA pattern. The miRNA
profile is representative of the ongoing biologic process and could be evaluated in
different biofluids such as urine, blood, and other body fluids. Despite its high cost,
RT-qPCR has the ability of detecting a wide range of miRNA when compared with
microarray (Mas et al. 2013).

Lorenzen et al. were the first group evaluating the diagnostic role of urine miRNA
in acute rejection. Using RT-qPCR, urine samples of 62 patients with biopsy-proven
acute rejection were compared with those of patients with stable graft function. The
initial data found 21 differentially expressed miRNAs among patients and controls.
Among these miRNAs, miR-210 and miR-10b were downregulated, and miR-10a
was upregulated in patients with acute rejection compared to the controls with stable
graft function. Lower levels of miR-201 were correlated with faster eGFR decline
and more severe rejection. Successful reversal of acute rejection normalized the
miR-210 and miR-10b levels. The variations in urine levels of miR-210 were
independent of the presence of leukocyturia and UTI and age (Lorenzen
et al. 2011). If further validation studies confirm these findings, miR-210 could
serve as a noninvasive biomarker in diagnosis of acute rejection. However, based on
the results from samples collected before evolution of rejection, miR-210 could not
predict the impending episodes of acute rejection.

Urine Proteomics
In search for biomarkers, urine proteome profile comes to the center of attention. It is
the indicator of local processes in kidney and systemic events that might change
urine proteins. In order to characterize urine proteome profile in acute rejection,
several studies have been performed (Table 1). Some are discussed in more details.
In a study on 73 patients with graft dysfunction who underwent indication biopsy,
by the means of surface-enhanced laser desorption/ionization time-of-flight mass
spectrometry (SELDI-TOF-MS), two differentially expressed peptides were identi-
fied. In patients with acute rejection compared with other causes of graft dysfunction,
urinary expression of human B-defensin-1 (HBD-1) was reduced, and urinary
expression of a-1-antichymotrypsin (ACT) was elevated. Both of these markers
are part of inflammatory and immune responses. When used in combination, the
elevated ACT and decreased HBD-1 levels, the sensitivity and specificity for
diagnosis of acute rejection would be 85.7 % and 80.2 %, respectively (O’Riordan
et al. 2007).
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Table 1 Selected urine biomarker for acute allograft rejection

Detection

Biomarker | method Cutoff AUC | Sensitivity (%) | Specificity (%) | Reference
sHLA-DR | ELISA 15 U/mL 0.88 | 80 98 Ting

etal. (2010)
sUPAR ELISA NA NA | NA NA Roelofs

etal. (2003)
VEGF ELISA 3.64 pg/umol Cr | 0.871 | 85.1 78.4 Peng

etal. (2008)
MASP2 LC-MS/MS | NA NA | NA NA Loftheim

etal. (2012)
CD103 RT-qPCR 8.16 copies/pg Cr | 0.73 | 59 75 Ding
mRNA etal. (2003)
TIM-3 RT-gPCR 1.2¢ 096 |84 96 Manfro
mRNA etal. (2008)
ChrY dPCR >3 copies of 0.80 |81 75 Sigdel
dd-cfDNA® ChrY/K pg Cr etal. (2013)

AUC area under curve, CE-MS capillary electrophoresis mass spectrometry, ChrY dd-cfDNA chromosome
Y donor-derived cell-free DNA, Cr creatinine, dPCR digital polymerase chain reaction, MASP2 isoform
2 of mannan-binding lectin serine protease 2, MMP-8 matrix metalloproteinase-8, N4 not available,
RT-gPCR real-time quantitative polymerase chain reaction, sUPAR soluble urokinase-type plasminogen
activator receptor, 7/M-3 T-cell immunoglobulin mucin domain 3, VEGF vascular endothelial growth
factor

By the relative quantification method 2~ 44¢T

®It is a sensitive marker for diagnosis of acute allograft injury, but it is not that specific to distinguish acute
rejection from BK virus nephropathy

Metzger et al. conducted a multicenter study on 103 transplant patients to identify
biomarkers of acute subclinical and clinical rejection and the role of confounding
conditions such CMV infection, BK virus infection, and UTI. Capillary electropho-
resis mass spectrometry (CE-MS) analyses were used to evaluate urine peptide
pattern. Not a single peptide was able to discriminate rejection from other clinical
conditions with an acceptable specificity, but a panel of 14 differentially expressed
peptides was extracted with the area under the curve (AUC) of 0.89. In order to
further validate the panel, the group used it in a validation set and reached an AUC of
0.91 and 93 % sensitivity and 78 % specificity. The presence of UTI and CMV
infection did not cause any misclassification. Most of the peptides in this panel were
collagen a-1 fragments, which could be an indicator of extracellular matrix degra-
dation and matrix metalloproteinase-8 (MMP-8) activity (Metzger et al. 2011).

Sigdel et al. conducted a shotgun proteomic study with capillary LC-MS/MS on
92 urine samples of patients, including those with biopsy-proven acute rejection,
stable graft function, nephrotic syndrome, and healthy controls. The advantage of
this study is that they further validated the identified markers by ELISA in an
independent set of samples, which is more cost effective, and affordable assay for
clinical use. Most of the discriminating proteins in the acute rejection group were
MHC antigens, complement pathway proteins, and extracellular matrix proteins.
Applying ELISA, they reported significantly decreased uromodulin (UMOD) (AUC
= 84.6 %) and CD44 (AUC = 97.3 %) in those with acute rejection with a



14 M. Nafar and S. Samavat

Table 2 Urine biomarker panels in diagnosis of acute allograft rejection

Biomarker panel Detection method Reference
ANXAL1 (T), integrin a3 (1), Antibody microarrays and reverse | Srivastava

integrin B3 (T), TNF-o (1) capture protein microarray et al. (2011)

IP-10 (1), MIG (1), I-TAC (1) Luminex assays Huang et al. (2014)
UMOD (|), SERPINF1 (1), LC-MS/MS Sigdel et al. (2010)
CD44 (7)

COL1A2, COL3A1, UMOD, LC-MS and multiple reaction Ling et al. (2010)
MMP-7, SERPING1, TIMP1* monitoring (MRM)

HLA-DRBI (1), fibrinogen beta iTRAQ Sigdel et al. (2014)
(1), fibrinogen gamma (T)

ID-3796 peptide and 13 collagen a | CE-MS Metzger

(1, 1IT) fragments et al. (2011)
CLCAL1 (1), PROSI (1), and 2D-LC-MS/MS Sigdel

KIAA0753 (1)° et al. (2014b)

ANXAII annexin A 11, COLIA collagen type 1 a, CLCAI calcium-activated chloride channel
regulator-1, /P-10 IFN-induced protein 10, /-TAC IFN-induced T-cell chemoattractant, MIG
monokine induced by IFNy, MMP-7 matrix metalloproteinase-7, PROS! vitamin K-dependent
protein S, SERPINFI pigment epithelium-derived factor (PEDF), SERPING! serpin peptidase
inhibitor, T/MP] tissue inhibitor of metalloproteinase 1, TNF-a tumor necrosis factor-a, UMOD
uromodulin

4Gene expression

"Exosomal proteins

correlation coefficient of 0.99 and 0.84, respectively, and significantly elevated
pigment epithelium-derived factor (PEDF, SERPINF1) levels (AUC = 93.2 %)
with a correlation coefficient of 0.78. Thus, this pattern of peptides could verify
acute rejection in transplant patients with high sensitivity and specificity independent
of age, proteinuria, and immunosuppression protocol (Sigdel et al. 2010) (Table 2).

As there are concerns about the confounding factors such as the amount of
proteins in urine (the effect of highly abundant proteins on identification of proteins
with lower abundance) and BK virus nephropathy (a pathologically challenging
diagnosis), the group conducted a study based on urine peptidomic analysis by
LC-MS and multiple reaction monitoring (MRM) on 70 urine samples from 50 trans-
plant patients. Peptidomic analysis provides information about disease-related mod-
ification on proteins (proteolytic and antiproteolytic activities). The abundance of
UMOD and collagen peptides (COL1A2 and COL3Al) in urine was lower in
patients with acute rejection. Evaluating the transcriptome in kidney tissue of these
patients demonstrated higher gene expression for matrix metalloproteinase-7
(MMP-7), tissue inhibitor of metalloproteinase 1 (TIMP1), and the serpin peptidase
inhibitor (SERPING1) in patients with acute rejection. The abovementioned changes
were independent of the presence of BK nephropathy. Apart from being a specific
biomarker profile, this panel sheds light on the underlying mechanism of injury
during acute rejection and subsequent chronic graft fibrosis: the collagen cascade
(Ling et al. 2010).
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Recently, the isobaric tags for relative and absolute quantitation (iTRAQ) prote-
omic technique was used to identify biomarkers of acute rejection. The proteins then
were validated by ELISA. Of a total of 389 measured proteins, nine were highly
specific for acute rejection. These were identified as: HLA class II protein
HLA-DRBI, keratin-14 (KRT14), histone H4 (HIST1H4B), fibrinogen gamma
(FGG), actin-beta (ACTB), fibrinogen beta (FGB), fibrinogen alpha (FGA),
keratin-7 (KRT7), and dipeptidyl-peptidase-4 (DPP4). These markers could differ-
entiate acute rejection from chronic allograft injury and BK virus nephropathy.
Further validation, by ELISA in independent samples, showed increased urinary
levels of HLA-DRBI, fibrinogen beta, and fibrinogen gamma (Sigdel et al. 2014a).

Overall, urine peptidomics and proteomics are raising horizon in the land of
biomarker studies. The identified profile needs to be validated by a less time and
cost-consuming technique such as ELISA for routine clinical utility.

Blood Biomarkers

Evaluating blood biomarkers is also a minimally invasive way to diagnose acute
rejection. However, the diagnostic profile might be confounded by systemic milieu,
and its sensitivity and specificity might decline. Numerous markers were introduced
by different studies using various techniques, but clinical validation is needed before
routine application (Table 3).

Table 3 Selected serum biomarker for acute allograft rejection

Biomarker Method Sample Reference

Granzyme B, RT-PCR PBL Vasconcellos et al. (1998)
perforin, Fas-L

Foxp3 RT-PCR PBL Aquino-Dias et al. (2008)
IFNy — producing ELISPOT Pretransplant PBML Nickel et al. (2004)
memory T-cell

Nitric oxide Serum Bellos et al. (2011) and

Masin-Spasovska
et al. (2013)

PECAM1 ELISA Serum Chen et al. (2010)
HLA class I (ABC) Flow Peripheral blood CD3 Tian et al. (2009)

cytometry +/CD8+ T

lymphocytes

Titin, kininogen-1, iTRAQ Plasma Freue et al. (2010)
and LPS-BP
IL-1R antagonist, Luminex™ Serum Xu et al. (2013)
IL-20, and sCD40 bead array
ligand analysis

ELISA enzyme-linked immunosorbent assay, ELISPOT enzyme-linked immunosorbent spot, /L-/R
interleukin-1 receptor, iTRAQ isobaric tagging for relative and absolute protein quantification, LPS-
BP lipopolysaccharide-binding protein, PBL peripheral blood leukocytes, PBML peripheral blood
mononuclear cells, PECAMI platelet endothelial cell adhesion molecule 1
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CD30

CD30 as a marker of Th2-type immune response has been shown to be associated
with allograft outcome (Pelzl et al. 2002). Soluble CD30 (sCD30) as a potential
marker of an alloimmunity reaction was evaluated in 203 living kidney transplant
patients before, on the fifth day posttransplantation, and at the time of acute increase
in serum creatinine with ELISA kit. sCD30 levels among patients with BPAR were
compared with those of patients with stable graft function and non-rejection cause of
acute allograft dysfunction (including CMV infection, ATN, and calcineurin inhib-
itor toxicity). sCD30 level on the fifth day posttransplantation with the cutoff value
of 41 U/ml predicted the occurrence of acute rejection in the first 6 months with a
sensitivity and specificity of 70 % and 71.7 %, respectively. It could not predict the
2-year graft survival. Pretransplant sCD30 level could not predict acute rejection,
and there was a significant elevation in sCD30 level during the episodes of BPAR.
Thus, sCD30 level after transplantation and its changes could be used as a predictor
of acute rejection (Nafar et al. 2009). In a multicenter study on 2,322 transplant
patients, investigators demonstrated an association between day 30 posttransplant
CD30 level and 3-year graft survival. CD30 levels >40 U/ml on day 30 were
associated with high anti-HLA antibody activity and could be considered as a marker
of alloimmunity (Siisal et al. 2011). Same results were obtained in an earlier study, of
course with smaller sample size but longer follow-up of 5 years posttransplantation
(Delgado et al. 2009). Thus, posttransplant CD30 level might be utilized as a marker
of increased alloimmunity and if proved by clinical trials might be used as a guide to
immunosuppressive dose adjustment.

Genomics

In order to enhance the sensitivity and specificity of peripheral blood diagnostic
tests, transcriptional profile (genomics) was utilized by the means of microarray
studies. Gene expression in peripheral blood samples was extensively evaluated in
association with acute rejection. Since 1998 that Vasconcellos et al. described the
correlation of cytotoxic lymphocyte gene expression (perforin, granzyme B, and
Fas-ligand) and acute rejection (Vasconcellos et al. 1998), there are a wide range of
studies evaluating gene expression of various effector molecules in diagnosis and
prediction of rejection.

T-cell immunoglobulin mucin domain 3 (TIM-3) is a membrane glycoprotein
expressed on Thl cells, cytotoxic T-cells, natural killer cells, and Th17. It has a
known role in inducing tolerance. TIM-3 binding to its ligand, galectin-9, results in
reduction of cytotoxicity of CD8" T-cells. TIM-3 mRNA level is proposed as a
biomarker of effector T-cell activation and was evaluated in 24 patients with
acute rejection, 20 patients with ATN, and 18 patients with stable graft function
by the means of RT-PCR. Peripheral blood cell TIM-3 mRNA was significantly
higher among patients with acute rejection, and this increased level was not
due to decreased GFR. At the threshold of 1.58, TIM-3 mRNA had 100 %
sensitivity and 87.5 % specificity in discriminating acute rejection from ATN. The
TIM-3 mRNA level did not differentiate refractory from responsive acute rejection
(sensitivity of 66.7 % and specificity of 57.1 %). Despite encouraging results, a lack
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of biopsy-proven acute rejection in all the cases and exclusion of infective causes of
impaired renal function (CMV infection, UTI) brings up the need for further
validation of the marker (Luo et al. 2011).

In order to bring biomarkers from bench to beside and assessing their clinical
utilities and their limitations, recently the gene expression profiles of patients were
studied.

In a large cohort, 367 blood samples from pediatric transplant patients, including
115 patients with biopsy-proven acute rejection, 180 cases with stable graft function,
and 72 cases with other causes of graft dysfunction (chronic allograft injury, viral or
bacterial infection, calcineurin inhibitor toxicity, and borderline acute rejection),
microarray analysis and subsequent quantitative PCR led to the discovery of a
five-gene panel. This gene panel consisted of DUSP1, MAPK9, NKTR, PBEFI,
and PSENI1. The gene profile is representative of immunologic activity and injury:
leukocyte recruitment; B-cell, T-cell, and monocyte activation; oxidative stress;
apoptosis; IL-2 pathway activation; increased adhesion; and vascular smooth muscle
cell injury. Except MAPK9 and NKTR, which were under-expressed, the remaining
three genes were overexpressed in patients with acute rejection. The data was further
validated in an independent cohort.

The five-gene model can discriminate acute rejection from those with stable graft
function with a sensitivity of 91 % and specificity of 94 % and a NPV of 97 % (AUC
0.955). It also has the ability to separate acute rejection from other causes of graft
dysfunction with 91 % and 90 % sensitivity and specificity, respectively. None of the
confounding factors affected the results, and the high NPV in the setting of graft
dysfunction might decrease the unnecessary biopsies. The downside of the five-gene
profile is its inability in detecting borderline rejection and distinguishing humoral
from cellular rejection (Li et al. 2012). Further validation for clinical utility in adult
recipients is required.

To validate the five-gene panel (DUSP1, MAPK9, NKTR, PBEF1, and PSEN1)
in Korean patients, Lee et al. conducted a study on 143 recipients. Patients with acute
cellular rejection had significantly lower levels of MAPK9 and higher PSEN1 than
controls. However, patients with acute antibody mediated had the similar profile
with controls and those with other graft injuries (BK nephropathy, calcineurin
inhibitor toxicity, glomerulonephritis, and ATN). Conversely, PSEN1 level was
lower and MAPK9 level was higher in patients with other graft injuries. The
two-gene set alone had 73.33 % sensitivity and 75 % specificity (AUC, 0.841) in
discriminating acute cellular rejection from other causes of graft injury. However, the
five-gene set in combination with clinical variables had 90 % sensitivity and
specificity (AUC, 0.964) and PPV of 93.1 and NPV of 85.1. Therefore, this five-
gene panel is a promising tool for diagnosis of acute cellular rejection from other
causes of graft dysfunction (Lee et al. 2014).

Recently, Roedder et al. studied blood gene expression on 558 blood samples of
436 transplant patients both pediatric and adults in a multicenter study. Using real-
time quantitative PCR (RT-qPCR), patients with acute rejection were compared
with patients with other causes of graft dysfunction (chronic allograft injury, chronic
calcineurin inhibitor toxicity, BK virus infection, and acute tubular nephritis).
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They utilized the previously reported ten-gene panel (DUSP1, CFLAR, ITGAX,
NAMPT, MAPK9, RNF130, IFNGR1, PSEN1, RYBP, and NKTR) (Li et al. 2012)
and added seven genes (SLC25A37, CEACAM4, RARA, RXRA, EPOR, GZMK,
RHEB). This 17-gene panel showed a significantly higher sensitivity (82.98 %) and
specificity (90.63 %), with an AUC of 0.94 (95 % CI 0.91-0.98, p < 0.001).
The 17-gene panel identified as the Kidney Solid Organ Response Test (kSORT)
was validated in a 124 sample independent cohort, and a further cross-validation was
performed on 100 samples. In the validation group, the mean predicted probability of
acute rejection was significantly different between the two groups as reported in the
training set. The kSORT is a sensitive and specific noninvasive test to detect acute
rejection whether cellular or antibody mediated. Its high specificity and NPV
(91.58 %) make it a valuable marker with a utility as a negative predictor of
rejection. As most of the genes in the panel are related to monocyte activation, and
monocyte activation is evident in both cellular- and antibody-mediated rejection, one
of the limitations of kSORT is its inability to differentiate between these two types of
rejection. In order to be used as a predictor of acute rejection, the group designed a
longitudinal multicenter study and evaluated 191 blood samples before, at the time,
and after acute rejection in an independent cohort. KSORT could predict clinical
acute rejection in more than 60 % of samples up to 3 months before the clinical or
histological event. After further validations, this panel might replace the invasive
protocol biopsy in prediction of subclinical rejection. The group also created a risk
score for acute rejection called kKSAS (kSORT analysis suite). kKSAS algorithm is able
to categorize patients according to the risk of acute rejection: high risk for AR (risk
score > 9), low risk for AR (risk score < —9), and indeterminate (risk score <9 and
> —9) (Roedder et al. 2015).

It seems that after further validation in clinical trials, KSORT could be used as a
diagnostic and predictive marker of acute rejection.

miRNAs
Like urine samples and tissue biopsies, peripheral blood samples could be assessed
for the presence of miRNAs with the ability to diagnose acute rejection.

miRNAs were evaluated in 32 renal transplant patients including 11 patients with
biopsy-proven acute rejection. Both intragraft and peripheral blood mononuclear
cells (PBMCs) were evaluated for miRNA expression. miR-142-5p, miR-155, and
miR-223 were overexpressed both in biopsy samples and in the peripheral blood
(Angelicheau et al. 2009). The study showed correlation between tissue and serum
markers, which could be the base for further investigations.

In a study on 12 transplant patients, eight of which had an episode biopsy-proven
acute rejection, expression of miRNAs was analyzed in serum by qPCR. miR-223
and miR-10a were significantly reduced among patients with acute rejection.
Although the results are encouraging, they must be interpreted keeping in mind
the small number of cases (Betts et al. 2014). On the contrary, Lui et al. in their
report on 12 transplant patients with acute rejection (in a cohort of 33 patients)
demonstrated elevated levels of miR-223 in PBMCs at the time of rejection
with a sensitivity of 92 % and specificity of 90 % in diagnosis of acute rejection
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(Scian et al. 2013). Small number of cases and different study design may explain
the discrepancies.

In a cohort of 112 transplant patients and 11 healthy controls, the miRNA profile
of patients with chronic antibody-mediated rejection (CAMR) differed from that of
acute rejection. Increased expression of miR-142-5p in PBMCs has been reported in
CAMR. It was also reported to be able to discriminate CAMR from those with stable
renal function (AUC, 0.74) (Danger et al. 2013).

As mentioned above, most of the miRNA studies are on urine samples, and the
recent data opens new fields in biomarker studies in PBMCs or blood samples.

Overall, biomarker identification is a science in evolution, and there is a long way
ahead in order to introduce a biomarker or a panel of biomarkers with accurate
clinical utility to substitute the invasive gold standard “allograft biopsy.”

Biomarkers of Tolerance

Allograft transplantation is the treatment of choice in patients with end-stage renal
disease. The downside of transplantation is the long-term need for immunosuppres-
sion with infections, malignancies, and nephrotoxicity of drugs as the main side
effects. Tolerance gives the opportunity to cease the immunosuppression or to
minimize it. Attempts to induce tolerance were not a great success. In order to
identify patients who are candidates for immunosuppression minimization or with-
drawal, biomarkers of tolerance have been evaluated among patients with “clinical
operational tolerance (COT).” COT is a state of tolerating the allograft in the absence
of immunosuppressive drugs without pathologic evidences of rejection for at least
1 year. About 100 patients with kidney transplantation have been reported to be at
the state of COT, mostly due to noncompliance or lymphoproliferative disorders
(Orlando et al. 2010). The clinicians need an assay to guide them in safe reduction in
immunosuppression in selected patients without increasing the risk of acute rejec-
tion; thus, most of the studies conducted on patients with COT. To evaluate bio-
markers, a sample size of at least 200 is needed, and in order to compensate the lack
of adequate sample size, studies were conducted on training set, validation set, and
cross-validation sets. Data on urine biomarkers are rare. Most promising data come
from gene expression studies in peripheral blood, although flow cytometry and
ELISA methods also have been used (Gékmen and Hernandez-Fuentes 2013)
(Table 4).

Gene Expression Studies

Gene expression microarray assays using RT-qPCR are valuable tools for biomarker
discovery and extracting functional and biological role of the marker by the means of
bioinformatics.

One of the earliest studies on biomarkers of tolerance was conducted by Brouard
et al. They performed a microarray study on a group of 17 COT patients (5 in



20 M. Nafar and S. Samavat

Table 4 Biomarkers of tolerance

Biomarker set Detection method | Reference
IGKV4-1, IGLL1, IGKV1D-13% Multiplex real- Newell
time PCR et al. (2010)
CD79B, TCL1A, HS3ST1, SH2D1B, MS4A1, TLRS, Microarray, Sagoo
FCRLI1, PNOC, SLC8A1, FCRL2* RT-PCR et al. (2010)
Foxp3, CCL20, TLE4, CDH2, PARVG, SPON1, RAB30, Microarray, Brouard
BTLA, SMILE, SOX3, CHEK1, HBB, DEPDC1, CDC2?* RT-qPCR et al. (2007)
KLF6, BNC2, CYPIB1? Microarray, Roedder
qPCR et al. (2015)
miR-142-3p Microarray Danger
et al. (2012)
Urine CD20 RT-qPCR Newell
et al. (2010)

gPCR quantitative polymerase chain reaction, RT-gPCR real-time quantitative polymerase chain
reaction
“Gene set as a biomarker

training group and 12 in test group) and compared the results with healthy controls
and those with various graft statuses (chronic rejection, stable graft function on
immunosuppressive therapy, and those on steroid monotherapy). A set of 49 genes
was identified as the footprint of tolerance. Among these genes, 33 distinguished
tolerance from chronic rejection with 86 % sensitivity and 99 % specificity. The
identified genes were involved in costimulatory signaling and memory T-cell
response. They also suggested a role for transforming growth factor-f pathways. If
validated in larger cohorts, this panel could be used as a guide for immunosuppres-
sion reduction (Brouard et al. 2007).

In a cohort of 25 COT patients (off immunosuppressive drug for at least a year,
20 due to noncompliance), 33 patients with stable graft function, and 42 healthy
controls, a microarray study conducted on whole-blood total RNA. A set of five
genes were differentially expressed between COT and stable patients — TUBB2A,
TCL1A, BRDGI1, HTPAP, and PPPAPDCI1B — all of which were involved in B-cell
activation. The COT group had higher expression of CD20 transcript in urine
sediment compared to those on immunosuppressive drugs. After performing mul-
tiplex RT-PCR, a 3-gene set found to predict tolerance — IGKV4-1, IGLLI, and
IGKV1D-13 — with PPV of 83 % and NPV of 84 %. Whole-blood flow cytometry
confirmed a significantly higher number of total B-cells, naive B-cells, and tran-
sitional B-cells (CD19+CD38+CD24+IgD+) in COT patients than in those with
stable graft function on drugs. Among the flow cytometry results, transitional
B-cell had the highest predictive value for COT (85 % and 96 % PPV and NPV,
respectively). These results pointed out the important role of B-cell in tolerance
and introduced the 3-gene set as a predictive marker of tolerance (Newell
et al. 2010).
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Following this study, Sagoo et al. studied a cohort of 71 kidney transplant patients —
11 patients with COT, 11 patients on low-dose prednisolone only, 40 patients on full
immunosuppression, and 9 patients with pathologic evidence of chronic rejection.
Interestingly, the COT group had the highest degree of HLA mismatch but
undetectable donor-specific anti-HLA antibodies. Microarray, RT-qPCR, and flow
cytometry techniques were applied on peripheral blood monocyte cells (PBMCs).
Recipients with COT (like healthy controls) had the highest B-cell-to-T-cell ratio,
which was the result of an elevated number of B-cells rather than reduction of T-cell
population. COT patients had decreased proportion of memory B-cells and activated
T-cells and increased proportion of transitional B-cells as previously reported by
Newell et al. Additionally, tolerant patients had a high ratio of Foxp3/a-1,2-
mannosidase in peripheral blood. The microarray data and RT-qPCR resulted in a
10-gene set with diagnostic capability (See Table 4). The set could discriminate COT
from non-tolerant transplant patients with 80.6 % sensitivity, 89 % specificity, and
93 % NPV (Sagoo et al. 2010).

Overall, these studies pointed out the significance of B-cell and natural killer cell
(NK cell) expansion in tolerant patients. The B-cell signature of tolerance has been
developed in two independent cohorts (increased number of naive and transitional
B-cells), and after further validation in larger cohorts, this could be used to choose
patients for immunosuppression minimization or cessation. In a prospective obser-
vational study, Viklicky et al. tried to validate the abovementioned gene set as a
guide in immunosuppression minimization. They compared operational tolerance-
associated transcripts (MS4A1, CD79B, TCL1A, TMEM176B, Foxp3, TOAG-1,
MANI1AL1 (a-1,2-mannosidase), and TLRS5) in patients with and without acute
rejection in the first day posttransplantation. The expressions of MS4A1 (CD20),
CD79B, TCL1A, and TOAG-1 as markers of naive and immature B-cells were
significantly higher in patients without acute rejection, as well as the
Foxp3/a-1,2-mannosidase ratio. The expression of TLRS was not different between
the examined groups, and TMEM176B expression was higher in rejection group
(Viklicky et al. 2013).

It seems that these seven genes have the capacity to be used as criteria to select
patients who are still on immunosuppressive regimes for drug minimization or
withdrawal.

In the most recent study, with the aim of providing a highly cross-validated COT
gene signature in blood samples and estimating the frequency of the gene signature
in patients on immunosuppressive drug, 571 peripheral blood samples were assessed
by microarray, qPCR, and flow cytometric analysis (cross-platform) in a four-stage
study design. The smallest gene set with the best performance in detection of COT
was a three-gene set, KLF6, BNC2, and CYP1B1, with 84.6 % and 90.2 % sensi-
tivity and specificity, respectively. Besides the strong B-cell signature in tolerance,
the flow cytometric analysis results demonstrated decreased total number of T-cells
and CD4~/CD3" T-cells in COT patients. On the other hand, monocytes and
dendritic cells were significantly increased in COT patients.
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The study cross-validated the previous findings and introduced a highly validated
assay to recognize patients with tolerance, which are still on immunosuppressive
drugs and are targets of immunosuppression reduction. The frequency of predicted
accommodation was 7.3 % by this assay (Roedder et al. 2015).

Briefly, all the abovementioned genomic studies and the cross-platform bio-
markers of tolerance (gene expression, flow cytometry, anti-donor immune response,
and anti-donor antibodies) are the first few steps in the long way of establishing
personalized transplantation medicine.

Potential Applications to Prognosis, Other Diseases,
or Conditions

Two major treats in the allograft patients are rejection and infection. In order to
counteract these treats, balanced immunosuppression is needed. Determining the
immunologic risk of every patient, and adjusting the immunosuppressive regime
according to it, is the optimal way to face this issue.

In the light of novel biomarkers, physicians will be able to estimate the immu-
nologic risk in the pretransplant period and prescribe initial immunosuppression in a
personalized fashion rather than in a protocol-wise manner. Biomarkers of acute
rejection after transplantation can be utilized to identify subclinical rejections and
provide timely intervention before clinical and yet irreversible histological changes
occur. The absence of these biomarkers helps in choosing appropriate patients for
immunosuppressive withdrawal in the presence of the tolerance molecular signature.

Both the tolerance signatures and the rejection predictors are beneficial during the
follow-up of patients with minimization or cessation of immunosuppressive agents.
Figure 2 is a schematic plan of what would be the treatment approach if we have
validated and easily performed biomarkers in future.

Summary Points

» This chapter is focused on novel biomarkers in diagnosis of acute rejection and
tolerance among kidney transplant patients.

* Subclinical acute rejection could only be diagnosed by protocol biopsy, which is
an invasive procedure.

* Biomarkers with the ability to diagnose subclinical rejection and guide therapy
might improve long-term graft survival.

» High urinary granzyme A mRNA is able to differentiate patients with subclinical
rejection and mild T-cell-mediated rejection from those with stable graft function.
But CMV infection must be ruled out.

* Urine mRNA of CXCL-9 with its high negative predictive value is a useful
biomarker in excluding acute rejection as the cause of impaired graft function.

* Urine mRNA of Foxp3 and OX40 predict occurrence of rejection.
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Pre-transplantation
Evaluation of Biomarkers
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Transplantation
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Fig. 2 The proposed clinical utility for biomarkers in individualization of immunosuppressive
therapy. With the goal for individualization of IS therapy, biomarkers could be used in pretransplant
period to identify high immunologic risk patients in need of strong IS regimes and low-risk patients
who might benefit from withdrawal of IS. During the posttransplantation period, biomarkers of
acute rejection help recognizing the subclinical rejections. If the patient has the TOL signature and
devoid markers of rejection, he/she would be considered for IS withdrawal. After withdrawal serial
assessment of biomarkers would be mandatory for timely diagnosis of loss of tolerance and
predicting rejection. AR acute rejection, /S immunosuppression, TOL tolerance

* Urine proteomic and genomic (mMRNA and miRNA) studies are in the path of
evolution and soon be used clinically in predicting and detecting acute rejection.

* Posttransplant serum level of CD30 might be utilized as a marker of increased
alloimmunity and a guide to immunosuppressive dose adjustment.

* The 17-gene panel identified as the Kidney Solid Organ Response Test (kSORT)
is the best genomic marker of acute rejection till now.

* Increased expression of miR-142-5p in peripheral blood cells is diagnostic for
chronic antibody rejection.

* Clinical operational tolerance is a state of tolerating the allograft in the absence of
immunosuppressive drugs without pathologic evidences of rejection for at least
1 year.



24 M. Nafar and S. Samavat

» The tolerance signature was introduced based on genomic studies.

* Different cross-platform studies identified gene sets for diagnosis of tolerance.

» The identified gene sets pointed out the role of naive and transitional B-cells and
natural killer cells in maintenance of tolerance against allograft.
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Abstract

Acute kidney injury refers to the rapid loss of renal function. In newborns,
although the precise incidence of acute kidney injury is unknown, research has
shown that 8-24 % of all critically ill newborns in neonatal intensive care units
may develop the condition. Although traditional markers of acute kidney injury
lack sensitivity and specificity for early diagnosis in the neonatal period, several
novel serum and urinary biomarkers are under intense scrutiny for their role as
noninvasive indicators of early acute kidney injury. The most promising bio-
markers are cystatin C, neutrophil gelatinase-associated lipocalin, interleukin-18,
and kidney injury molecule-1.

Keywords
Acute kidney injury « Newborn « Neonatal period * Biomarkers ¢ Diagnosis

Abbreviations

AKI Acute kidney injury
CysC Cystatin C

EGF Epidermal growth factor
FGF-2 Fibroblast growth factor-2
GFR Glomerular filtration rate

IL-18 Interleukin-18

KIM-1 Kidney injury molecule-1

NGAL  Neutrophil gelatinase-associated lipocalin
NICUs  Neonatal intensive care units

sCysC Serum CysC

SNGAL Serum neutrophil gelatinase-associated lipocalin
uCysC  Urinary CysC

ulL-18  Urinary interleukin-18

uKIM-1  Urine kidney injury molecule-1

uNGAL  Urinary neutrophil gelatinase-associated lipocalin

Key Facts of Diagnostic Biomarkers of Acute Kidney Injury
in Newborns

* A major concern for neonatologists is the disturbance of renal function during the
neonatal period, i.e., acute kidney injury.

» The diagnosis of acute kidney injury is not easy and is based mainly on urine
production and various serum markers.

» The traditional markers are not so specific for early diagnosis of neonatal acute
kidney injury.

* Research has shown that some novel biomarkers may be much better than the
traditional.
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» The novel biomarkers are cystatin C, neutrophil gelatinase-associated lipocalin,
interleukin-18, and kidney injury molecule-1.

» Despite the encouraging data, further research is necessary in order to find the
most reliable biomarker for timely detection of the condition.

Definitions

Apoptosis The process of programmed cell death.

Metabolomics The scientific study of chemical processes involving metabolites.
Necrosis The premature death of cells and living tissue.

Proteomics The large-scale study of proteins, particularly their structures and
functions.

Proximal tubules The proximal tubule is the portion of the duct system of the
nephron of the kidney which leads from Bowman’s capsule to the loop of Henle.

Reperfusion injury The tissue damage caused when blood supply returns to the
tissue after a period of ischemia or lack of oxygen.

Very low-birth-weight infants Infants who are born weighing less than 1,000 g.

Introduction

Acute kidney injury (AKI) is defined by an acute and reversible increase in serum
creatinine levels associated or not with a reduction in urine output (Singbartl
et al. 2012). It is an important cause of morbidity and mortality in newborns and is
directly associated with poor outcomes (Singbartl and Kellum 2012; Siew and Deger
2012; Akcan-Arikan et al. 2007; Zappitelli et al. 2008). The overall incidence of AKI
in critically ill newborns in NICUs is 8-24 %. In neonates with perinatal asphyxia, the
incidence of AKI may increase to 56.3 % (Durkan and Alexander 2011). Other
conditions that may lead to AKI in the perinatal period include prematurity, congenital
diseases, sepsis, or administration of nephrotoxic agents (Andreoli 2004).

The newborn’s kidneys are more susceptible to injury due to increased vulnerability
to hypoperfusion, as well as due to low glomerular filtration rate, high renal vascular
resistance, high plasma renin activity, decreased intercortical perfusion, and decreased
reabsorption of sodium in the proximal tubules (Liborio et al. 2014). The prognosis of
AKI in newboms depends on its etiology and on gestational age; however, 25-50 % of
neonates with AKI die, and long-term problems may appear in the survivors (Andreoli
2004; Askenazi et al. 2009a; Agras et al. 2004; Abitbol et al. 2003).
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Table 1 Classification and staging systems for acute kidney injury

Urine output
System | Serum creatinine criteria criteria
AKIN stage
1 Serum creatinine increase >26.5 pmol/l (>0.3 mg/dl) or increase to | <0.5 ml/kg/h
1.5-2.0-fold from baseline for 6 h
2 Serum creatinine increase >2.0-3.0-fold from baseline <0.5 ml/kg/h
for 12 h
3 Serum creatinine increase >3.0-fold from baseline or serum Anuria for 12 h
creatinine >354 pmol/l (>4.0 mg/dl) with an acute increase of at
least 44 pmol/l (0.5 mg/dl) or need for renal replacement therapy
RIFLE class
Risk Serum creatinine increase to 1.5-fold or glomerular filtration rate <0.5 ml/kg/h
decrease >25 % from baseline for 6 h
Injury Serum creatinine increase to 2.0-fold or glomerular filtration rate <0.5 ml/kg/h
decrease >50 % from baseline for 12 h
Failure | Serum creatinine increase to 3.0-fold or glomerular filtration rate Anuria for 12 h

decrease >75 % from baseline or serum creatinine >354 pmol/l
(>4 mg/dl) with an acute increase of at least 44 pmol/l (0.5 mg/dl)

AKIN AKI Network; RIFLE Risk, Injury Failure, Loss, End-stage renal disease

On the other hand, diagnosis of neonatal AKI is highly challenging and is based
on urine output, serum creatinine, and glomerular filtration rate (GFR) values
(Table 1). Unfortunately, the diagnosis may be delayed due to abnormal or immature
tubular function especially in premature neonates and the limitations in the use of
serum creatinine as diagnostic marker; serum creatinine is not increased until 50 %
of kidney function has been lost, while its levels are affected by renal and nonrenal
factors (Argyri et al. 2013; Askenazi et al. 2009a; Bariciak et al. 2011; Druker and
Guignard 2002).

Although traditional markers of AKI lack sensitivity and specificity for early
diagnosis in the neonatal period, several novel serum and urinary biomarkers are
under intense scrutiny for their role as noninvasive indicators of early AKI (Parikh
and Devarajan 2008). These novel biomarkers will be presented in the present
chapter, and their role in early diagnosis and prognosis of AKI in newborns will
be discussed.

Biomarkers of Acute Kidney Injury

Several biomarkers have been so far associated with AKI in newborns (Alge
et al. 2013). The most promising are cystatin C (CysC), neutrophil gelatinase-
associated lipocalin (NGAL), interleukin-18 (IL-18), and fibroblast growth
factor-2 (FGF-2) in serum and CysC, NGAL, kidney injury molecule-1
(KIM-1), IL-18, and urinary epidermal growth factor (EGF) in urine (Table 2).
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Table 2 Biomarkers associated with acute kidney injury in newborns

Serum Urine

Cystatin C Cystatin C

Neutrophil gelatinase-associated lipocalin Neutrophil gelatinase-associated lipocalin
Interleukin-18 Kidney injury molecule-1

Fibroblast growth factor-2 Interleukin-18

Urinary epidermal growth factor

Cystatin C

Cystatin C (CysC) is a low-molecular-weight (13 kDa) cysteine proteinase inhibitor
expressed in all nucleated cells. It is produced at a constant rate and cleared exclusively
by the kidney. Cystatin C does not cross the placenta and, thus, reflects the renal
function of the neonates in early postnatal life regardless of body composition and size
(Dinarello et al. 1998; Sharma et al. 2009). Due to its small size, CysC is normally
filtered by the glomerulus and is completely reabsorbed and catabolized by the
proximal tubule without significant secretion by the renal tubules (Westhuyzen
2006). Serum CysC (sCysC) levels increase in term newborns and decrease over the
first 5 days of life, remaining stable up to day 28 of life (Plebani et al. 1997; Cataldi
etal. 1999; Novo etal. 2011). Due to this, sCysC has been used as a biomarker of renal
tolerance of ibuprofen treatment in very low-birth-weight infants (Gokmen et al. 2011).
Serum CysC was measured in 62 preterm neonates with respiratory distress syndrome
and 34 control neonates and was identified as an earlier marker of AKI before serum
creatinine increase (Elmas et al. 2013). Moreover, sCysC has been used as a predictive
biomarker of AKI in preterm very low-birth-weight infants who received indomethacin
for duct closure followed by furosemide or placebo administration (Lee et al. 2010). In
this study, infants of the furosemide group were more likely to develop AKI and had
higher levels of serum creatinine and CysC than the placebo group.

Regarding its role as a biomarker in perinatal asphyxia, not only sCysC but also
urinary CysC (uCysC) predicted AKI in neonates with a 5-min Apgar score <7
(Askenazi et al. 2012). Contrarily, sCysC was not a useful marker of renal function
in neonates with sepsis (Maruniak-Chudek et al. 2012). Newborns with septic shock
had lower levels of sCysC than those with sepsis. The uCysC was also predictive of
AKI, in non-septic critically ill newborns (Li et al. 2012). Although other studies have
evaluated CysC in older children, it is difficult to extend their results to the neonatal
population, considering that normal values of uCysC decrease with tubular maturation.

Evidence has shown so far that sCysC is not more sensitive than serum creatinine
as a marker of GFR in newborns (Treiber et al. 2006). Both sCysC and creatinine
levels at birth and 3 days after birth have been reported to be independent of sex,
gestational age, birth weight, bilirubin levels, and hydration state (Treiber
et al. 2006; Armangil et al. 2008). In addition, sCysC was correlated with the degree
of congenital renal abnormalities; a significant increase of sCysC was observed in
neonates with bilateral congenital kidney anomalies in contrast to those with unilat-
eral kidney abnormalities or without kidney malformation (Parvex et al. 2012).
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Neutrophil Gelatinase-Associated Lipocalin

Neutrophil gelatinase-associated lipocalin (NGAL) is a 25-kDa protein of the
lipocalin superfamily (Bolignano et al. 2008). NGAL is expressed in renal tubules
after an ischemic or toxic insult and following transplantation (Mishra et al. 2003,
2004, 2006). Immediately after the onset of AKI, NGAL mRNA is rapidly
upregulated in the loop of Henle and proximal tubules, causing an increase in the
synthesis and excretion of NGAL into the urine by the proximal tubule (Gupta
etal. 2005; Alge et al. 2013). However, NGAL is released in plasma by other injured
tissues, and NGAL-based diagnosis of AKI may be challenging.

The possible use of NGAL in toxic AKI was studied both in animals and humans.
In a rodent study, the authors administered an intraperitoneal dose of cisplatin
(20 mg/kg) and reported that tubule cell necrosis and apoptosis, as well as expression
of NGAL in renal tissue, occurred within 3 h, while NGAL was detected in urine in a
dose- and duration-dependent manner (Mishra et al. 2003). In a human study,
Wasilewska et al. reported that both serum and urinary NGAL levels increased
during the course of cyclosporine treatment (Wasilewska et al. 2010). In this study,
however, no firm conclusion could be drawn on urinary NGAL’s (UNGAL) possible
role as a predictor of cyclosporine nephropathy due to the small sample size. Despite
this finding, NGAL has been recently associated with inflammation; expression of
NGAL in trophoblast tissues of term placenta increased after intra-amniotic infection
in vivo and after exposure to mediators of inflammation (Tadesse et al. 2011).
Urinary NGAL was also increased in septic very low-birth-weight infants and
predicted the renal function of approximately the first month of life in this age
group (Parravicini et al. 2010; La Manna et al. 2011).

Of note, uNGAL has been characterized as the most promising AKI biomarker
(Liborio et al. 2014). Urinary NGAL is the most strikingly upregulated gene and
overexpressed protein in the kidney after ischemia and depends on birth weight and
gestational age (Askenazi et al. 2009a; Mishra et al. 2004). In neonates, a 2-h serum
NGAL (sNGAL) threshold of 100 ng/mL and a 2-h uNGAL of 185 ng/mL were the
best cutoff values with improved sensitivity and specificity for early diagnosis of
AKI compared with creatinine, whereas in children this threshold was set at 50 ng/
M1 (Argyri et al. 2013). Nevertheless, a single measurement of SNGAL in neonates
may be not sufficient for the prediction of AKI (Koch et al. 2011); the combination
of NGAL with other biomarkers may be of value in the early diagnosis of AKI
(Sarafidis et al. 2012). Askenazi et al. (2011) evaluated NGAL, IL-18, KIM-1, and
CysC and reported that they may predict AKI and mortality in very low-birth-weight
infants.

Interleukin-18

Interleukin-18 is a pro-inflammatory cytokine released by macrophages. It stimu-
lates the synthesis of other inflammatory molecules and enhances the maturation of
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T and natural killer cells, as well as the infiltration of neutrophils and macrophage
accumulation (Dinarello et al. 1998). Interleukin-18 is cleaved by caspase-1 and is
released in the proximal tubule after AKI (Melnikov et al. 2002); this biochemical
behavior is responsible for its deleterious effects on renal function.

In an experimental model of ischemia-reperfusion injury, IL-18-deficient mice
were protected from acute renal failure compared with wild-type controls (Melnikov
et al. 2001). In the same study, the IL-18-deficient mice had attenuated production of
pro-inflammatory molecules within the kidney at 24 h. Similar results were observed
in neonatal septic mice, in which neutralization of IL-18 significantly increased
mortality, while administration or recombinant IL-18 improved survival (Cusumano
et al. 2004).

In humans, serum IL-18 was significantly increased in infected newborns com-
pared with noninfected neonates, although IL-18 did not predict early onset neonatal
sepsis (Bender et al. 2008). In this study, however, very few infants had septic shock,
which might be the reason for the difference between the results. Li et al. enrolled
62 non-septic critically ill neonates of which they collected urine every 48-72 h
during the first 10 days of life (Li et al. 2012). They reported that both urinary IL-18
(uIL-18) and uCysC were independently associated with AKI. Interestingly, uCysC
levels may decrease with increasing renal maturity, but this may not occur with
ulL-18 levels. Interleukin-18 has been reported to have a potential advantage of not
changing its normal value with increasing renal maturity but can be influenced by
sepsis, reducing its ability to detect AKI (Liborio et al. 2014).

Kidney Injury Molecule-1

KIM-1 is a type 1 transmembrane glycoprotein that is not detected in urine under
normal conditions but is markedly increased after kidney ischemic or toxic injury,
characterized by epithelial cell differentiation (Argyri et al. 2013). It has significant
immunomodulatory properties as it confers the ability on epithelial cells to phago-
cytose dead cells and transforms them into phagocytes (Bonventre 2009). In kid-
neys, KIM-1 is shed from proximal tubule cells and secreted in urine.

In animals exposed to various nephrotoxic agents, as well as to gentamicin,
S-(1,1,2,2-tetrafluoroethyl)-1-cysteine, and folic acid, urine KIM-1 (uKIM-1) has
been reported to be a more sensitive and specific biomarker of AKI than creatinine.

In rats, it was reported to detect renal injury following ischemia-reperfusion
(Vaidya et al. 2006). In humans, uNGAL predicted AKI and uKIM-1 correlated
with mortality in very low-birth-weight infants, independent of gestational age and
birth weight (Askenazi et al. 2011). In addition, newborns that developed AKI had
higher levels of uKIM-1 and uNGAL than those without AKI, but this difference was
not statistically significant (Askenazi et al. 2012). Moreover, the predictive value of
uKIM-1 in premature neonates showed that the biomarker predicted aminoglycoside-
induced nephrotoxicity (Argyri et al. 2013), while in contrast, a reduction in serum
creatinine was also observed during treatment (McWilliam et al. 2011).
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Fibroblast Growth Factor-2

Various studies have demonstrated that fibroblast growth factor-2 (FGF-2) may be a
good urinary candidate biomarker for children with AKI secondary to renal endo-
thelial injury (Ray et al. 1999, 2002, 2006). Recently, Hoffman et al. evaluated
urinary FGF-2 as a marker of AKI in neonates and reported that the combination of
NGAL and FGF-2 improved the specificity to identify newborns at risk of develop-
ing AKI. However, FGF-2 did not differentiate those with AKI among those at risk
(Hoffman et al. 2013). Although the role of FGF-2 as a marker of AKI has not been
fully established so far, it has a promising role as a late biomarker for detecting the
recovery of renal function.

Urinary Epidermal Growth Factor

Urinary epidermal growth factor (EGF) may be a reliable biomarker to follow the
outcome of infants with AKI (Askenazi et al. 2012; Soler-Garcia et al. 2009; Tsau
et al. 1996; Chen and Liu 1997), while the urinary levels of EGF appear to be a
predictor of renal function recovery in adults with AKI (Kwon et al. 2010). Consid-
ering that the urinary excretion of EGF is more dependent on its renal pool
(Watanabe et al. 1989; Evans et al. 1986; Di Paolo et al. 1997), it may be a more
specific biomarker to identify ongoing renal injury in critically ill neonates than
serum creatinine.

Urine Metabolomic Profiling

In an experimental study on newborn rats, nephrotoxicity induced by gentamicin
was associated with different urinary patterns of metabolites (Fanos et al. 2014). In
total, glucose, galactose, N-acetylglucosamine, myoinositol, butanoic acid,
pseudouridine, and 3-hydroxybutyrate were significantly increased following
administration of gentamicin.

Atzori et al. investigated the possibility of kidney injuries being associated with a
well-defined metabolic pattern using 'H nuclear magnetic resonance spectroscopy
technology (Atzori et al. 2011). They analyzed the urine metabolic profile of
21 children affected by nephropathies and compared it with that of 19 healthy
controls. They reported that renal and urinary tract malformations were related to a
specific metabolic profile belonging to the nuclear magnetic resonance spectroscopy
regions [3.5-3.9], [4.1-4.4], and [8.2-8.6], suggesting the localization of the damage
(cortexes 1, 2, and 3, medullary). In particular, multivariate analysis of urine spectral
data revealed a clustered distribution with a significant separation of the term infant
samples and preterm infant samples. This study is of major importance because data
analysis enabled the identification of the main discriminating low-molecular-weight
metabolites, suggesting that amino acid biosynthesis and metabolism are the key
metabolic mechanisms underlying fetal and perinatal maturation processes. In
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conclusion, "H-NMR metabolomic analysis of urine appears to be able to assess the
metabolic status of preterm and term infants at birth. Nevertheless, the findings of
Atzori et al. (2011) should be interpreted with caution because their results may be
biased by variables such as maternal pathological conditions, mode of delivery,
perinatal and neonatal disorders, as well as by iatrogenic factors. In either case,
further large-scale prospective clinical metabolomic studies are needed in order to
confirm the aforementioned findings. Particularly, research should focus on the
investigation of selected groups of neonates affected by specific disorders or under
particular conditions (Atzori et al. 2011).

Discussion

Until now, neither serum creatinine nor urine output meets the characteristics of the
ideal biomarker for early diagnosis of AKI (Askenazi et al. 2009b; Bariciak
et al. 2011; Drukker and Guignard 2002; Murray et al. 2002). The biomarkers
discussed can be measured in serum and in urine. Each one of these biomarkers
has some advantages.

On the other hand, sCysC does not reflect maternal values in contrast to serum
creatinine (Plebani et al. 1997; Cataldi et al. 1999), but its role in estimating GFR in
newborns still remains controversial (Treiber et al. 2006). NGAL seems to be the
most promising biomarker of AKI in newborns. It increases earlier in ischemic AKI
than other emerging markers (Krawczeski et al. 2011). Nevertheless, both serum and
urinary NGAL are increased at 2 h after cardiopulmonary bypass in neonates, while
sCysC, uKIM-1, and ulL-18 are markedly increased at 12-24, 612, and 46 h,
respectively, in children undergoing the procedure (Krawczeski et al. 2010; Han
et al. 2008; Parikh et al. 2006). In addition, both uNGAL and uKIM-1 seem to be
promising biomarkers of toxic AKI (Mishra et al. 2004; Wasilewska et al. 2010;
Vaidya et al. 2006; McWilliam et al. 2011; Zhou et al. 2008), while uKIM-1 and
sIL-18 have been positively correlated with adverse clinical outcome (Argyri
et al. 2013).

Despite the increase in evidence, further research and extensive comparison of
each new marker with both traditional and other novel markers of AKI are necessary
before any of these biomarkers can be used in everyday clinical practice for
monitoring AKI. In addition, the range of baseline values of the aforementioned
biomarkers has to be established. Given the fact that AKI is associated with high
mortality, especially in very low-birth-weight infants (Koralkar et al. 2011), it is
unquestionably important to establish biomarkers for early diagnosis. As none of the
above biomarkers have all the characteristics required for a substance to be charac-
terized as an ideal biomarker of AKI, their combination might be a better diagnostic
and prognostic tool of the condition than each one separately (Argyri et al. 2013).

A combination of these biomarkers could make a “biomarker panel” for the early
diagnosis and severity stratification of AKI in newborns with high sensitivity,
specificity, and predictive value, especially when combined with the metabolomic
profile. Recently, serum and urine samples have been analyzed by the “omics”
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techniques. Not only proteomics but also metabolomics seems to be a promising tool
in identifying diagnostic biomarkers, which in turn assist timely intervention
(Lindon et al. 2004). However, although kidney disease is an appropriate field for
mass spectrometry and 'H nuclear magnetic resonance spectroscopy studies, the
pathophysiology of kidney injury is still unclear (Pan and Raftery 2007; Weiss and
Kim 2012).

Conclusions

Several biomarkers have been proposed as predictors of neonatal AKI. However,
further prospective studies in large populations of neonates have to be conducted
before any of these biomarkers are used in everyday practice. Comparison of each
new marker with both traditional and other novel markers of AKI is necessary to find
the most reliable biomarker for timely detection of the condition. A combination of
the described biomarkers with metabolomics could make a “biomarker-metabolomic
panel” for the early diagnosis and severity stratification of AKI in newborns with
high sensitivity, specificity, and predictive value.

Potential Applications to Prognosis, Other Diseases, or
Conditions

Critically ill newborns with acute kidney injury may develop hypertension, partic-
ularly those requiring intensive care. Hypertension increases the risk for early onset
cardiovascular disease and requires careful diagnostic evaluation and prompt treat-
ment. Moreover, acute kidney injury may evolve to multiple organ failure and death.
Although in newborns, renal dysfunction did not seem to have a critical impact on
mortality until now, in a recent study, the authors showed that severity of renal failure
was strongly associated with mortality in infants who were treated with extracorpo-
real membrane oxygenation (Zwiers et al. 2013). This finding suggests that there
should be a cutoff value at which the severity of acute kidney injury directly impacts
mortality.

In general, acute kidney injury is an independent risk factor for poor outcomes in
critically ill neonates, and prognosis is variable. Infants with prerenal acute kidney
injury who receive prompt treatment for renal hypoperfusion have an excellent
prognosis, while those with postrenal acute kidney injury related to congenital
urinary tract obstruction have a variable outcome. Also, infants with intrinsic acute
kidney injury have significant risks of morbidity and mortality.

Despite advantages in renal medicine, renal pathophysiology of critically ill
newborn patients makes it difficult to interpret urine output and serum creatinine
levels to diagnose acute kidney injury. Considering that renal dysfunction may be
reversible if early diagnosed, improving our diagnostic methods with better acute
kidney injury biomarkers will allow us to intervene much earlier in the disease
course.
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Summary Points

» Eight to twenty-four percent of all critically ill newborns in neonatal intensive
care units may develop acute kidney injury.

» Diagnosis of neonatal acute kidney injury is highly challenging and is based on
urine output, serum creatinine, and glomerular filtration rate values.

 Traditional markers of acute kidney injury lack sensitivity and specificity for early
diagnosis in the neonatal period.

» Several novel serum and urinary biomarkers are under intense scrutiny for their
role as noninvasive indicators of early acute kidney injury.

» The most promising biomarkers are cystatin C, neutrophil gelatinase-associated
lipocalin, interleukin-18, and kidney injury molecule-1.

* A combination of the described biomarkers with metabolomics could make a
“biomarker-metabolomic panel” for the early diagnosis and severity stratification
of acute kidney injury in newborns with high sensitivity, specificity, and predic-
tive value.
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Abstract

Although numerous osmoles contribute to the measured value of osmolality in
serum and urine, most clinical laboratories cannot measure these individually.
The most part of osmolality of serum or urine is determined by five or six
major effective osmoles. Formulae for calculating serum and urine osmolality
derive from these osmoles. The difference between the measured and calcu-
lated osmolality in serum and urine is defined as the osmolal gap.

The serum osmolal gap is useful in the differential diagnosis of high anion gap
metabolic acidosis and can be used as a screening test for intoxication with active
osmoles, including ethanol or other toxic alcohols. In addition, serum osmolal
gap can be increased in ketoacidosis, lactic acidosis, and advanced chronic kidney
disease. The urine osmolal gap is correlated with ammonium (NH,4") excretion
and is useful in the differential diagnosis of normal anion gap metabolic acidosis.
A decreased urine osmolal gap can be observed in patients with distal renal
tubular acidosis, early chronic renal failure, and aldosterone deficiency or
resistance.

Keywords
Serum osmolal gap ¢ Urine osmolal gap ¢ Metabolic acidosis

Abbreviations

Cl™ Chloride
H' Acid
HCO;~ Bicarbonate
K* Potassium
Na* Sodium
NH,* Ammonium

Key Facts of the Osmolal Gap

Although there are numerous osmoles that contribute to the actual measured value
of osmolality in serum and urine, these cannot be measured individually in
standard clinical laboratories.

Since the osmolality of serum or urine is largely determined by five or six major
effective osmoles, formulae for the calculation of serum and urine osmolality
derive from these osmoles.

The osmolal gap refers to the difference between the measured and calculated
osmolality of serum or urine.

The most common cause of an increased serum osmolal gap is the addition of
osmotically active substances, including ethanol, toxic alcohols such as methanol,
glycols, or drug metabolites.
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* A decreased urine osmolal gap is associated with conditions including distal renal
tubular acidosis, chronic renal failure, aldosterone deficiency, and aldosterone
resistance; in these conditions, urine ammonium excretion or production is low
due to defective renal acidification.

Definitions

Osmolarity The numbers of osmoles of solute per liter of solution (mmol or
mOsmol/L).

Osmolality Osmoles of solute per kg of solvent, expressed as mmol or mOsmol/

Measured osmolality Osmolality which can be measured directly by osmometry.

Calculated osmolality Osmolality which can be estimated by using formulae
measuring the concentrations of the major effective solutes.

The osmolal gap Difference between the measured and calculated osmolality.

Metabolic acidosis Conditions with the gain of acid or loss of alkali due to the
metabolic causes.

Introduction

The concentration of the osmotic particles (osmoles) of a solute is expressed as either
osmolarity or osmolality. Osmolarity refers to the numbers of osmoles of solute per
liter of solution (mmol or mOsmol/L), while osmolality refers to osmoles of solute
per kg of solvent, expressed as mmol or mOsmol/kgH,0O. Most available osmom-
eters measure the osmolality of a solution.

In serum or urine, there are numerous osmoles, which cannot be measured indi-
vidually in standard clinical laboratories. In serum and urine, only five or six major
effective (osmotically active) osmoles determine the osmolality, and some of these are
routinely measured in the clinical laboratory. Once the concentration of the measurable
principal osmoles is established, it is possible to approximately calculate the osmolal-
ity of serum or urine. The difference between the measured and calculated osmolality
is defined as an osmolal gap. In serum, this refers to the concentration of trivial solutes,
while in urine it comprises immeasurable major osmoles, namely, ammonium (NH,4").

An increase in the serum osmolal gap is associated with conditions in which
abnormal solutes are either produced endogenously or gained exogenously. Heavy
alcohol ingestion or toxic alcohol intoxication is one of the common causes of an
increased serum osmolal gap.



44 J. Lee et al.

A decreased urine osmolal gap is associated with conditions in which
urinary ammonium excretion or production is low, due to defective renal
acidification that occurred in distal renal tubular acidosis or chronic kidney disease.

Definition

Serum and urine osmolality can be measured by osmometry (the “measured osmo-
lality”) or estimated by using formulae measuring the concentrations of the major
effective solutes of serum or urine (the “calculated osmolality”). The osmolal gap is
the difference between the measured and calculated osmolality (Koga et al. 2004).

Estimation of the Osmolal Gap
Measured Osmolality

The osmolality of serum or urine is measured by an osmometer. The most commonly
used osmometer is freezing point osmometry, which is useful for the majority of
samples, which have an osmolality of approximately ~500 mOsmol (or mmol)/
kgH,O. Vapor pressure measurement is suitable for samples with osmolalities in the
range of 100-3000 mOsmol (or mmol)/kgH,O and not affected by sample viscosity
or the presence of suspended particles (Walker et al. 1986; Sweeney et al. 1993.

Calculation of Osmolality

Calculated Serum Osmolality

The serum osmolality is estimated by the concentrations of the solutes in the serum.
In normal subjects, total serum solute concentration is determined by the five major
effective osmoles: sodium (Na*), chloride (C17), bicarbonate (HCO; ™), glucose, and
urea. Since sodium ions are counterbalanced by C1~ and HCO; ™, only Na", glucose,
and urea need to be measured to calculate the serum osmolality (Rasouli and
Kalantari 2005; Gennari 1984).

A variety of formulae have been proposed for use in the prediction of the serum
osmolality. Most studies, however, have concluded that the calculated serum osmo-
lality can be best estimated from the following formulae (Worthley et al. 1987,
Purssel et al. 2001; Bhagat et al. 1984):

(a) Calculated serum osmolality (mOsmol/kgH,0) = 2 x [Na'] + [glucose]/18 +
[blood urea nitrogen]/2.8
Note: in standard clinical laboratory, measured [Na'] and [K'] are in mmol/L,
while [glucose] and [urea] are in mg/dL. The divisors 18 and 2.8 convert units of
mg/dL into mOsmol/kg or mmol/L.

(b) Calculated serum osmolality (mOsmol/’kgH,0) = 2 x [Na] + [glucose] +
[blood urea nitrogen] (in mmol/L)
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Calculated Urine Osmolality

The calculation of the urine osmolality is possible by the concentrations of the
solutes in the urine. In normal subjects, total urine solute concentration is determined
by six major osmoles: Na*, K*, Cl~, glucose, urea, and ammonium (NH,4").

Under normal physiologic conditions, there is a large amount of K, NH, ", and
undetectable HCO; . Nearly all of the filtered HCO;3 ™ is reabsorbed in the proximal
tubules, and 1 mmol/kg of acid (H") per day should be excreted from the intercalated
cells of the collecting ducts. The acid excreted is combined with luminal NH3 and
CI™ (Figs. 1, 2). Since at least 1 mmol/kg/day of NH4CI is excreted in the urine,
NH," becomes the major cation in urine. Given the abundance of K* in food, a
mechanism is required to maintain serum concentration; the kidney is genetically
adapted to excrete the excess K" into the urine. Together Na“, NH,4", and K" which
are counterbalanced by Cl~ are the major cations in urine. Since NH," cannot be
measured easily in most standard clinical laboratory, only Na", K, glucose, and urea
are measured to calculate urine osmolality.

The calculated urine osmolality can be estimated by the following formulae:

(a) Calculated urine osmolality (mOsmol/kgH,0) = 2 x {[Na'] + [K']} +
[glucose]/18 + [urea]/2.8
Note: in standard clinical laboratory, measured [Na'] and [K'] are in mmol/L,
while [glucose] and [urea] are in mg/dL. The divisors 18 and 2.8 convert units of
mg/dL into mOsmol/kg or mmol/L.

Lumen

T

H,CO,

l

co, + H0 ===

HCO;

Fig. 1 Acidification in proximal tubule. Acid (H") is excreted into the lumen of the proximal
tubule by Na*-H" exchanger (NHE) or H"-ATPase. In lumen, H" is combined to HCO;~ forming
dissolved CO, in water by carbonic anhydrase (CA). Dissolved CO, is reabsorbed by aquaporin
(AQP) 1, water channel. In the proximal cell, it is cleaved to acid and HCO;~ by CA. Along with
Na", nearly all of HCO; ™ is reabsorbed to blood by Na'-bicarbonate cotransporter (NBC)
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Lumen 3Na* Blood
PT
HPO,*> Na*
2K*
H* v\/ HCO3'
H,CO, NBC
t CA Na*
NaH,PO, CO, + H,0
(Titratable acid) cD
NH; H* H* v\/ HCO;
CA :
NH,CI H,0 + CO, B
(Ammonium)

Fig. 2 Urine acidification by acid excretion and equimolar alkali (HCO; ) reclamation in the
kidney. The remnant H" exceeding the limit that can be combined to HCO; ™ in the lumen of the
proximal tubule should be combined to phosphate buffer forming titratable acidity. In the proximal
tubule, nearly all of phosphate is reabsorbed by Na'-phosphate transporter (NPT). In the collecting
ducts, daily load of H' should be excreted by either H'-ATPase or H'-K *-ATPase under the control
of aldosterone. In the lumen, the excreted acid is combined to NH; and CI™ forming NH4Cl. Urine
NH, " reflects on the amount of acid excretion. In each process, H' excretion is accompanied by an
equimolar reabsorption of HCO3; by NBC and AE (anion exchanger)

(b) Calculated urine osmolality (mOsmol/kgH,0) = 2 x {[Na'] + [K']} +
[glucose] + [urea] (in mmol/L)

Serum or Urine Osmolal Gap

The serum osmolal gap refers to the concentration of trivial solutes in serum. In
clinical practice, the normal serum osmolal gap is below 10—15 mOsmol/kgH,0.

The urine osmolal gap refers to the concentration of immeasurable major
osmoles, namely, NH, ", present in the urine (Fig. 3). In clinical practice, the normal
urine osmolal gap is above 80-100 mOsmol/kgH,O (Halperin et al. 1988).

Clinical Utility of the Serum and Urine Osmolal Gap
Serum Osmolal Gap

The mechanism of an increased serum osmolal gap is either the increase in measured
osmolality or a decrease in calculated osmolality. An increase in unmeasured solutes
in the serum results in an increase of the serum osmolality and an osmolal gap. In the
case of pseudohyponatremia accompanying hyperlipidemia or hyperproteinemia,
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Measured Osm = 2{[Na*]+[ K" ]+[ NH,*]}+[Ur¢a]+[Glugose]+ immeasurable Osm
- Calculated Osm = 2{[Na*]+[ K*]} +[Urea]+[ Glycose]

Osmolal gap = 2 [NH] + immeasurable Osm

Na*

K+ 3 Cl-

NH,*
CT A-

Fig. 3 Compositions of urine osmoles and urine osmolal gap (C" immeasurable cations, 4~
immeasurable anions). In normal subjects, total urine solute concentration is determined by six
major osmoles: Na®, K, CI™, glucose, urea, and NH,". The urine osmolal gap refers to the
concentration of NH,4" present in the urine

Table 1 Serum osmolal gap. In normal subjects, total serum osmolality is determined by five
major effective osmoles: sodium (Na*), chloride (Cl ™), bicarbonate (HCO; ™), glucose, and urea.
Since sodium ions are counterbalanced by C1~ and HCO;~, only Na", glucose, and urea need to be
measured to calculate the serum osmolality. The osmolal gap is the difference between the measured
and calculated osmolality (Osm osmolality)

Measured Osm* = 2 [Na™] + Slwcose - BUN 4 jmmeasurable Osm

—Calculated Osm = 2[Na*] + Glucose 4 BUN

Osmolal gap = Immeasurable Osm (<10-15 mOsmol/’kgH,0O)

*Osm osmolality

the calculated serum osmolality decreases, while the serum osmolal gap increases
(Tables 1 and 2).

Estimation of the serum osmolal gap is useful in the differential diagnosis of high
anion gap metabolic acidosis (Kraut and Xing 2011). The serum osmolal gap can be
used as a rapid screening test for the detection of active osmoles, including ethanol or
other toxic alcohols, such as methanol, ethylene glycol, diethylene glycol, propylene
glycol, and isopropanol. Ethanol ingestion is one of the most common causes of an
elevated serum osmolal gap (Shull and Rapoport 2010), and results in ketoacidosis
with a high serum anion gap (Almaghamsi and Yeung 1997). The osmolality of
ethanol can be calculated by the following formulae: (1) osmolal gap = ethanol
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Table 2 Conditions with an increased serum osmolal gap. Increased osmolal gap is observed in

several clinical conditions including intoxication of alcohol, toxin, or drugs

Alcohol
Ethanol
Toxic alcohols: methanol, (di)ethylene glycol, propylene glycol, isopropanol

Lactic acidosis, diabetic ketoacidosis

Hyperlipidemia, hyperproteinemia

Kidney disease (renal failure): acute, chronic

Drugs or metabolites: mannitol, radiocontrast dye, salicylate, acetaminophen

SIADH, diabetes insipidus

Trauma, crush injury

Circulatory collapse: severe heart failure, sepsis

Table 3 Causes of metabolic acidosis. The serum osmolal gap is high in patients with acidosis due
to exogenous solutes gain. A low urine osmolal gap reflects on a low urinary excretion of
ammonium (NH,"), in the patients with acidosis due to defective acid excretion of the kidney.
This kind of acidosis can be easily detected by low urine osmolal gap (*GI gastrointestinal)
1. Acid gain (production)
1. Endogenous
Lactic acidosis, diabetic ketoacidosis, renal failure
2. Exogenous: high serum osmolal gap
Methanol, ethanol, ethylene glycol, paraldehyde
II. Alkali (HCO5) loss
1. Direct loss
1. GI* loss: diarrhea, pancreatic/biliary drainage, short bowel, ileostomy
2. Renal loss: proximal renal tubular acidosis
2. Indirect loss: low urine osmolal gap
Defective HCO; ™ reclamation due to defective H' excretion
Distal renal tubular acidosis, hypoaldosteronism, Gordon syndrome, mild chronic renal
failure

*@I gastrointestinal

(mg/dL)/3.7-0.35 or (2) 1.25 x ethanol (mmol/L) — 0.35 (Purssell et al. 2001). A
high anion gap metabolic acidosis with a high osmolal gap may also be caused by the
ingestion of toxic alcohol/glycols, such as methanol and ethylene glycols (Kraut
et al. 2013). A serum osmolal gap >10 mOsmol/kgH,O can be used as a reliable
screening test for methanol or ethylene glycol ingestion (Lynd et al. 2008). Other
alcohol derivatives, such as diethylene glycol and propylene glycol, can cause a high
anion gap metabolic acidosis with a high serum osmolal gap. In contrast, isopropyl
alcohol (isopropanol or rubbing alcohol), which is metabolized to acetone, results in
a high osmolal gap without metabolic acidosis (Slaughter et al. 2014; Table 3).

In ketoacidosis, lactic acidosis, and advanced chronic kidney disease (renal
failure), the serum osmolal gap may be slightly increased; a typical osmolal gap in
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Fig. 4 Urine anion gap and osmolal gap in chronic renal failure and distal renal tubular
acidosis patients and in acid-loaded normal controls. Patients with chronic renal failure (solid
circle) and distal renal tubular acidosis (friangle) had defects in acid excretion in the collecting
ducts. The urine osmolal gaps were very low in those patients due to decreased NH," excretion in
urine compared to the acid-loaded normal controls (open circle) (Kim et al. 1996)

these conditions is in the region of 10 mOsmol/kgH,0, and it is rarely >20 mOsmol/
kgH,O (Dursun et al. 2007).

Estimation of the serum osmolal gap can serve a variety of purposes. It is a useful
indicator for the initiation and termination of dialysis in methanol intoxication
(Hunderi et al. 2006). The increased serum osmolal gap is predictive of contrast-
induced acute kidney injury (Kim et al. 2012; Ford et al. 2013). An increased
osmolal gap (>10 mOsmol/kgH,0) has been reported in patients with a wide variety
of conditions including acute renal failure (associated with sepsis, abdominal sur-
gery, or acute pancreatitis), abdominal sepsis with liver damage, severe heart failure,
syndrome of inappropriate antidiuretic hormone (SIADH), acquired diabetes
insipidus, trauma or crushing injuries, lactic acidosis, and ingestion of drugs includ-
ing salicylate, acetaminophen, and lorazepam (Tomey 1997; Shull 1978).

Urine Osmolal Gap

In clinical practice, the urine osmolal gap is useful in the differential diagnosis of
normal anion gap metabolic acidosis.

Normal individuals excrete over 75 mmol/L (>150 mOsmol/kgH,0) of urine
NH, " per day, and this increases further in metabolic acidosis. The reference value of
the urine osmolal gap for the individual with metabolic acidosis whose acid excre-
tion of the kidney is normal is up to 150-200 mOsmol/kgH,O (Kim et al. 1996;
Halperin et al. 2004); (Fig. 4). A urine osmolal gap below normal limits indicates
that urinary NH," excretion is low. A decreased urinary NH, " excretion may result
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from defective renal acid excretion which will be observed in patients with distal
renal tubular acidosis, early chronic renal failure, and resistance to or deficiency of
aldosterone. Impaired urine acidification results in a decrease in urinary NH," and
net acid excretion (NAE). Distal renal tubular acidosis, early chronic renal failure, or
defective response to aldosterone with impaired urinary acid excretion is associated
with a high urine anion gap and a low urine osmolal gap.

In patients with a high anion gap metabolic acidosis, the urine osmolal gap would
be high due to urinary loss of organic acid anions (i.e., ketones in diabetic
ketoacidosis).

Limitations to the Clinical Utility of the Osmolal Gap
Various Causes of an Osmolal Gap

An elevated serum osmolal gap can occur in a variety of clinical settings, other than
metabolic acidosis. Causes of an osmolal gap include sick cell syndrome in patients
with multiorgan failure (Guglielminotti et al. 2002), absorption of glycine, and
intravenous infusion of hypertonic mannitol (Dorman et al. 1990). After ingestion
or intoxication, toxic alcohol/glycols are metabolized from uncharged active
osmoles to charged molecules such as formate or glycolate; the latter molecules
have no effect on osmolality or the osmolal gap. Therefore, the diagnostic usefulness
of the serum osmolal gap is limited in the acute phase of intoxication with ethanol or
toxic alcohols.

Limitations of Methods of Osmometry

Accurate measurements of osmolality using osmometry require that the solutions
have specific characteristics. Freezing point osmometry cannot be performed on
samples containing particles, which can act as crystallization nuclei, or on samples
with viscosities that are different to water. Vapor pressure osmometry is less useful in
certain circumstances, particularly for samples containing volatile solutes (Walker
et al. 1986; Sweeney et al. 1993).

Summary Points

» This chapter focuses on the clinical usefulness of the serum or urine osmolal gap
in the differential diagnosis of metabolic acidosis.

+ Metabolic acidosis is the process of acid (H") gain or alkali (HCO; ") loss.

* In metabolic acidosis, the associated anions are increased in the blood due to
acid gain.

* Acids are converted from endogenous solutes or exogenously inflowing solutes.

* Acids and associated anions converted from endogenous solutes or exogenously
inflowing solutes act as osmoles.
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» In the case of metabolic acidosis, there is an additional increase in osmoles in the
serum due to ingestion of toxins or drugs (exogenous solutes).

* Decreased renal excretion of acid results in a low urinary excretion of ammonium
NH," and defective urinary acidification: distal renal tubular acidosis, early
chronic renal failure, and resistance to or deficiency of aldosterone.

+ Since the majority of the urine osmolal gap consists of NH,", a low urine osmolal
gap may be useful in screening for defective urinary acidification.
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Abstract

One of the main renal replacement treatment modalities for patients with
end-stage renal diseases is peritoneal dialysis (PD). In PD therapy, the peritoneum
is used as an intracorporeal dialysis system. The monitoring of intraperitoneal
events is hampered by the absence of serial peritoneal biopsies. However, the
acquisition of peritoneal effluent is simple and usually occurs after a predefined
dwell or if possible after a standardized peritoneal function test. This peritoneal
effluent is composed of several proteins and metabolites, which modifies accord-
ingly due to intraperitoneal events. To date, peritoneal effluent biomarker discov-
ery is evolving with a holistic perspective. The rise of applying suffix -omics
technologies within PD therapy introduced a more exploratory approach for the
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identification of candidate effluent biomarkers. The application of genomics,
metabolomics, and proteomics with the peritoneal effluent as biospecimen is
however still in its infancy.

The emerging field of omics techniques as tools for peritoneal effluent
biomarker discovery is presented in this chapter. The high sensitivity of omics
technologies requires stringent conditions, and therefore methodological pre-
cautions must be undertaken on laboratory technical level, appropriate selection
of study design and population, as well as data analysis. For this reason,
methodological considerations for conducting omics-based PD research and
the current developments with regard to the usage of these disciplines are
addressed. Lastly, a summary is given on the available literature concerning
the usage of omics techniques with the peritoneal effluent as a liquid biopsy
within PD therapy.

Keywords
Biomarker * Discovery ¢ Effluent biomarker « Genomics ¢ Metabolomics °
Peritoneal dialysate * Peritoneal dialysis * Peritoneal effluent * Proteomics

Abbreviations

2D-DIGE Two-dimensional difference gel electrophoresis
Biobank Biological bank

Biomarker  Biological marker

CAPD Continuous ambulatory peritoneal dialysis
CKD Chronic kidney disease

CRP C-reactive protein

Ccv Coefficient of variation

DN Diabetic nephropathy

DNA Deoxyribonucleic acid

ELISA Enzyme-linked immuno assay

EPS Encapsulating peritoneal sclerosis

GN Glomerulonephritis

GWAS Genome-wide association studies

Ig Immunoglobulin

IL-6 Interleukin-6

MS Mass spectrometry

NECOSAD  Netherlands Cooperative Study on the Adequacy of Dialysis
NMR Nuclear magnetic resonance

NRI Net reclassification index

PD Peritoneal dialysis

RNA Ribonucleic acid

ROC curve  Receiver operating characteristic curve
SNPs Single nucleotide polymorphisms

SOP Standard operating procedures

VEGF Vascular endothelial growth factor
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Definitions

Biological bank (biobank) An archive containing human biospecimens that may
include blood, effluent, serum, or tissue samples. The storage of these samples occurs
preferably under standardized conditions within a single or multicenter study cohort.

Encapsulating peritoneal sclerosis (EPS) EPS is the most devastating complica-
tion of PD therapy that occurs in 3—7 % of PD patients. EPS is characterized by a
dense cocoon of fibrous tissue that covers the abdomen. High mortality rates and
severe morbidity are present for patients diagnosed with EPS.

Free water transport (FWT) Aquaporin-1 mediated transport of water, without
dissolved solutes and electrolytes. FWT is one of the peritoneal transport parameters
that become impaired in long-term PD patients.

Genomics Laboratory strategy that investigates genes and their functions. Utilized
methods comprise DNA sequencing and fingerprinting. Genomics is furthermore
subdivided into various disciplines such as epigenomics and metagenomics and
functional genomics and structural genomics.

Metabolomics Laboratory method for the identification and quantification of
metabolite levels. Chromatography is one of the primary steps used as a separation
technique. Thereafter, the metabolites may be detected by means of mass spectrom-
etry (MS) or nuclear magnetic resonance (NMR) spectroscopy.

Peritoneal dialysis (PD) therapy One of the renal replacement therapies for
end-stage renal disease patients for over almost five decades. The proportion of
PD patients in the worldwide dialysis population covers 11 %, and the 5-year
survival has increased to 41 %. In many countries, PD therapy is presented as
primary dialysis modality choice, as there is a survival benefit over hemodialysis
in the first 3 years.

Peritoneal function test A standardized peritoneal test to assess the function status
of the peritoneal membrane. Additionally, the tests provide insight into the magni-
tude of small-solute removal, fluid transport, and ultrafiltration capacity. Several
forms of peritoneal function tests are available such as a standardized peritoneal
permeability analysis or (modified) peritoneal equilibration test. However, all of
them are characterized by a predefined dwell time with or without intermediate
sampling of the peritoneal effluent.

Peritoneal membrane The peritoneal membrane is described to be a semiperme-
able membrane that consists of three main layers. Firstly, the mesothelial cell layer is
encountered, followed by the interstitium in which the peritoneal capillaries are
imbedded. Long-term and continuous exposure of PD solutions to this membrane
may lead to functional and morphological alterations.
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Proteomics Laboratory discipline for analyzing structure, conformation, and bio-
logical function of proteins. In brief, proteomic analyses encompass separation of the
proteins by gel electrophoresis methods, followed by MS-based analyses.

Systems biology A holistic point of view for gaining insight into biological mech-
anisms within cells, organisms, or species. Systems biology has been applied from
the early 1900. Genomics, metabolomics, and proteomics are disciplines within
systems biology that seek to qualify and quantify the genome, metabolome, or
proteome, respectively.

Introduction

The field of omics is expanding at a rapid pace as novel instruments for biological
marker (biomarker) discovery and unraveling pathophysiological mechanisms.
Within peritoneal dialysis (PD) therapy, the application of high-throughput technol-
ogies is still in its infancy. Especially, the peritoneal effluent as biospecimen, which
contains a variety of proteins either due to transperitoneal transport or local produc-
tion, has not yet been explored extensively (Table 1). Numerous biomarker consor-
tia, working groups, and scientists contributed to the diversity of existing biomarker
definitions with different classifications and applications (Atkinson et al. 2001;

Table 1 Key facts of peritoneal dialysis and peritoneal effluent biomarkers

In PD therapy, the peritoneum serves as a biological semipermeable dialysis membrane. Through
this membrane, toxic waste products and excess fluid are removed from the circulation into the
peritoneal cavity. During the day, 3—5 daily exchanges of PD solutions take place. These
exchanges vary in dose and duration of the dwell. After a predefined dwell time, the infused
dialysis solution is drained. This drained fluid is called the peritoneal effluent or peritoneal
dialysate, which contains several substances

Proteomic profiling and characterization of the peritoneal effluent indicated that the substances
represent merely extracellular proteins. In addition, the circulation is found to be responsible for
the presence of a majority of peritoneal effluent constituents. Substances or proteins in the
peritoneal effluent can only be eligible as effluent biomarker within PD if they are locally
produced within the peritoneal cavity

Unfortunately, no direct visualization of the peritoneal membrane is possible without invasive
procedures. Furthermore, computed tomography scans are unable to detect anatomical
modifications timely. Peritoneal effluent biomarkers are considered as noninvasive instruments for
screening or diagnostic purposes. They would allow uncomplicated monitoring of the integrity of
the peritoneal membrane. For this reason, the peritoneal effluent is regarded as the most clinically
relevant specimen within PD therapy. However, the implementation of the more established
peritoneal effluent biomarkers in routine PD patient care is fairly small

The discovery of peritoneal effluent biomarkers was previously based on pathophysiological
knowledge and hypothesis driven. The first omics-conducted research within PD therapy
originates from 2007. Effluent biomarker discovery through omics technologies is aimed at
providing proxies for specific anatomical alterations. This holistic approach is expected to deliver
insight into the sequence of intraperitoneal events. Nevertheless, current omics studies within PD
require further calibration and standardization

PD peritoneal dialysis
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Fig. 1 Peritoneal membrane modifications. The peritoneal membrane consists of three main layers:
mesothelium, interstitium, and peritoneal capillaries. In all of these layers, morphological modifi-
cations are observed for which effluent biomarkers could be utilized for diagnostic or prognostic
purposes. However, not all of these layers are considered as prominent barriers to the peritoneal
membrane transport. The increase in perfused peritoneal capillaries leads to a rapid dissipation of
glucose and consequently may evolve in a decreased ultrafiltration capacity. In a progressive stage,
the fluid transport through the water channels, e.g., aquaporins, may become impaired

Hulka et al. 1990; Perera and Weinstein 2000; Colburn 2000; Jain 2010). Overall,
the essence of molecular biomarkers is to provide noninvasive, cost-effective tools
for screening or diagnostic purposes and disease prognosis and surveillance. Addi-
tionally, molecular biomarkers may also be intended to assess therapeutic respon-
siveness or offer novel intervention strategies (Atkinson et al. 2001).

The main purpose of PD therapy as renal replacement treatment modality is to
remove toxins and excess fluid from the body. For this intention, a permanent
catheter is inserted into the peritoneal cavity through which dialysis solutions can
be instilled. The removal of these toxic waist products and excess fluid, from the
circulation into the peritoneal cavity, occurs mainly by means of diffusion through
the peritoneal membrane. Therefore, the efficacy of PD therapy is highly dependent
on the biological condition of the peritoneal membrane. The continuous exposure of
dialysis solutions to the peritoneal membrane causes however several functional and
morphological modifications (Fig. 1). The most encountered functional changes are
the rapid dissipation of the osmotic gradient and a decrease in ultrafiltration capacity.
Furthermore, some of the long-term PD patients also present with an impairment of
free water transport. Especially in patients who develop EPS, free water transport
appears to be the only peritoneal transport parameter, which can distinguish patients
with this severe complication from patient with a long PD therapy duration (Lopes
Barreto et al. 2014). The functionality of the peritoneal membrane can be monitored
incessantly by peritoneal permeability tests (Coester et al. 2009), whereas the
progression of morphological modifications remains unrevealed because no serial
peritoneal biopsies can be performed. More importantly, the functionality of the
peritoneal membrane is not inherent to the observed morphologic modifications. In
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Table 2 Prerequisites for a peritoneal effluent biomarker
1. | Detectable in peritoneal effluent by means of omics technologies or other protein detection
methods
Computational assessment of local release or production within the peritoneal cavity
3. | Involvement in pathological pathway of the peritoneal membrane

Good measures of diagnostic accuracy for PD-related outcomes (e.g., high sensitivity/
specificity)

this perspective, more emphasis is placed on potential markers that are present in the
peritoneal effluent and mirror the integrity of peritoneal tissues. Thus, promising
peritoneal effluent substances have to meet several prerequisites before the acknowl-
edgment of a peritoneal effluent biomarker is given to them (Table 2). Prior to the
rise of suffix -omics technologies, effluent biomarker discovery in PD was merely
based on hypothesis-driven research. Even though this is still valid within these
translational scientific disciplines, at present the discovery of effluent biomarkers is
evolving with a more global and exploratory perspective. The application of high-
throughput laboratory techniques offers a great opportunity to gain insight in the
peritoneal alterations that occur over time due to PD treatment and identify clinically
relevant effluent substances that may serve as biomarkers. The vast majority of high-
dimensional methodologies applied to the peritoneal effluent consist of genomics,
metabolomics, and proteomics. Previous reviews have acknowledged the potential
use of proteomics for effluent biomarker discovery and elucidation of pathophysio-
logical processes of the peritoneal membrane (Brewis and Topley 2010;
Thongboonkerd 2010). The present chapter highlights the evolving landscape of
omics, in which the human peritoneal effluent is regarded as central specimen.
Methodological considerations in effluent biomarker discovery are provided, and
an overview is given to illustrate the application and progression of omics-conducted
research within PD therapy.

Methodological Considerations

As a consequence of the large amount of data that is acquired by suffix -omics analyses,
several methodological precautions have to be taken. These preventative measures
include the optimization of analytical validity, well-designed study and selection of
study population, as well as proper data analysis. This section describes these afore-
mentioned considerations and provides examples in PD-conducted omics studies.

Analytical Validity

In biomarker discovery studies, three main phases are encountered on a laboratory
technical level that might alter research findings and thwart the interpretation of the
acquired data: pre-analytical, analytical, and post-analytical.
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The pre-analytical phase evolves sample handling and has a direct influence on the
accuracy and reproducibility. This is especially of importance when investigating the
proteome, metabolites, or candidate effluent biomarkers, which are influenced by
structural peritoneal membrane modifications over time. One of the bias-introducing
factors could be the effect of storage on the assembled effluent biospecimens. DNA
extraction and genotyping from frozen peritoneal effluent samples up to 7 years at
—20 °C indicated no influence of storage duration (Gillerot et al. 2004). However, it is
not known whether long-term storage of the effluent at lower temperatures is superior
to temperatures of at least —20 °C. Moreover, the stability of metabolites and proteins
present in peritoneal effluent and the effect of repeated freeze-thaw cycles have not
been investigated yet. To preserve the quality of the effluent and reduce the amount of
variability due to incorrect or unbalanced sample handling, standard operating pro-
cedures (SOPs) are needed. Included elements in a SOP for local or multicenter
biorepositories should at least cover the amount and volume of aliquots, storage
conditions, e.g., minimal temperature of —20 °C, mechanical freezer, or directly frozen
by liquid nitrogen, and the necessity to document the number of freeze-thaw cycles.
From the omics studies within the discipline of PD, only some of the articles provided
detailed information on sample collection and archiving comprising momentum of
effluent withdrawal, storage temperature, and time frame of sample processing. For
comparability and assessment of study quality, reporting this information is essential.

Intra-analytical inaccuracies may contribute to random or systematic errors.
These errors occur during assaying of effluent constituents, which could be
influenced by sampling handling of the laboratory personnel, measurement appara-
tus, or reagents. By performing the experiments in dupli- or triplicate, the degree of
precision can be assessed. Also, the range of standard reference curves should be
wisely chosen in order to determine the appropriate detection limit of an assay.
Typically acceptable coefficients of variation (CV) lie beneath 20 % for which one
should strive for CVs of 5 %. Furthermore, in the validation phase of biomarker
discovery by means of enzyme-linked immunosorbent assays (ELISAs) or Western
blots, one could reduce intra- and inter-variability by even distribution of the study
groups within and throughout batches. Preferably, the laboratory technician should be
blinded for the outcome of interest as well. Recently, a methodological article proposed
an optimal high-resolution effluent protein separation technique by two-dimensional
gel electrophoresis (2D-DIGE) intended for proteomic analysis (Zhang et al. 2013).
The authors investigated five precipitation methods followed by constraining abundant
proteins of the peritoneal effluent. Such attempts are in favor of reducing sample
preparation heterogeneity and enhance critical appraisal of the used high-throughput
methodologies across studies analyzing the peritoneal effluent.

Incorrect post-analytical inferences may lead to differential misclassification bias.
For example, if threshold values of the peritoneal effluent are inappropriately
determined, the contrast between groups could be augmented or diminished. As a
consequence, the results could indicate nonexisting differences between the group
with the outcome of interest and those without. Eventually, this nonrandom mea-
surement error may contribute to biased estimates of association.
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Study Designs and Population

The majority of the omics studies with the peritoneal effluent follow a cross-
sectional design. Generally, in these studies, the profiles of PD patients with the
characteristic or clinical endpoint of interest are compared to PD patients with a
stable condition. Omics studies have to be well designed, especially with regard to
the study subjects where one should strive for a homogeneous population, as the
peritoneal metabolome and proteome of PD patients are likely to be susceptive to
posttranslational modifications due to patient-related and external factors. Therefore,
the selection of patients as well as a priori specification of a validation subset is of
similar or even of greater importance when compared to other epidemiologic studies.
Unfortunately, often clinical and demographic data of the study population or
independent validation sample is lacking in omics-conducted PD research. The
sparse number of cohort and nested case-control studies is presumably the result
of impracticable specimen collection or cost related. This is however a great loss, as
the presence of a local biological bank with repetitive effluent specimens would
enable trend analyses. In addition, the sample size is relatively small in the majority
of the omics studies with PD therapy. Lastly, it is questionable whether the follow-up
duration in a number of studies is sufficient to measure difference in peritoneal
membrane alterations. Especially, since the factual peritoneal membrane dysfunction
is usually observed after a therapy duration of at least 2 years.

Another important factor of the peritoneal effluent is its origin. As the peritoneal
effluent can be obtained right after a regular PD exchange or after a standardized
peritoneal function test, it follows from this that the biological variability increases
concordantly. Therefore, the withdrawal of effluent samples in studies should be
harmonized within or between centers. Regrettably, not all omics studies within PD
report whether the peritoneal effluent is derived from a regular dwell of after a
standardized peritoneal function test.

Omics Data Analysis

An effluent biomarker can be an outcome to monitor the progression of PD therapy as
well as a prognostic factor of various PD-related complications. When a biomarker is
intended as a diagnostic or prognostic instrument, receiver operating characteristic
(ROC) curve and C-statistics are used in order to evaluate the discriminative power.
Additionally, optimal threshold values can be estimated based on the sensitivity and
specificity of a biomarker. However, these measures are highly dependent on the base
study population, and misclassification may arise due to patient demographics, labo-
ratory measurement errors, and the degree of the exposure to dialysis solutions. Hence,
one has to be cautious with the definition and selection of a correct clinical endpoint in
biomarker research. Nevertheless for that reason, the net reclassification index (NRI)
was introduced suggesting a method to gain prognostic accuracy of a biomarker
(Wilson et al. 2008). The interpretation of omics-derived findings usually requires the
use bioinformatics or the application of molecular epidemiology. In general, the sample



4 Peritoneal Effluent Biomarker Discovery in Peritoneal Dialysis: The Omics Era 61
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sizes of the current omics studies in PD are small. However, omics studies generate
enormous amount of data that are subjective to false-positive or false-negative results
when not handled as appropriate. Therefore, correction for multiple comparisons or
adjustments with regard to p-value thresholds should be applied.

Current Developments

Proteomics is the main applied high-throughput technology followed by genomics
and metabolomics for peritoneal effluent biomarker discovery (Fig. 2). These fields
have the potential to elucidate underlying molecular mechanisms that are involved in
the pathophysiology of the peritoneum. Moreover, they can empirically provide
novel diagnostic and therapeutic biomarkers based on genome, metabolite, or
protein profiles of PD patients. Nevertheless, the number of studies is still modest;
a summary is given on the recent developments and main findings.

Proteomics

In nephrology, proteomics is merely applied on plasma, serum and urinary samples,
or renal tissue. The number of proteomics studies with the peritoneal effluent as
sample type is rising, and investigations have been executed from various perspec-
tives other than the identification of novel biomarkers for PD (Fig. 3). The main
obstacle for the discovery of effluent biomarkers includes the dynamic range in
proteomic analyses.

Uremia in itself is suggested to alter the functional and structural organization of the
peritoneal membrane. Therefore, the effect of a uremic environment was investigated
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by proteomic analysis in chronic kidney disease patients (stage five) versus patients
with normal renal function (Wang et al. 2012). A number of protein alterations were
found including elevated levels of vascular endothelial growth-A (VEGF-A).

The majority of proteomics research is aimed at the characterization and profiling
of the peritoneal effluent in order to identify potential biomarkers. This discovery-
based approach has been adapted in the peritoneal effluent of incident and prevalent
adult PD patients (Wu et al. 2013; Cuccurullo et al. 2011). The study by Wu
et al. included a number of ten incident PD patients for whom three patients were
used for validation. The peritoneal effluent was assembled at start of PD therapy and
once again after 1 year. Validation by Western blots showed elevated levels of
immunoglobulin (Ig) p chain, fibrinogen y chain, and C-reactive protein (CRP) at
baseline and Ig d, a-1 antitrypsin, histidine-rich glycoprotein, apolipoprotein Al,
and serum amyloid P-component after 1 year of PD therapy duration. The authors
speculated that elevation in the protein levels that were measured after 1 year could
indicate markers for early peritoneal membrane injury. The second study consisted of
15 prevalent PD patients with varying PD therapy duration ranging from 1 to 84 months.
A subgroup was additionally defined to study the effect of glucose in PD solutions.
Profiling and characterization of the peritoneal effluent has also been investigated in
nine pediatric PD patients (Raaijmakers et al. 2008). A number of 88-shared proteins
were identified. All of the abovementioned studies indicated that the effluent of PD
patients is merely from systematic origin and reflects extracellular proteins. Charac-
terization of the human effluent has furthermore been performed with regard to
diabetic PD patients (Yang et al. 2013; Wang et al. 2010) and before and after a
peritonitis episode (Lin et al. 2008; Tyan et al. 2013). Validation by Western blots
was performed within the same study populations. The latter study identified up to
41 proteins with shared alterations in haptoglobin expression and revealed in an area
under the receiver operating characteristic curve of 0.92.

Higher levels of glucose and osmolarity in PD solutions are known to induce a
greater removal of excess fluid and toxic waste products. However, continuous
exposure of these PD solutions high in glucose leads to damage to the peritoneal
membrane. In this respect, proteomic analyses have been performed as well. An
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increased appearance of advanced glycosylation end products was shown when
patients were infused with higher percentages of glucose-based dialysis solutions
(Pesi¢ et al. 2011). Moreover, a number of nonredundant proteins including
cystatin C, collagen, fibronectin, matrix metalloproteinase-2, plasminogen, and
vitronectin were identified (Cuccurullo et al. 2011; Pesi¢ et al. 2011). Additionally,
an under-expression was found for a-1 antitrypsin, apolipoprotein A-IV, fibrinogen
B-chain, and transthyretin in patients treated with the highest glucose concentration
(4.25 %) of PD solutions when compared to those treated with 1.5 % or 2.5 %
glucose-containing PD solutions (Cuccurullo et al. 2011).

Due to the large interindividual variation in peritoneal transport status at initiation
of PD therapy, comparative analyses of the peritoneal effluent in PD patients with
different peritoneal transport characteristics have been studied as well. In these
studies, the authors found increased protein losses for PD patients with a fast
transport status as compared to patients characterized by slow peritoneal transport
rates (Wen et al. 2013; Sritippayawan et al. 2007). External validation by ELISA
confirmed elevated levels of complement 4A and IgG in the fast transporters
(Sritippayawan et al. 2007). Overall, the heterogeneity in study populations and
practical laboratory techniques contributes to the variety of identified proteins and
complexes inferences throughout studies.

Genomics and Metabolomics

Genomic biomarkers have not yet been identified, but intriguing single nucleotide
polymorphisms (SNPs) have been found in the C/C genotype on the interleukin-6
(IL-6)-174G/C loci (Verduijn et al. 2012). The base population for this study
originated from a Dutch multicenter cohort, also known as the Netherlands Coop-
erative Study on the Adequacy of Dialysis, archiving peritoneal effluent and serum
of incident dialysis patients. Additionally, two external cohorts were used for
independent data replication. A significant increased risk for mortality was associ-
ated with this IL-6 gene variant in adult patients who survived PD treatment over a
period of at least 2 years. Albeit external cohorts were defined to authenticate these
findings, further validation is necessary. Polymorphisms in the promoter region of
VEGF have also been associated with an increased risk for mortality (Szeto
et al. 2004). This was found in a prospective cohort study in 135 continuous
ambulatory PD (CAPD) patients who had a follow-up duration of 1 year. The
effluent was obtained within 2 months after start of PD and after 12 months.
Furthermore, effluent levels of VEGF measured by ELISA showed a tendency
toward lower levels in patients with the CC genotype when compared to those
with an AA/AC genotype. In contrast, messenger RNA expression was significantly
lower in PD patients with the CC genotype.

The GLOBAL Fluid Study group is a prospective longitudinal worldwide
biobank within PD that serially collects peritoneal effluent alongside serum samples.
The effluent samples within the cohort are all obtained at the end of a 4-h peritoneal
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equilibration test in incident PD patients and repeated thereafter at predefined
intervals. This group recently published a study in which an attempt was made to
identify metabolic profiles specific for PD patients who developed EPS (Dunn
et al. 2012). As no previous study investigated metabolites within the peritoneal
effluent, this study secondly aimed to provide optimal strategies for analyzing the
metabolome alongside the identification of differences in effluent composition. The
authors found that the peritoneal effluent consists grossly of low molecular weight
metabolites. Moreover, prior to the diagnosis of EPS, modifications in several amino
and short-chain fatty acids and its derivates were present. The abovementioned
studies demonstrate the capability and importance of longitudinal (multicenter)
study cohorts containing effluent specimens.

Potential Applications to Prognosis, Other Diseases, or Conditions

Within the discipline of nephrology, suffix -omics technologies are widely
applied. The earliest studies originate from 1997 with an increasing tendency in
the number of published articles ever since. Genome-wide association studies
(GWASSs) have contributed greatly to the understanding of chronic kidney dis-
eases (CKDs) as well as the main kidney failure diseases: renovascular disease,
diabetic nephropathy (DN), and glomerulonephritis (GN) (Atzler et al. 2014;
Kottgen 2010). The reviews on the recent developments of genomic and
metabolomic analyses uncovered that over 98 % of the estimated heritability
within nephrological diseases remains to be revealed. From this, it can be con-
cluded that a majority of the pathophysiological mechanisms of kidney diseases
and function still warrants elucidation. Proteomics have been applied widely as
well with similar intentions such as biomarker discovery, to reveal causal path-
ways of kidney diseases and to indicate potential therapeutic targets (Bonomini
et al. 2012). Proteomic studies within nephrology have focused on urinary bio-
markers for DN, IgA nephropathy, lupus nephritis, and rejection of renal trans-
plants (Papale et al. 2010; Rocchetti et al. 2008; Zhang et al. 2008; Metzger
et al. 2011). However, harmonization of the analytical procedures is warranted.
Another commonly mentioned issue encompasses the study designs, which are
merely represented by transversal research rather than longitudinal cohorts inves-
tigating the course of events. Moreover, the sample sizes of some studies are
relatively small. These tendencies are in line with the current advances observed
in omics-conducted PD research.

The utilized biospecimens within nephrology range from blood and serum sam-
ples to urine and renal tissue. Within nephrology, these various specimens have been
investigated extensively. However, the clinical application of potential biomarkers
still fails to appear despite their promising results. One of the aspects that also should
not be overseen is the collaboration between the clinicians, epidemiologists, (labo-
ratory) scientists, and healthcare funding organizations to enable a more rapid
integration and implementation of biomarkers.
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Fig. 4 Suggested flowchart for peritoneal effluent biomarker discovery. A flowchart is suggested
for effluent biomarker discovery that are detected by means of omics technologies. Some of the
suggested phases are based on the requirements of a peritoneal effluent biomarker. These comprise
the detection of the substance in peritoneal effluent, which should be locally produced within the
peritoneal cavity. Furthermore, the candidate peritoneal effluent marker is involved in the pathology
of peritoneal membrane and related to peritoneal dialysis-related clinical outcomes

Future Directions

As blood, serum, and urine samples are not representative for intraperitoneal events,
the central emphasis remains to be on the peritoneal effluent. PD treatment induces a
complex and multifactorial pathogenesis of the peritoneal membrane. The deficiency
of this non-defined common pathway contributes to the difficulties in effluent
biomarker discovery. These challenges can possibly be overcome with the unbiased
field of omics technologies, where associations between clinical and expression data
from confirmatory investigations may lead to the perception of underlying biological
processes preceding peritoneal injury and novel biomarker identification. A
suggested flowchart for effluent biomarkers discovery is depicted in Fig. 4 in
which their prerequisites are integrated. To our knowledge, unfortunately no perito-
neal tissue of patients treated with PD has been investigated by means of omics
technologies. The presence of serial peritoneal tissue alongside peritoneal effluents
of PD patients would be of great additive value and a prerequisite for omics-
conducted PD investigation. Nevertheless, it is doubtful that an individual peritoneal



66 D. Lopes Barreto and D.G. Struijk

effluent biomarker possesses the ability to mirror or predict all of these processes.
More likely is that a synergism of effluent biomarkers will eventually be identified in
order to predict clinically relevant PD outcomes. Thus, large multicenter biobanks
with preferably longitudinal data would contribute significantly to the discovery of
novel effluent biomarkers and their validation. The number of omics-based research
in PD is still limited, and the early phase of high-throughput technologies warrants
standardization and calibration. Essential in the conductance of omics studies is
systematic collection and storage of peritoneal effluent. To date, the absence of
longitudinal effluent biobanks including peritoneal tissue and a small sample size
has prevented the analysis of modifications in proteomic profiles over time. How-
ever, longitudinal multicenter studies such as the GLOBAL Fluid Study or within
center biobanks will hopefully bridge this gap. Furthermore, collaborations are
necessary to facilitate independent replication and validation of candidate effluent
biomarkers.

In summary, peritoneal effluent biomarker discovery is moving toward system
biology where a holistic approach may eventually lead to personalized-guided
medicine within PD. Nevertheless, the challenge remains, and the actual application
and implementation of omics-discovered effluent biomarkers is a process that may
encompass decades.

Summary Points

» This chapter focuses on the emerging field of omics technologies within perito-
neal dialysis (PD) therapy for the discovery of peritoneal effluent biomarkers.

» The peritoneal effluent can be regarded as a noninvasive liquid biopsy within PD
therapy that is easily acquired after a (standardized) predefined PD exchange.

* The peritoneal effluent contains clinically relevant proteins and substances such
as lymphocytes, macrophages, and a variety of proteins that mirror intraperitoneal
events.

» The peritoneal effluent is susceptible to posttranslational modifications.

* Methodological precautions on a laboratory level as well as computational
techniques are essential for proper assessment and interpretation of omics-
derived data.

* The number of studies that apply high-throughput laboratory techniques with the
peritoneal effluent as biospecimen within PD therapy is still limited.

» Peritoneal effluent biomarker discovery is moving toward systems biology.
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Abstract

The kidneys are critical for the secretion of cytokines and hormones, the excretion
of waste metabolites, and the homeostasis of electrolytes. Chronic kidney disease
(CKD) is a major epidemiologic problem and a risk factor for cardiovascular
events and cerebrovascular accidents. At present, renal function is generally
evaluated by measuring estimated glomerular filtration rate (¢GFR). However,
this method has low sensitivity during the early stages of CKD. A new biomarker
that can detect CKD during its early stages is eagerly awaited: mass spectrometry
(MS), an effective technology for the discovery of biomarkers due to its high
sensitivity to detect many compounds, seems to fit these conditions.
Metabolomics using mass spectrometry is a powerful strategy for profiling
metabolites and can be used to effectively explore unknown compounds that
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change in abundance with respect to disease condition. Recently, many
researchers have endeavored to apply metabolomics techniques to diagnose
various diseases, including CKD. Some metabolites that can serve as biomarkers
for CKD severity have been discovered, thanks to their efforts.

This chapter reviews metabolomics techniques and their potential to be
applied to CKD diagnosis.
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Chronic kidney disease * Metabolomics * Biomarker « Multivariate statistics ¢

Mass spectrometry

Abbreviations

CE-MS Capillary electrophoresis-mass spectrometry

CKD Chronic kidney disease

CysC Cystatin C

DMSO Dimethyl sulfoxide

ESRD End-stage renal disease

FT-ICR-MS  Fourier transform-ion cyclotron resonance-mass spectrometry
GC-MS Gas chromatography-mass spectrometry

GFR Glomerular filtration rate

HMDB Human metabolome database

KEGG Kyoto encyclopedia of genes and genomes

LC-MS Liquid chromatography-mass spectrometry

MS/MS Tandem mass spectrometry

PLS Partial least squares

SFC-MS Supercritical fluid chromatography-mass spectrometry
TOC Total organic carbon

TOF-MS Time-of-flight-mass spectrometry

Key Facts About Metabolomics and Stages of Chronic Kidney

Disease

Chronic kidney disease (CKD) is a concept that was advocated for the first time in
the United States in 2002.

A lifestyle-related disease, CKD has attracted concern and has entered the
medical consciousness worldwide.

Left untreated, CKD aggravates irreversibly and finally degenerates into
end-stage renal disease (ESRD), requiring either dialysis therapy or renal
transplantation.

Dialysis therapy is effective in removing uremic toxins from the blood but has no
effect on anemia or electrolyte disturbance, resulting in impaired quality of life.
ESRD also is a risk factor of cardiovascular disease.

Thus, early detection and treatment of CKD is not only an important issue for the
health of individuals but also a wider problem in the medical economy.
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Definitions

Chronic kidney disease (CKD) and glomerular filtration rate (GFR) CKD is
defined by the following two criteria. (1) Kidney damage confirmed by urine tests,
imaging tests, and blood tests. Especially, albuminuria is a typical symptom.
(2) Reduced glomerular filtration rate (GFR) less than 60 mL/min/1.73 m? over
3 months.

CKD is classified into six stages according to GFR (see table below) (Levey
et al. 2011). Stage 1 and Stage 2 do not equate to CKD if kidney damage is not
comorbid. Stage 5 is equivalent to end-stage renal disease.

GFR (mL/min/1.73 m?) CKD stage
90> 1

60-89 2

45-59 3a

3044 3b

15-29

15< 5

Estimated glomerular filtration rate (¢GFR) Since direct measurements of GFR
are invasive and time-consuming, GFR is typically estimated using blood creatinine,
age, and gender. There are various formulas for calculating eGFR: the Cockcroft—
Gault equation, the Modification of Diet in Renal Disease (MDRD) Study equation,
the Chronic Kidney Disease Epidemiology Collaboration (CKD-EPI) equation, the
Japanese Society of Nephrology Chronic Kidney Disease Initiative (JSN-CKDI)
equation, and so on. Because blood creatinine is proportional to the muscle mass, the
formula used differs depending on the patient’s race and gender.

Introduction

Mass spectrometry (MS), which is capable of quantitative and qualitative analyses
with high sensitivity, is a useful technique for determining the presence of various
trace metabolites in body fluids like blood or urine. Taking advantage of MS’s utility,
many researchers have attempted to perform definitive diagnosis or early detection
of diseases using it, including metabolic abnormalities, cancers in various organs,
and chronic kidney disease (CKD). In fact, mass spectrometry is already used to find
metabolic abnormalities in neonatal mass screening programs.

Because healthy kidneys have a large reserve capacity, the early stages of CKD
are difficult to identify by subjective symptoms. CKD is frequently detected by
symptoms of significantly reduced glomerular filtration rate (GFR) or increased
albumin concentration in urine (Levey et al. 2011).

Though glomerular filtration rate can be measured rigorously in terms of inulin
clearance according to international criteria, the method is very intricate and difficult
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to routinely use clinically. Thus, creatinine clearance and estimated GFR (eGFR) are
generally used as surrogate markers of inulin clearance.

However, creatinine is known to be produced by the degradation of the muscle
and secreted from the proximal renal tubule. Therefore, in aged people, low levels of
blood creatinine may instead be a result of low muscle mass, which creates the
problem of consequent overestimation of renal function. To avoid this confusion,
cystatin C (CysC) has been frequently used as an alternative clinical index for
creatinine in recent years.

CysC is not affected by muscle mass or dietary protein but is affected by
hyperthyroidism, obesity, and steroid therapy (Inker et al. 2012). Thus, CysC
alone is not a sufficient index for GFR, and further studies are needed to determine
whether to include this measurement in standard criteria (Peralta et al. 2011b).

Given this background, some researchers are exploring biomarkers that reflect
renal function loss with the use of mass spectrometry and have proposed some
candidate markers (Niwa 1997, 2009; Toyohara et al. 2010; Kikuchi et al. 2010; Sato
et al. 2011; Kobayashi et al. 2014a).

This chapter outlines search methods for biomarkers that are concerned with renal
function loss using LC-MS and evaluation methods for CKD severity using these
biomarkers.

Why Use Metabolomics to Diagnose CKD

CKD is definitively diagnosed by the following symptoms: abnormally low glomer-
ular filtration rate, existence of albuminuria, and apparent nephropathy as deter-
mined by imaging or pathological examination. These are not preventive indices of
CKD, but definitive criteria.

Representative evaluative indices for GFR are serum creatinine, CysC concen-
trations, and inulin clearance (Peralta et al. 2011a, b; Horio et al. 2013). However,
serum creatinine and CysC have a so-called blind area in that their concentrations are
not increased immediately in the early stages of CKD, which causes difficulty in
detecting CKD in the early stages using creatinine and CysC as indices of CKD
(Herget-Rosenthal et al. 2007; Tangri et al. 2011). While inulin clearance is the gold
standard method for determining GFR (Levey et al. 2005), the procedure for
measuring it is invasive and cumbersome, and so it is not suitable for screening use.

Therefore, from the viewpoint of early discovery and prevention of CKD, it is
necessary to employ indicators that more sensitively reflect decreased renal function
than these CKD diagnostic criteria commonly adopted today. Because healthy
kidneys have a large reserve capacity, even if the concentration of metabolites
in vivo fluctuates due to the pathology of CKD, it is reasonable to believe that the
degree of fluctuation is negligible in its initial stages. Therefore, the use of MS has
been promoted in order to detect very slight changes in the concentrations of
compounds in samples.

The relatively new field of metabolomics has been developed in recent years,
stimulated by the spread of mass spectrometry (Kell 2004). At first, it was proposed
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as a means to comprehensively analyze the various metabolic products present in the
living body. Many attempts to assess renal function using metabolomics techniques
have been made to date (Niwa 1997, 2009; Toyohara et al. 2010; Kikuchi et al. 2010;
Sato et al. 2011; Kobayashi et al. 2014a, b).

Using Mass Spectrometry for Metabolite Exploration

Since LC-MS has high sensitivity, the results of metabolomics analysis might be
affected by even slight changes in conditions. Thus, conditions surrounding the
sample vial, sample handling, and analytic method need to be kept constant as much
as possible. These measurement methods, including sample collection and
pretreatment, must be examined beforehand in house with respect to procedures
detailed in previous studies and should not be changed during a series of
experiments.

Pollution of the LC-MS probe and mass detector during repeated analysis,
including by biological samples and contaminants, causes poor peak detection and
high background noise. In addition, column deterioration and slight compositional
changes or flow rate fluctuation of the solvent affect peak retention times. In order to
obtain reliable results, because contaminants in water are a major cause of noise
peaks, the total organic carbon (TOC) in a solvent used for LC-MS should be lower
than 1 ppb if using an in-house ultrapure water generator. In addition, although it is a
very basic precaution, moving phase solvents should be obtained from reliable
reagent suppliers, and once reagent bottles are opened, it is better to consume
them as soon as possible.

Moreover, in the case of performing a quantitative analysis, it is necessary to
analyze specimens with respect to reference standards every time and determine the
concentration of each compound of interest based on its calibration curve.

LC-MS can analyze a wide variety of metabolites, including refractory or ther-
molabile substances, if they are soluble in the solvent. This is an advantage in
LC-MS, but not in GC-MS. An additional concern is that even when using a
LC-MS device at the same settings as in a previous study, the retention time of
metabolites is often not consistent, for various reasons, e.g., differences in the
plumbing head of the devices, in the state of the separation column, and in the purity
of solvent. Therefore, even if a given peak has the same mass unit and the same
retention time as a known compound as indicated in a previous study or databases,
these compounds cannot be said to be identical purely on that basis. It is necessary to
confirm the spectrum of the reference standards with the same device used for that
analysis and to acquire spectral data in house.

GC-MS is characterized by a high compatibility between devices compared with
LC-MS or CE-MS. Since commercial and open-access databases of GC-MS libraries
(i.e., compound databases) are well developed, it is advantageous to identify metab-
olites by qualitative analyses. However, in profiling metabolites exhaustively using
body fluid samples such as blood or urine, a derivatization step is necessary to
vaporize metabolites, which creates difficulties because of differences in volatility of



74 T. Kobayashi

the constituent compounds. Because the derivatization efficiency of all compounds
is not constant, quantitative discussions should be careful when interpreting results.

More recently, newer analyses using CE-MS and SFC-MS have become possible
with advances in analytic devices; some researchers have reported studies that
employ these cutting-edge systems (Toyohara et al. 2010; Taguchi et al. 2014).
CE-MS shows promise in effectively analyzing ionic metabolites that are hardly
retained on the reverse-phase columns widely used in LC-MS, whereas using it to
analyze lipophilic and neutral metabolites is difficult in principle. On the other hand,
SFC-MS is feasible for and capable of analyzing refractory and heat-labile com-
pounds that GC-MS can hardly detect and also boasts higher throughput than
LC-MS. These new devices will be powerful tools when widely used in the future.

However, even among the analytical methods described above, it is impossible to
find all metabolites comprehensively in a sample using a single analytical instru-
ment. It is thus necessary to select the device according to the purpose of a study or to
use multiple devices. Prerequisites for metabolite identification using MS have been
discussed in some review papers (Zhao 2013; Sumner et al. 2007; Yoshida
et al. 2012).

In general, target compounds explored by LC-MS-based metabolomics are low-
molecular-weight compounds of less than 1000 Da. Typical target biological sam-
ples — serum, plasma, and urine — require pretreatment steps to remove inhibitory
components such as proteins and minerals.

Preprocessing methods are mainly divided into methods to denature proteins
using solvents (such as methanol, chloroform, and acetonitrile) and methods to
separate the sample physicochemically by solid-phase extraction. Neither
trifluoroacetic acid nor DMSO is unequivocally superior for use as a solvent in
LC-MS pretreatment, because the former inhibits the ionization process and the
latter causes background noise peaks. Additionally, ultrafiltration is also available,
but it seems to not be used widely owing to its high cost compared with solvent
extraction methods.

Solvent extraction methods are widely used because of their low cost and
simplicity, but they still have disadvantages: centrifugation and collection of super-
natant are necessary, and working time increases in proportion to the number of
samples. In addition, the pretreatment procedure for biological fluids such as plasma
needs a large amount of organic solvent, and thereby the extracted volume will be
increased above the starting volume, diluting the concentration of target metabolites.

Solid phase extraction methods are profitable because they can analyze a large
number of samples and are able to concentrate the target metabolites by controlling
elution volume (Mallet et al. 2004); however, they demand higher costs than solvent
extraction methods do and suffer from the possibilities that some kinds of metabo-
lites can be absorbed or, conversely, hardly retained by the column and that condi-
tions in the housing unit of the column can affect following analyses.

In other words, each kind of method has advantages and disadvantages. In
addition, for both methods, the recovery efficiency changes depending on the solvent
and column selected. The important thing is that users must refer to a pretreatment
method used by a previous study and examine its applicability in advance by using
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their own MS. Sharp signal peaks, large signal/noise ratio (e.g., S/N >10), and low
background peaks are good criteria for this prior examination.

Metabolites known to reflect disease severity by alterations in their blood levels,
such as indoxyl sulfate in the case of CKD (Barreto et al. 2009; Kikuchi et al. 2010),
can be used as a positive control when analyzed quantitatively. Thus, when consid-
ering the pretreatment method, one good strategy would be to carry out the proce-
dure with the addition of such an authentic sample and to select an extraction method
in which the recovery rate is close to 100 %.

After determining the pretreatment method, it is necessary to confirm the dynamic
range of the device using an authentic sample of the compounds targeted for
detection before performing quantitative analysis. Usually, it is necessary to select
two or more kinds of targeted compounds. Even for metabolites whose blood or
urine levels change according to CKD severity, their concentration is not in all cases
regulated directly by CKD. For example, kynurenine is known as a metabolite
whose concentration in the blood increases with CKD exacerbation (Saito
et al. 2000; Kobayashi et al. 2014b), but its increase is also known to reflect staging
of colon cancer (Nishiumi et al. 2012). In addition, plasma kynurenine has been
reported to be elevated in major depression patients (Dahl et al. 2015). Thus,
estimating CKD stages using only one metabolite is prone to low reliability. Since
LC-MS is able to detect multiple compounds at the same time in a single injection,
the time cost is almost the same for one target metabolite as for two or more. In fact,
in many previous studies, four or more metabolites with different masses and
retention times were selected (Toyohara et al. 2010; Sato et al. 2011; Kobayashi
et al. 2014b).

Because a biological sample such as the plasma, serum, and urine contains
various compounds, some sorts of contaminants will remain even after pretreatment.
These contaminants sometimes inhibit ionization of target metabolites (the so-called
matrix effect). Because each metabolite has a different ionization efficiency, internal
standard samples of targeted metabolites are needed when doing quantitative anal-
ysis. Stable isotope-labeled compounds have equal ionization efficiency to their
non-labeled equivalents, making them the most reasonable internal standards for
quantitative analysis. They can be employed effectively by adding a known concen-
tration of labeled compounds to samples prior to pretreatment procedures. It is
preferable to analyze corresponding labeled compounds for every targeted metabo-
lite; however, when obtaining some compounds is difficult, the labeled compound
should be prepared at as many concentrations as possible, with the remainder
quantified using a calibration curve method for the non-labeled standard while
paying attention to quantitative accuracy.

For this calibration curve method, first, the compounds are dissolved in solvent
and mixed in one vial. Then, sequential dilutions are prepared from this vial. In
doing so, researchers should be careful to reconcile the solvent component of the
diluent with that of the pretreated specimens. When analyzing the dilution series,
obtained peaks should be manually checked for good separation, sharp shape, and
minimal tailing. Next, the peak area is plotted for the prepared diluents at measured
concentrations, followed by construction of a calibration curve. The range of the
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calibration curve should be linear; the range over which the linearity of the calibra-
tion curve is preserved indicates the concentrations at which metabolites can be
analyzed quantitatively.

Nontarget Analysis and Target Analysis

Biomarker analysis using MS is useful for disease exploration and medical
checkups. To conduct it, two ways are possible: one is revealing previously
unknown metabolites that can serve as disease markers (nontarget analysis), and
the other is quantitative analysis of predefined metabolites and estimating disease
severity based on them (target analysis or multi-target analysis).

When using nontarget analysis methods, unknown metabolites are detected in the
biological samples in addition to well-known metabolites. Accurate mass measure-
ments are necessary when detecting unreported, new metabolites and many kinds of
known metabolites alike: thus, high-resolution time of flight-MS (TOF-MS) or
fourier transform-ion cyclotron resonance-MS (FT-ICR-MS) is essential for nontar-
get analysis.

Since the main purpose of nontarget analysis is the screening and detection of
unknown metabolites, the most important factors are mass accuracy and spectral
resolution. Therefore, the concentration data of metabolites are typically shown in
terms of relative quantitation. On the other hand, when using the multi-target
analysis approach, the target compounds are limited to several metabolites. Thus,
multi-target analysis is usually performed using quantitative analysis with a stable
isotope-labeled compound or authentic sample as the internal standard.

Nontarget Analysis

Since a meaningful spectrum must be selected for nontarget analysis — that is, a
spectrum in which background and noise peaks are excluded and large quantities of
mass spectrum data are accurately profiled — a software that can help extract significant
peaks and construct matrix data is necessary. Unlike GC-MS, a universal mass spectral
library is insufficient for LC-MS, because it often causes undetectable peaks to appear
when the matrix data were derived from values obtained by LC-MS/MS analysis. In
order to solve this problem, many mass spectra databases have been established,
including MassBank, HMDB, KNApSAcK, and METLIN, which are able to predict
(or identify) constituent metabolites based on LC-MS/MS spectra. An outline of the
nontarget analysis procedure is shown in Fig. 1. In the metabolite identification step,
the following requirements must be met: the sample and reference standards must be
analyzed under the same conditions, and the retention time and mass spectrum used
for each analyte must be ensured to be identical (Sumner et al. 2007).

To date, many studies have reported alterations in the concentrations of various
blood metabolites, along with a decline in renal function, in outpatients with CKD
(Niwa 2011; Toyohara et al. 2010), hemodialysis patients (Niwa 2011; Saito
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Fig. 1 Outline of nontarget analysis: Searching for early detection markers of CKD. / LC-MS/MS
analysis of plasma samples, peak selection, and matrix generation (by software to analyze device
data, additional purchase may be required). 2 Multivariate analysis (by commercial software) and
selection of candidate peaks for markers (part of the red circle). 3 Evaluation of chronological
change of the candidate peaks. 4 Identification of metabolite(s) using analyzed data: mass number,
retention time, and MS/MS spectrum

et al. 2000; Sato et al. 2011), rats with adenine-induced CKD (Zhao et al. 2012;
Kobayashi et al. 2014a), and partially nephrectomized rats (Saito et al. 2000;
Kikuchi et al. 2010), suggesting that the concentrations of several of these metab-
olites can be used to construct a quantitative index of renal function. Metabolomics
approaches are most suitable for targeting low-molecular-weight compounds
(approx. <1000 Da) whose molecular structures and characters are the same
between animal species. This is one advantage of exploring metabolites versus
genes or proteins. Thus, common MS programs can be used even when animal
species are different. However, the human metabolic system is nevertheless different
from those of other experimental animals. As a simple example, hyperuricemia,
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which is speculated to be related with CKD, shows the following features. Since
Homo sapiens and some other primates do not have uricase (Yeldandi et al. 1991),
the end product of adenosine and guanosine metabolic systems is a urate. Low urate
excretion from the kidney or excess intake of purine bases from diets causes
hyperuricemia in Homo sapiens and some other primates. In contrast, some other
mammals, typified by rodents, have active urate oxidase that metabolizes uric acid to
allantoin (Ackroyd 1914). Thus, these animals are able to excrete excess uric acid,
and blood uric acid levels are not easily affected by experimental CKD induction.
This observation shows the importance of understanding metabolic pathways when
applying the results of animal experiments to human samples. In this respect, it is
best to use open databases such as the KEGG pathway website where many useful
pathway maps for Homo sapiens and other animal species are published.

In order to explore disease biomarkers by the use of nontarget analysis, namely,
through metabolomics, understanding of metabolic systems in vivo and knowledge
of mass spectrometry and bioinformatics are also necessary. In addition, the mass
spectrometer employed should have high enough resolving power to measure mass
accurately. Thus, it might be difficult for novices to conduct metabolomics studies.
In part, however, how to perform data mining and extract useful peaks from the sea
of spectral data obtained by MS to identify new metabolites and how to predict the
onset of a disease by observing the layout of mass spectra are processes that depend
on the ideas of individual researchers. The field of metabolomics is awaiting
breakthroughs from new researchers; this field could take a quantum leap forward
by their contributions.

Target Analysis (Multi-target Analysis)

In target analysis, metabolites to be monitored are selected prior to the analyses. If
the target metabolite has been previously identified, its peak can be detected during
the analysis with mass spectrometer based on its retention time and mass number.
The peaks, which were considered meaningful for the study, can be selected as an
examination target, even if their corresponding compound is unidentified at first.
However, for practical purposes, determining which peaks is derived from what kind
of metabolite is an essential objective.

Uremic toxins, which are metabolites that are excreted under normal circum-
stances, accumulate in vivo because of renal function loss and have been inferred to
harm many tissues (Vanholder et al. 2003; Richard and Shaul 2012). Therefore,
uremic toxins of low molecular weight can be adopted as candidate biomarkers that
reflect renal function loss in metabolomics studies. However, the extent by which a
uremic toxin increases in the blood according to CKD stage differs among toxins.
Candidate biomarkers should exhibit more remarkably altered blood levels in the
early stages of CKD than those of existing biomarkers (i.e., creatinine and CysC) and
have high sensitivity and reproducibility. Otherwise, they have limited utility
(although knowledge about such compounds is important). This is because the
existing biochemical indices such as creatinine and CysC have already spread
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widely, and biomarkers that do not fulfill the conditions above cannot compete with
them to be employed as standards in analysis techniques using the MS because of
issues of measurement cost, convenience, and specificity.

In addition, metabolites that exhibit decreased blood levels according to the
extent of renal function loss (Toyohara et al. 2010) could be used as CKD bio-
markers in the same way as uremic toxins.

Though several specified metabolites are quantified in a target analysis as men-
tioned above, in most cases, the concentrations of a plurality of metabolites that can
reflect the severity of CKD do not change according to the same ratio. Thus, in many
cases, a quantified concentration of given metabolites is not informative or useful for
predicting severity of CKD directly. By using multivariate analyses, a speculative
regression equation can be constructed based on the prospective contribution ratios
of the metabolites identified in a multi-target analysis. In this process, logistic
regression or partial least squares (PLS) regression are often used, and the derived
equation should correlate with CKD stage as tightly as possible (Kobayashi
et al. 2014b). Next, unused sample sets should be used as the validation set to
validate the accuracy of the derived equation. The validation set should be input into
the equation, and the CKD stage estimated. By this process, whether the equation is
able to estimate CKD stage can be validated before it is used.

Future of Metabolomics in the Diagnosis of Disease

There are several reports on new biomarkers for estimating CKD severity that have
been found through metabolomics studies (Zhao 2013; Rhee et al. 2013; Shah
et al. 2013; Duranton et al. 2014; Kobayashi et al. 2014b). The predictive formula
and combination of metabolites used differ variously between each report. In other
words, these are method development studies, and their methods have not yet been
validated sufficiently for use in clinical settings. Progress in metabolomics tech-
niques and parameters would enable the establishment of reliable biomarkers to
predict CKD stage, as well as the discovery of CKD in earlier stages.

This chapter introduced metabolomics in the context of evaluating CKD stage.
There are other studies that have established diagnostic methods for other diseases
using metabolomics as well (Nishiumi et al. 2010; Soga et al. 2011; Ikeda et al. 2012;
Nishiumi et al. 2012; Maekawa et al. 2013; Yokokura et al. 2014). Since diagnostic
strategies for various diseases using metabolomics are currently in development,
metabolomics techniques are not fully refined. Recently, new researchers who start
metabolomics studies as well as research reports have been increasing every year. In
addition, the performance of mass spectrometry, which plays an important role in
metabolite identification, is improving day by day. Accordingly, metabolomics is a
field that is expected to be developed more and more into the future. Through its
development, after biomarkers are established by which practitioners are able to
detect many diseases in their early stages, including CKD, collecting one drop of
blood and analyzing it using mass spectrometry would enable the diagnosis of many
critical illness all at once.
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Potential Applications to Prognosis and Other Diseases
and Conditions

Though this chapter described applications of metabolomics to CKD diagnosis,
diseases that can potentially be targeted are not limited to CKD. Metabolomics is
used to study various other diseases as well, including gastrointestinal cancer (Ikeda
et al. 2012), colorectal cancer (Nishiumi et al. 2012), pancreatic cancer (Nishiumi
et al. 2010), inflammation (Yokokura et al. 2014), dilated cardiomyopathy
(Mackawa et al. 2013), and different forms of liver disease (Soga et al. 2011).

Summary Points

* CKD is the irreversible loss of kidney function, often progressing to ESRD and
resulting in impaired quality of life.

» Although estimated GFR, a commonly used marker for CKD is convenient and
useful for the initiation of dialysis, the indicator cannot detect CKD in its early
stages because of its low sensitivity.

* Metabolites indicative of CKD have been identified using metabolomics.

» CKD stages can be estimated by metabolite concentrations after carrying out
statistical processing.

* Metabolomics shows promise as a novel method for identifying patients with
early stage CKD.

* In addition, metabolomics can be applied not only to CKD but to various other
diseases.
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Abstract

All established (e.g., serum creatinine, albuminuria) and emerging (e.g., neutro-
phil gelatinase-associated lipocalin, cystatin C) biomarkers of kidney disease
suffer from the disadvantage that they are markers of damage to the kidney or
loss of renal function. Tissue hypoxia is believed to be an initiating factor, in both
chronic kidney disease (CKD) and acute kidney injury (AKI), so may provide a
physiological biomarker for early diagnosis of both conditions. Currently blood
oxygen dependent magnetic resonance imaging (BOLD MRI) appears to have little
diagnostic value in human CKD. On the other hand, the measurement of urinary
oxygen tension (PO,) has potential as a biomarker of risk of AKI in a hospital
setting because: (i) Hypoxia in the renal medulla plays a central role in AKI of
multiple causes; (ii) The vasa recta are closely associated with collecting ducts in
the medulla so that pelvic urinary PO, would be expected to equilibrate with
medullary tissue PO,; (iii) The PO, of urine in both the renal pelvis and the bladder
varies in response to stimuli that would be expected to alter medullary tissue PO,;
and (iv) New fibre-optic methods make it feasible to measure bladder urine PO, in
patients with a bladder catheter. But translation of this approach to hospital practice
requires: (i) A quantitative understanding of the impact of oxygen transport across
the epithelium of the ureter and bladder on urinary PO, measured from the bladder,
(ii) confirmation that changes in urinary PO, parallel those in medullary PO, in
physiology and pathology, and (iii) Studies of the prognostic utility of urinary PO,
in hospital settings associated with risk of AKI, such as in patients undergoing
cardiac surgery with cardiopulmonary bypass, those at risk of sepsis, and those
undergoing imaging procedures requiring administration of radiocontrast agents.

Keywords
Acute kidney injury * BOLD MRI ¢ Cardiopulmonary bypass ¢ Chronic kidney
disease ¢ Intensive care * Sepsis ¢ Urinary oxygen tension

Abbreviations

AKI Acute kidney injury
BOLD Blood oxygen dependent
CKD Chronic kidney disease
CPB Cardiopulmonary bypass
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GFR Glomerular filtration rate

MRI Magnetic resonance imaging

NGAL Neutrophil gelatinase-associated lipocalin
RBF Renal blood flow

Key Facts of Kidney Oxygenation

» Although renal blood flow represents a large proportion (~25 %) of cardiac
output, the kidneys are susceptible to hypoxia.

* Oxygenation of kidney tissue is determined by the balance between oxygen
delivery and oxygen consumption.

* Oxygen is delivered to the kidney through renal blood flow. Blood flow to the
renal medulla is in part regulated independently of blood flow to the bulk of the
renal cortex. Blood flow per unit tissue volume is much less in the renal medulla
than in the renal cortex.

» Oxygen delivery to kidney tissue is limited by diffusive oxygen shunting in the
renal cortex and medulla. In the medulla, oxygen delivery to the thick ascending
limbs of the loop of Henle is also limited by their anatomical position, at the
periphery of the vascular bundles

» Approximately 80 % of renal oxygen consumption is used to power tubular
reabsorption of sodium. The proximal tubules and thick ascending limbs of the
loop of Henle are the major sites of renal sodium reabsorption.

Definitions

Acute Kidney injury (AKI) Some loss of function of the kidney, usually assessed
initially as a reduction in glomerular filtration rate. It can be relatively mild, in which case
complete recovery can occur in as little as a few days, or be so severe that renal
replacement therapy (dialysis or a kidney transplant) is required (end-stage renal disease).

Cardiopulmonary bypass (CPB) To perform open heart surgery, in most cases the
heart must be stopped and the patient’s circulation supported by a ‘bypass circula-
tion’ incorporating a pump to do the job of the heart and an oxygenator to do the job
of the lungs.

Chronic kidney disease (CKD) A condition where the function of the kidney
gradually declines over many years. In some cases, this leads to end stage renal
disease. Chronic kidney disease is usually first diagnosed when glomerular filtration
rate is found to be less than the normal range.

Clearance This is a technique used for measurement of certain kidney functions. It
relies on the ability to measure the concentrations of a marker in the plasma and urine
and measurement of the amount of urine produced over a given time period.
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Cortex The outer part of an organ (e.g., kidney cortex).

End-stage renal disease A condition in which the kidneys are no longer able to
function sufficiently to maintain the patients overall health. In such cases renal replace-
ment therapy is required, in the form of dialysis therapy or kidney transplantation.

Fibrosis Many disease conditions, including chronic kidney disease, are character-
ized by the build-up of connective tissue fibres. In the kidney, fibrosis reduces the
ability of oxygen to get to cells.

Fluorescence lifetime oximetry A technique for measuring the partial pressure of
oxygen which relies on the ability of oxygen to quench the fluorescence emitted by
certain molecules.

Glomerular filtration rate The amount of plasma filtered by the kidney each
minute.

Haemoglobin The oxygen carrying molecules that are packed inside red blood
cells. When haemoglobin is not carrying oxygen it is called deoxyhaemoglobin.

Hypoxia Low levels of oxygen.
Ischaemia Inadequate blood supply to an organ or part of the body.

Magnetic resonance imaging (MRI) A medical imaging technique that can pro-
duce three dimensional images of anatomy. It can also be used to map functional
indices such as the concentration of deoxyhaemoglobin (blood oxygen level depen-
dent — BOLD MRI).

Medulla The inner part of an organ (e.g., kidney medulla).

PO, The partial pressure of oxygen. This is how we measure the concentration of
dissolved oxygen in biological fluids and tissue, in the units of millimetres of
mercury (mmHg).

Radiocontrast An agent which is administered to patients undergoing some x-ray
procedures to assist visualisation of body structures.

Renal replacement therapy Patients who suffer from end-stage renal disease
require renal replacement therapy, either in the form of renal dialysis therapy or a
kidney transplant.

Risk factor A risk factor is anything that is found to be associated with the
development of disease. Some of these are non-modifiable (e.g., age, gender)
while others are potentially modifiable (e.g., smoking, alcohol use etc.).
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Sepsis An inflammatory condition that results from severe bacterial infection.
Ureter The tube in which urine travels from the kidney to the urinary bladder.

Vasa recta A series of straight blood vessels in the kidney medulla.

Introduction

Kidney disease is broadly classified into two major types; acute kidney injury (AKI)
and chronic kidney disease (CKD). CKD is characterized by a gradual decline in
glomerular filtration rate (GFR) over many years. AKI, on the other hand, is
characterized by a rapid decline in GFR over a 24-48 h period. These two forms
of kidney disease share some similarities. Both are traditionally diagnosed by
measurement of serum concentrations of creatinine, or by the renal clearance of
creatinine, to give estimates of GFR. As we will outline in detail herein, renal
hypoxia is also a common feature of both AKI and CKD (Mimura and Nangaku
2010; Heyman et al 2012; Evans et al. 2013). However, the challenges for early
diagnosis and accurate prognosis for these two conditions contrast strikingly.

Early diagnosis of CKD may provide an opportunity for early intervention with
therapies to slow disease progression. However, this is made more difficult by the
fact that measurable deficits in GFR occur well into disease progression (Fig. 1a).
This is because, as nephrons are lost during the disease process, filtration in the
remaining nephrons increases (Fong et al. 2014). Thus, as CKD progresses GFR can
remain stable because reserve filtration capacity is consumed as single nephron GFR
increases. It is only when these compensatory processes are exhausted that clinically
significant deficits in GFR can be detected. Thus, early diagnosis of CKD requires
minimally invasive methods to assess renal function at the single nephron level,
and/or methods to detect the upstream events that damage nephrons. In this context,
it is worth considering the evidence (vide infra) that renal tissue hypoxia precedes
and drives progression of CKD. Thus, minimally invasive methods for assessing
kidney oxygenation may provide a means for early diagnosis of CKD.

In AKI, the challenge is to reach a diagnosis before the onset of irreversible damage
(Fig. 1b). The ideal would be to identify patients who are at risk of developing AKI and
intervene to manage their kidney health before injury occurs. The traditional biomarker
serum creatinine, which is used to estimate GFR, can show that a patient has developed
AKI, but not that they are currently at risk of developing AKI. Other plasma and
urinary biomarkers, including neutrophil gelatinase-associated lipocalin (NGAL) and
cystatin C, have shown promise in the early detection of AKI (Haase et al. 2010), but
they are markers of renal damage, so diagnosis still lags hours behind the initiating
insult. As with CKD, assessment of kidney oxygenation may provide a method for
early diagnosis of AKI. Importantly, in the hospital setting, including during surgery, a
measure of kidney oxygenation could provide an approach to identify patients at risk of
developing AKI, so that steps can be taken to reduce that risk.
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Fig. 1 Proposed timelines in the initiation and progression of chronic kidney disease (CKD) and
acute kidney injury (4K/). (a) According to the chronic hypoxia hypothesis, proposed initially by
Fine and colleagues (1998) and Fine and Norman (2008), in CKD primary glomerular injury leads
to insufficiency of post glomerular capillary blood flow, and thus tubulointersitial hypoxia.
Tubulointerstitial hypoxia in turn drives fibrosis, capillary rarefaction and tubular atrophy, and
thus progressive glomerular injury. However, because surviving nephrons hyperfilter, a deficit in
glomerular filtration is not observed until the disease process is well advanced. (b) Initiating factors
such as cardiopulmonary bypass, sepsis or nephrotoxins lead to renal medullary ischaemia and/or
hypoxia, which in turn may contribute to loss of renal functional capacity. This concept is related to
the established clinical phases of AKI (Adapted from Okusa et al. (2013)). In both CKD and AKI it
has been proposed that hypoxia occurs before, and contributes to, loss of renal function. Thus,
hypoxia may be a useful biomarker for kidney disease

This chapter presents the argument that assessment of kidney oxygenation, and
thus detection of renal hypoxia, may provide a means for early diagnosis of AKI and
CKD. Early diagnosis would allow more reliable prognosis and improved manage-
ment of renal health. The optimal diagnostic approach is likely to differ between
CKD and AKI. For CKD, blood oxygen dependent (BOLD) magnetic resonance
imaging (MRI) has been proposed as a useful tool for early diagnosis. This approach
is non-invasive so can be applied periodically in out-patients. Unfortunately, despite
promising observations in animal models of CKD, available evidence indicates that
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this approach has little clinical utility. For AKI, a method for continuous assessment
of kidney oxygenation, in the operating theatre or bedside, is required for rapid
identification of patients at risk of developing AKI. Continuous measurement of
urinary PO, may provide this information. But the reader must first be convinced
that renal hypoxia is a common feature of both CKD and AKI, and that it precedes,
and perhaps even drives, the disease process.

Chronic Kidney Disease
The Role of Hypoxia in the Pathogenesis of Chronic Kidney Disease

Renal tissue hypoxia has been observed in all experimental forms of CKD examined to
date, including those initiated by renovascular disease (Evans and O’Connor 2014),
diabetic nephropathy (Hansell et al. 2013), five sixths nephrectomy (the remnant kidney
model) (Manotham et al. 2004), polycystic kidney disease (Ow et al. 2014), and CKD
after long-term recovery from ischaemia-reperfusion injury (Basile et al. 2003).

Fine and colleagues first developed the chronic hypoxia hypothesis regarding the
initiation and progression of CKD more than 15 years ago (Fine et al. 1998; Fine and
Norman 2008). In brief, they propose that primary injury to glomeruli results in
increased metabolic work in remaining nephrons to reabsorb the filtered load of
sodium. The resultant hypoxia initiates inflammatory and fibrotic pathways, which in
turn drive rarefaction of the microcirculation, so exacerbating hypoxia (Fig. la).
Evidence in support of this hypothesis includes the observation of tubulointerstitial
hypoxia preceding evidence of nephropathy in the remnant kidney model (Manotham
et al. 2004) and in diabetes (dos Santos et al. 2007; Rosenberger et al. 2008). Further-
more, CKD can be induced by treatments that promote renal hypoxia, even in the
absence of confounding effects such as oxidative stress (Friederich-Persson et al. 2013).

The Clinical Problem: Early Diagnosis and Instigation of Therapy

CKD cannot yet be cured. Current therapies are palliative, so aimed at slowing the
progression of disease rather than reversing it (Lambers Heerspink and de Zeeuw
2013). The major flaw of the current diagnostic approach is that deficits in GFR are
only observed once disease processes are well advanced (Fig. 1a). Diagnostic methods
capable of detecting the disease process in its early stages would represent a significant
advance, as this would support early intervention to prevent progression to end-stage
renal disease. Could diagnosis of kidney hypoxia provide such an advance?

Assessment of Kidney Oxygenation by BOLD MRI in Chronic Kidney
Disease

There has recently been an explosion of interest in the use of BOLD MRI for
assessment of kidney oxygenation in patients with CKD. BOLD MRI provides a
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measure of deoxygenated haemoglobin, so is an indirect measure of tissue oxygen-
ation (Evans et al. 2008b). Nevertheless, changes in the BOLD signal have been
shown to follow changes in more direct measures of renal tissue oxygenation in
response to multiple physiological manoeuvres in multiple species of healthy ani-
mals (Pedersen et al. 2005; Pohlmann et al. 2013; Zhang et al. 2014). Furthermore,
renal hypoxia has been detected using BOLD MRI in the early stages of diabetic
nephropathy (dos Santos et al. 2007; Prasad et al. 2010) and in severe renovascular
disease (Gloviczki et al. 2011) in humans. Yet two relatively recent and large clinical
studies failed to detect differences in the BOLD signal, in either the cortex or
medulla, between patients with CKD and controls at rest (Michaely et al. 2012;
Pruijm et al. 2014). In both studies, which included a total of 400 (Michaely
et al. 2012) and 195 (Pruijm et al. 2014) patients respectively, no relationship
could be detected between BOLD signals and GFR estimated from creatinine
clearance or serum creatinine concentration at rest (Michaely et al. 2012). Inoue
and colleagues were also unable to demonstrate a relationship between the BOLD
signal and GFR in 43 patients with diabetic nephropathy, although they could detect
a relationship in 76 subjects with CKD chiefly due to glomerulonephritis or hyper-
tensive nephrosclerosis (Inoue et al. 2011). Furthermore, in a relatively small study,
hypoxia could not be detected using BOLD MRI in patients with moderate renal
artery stenosis (Gloviczki et al. 2010).

How can the disparity in the experimental and clinical findings described above
be explained? One possibility is that established CKD in humans, unlike in exper-
imental animals, is not associated with renal tissue hypoxia. This possibility cannot
be completely discounted, since reductions in GFR would be expected to lead to
reduced renal oxygen consumption, as the major source of oxygen demand in the
kidney is for generation of ATP for tubular Na/K-ATPase activity (Evans
et al. 2014a). For example, reduced renal oxygen demand likely explains why the
BOLD MRI signal reflects increased renal oxygenation in chronic allograft rejection
(Djamali et al. 2007). Part of the explanation might also lie with the heterogeneous
nature of CKD, and the way in which renal oxygen supply and demand change over
the course of development of the various forms of CKD (Neugarten 2012). However,
it seems likely that much of the problem lies with the indirect nature of the BOLD
signal in relation to tissue oxygenation. The BOLD signal is heavily weighted
towards venous blood, because it chiefly provides a measure of deoxyhaemoglobin
concentration. Furthermore, renal tissue oxygenation does not necessarily reflect
renal blood oxygenation, in part because of the phenomenon of arterial-to-venous
oxygen shunting (O’Connor et al. 2006a; Evans et al. 2008a). Indeed, renal venous
PO, and renal tissue PO, can change independently in the kidney, providing direct
evidence that changes in the BOLD MRI signal do not necessarily reflect changes in
tissue oxygenation (O’Connor et al. 2006a; Evans et al. 2008a). Regardless, avail-
able evidence indicates that measurement of baseline BOLD signals provide little
diagnostic or prognostic information in patients with CKD.

A more promising approach may be to use BOLD MRI in conjunction with a
physiological challenge to kidney function. Recently it was demonstrated, in a
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cohort of 195 subjects, that the response of the medullary BOLD signal to furose-
mide is markedly blunted in CKD (Pruijm et al. 2014). Furosemide inhibits sodium
reabsorption, and thus oxygen consumption, in the loop of Henle. Thus, in normal
subjects, renal oxygenation (as assessed by BOLD MRI and more direct methods)
increases markedly after furosemide administration. The fact that this response is
blunted in patients with CKD provides a diagnostic opportunity. The critical
unresolved question is whether this change in the response to furosemide occurs
before, or only after CKD can be diagnosed by conventional methods. This question
could only be answered through prospective studies.

Acute Kidney Injury
The Role of Hypoxia in the Pathogenesis of Acute Kidney Injury

The kidneys receive a quarter of the cardiac output, so are very highly perfused in
relation to their demand for oxygen (Evans et al. 2008a). It is rather paradoxical,
then, that they are susceptible to hypoxic damage in both CKD (Fine and Norman
2008) and AKI (Heyman et al. 2012). A number of factors conspire to render the
medulla particularly susceptible to hypoxia. Firstly, blood flow per unit volume of
tissue is considerably less in the medulla than the cortex (Evans et al. 2013).
Secondly, oxygen delivery to medullary tissue is limited by counter-current shunting
of oxygen, between arteries and veins in the cortex (Evans et al. 2013) and between
descending and ascending vasa recta in the medulla (Zhang and Edwards 2002).
Thirdly, in the outer medulla the thick ascending limbs of Henle’s loop, which
require oxygen to reabsorb sodium, are located at the periphery of the vascular
bundles (Chen et al. 2009a, b). This topographic arrangement limits oxygen delivery
from vasa recta to the thick ascending limbs (Chen et al. 2009a, b). These factors
likely explain why the outer medullary thick ascending limbs are often found to be
damaged in human AKI (Heyman et al. 2010).

Tissue hypoxia has been proposed to be a common pathway in the pathogenesis
and progression of AKI (Aksu et al. 2011; Heyman et al. 2012). It is consistently
observed in AKI of multiple aetiologies (Heyman et al. 2012; Evans et al. 2013).
Furthermore, hypoxia can initiate signalling pathways that drive renal tissue dys-
function and damage (Heyman et al. 2012; Evans et al. 2013). These pathways
include those driven by transforming growth factor p and Smads (inflammation and
fibrosis), depletion of cellular ATP (apoptosis and necrosis) and oxidative stress.
Tissue hypoxia is then further exacerbated as a consequence of initiation of these
pathways. Hypoxia inducible factors can provide some protection against mild
and/or brief hypoxia, but not when hypoxia is profound and/or prolonged (Heyman
et al. 2012). Hypoxia in the renal medulla may initiate a vicious cycle of damage and
dysfunction, which drives further hypoxia. Early disruption of these processes could
be beneficial by preventing renal medullary hypoxia. In order to prevent medullary
hypoxia, a means to evaluate it is required.
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The Clinical Problem: Prevention of Acute Kidney Injury
in the Hospital Setting

Approximately 5 % of hospitalized patients develop AKI, so it is a major burden on
health systems (Mehta and Chertow 2003). AKI is chiefly an iatrogenic illness. It is
often associated with situations in which the patient and/or their kidneys are exposed
to hypoxia (Evans et al. 2013).

Cardiac Surgery
AKI is a prevalent complication of major surgery. After cardiac surgery, up to one
third of patients experience some degree of AKI (Karkouti et al. 2009). Even mild
AKI following surgery performed on cardiopulmonary bypass (CPB) is
prognostically important, being associated with more than a fourfold increase in
the risk of in-hospital death as well as extended hospitalisation (Karkouti
et al. 2009). Mortality rate exceeds 60 % when AKI is so severe that renal replace-
ment therapy is required (in 1-2 % of patients after CPB) (Lenihan et al. 2013). The
scale of the problem is receiving growing recognition, with the most recent evidence
showing that the problem is becoming worse rather than better (Lenihan et al. 2013).
There are currently no effective pharmacological approaches for preventing AKI
after CPB (Patel et al. 2011b). Thus, the best approach to prevention is avoidance of
known modifiable risk factors in at-risk patients. Consequently, AKI risk scoring
models have been developed (Huen and Parikh 2012). These tools are used in practice
to help identify at-risk patients, but they only have limited predictive efficacy (Huen
and Parikh 2012). They also provide little guidance for the medical team to know
what actions are needed before, during and after surgery to ameliorate the risk of AKI.
Clinical findings indicate that prevention of kidney ischaemia and hypoxia during
CPB should reduce the risk of AKI. Fundamental to this argument is the observation
that most potentially modifiable risk factors for AKI after CPB are associated with
reduced renal oxygen delivery (Karkouti et al. 2009). For example, a haematocrit of
less than 21 % and whole body oxygen delivery less than 262 ml/min/m? are risk
factors for AKI following cardiac surgery (Rosner et al. 2008). This clinical finding
accords with the prediction that pre-operative anaemia and intraoperative
haemodilution reduce blood oxygen carrying capacity and so reduce renal oxygen
delivery (Evans et al. 2013). Chronic obstructive pulmonary disease causes systemic
hypoxaemia (and thus reduced renal oxygen delivery) and is also a risk factor for
AKI in patients undergoing cardiac surgery (Rosner et al. 2008). During CPB, the
autoregulatory capacity of the renal circulation is blunted, so that renal blood flow
(RBF) and thus renal oxygen delivery is limited by the level of pump flow, and thus
the level of arterial pressure (Andersson et al. 1994). Indeed, computational model-
ling indicates that the combined effects of haemodilution and non-pulsatile blood
flow during CPB render the kidney susceptible to hypoxia if arterial pressure falls
below 50 mmHg (Sgouralis et al. 2014), a relatively common occurrence in clinical
practice (Rosner et al. 2008). It is also salient to consider that patients with heart
disease will often have marked activation of the renin-angiotensin and sympathetic
nervous systems, which will further promote renal vasoconstriction and thus reduced
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renal oxygen delivery (Evans et al. 2013). Furthermore, anaesthesia itself tends to
reduce RBF, and thus renal oxygen delivery (Ullman et al. 2001).

It is not currently feasible to directly assess kidney oxygenation in patients on
CPB, but this has been achieved in experimental animals. In pigs, medullary and
urinary hypoxia (PO, 1-5 mmHg for both) were observed during CPB (Stafford-
Smith and Grocott 2005) and profound medullary hypoxia was observed 24 h after
CPB (Patel et al. 2011a, c). Treatments that ameliorated medullary hypoxia amelio-
rated AKI (Patel et al. 2011a, c). Medullary hypoxia was also observed in rats during
CPB (Darby et al. 2013). Critically, as discussed in detail later in this chapter, data
from humans show that low intra-operative urinary PO, and a poor recovery of
urinary PO, after CPB is associated with increased post-operative serum creatinine
and thus reduced GFR (Kainuma et al. 1996).

A unique aspect of CPB as a cause of AKI is that the surgical team, including
perfusionists and anaesthetists, have the means to modify systemic and renal
haemodynamic function when the patient is at risk of developing AKI. The funda-
mental problem is that different tissues have different perfusion needs. Consequently
a single group of macro-cardiovascular parameters may not provide suitable rates of
perfusion for all tissues. The optimal choice of these macro-cardiovascular param-
eters is not clear because, unfortunately, surgical teams currently have little tissue
specific information upon which to base these important decisions.

Sepsis

Ten to 50 % of patients with sepsis develop AKI. Indeed, sepsis is responsible for
approximately 50 % of cases of AKI in patients who are critically ill (Zarjou and
Agarwal 2011). Furthermore, outcomes are often worse for patients with septic AKI
than for those with non-septic AKI (Parmar et al. 2009).

It is difficult to predict which patients with sepsis will go on to develop AKI.
Furthermore, despite recent advances in urinary and plasma biomarkers, once
patients have developed sepsis the only established read-outs clinicians have to
determine the impact of the therapies they institute on renal function are systemic
haemodynamics, creatinine clearance and urine flow (Zatjou and Agarwal 2011).
The ‘real time’ evaluation of interventions to raise arterial pressure such as volume
resuscitation and vasoconstrictor therapy (Mori et al. 2010), is thus mainly limited to
assessment of their effects on systemic haemodynamics and blood chemistry, rather
than organ-specific effects on perfusion and oxygenation. Thus, septic AKI is
another example in which a continuous measure of kidney health should allow
considerable improvement in the management of patients at risk of, or who have
already developed, AKI. Could renal hypoxia be a useful biomarker in this respect?

Renal hypoxia has been observed in most, although not all, models of sepsis in
experimental animals (Evans et al. 2013). The potential mechanisms that drive renal
hypoxia in sepsis have recently been reviewed in detail (Aksu et al. 2011). In brief,
evidence from rodent models indicates that the process is initiated by hypoperfusion,
hypoxia, and/or inflammatory activation. The delicate balance between the bioavail-
ability of oxygen, nitric oxide and oxygen radical species is then disrupted, resulting
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in reduced oxygen delivery to tissue and inappropriately high renal oxygen con-
sumption. However, there is currently considerable controversy as to the relative
merits of the various animal models of sepsis. Most models in rodents are associated
with renal ischaemia, so the presence of renal hypoxia comes as little surprise. It has
been argued that sepsis in humans is often associated with a hyperdynamic circula-
tion, so that renal blood flow is maintained or even increased from baseline
(Langenberg et al. 2005). Recently, medullary hypoxia and ischaemia was observed
in an ovine model of septic AKI in which total renal blood flow is actually increased
during sepsis (Calzavacca et al. 2015). These observations provide further support
for the notion that medullary hypoxia contributes to the maintenance and progres-
sion of septic AKI. Thus, a real time measure of renal medullary oxygenation would
potentially provide a method for early diagnosis and better management of septic
AKI, with potential for limiting the progression of septic AKI.

Radiocontrast Agents and Other Nephrotoxins

Radio-contrast administration is the third most common cause of hospital acquired
AKI (11 % of cases) (McCullough 2008). It adds considerably to both in-hospital
costs and the expenses patients face after they are discharged (McCullough 2008).
Perhaps most concerning is the fact that radio-contrast induced AKI is associated
with a four to sixfold increase in the risk of death during and after hospitalization
(McCullough 2008). AKI can also arise in (and outside) a hospital setting due to the
nephrotoxicity of a range of drugs (Perazella 2009). The countercurrent exchange
mechanisms in the renal medulla may concentrate contrast agents and other
nephrotoxins, and thus exacerbate the risk of AKI.

Radiocontrast-induced AKI probably progresses via multiple pathways. Never-
theless, one of these pathways is likely to be medullary hypoxia (Heyman
et al. 2008). Medullary hypoxia has been observed after radiocontrast administration
in anaesthetized rats (Heyman et al. 1991; Liss et al. 1998; Prasad et al. 2001) and
humans (Hofmann et al. 2006). Hypoxia is driven by a range of factors, including
activation of vasoconstrictor factors, the haemodynamic consequences of the vis-
cosity of contrast agents, and increased medullary tissue oxygen consumption due to
the combined effects of increased solute delivery to the distal nephron segments and
oxidative stress (Heyman et al. 2008; Evans et al. 2013).

Standard practice is to volume load patients thought to be at risk of AKI, with
isotonic saline, prior to radiocontrast administration (McCullough 2008). This is the
only prophylactic treatment that has been conclusively shown to be effective.

As is the situation with CPB and sepsis, a major challenge for management of
renal health in patients receiving radiocontrast agents or other potential
nephrotoxins, is the development of methods for real-time assessment of kidney
health. In the following section, the argument is developed that continuous mea-
surement of urinary PO,, to monitor changes in medullary oxygenation, would
provide the critical information needed to manage patients at risk of developing of
AKI in a hospital setting.
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Urinary PO, as a Diagnostic Biomarker in Acute Kidney Injury

The evidence that (bladder) urinary PO, can provide prognostic information regard-
ing kidney health in a hospital setting has recently been reviewed in detail (Evans
et al. 2014b). The argument relies on five lines of evidence: that (i) the anatomy of
the renal medulla promotes diffusion of oxygen between the collecting ducts and the
vasa recta, so that (i) oxygen tension in urine in the renal pelvis is in equilibrium
with that in medullary tissue, (iii) that oxygen diffusion across the epithelium of the
ureter and bladder only partially confounds the relationship between medullary PO,
and the PO, of urine in the bladder, (iv) that bladder urine PO, provides
prognostically useful information, and (v) that new fibre optic methods make
continuous measurement of urinary PO, in patients with a bladder catheter relatively
straight forward and risk free. Each of these lines of argument is described in turn.

(1) Renal medullary anatomy promotes diffusion of oxygen between the
collecting ducts and the vasa recta: Detailed anatomical information regarding
the arrangement of various vascular and tubular elements within the rat renal
medulla indicates that, in the inner medulla, four ascending vasa recta usually
abut each collecting duct (Pannabecker and Dantzler 2006). This intimate
association likely promotes oxygen diffusion between collecting ducts and
ascending vasa recta, making it likely that urinary oxygen content equilibrates
with inner medullary interstitial oxygen, as shown in three human subjects
(Leonhardt et al. 1965) (Fig. 2).

(i) Oxygen in the renal pelvis is in equilibrium with that in medullary tissue: In
the In the 1950s it was shown in anaesthetized dogs that the PO, of pelvic urine
is rather low; certainly much lower than that of renal venous blood (Reeves
et al. 1957; Rennie et al. 1958). Later studies in anaesthetized dogs demon-
strated that experimental manoeuvres aimed at altering oxygen delivery to the
medulla, or medullary oxygen consumption, could alter the PO, of pelvic urine
(Aukland and Krog 1961; Aukland 1962; Washington and Holland 1966). In
humans, it was shown that diuresis could increase pelvic urinary PO,, while
infusion of hypertonic saline reduced it. Furthermore, pelvic urinary PO, fell in
response to vasopressin administration (Leonhardt and Landes 1965), a treat-
ment associated with reduced medullary perfusion and oxygenation (O’Connor
etal. 2006b). The response of human pelvic urinary PO, to inspiration of 100 %
oxygen was also studied (Leonhardt and Landes 1965). This response was
found to be altered in a number of disease states, including chronic pyelone-
phritis, hydronephrosis, essential hypertension, arteriolar nephrosclerosis and
renal artery stenosis. The authors argued that breathing 100 % oxygen would
increase medullary oxygen delivery but not oxygen consumption. Thus, the
degree to which urinary PO, increases upon breathing 100 % oxygen, and the
rate at which it increases, may provide an indirect measure of medullary
perfusion.
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Fig. 2 The relationship between oxygen tension (PO,) in the renal medulla and in pelvic urine.
Panels (a—c), originally reproduced from Pannabecker and Dantzler (2006) (with permission from
the American Physiological Society), show the close spatial relationships between ascending vasa
recta) and the collecting ducts. (a, b) Three dimensional reconstructions of the inner medulla of the
rat. Scale bars = 500 pm. In (a), descending vasa recta are shown in green, descending thin limbs of
the loop of Henle are shown in red or grey, and collecting ducts are shown in blue. In (b), collecting
ducts are shown in blue, ascending vasa recta are shown in red and ascending thin limbs are shown
in green. (¢) Shows a transverse section near the base of the inner medulla. Ascending vasa recta,
shown in red, are seen to be positioned around collecting ducts which are shown in blue.
Descending vasa recta are shown in green. Scale bar = 30 pm. Panel (d) was redrawn from
Leonhardt et al. (1965). It shows nine paired measurements of urinary PO, and mean medullary
PO, made in a total of three human subjects. The dashed line is the line of identity. The entire figure
is reproduced with permission from the American Physiological Society (Evans et al. 2014b)
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Fig. 3 Changes in urinary oxygen tension along the upper urinary tract. (a) Mean (n = 5) oxygen
tension of ureteral urine at various distances from the renal pelvis in human subjects (Data redrawn
from Leonhardt and Landes (1963)). (b) Scattergram with line of best fit for measures of
oxygen tension in the ureter and bladder in two anaesthetized dogs in which renal blood flow was
altered by infusion of dobutamine and propranolol (Figure redrawn from Kitashiro et al. (1995))

Taken collectively, the studies described in the paragraph above provide indi-
rect evidence that the PO, of pelvic urine provides a useful index of medullary
oxygenation. Nevertheless, there is limited direct evidence to support
this proposition. The only published observations are data from three patients
(Leonhardt et al. 1965), in which there was excellent agreement between
pelvic urinary PO, and medullary tissue PO, (Fig. 2). Thus, there remains a
need for studies in experimental animals to better define the relationship
between medullary tissue PO, and pelvic urinary PO, in the healthy state and
in disease.

(iii) Oxygen tension of urine in the bladder: There are a number of factors that might
confound measurement of urinary PO, in the bladder. These include the presence
of reducing agents such as ascorbic acid, thiols and polyphenols that can lead to
oxygen consumption (Rennie et al. 1958). Diffusion of oxygen between the urine
and the epithelium of the ureter and bladder might also be a confounding factor
(Rennie et al. 1958). However, experiments in both experimental animals and
humans have provided evidence and optimism that these confounding effects do
not invalidate the use of bladder urine PO, as a measure of medullary tissue PO,.
For example, the PO, of urine in the bladder of anaesthetised dogs was consis-
tently less (12 = 3 mmHg) than the PO, of urine in the ureter (Kitashiro
et al. 1995). Nevertheless, when these animals were subjected to treatments
that altered cardiac output, the PO, of urine in the bladder was found to correlate
closely with the PO, of urine in the ureter (Fig. 3). Similarly, the PO, of urine was
found to fall in humans, from ~48 mmHg at the level of the renal pelvis to
~33 mmHg in the bladder (Leonhardt and Landes 1963; Fig. 3). Nevertheless, in
the same individuals the PO, of voided urine consistently increased in response
to hydration and fell in response to dehydration (Leonhardt and Landes 1963).
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(iv)

The PO, of urine from the bladder of patients with circulatory shock was also
found to be low (10—15 mmHg), but could be increased by fluid loading. Thus,
although oxygen transport between urine and the epithelium of the ureter and
bladder alters urinary PO,, changes in the PO, of bladder urine do appear to
reflect those in pelvic urine (Fig. 3).

Prognostic value of urinary oxygen tension: In patients, bladder urine PO, has
been shown to fall during surgical procedures associated with renal dysfunction
(Koivusalo et al. 1998), but not during surgical procedures associated with well-
maintained renal function (Laisalmi et al. 2001). It has also been shown to
increase in response to blood transfusion in anaemic patients (Valente
et al. 2008), and when tubular oxygen consumption is reduced by diuretic
therapy (Morelli et al. 2003). In some patients undergoing cardiac surgery
requiring CPB, urinary PO, progressively decreased after the start of CPB and
then partially recovered during weaning from CPB (Kainuma et al. 1996; Fig. 4).
In others, it was found to be well maintained during CPB but to then fall after the
patient was weaned from CPB. Crucially, post-operative peak serum creatinine
was higher in patients whose bladder urine PO, decreased following CPB
(Fig. 5). Importantly, post-operative recovery of urinary PO, predicted post-
operative renal function (Fig. 5) better than pre-operative serum creatinine,
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Fig. 5 Scatterplot and line of best fit for the relationship between the peak serum creatinine
concentration versus the change in PO, of bladder urine in the post-operative period after cardio-
pulmonary bypass (Redrawn from Kainuma et al. (1996))

V)

blood urea-nitrogen, duration of CPB, cardiac index or urine flow after CPB. In
another study, a fall in the PO, of bladder urine was also observed during CPB
(Farahani et al. 2010). Thus, there is considerable evidence that bladder urine
PO, can provide prognostically useful information in the setting of surgery. We
are not aware of any measurements of urinary PO, in patients with septic AKI or
AKI induced by radiocontrast agents or other nephrotoxins.

New methods for measurement of urinary PO,. Most previous clinical and
experimental studies in which urinary PO, has been measured have employed
either fragile polarographic electrodes (Aukland and Krog 1961; Leonhardt and
Landes 1965; Washington and Holland 1966; Kainuma et al. 1990; Kitashiro
et al. 1995; Morelli et al. 2003) or collection of urine for measurement of PO,
using a standard blood gas analyser (Valente et al. 2008). MRI could be used to
measure urinary PO, in a non-invasive manner (Wang et al. 2008), but is not
feasible for continuous monitoring of patients.

Fluorescence lifetime oximetry provides an opportunity for continuous measure-
ment of urinary PO, via a fibre optic probe. The probe can be inserted into a
bladder catheter and advanced to its tip, so as to be in direct contact with bladder
urine. These optical fibres can be very thin, so risk of obstruction of the bladder
catheter is minimal (Fig. 6). Other advantages of this approach are that the fibre
optic probes are sturdy; they come pre-calibrated by the manufacturer, and can be
operated with complete electrical isolation from the patient. They have been
extensively validated (Evans et al. 2008b) and applied to in vivo measurement of
the PO, in a range of tissues including the kidney (Evans et al. 2011) and in body
fluids (e.g., oviductal fluid (Rafferty et al. 2013) and blood (Abdelkader
et al. 2014)). However, they are currently not approved for human use.
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C LAS-1/0O/E

Fig. 6 A fibre optic probe for fluorescence lifetime oximetry. (a) Coiled probe with inset (b)
showing the tip of the probe. (¢) Close up of the probe tip. This particular probe (NX-LAS-1/O/E) is
commercially available (Oxford Optronix Milton Park, United Kingdom; http://www.oxford-
optronix.com). Note that these probes are not approved for human use (Images were provided
courtesy of Oxford Optronix and are reproduced with their permission)

Potential Applications to Prognosis, Other Disease
and Conditions

The potential approaches to the use of hypoxia as a biomarker for kidney disease will
depend on the specific situation. CKD develops slowly, so a method that can be
applied to outpatients and provides relatively good reproducibility within subjects
would be ideal. BOLD MRI has these characteristics, but has proved so far to be
rather disappointing as a marker of CKD in human subjects. As things currently
stand, the balance of evidence does not support the use of BOLD MRI as a
diagnostic and prognostic tool in CKD. It is also impractical for continuous moni-
toring of patients in a hospital setting.

AKI often occurs in a hospital setting. Because of its rapid onset, and because
bladder catheterization is standard practice in many of the clinical situations in which
patients are at risk of AKI, continuous measurement of urinary PO, by fluorescence
lifetime oximetry has the potential to provide real time information regarding the risk
of AKI. Continuous measurement of urinary PO, might be particularly useful in
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patients undergoing cardiac surgery requiring CPB and those in the intensive care
unit. This information could inform clinical decisions, particularly those regarding
renal or haemodynamic support. They could also be incorporated into a computa-
tional model of the kidney during surgery (Sgouralis et al. 2014). Such an approach
would allow real-time feedback-driven control of circulatory function to optimise
management of renal health. However, at least three gaps exist in the evidential basis
for such an approach. Firstly, understanding of the roles of tissue hypoxia in the
initiation and progression of AKI remains rudimentary (Evans et al. 2013). Sec-
ondly, there is limited information regarding the relationship between the PO, of
urine in the bladder and renal medullary PO, (Evans et al. 2014b). Thirdly, although
available information regarding the prognostic value of urinary PO, are promising,
they are limited to a single study of 98 patients undergoing cardiac surgery while on
CPB (Kainuma et al. 1996).

Summary Points

* Current methods for diagnosis of chronic kidney disease and acute kidney injury
detect disease only once it is well progressed.

» There is evidence that renal hypoxia, a hallmark of both chronic kidney disease
and acute kidney injury, both initiates and drives progression of renal disease.

» Blood oxygen level dependent magnetic resonance imaging provides a measure of the
deoxyhaemoglobin content of renal tissue, so an indirect measure of renal hypoxia.

* In recent clinical studies, the blood oxygen level dependent magnetic resonance
imaging signal has been found to correlate poorly with the degree of renal
impairment in chronic kidney disease, so is unlikely to be useful for early
diagnosis of chronic kidney disease.

» There is strong evidence that oxygen in urine in the renal pelvis is in equilibrium
with oxygen in the renal medulla.

» Despite oxygen exchange between urine and the epithelium of the ureter and
bladder, changes in the oxygen tension of urine in the bladder appear to reflect
changes in the oxygen tension of pelvic urine, and thus medullary tissue.

* In patients undergoing cardiac surgery requiring cardiopulmonary bypass, post-
operative recovery of urinary oxygen tension predicted post-operative renal
function better than pre-operative serum creatinine or blood urea-nitrogen, dura-
tion of cardiopulmonary bypass, or cardiac index and urine flow after cardiopul-
monary bypass.

» Fibre-optic probes using fluorescence lifetime oximetry provide a safe and
technically simple method for continuous measurement of the oxygen tension
of bladder urine in patients at risk of acute kidney injury in a hospital setting.

» Continuous measurement of urinary oxygen tension may aid in management of
patients at risk of developing acute kidney injury, particularly in surgical and
intensive care settings.
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Abstract

MicroRNAs (miRNAs) play an important role in physiological and pathological
condition in human organs including kidneys. Their dysregulation on one hand
can induce the onset of a specific disease and on the other hand may represent
potential biomarkers for the diagnosis and therapy. In this chapter, the miRNA
functions and modulations are described in several kidney diseases such as
polycystic kidney disease, primary and secondary glomerulonephritides and
renal transplantation. After the overview on the approach to identify and study
miRNAs in nephrology, the miRNA meaning in renal physiology is illustrated.
Also, the attractive perspectives of the use of miRNAs as diagnostic tools or for
the specific treatment of kidney disease are taken into consideration.

Keywords
MicroRNA - Kidney physiology * Polycystic kidney disease * Glomerulonephri-

tis « Kidney transplantation

Abbreviations

AGO Argonaute

AKI Acute kidney injury

ANA Autoantibodies to nuclear antigen

ASO Antisense oligonucleotide

Biccl Bicaudal C. homolog 1

CAMR Chronic antibody mediated rejection
Cdc25A Cell division cycle 25A

cDNA Complementary DNA

DGCRS RNA-binding protein DiGeorge syndrome critical region gene 8
DGF Delayed graft function

EMT Epithelial-to-mesenchymal transition
FPC Fibrocystin

GTP Guanosine triphosphate

HBEGF Heparin binding epidermal growth factor
HCV Hepatitis C virus

HIVAN HIV associated nephropathy

IF Interstitial fibrosis

IFN Interferon

IRAK1 IL-1 receptor associated kinasel

IRI Ischemia-reperfusion injury
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LN Lupus nephritis
miRNA MicroRNA
MRE MiRNA recognition elements
OREB Osmotic response element binding protein
PAZ Piwi-Argonaute-Zwille
PBMCs Peripheral blood mononuclear cells
PC Polycystin
PKD Polycystic kidney disease
pri-miRNA  Primary miRNA transcript
RISC RNA-induced silencing complex
shRNA Small hairpin RNA
SLE Systemic lupus erythematosus
TA Tubular atrophy
TAL Thick ascending limb
TGF Transforming growth factor
TNF Tumor necrosis factor
TRAF6 Tumor necrosis factor receptor-associated factor 6
TRBP Transactivator RNA binding protein
UTR Untranslated region
VEGF Vascular endothelial growth factor
VLP Virus like particles
WMLK With-no-lysine kinase

Key Facts

Key Facts of Renal Physiology

* The juxtaglomerular apparatus, located in the wall of the afferent arterioles of
glomeruli, regulates the blood flow at renal level and controls the blood pressure
by the release of renin.

* Acute kidney injury is the consequence of reduced or fallen arterial blood
pressure caused by hemorrhagic shock or of toxic effect of agents or drugs.

 Chronic renal failure is the consequence of chronic kidney diseases characterized
by persistent hypoxic injury that causes renal fibrosis.

» Ischemia/reperfusion injury is a process occurring in kidney transplantation.
The hypoxic injury followed by fluid reperfusion leads to the activation of innate
and adaptive immune responses and to the delivery of cytokines and growth
factors.

* Glomerular filtration is the process of blood ultrafiltration at the level of glomer-
ular membrane that is formed by three layers: (i) endothelial cells; (ii) capillary
basement membrane; (iii) visceral epithelial cells (podocytes). Filtration is deter-
mined by the molecular size and charge of proteins.
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* The entire tubular part of nephron provides the salt and water reabsorption and
electrolyte excretion by regulating the electrolyte homeostasis.

* The medullary part of the kidney modulates the osmoregulation response and
water handling under physiological and pathological conditions.

Key Facts of PKD

* The autosomal dominant polycystic kidney disease (ADPKD) is characterized by
cysts in kidneys and sometimes in liver and/or other organs (pancreas, arachnoid
membrane). This common genetic disorder clinically manifests in adulthood,
often leading to end-stage kidney disease with renal replacement therapy (dialysis
or kidney transplantation).

» The autosomal recessive polycystic kidney disease (ARPKD) is a rare cystic
disease that affects the renal tubules and the biliary tract. This rare genetic
disorder typically begins in utero and it is associated with congenital hepatic
fibrosis.

* The mechanosensory organelle localized in the apical surface of the cilia in
tubular cells has the important role in regulating the fluid flow and in signaling
the intracellular calcium.

* In the tubular cells of PKD there is the dysregulation of some intracellular
pathways like MAPK, ERK and AKT/mTOR leading to abnormality in cell
proliferation and cyst expansion.

Key Facts of Primary and Secondary Glomerulonephritis

» IgA Nephropathy (IgAN) is characterized by mesangial proliferative lesions
associated with diffuse deposition of IgA1-IgG immune complexes. The clinical
symptoms are recurrent episodes of gross hematuria in concomitance of upper
respiratory tract infections or permanent benign microscopic hematuria.

* Minimal change disease (MCD) is a glomerular lesion characterized by fusion of
epithelial cell foot processes that is responsible for an abnormal filtration of
albumin and transferrin through the filtration barrier. It is the principal cause of
nephrotic syndrome in children younger than 10 years. May be corticosteroid
responsive, non-responsive or dependent.

* Focal Segmental Glomerulosclerosis (FSGS) is characterized by a glomerulo-
sclerotic lesion that involves a minority of glomeruli located in deep section
of renal cortex and a portion of the glomerular tuft. For this reason the renal lesion
is defined focal and segmental. It is more frequent in adults than in children.

* Membranous glomerulonephritis (MGN) is an immune complex disease in which
deposits of immunoglobulins and complement are located in the subepithelial
surface of the glomerular capillary wall. The increasing thickness of the glomer-
ular basement membrane causes proteinuria with development of nephrotic
syndrome. It is more frequent in adults than in children.
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C3-glomerulopathy is a glomerular disease characterized by deposits of C3 alone
associated with mesangial and endocapillary proliferation and crescents. The
clinical manifestations are proteinuria and microscopic hematuria, but in two
thirds of patients is present nephrotic syndrome.

Crescentic glomerulonephritis (CGN) is characterized by abnormal formation of
crescents (more than 50 %) that may occur in different forms of glomerulone-
phritis. The crescentic lesion is formed by epithelial proliferation of the Bowman
capsule delimiting the glomerular tuft.

Lupus nephritis (LN) is the kidney involvement of systemic lupus erythematosus
caused by glomerular deposition of circulating immune complexes. The poly-
morphism of renal lesions and the different stages of the disease have been
included in the international classification of LN for the reading of the renal
biopsy. This approach is necessary for diagnosis, prognosis and therapy.
HIV-associated nephropathy is a collapsing glomerulopathy characterized by
involvement of glomeruli (proliferation and dysregulation of podocytes, and
glomerular collapse), tubules (microcystic changes) and interstitium (chronic
inflammation and fibrosis). Nephrotic syndrome and failure of the renal function
are the clinical manifestations.

Key Facts of Kidney Transplantation

Ischemia-reperfusion injury (IRI) is a damage in the tissue due to the blood supply
return to the tissue after a period of ischemia or lack of oxygen.

Delayed graft function is a form of acute renal failure resulting in low output of
urine after transplantation.

Interstitial fibrosis and tubular atrophy (IF/TA) is a common histological abnor-
mality of kidney transplants in which an expanded interstitial space replaces
normal cortical structures.

Chronic antibody mediated rejection (CAMR) is an important cause of allograft
dysfunction and graft loss.

Key Facts of miRNA Therapy

The antimiR oligonucleotides are chemically modified molecules in which sugar
modifications are included for increasing the duplex melting temperature and the
nuclear resistance.

The locked nucleic acid is a bicyclic RNA analogue in which the introduced 2’-O,
4'-C methylene locks the ribose.

Morpholino oligomer is a six-numbered morpholine ring that replaces the sugar in
the oligo nucleotide thus increasing the binding affinity with the cognate miRNA.
MiRNA mimic is composed of an antisense (guide) that is identical to the cognate
miRNA, whereas the sense strand (passenger) is modified and linked to a
macromolecule to enhance the uptake.
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Definitions

Antisense oligonucleotide inhibitors Antisense oligonucleotide inhibitors are
unmodified or chemically modified single-stranded molecules that specifically
bind mature miRNAs and inhibit their function.

Argonaute Argonaute is a family of proteins involved in RNA silencing process.
They are components of RNA-induced silencing complex (RISC) in which have the
role to cleave the target mRNA strand complementary to the bound miRNA.

Dicer Dicer is a large protein that contains several domains: ATPase/RNA helicase,
a DUF283 (Domain of unknown function) domain, a PAZ (Piwi, Argonaut and
Zwille) domain, two catalytic RNase III domains (RIIIa and RIIIb), and a C-terminal
double-stranded RNA-binding domain (dsRBD) is an enzyme with endonuclease
activity that cleaves the precursor-miRNA in double strand miRNA.

Locked nucleic acid (LNA) Locked nucleic acid (LNA) is an oligonucleotide that
contains one or more RNA modified nucleotides in which the ribose moiety is
modified with an extra methylene bridge that connects the 2’ oxygen and 4’ carbon.
This type of oligonucleotide offers an increased affinity for its complementary
strand.

miRNAsponges miRNA sponges are transcripts with repeated miRNA antisense
sequences that contain complementary binding sites to a miRNA of interest. As with
most miRNA target genes, sponge’s binding sites are specific to the miRNA seed
region, which allows them to block a whole family of related miRNAs.

Ran-GTP Ran (RAs-related Nuclear) protein is a small nuclear protein that is
required for the translocation of RNA and/or proteins through the nuclear mem-
brane. Ran binds either GTP and GDP, in particular nuclear Ran is mainly in the GTP
form and cytoplasmic Ran is in the GDP-bound form.

Transfection Transfection is a process that permits the introduction of nucleic acids
into cells.

Introduction: Biogenesis of miRNAs

MicroRNAs (miRNAs) are a class of small non-coding single strand RNAs (19-25
nucleotides) that regulate gene expression at the post-transcriptional level by
targeting messenger RNAs for translation repression or, less frequently, degradation
(Ambros 2004). MiRNAs represent the 1-5 % of all genes and are present in the
genome as independent genes or in intron regions of coding genes. The high
sequence conservation of many miRNAs among distantly organisms suggests strong
evolutionary pressure and participation in essential processes.
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Fig. 1 Biogenesis of miRNAs

The biogenesis of miRNAs starts from the transcription of miRNA genes in the
nucleus (Fig. 1). MiRNA genes are transcribed by RNA polymerase II in primary
miRNA transcript (pri-miRNA); some miRNAs are transcribed by RNA polymerase
IIT in repetitive regions of genome. Pri-miRNAs contain a stem loop structure that
encodes the functional miRNA sequences in the stem. This stem loop structure is
precisely cut by the nuclear RNAse III type enzyme called Drosha, as part of a
complex called Microprocessor that also contains the RNA-binding protein
DiGeorge syndrome critical region gene 8 (DGCRS). DGCRS8 recognizes and
interacts with the hairpin structure in the pri-miRNAs and recruits Drosha. These
pri-miRNAs are processed in fragments of RNA composed of ~70 nucleotides,
called precursor miRNAs or pre-miRNAs. The pre-miRNAs are transported from the
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nucleus to the cytoplasm by Exportin-5, a nuclear export factor that specifically
binds to the pre-miRNA in a Ran-GTP dependent manner. Within the cytoplasm, a
second cleavage event occurs via the RNAse III enzyme Dicer, which forms the
mature double stranded miRNA composed of ~22-nucleotides. Like Drosha, Dicer
is associated with dsRNA-binding domain containing a protein partner known as
Loquacious/TRBP (transactivator RNA binding protein). In addition to its involve-
ment in mature miRNA generation, the Dicer-containing protein complex regulates
also the assembly of mature miRNA into the effector complex called RNA-induced
silencing complex (RISC)-like ribonucleoprotein particle (miRNP).

After strand separation of the duplexes, the mature single-stranded miRNA (guide
strand) is incorporated into RISC, whereas the other strand is often degraded. The
main constituents of the RISC are members of the Argonaute (AGO) family, which in
humans include eight members, of which four are ubiquitously expressed and are
associated with siRNA and miRNA, and four seem restricted to expression in the germ
line, whose function is poorly understood. Argonaute is a basic protein consisting of a
Piwi-Argonaute-Zwille (PAZ) domain that mediates nucleic acid binding, a middle
domain that seems to be critical association between the RNA and AGO, and a PIWI
domain that contains endonuclease activity. This complex inhibits mRNA translation
or reduces mRNA stability following imperfect binding of the guide strand to miRNA
recognition elements (MRE) within the 3’-untraslated region (UTR) of target genes.
MiRNAs bind their target RNAs in the 3'UTR through RNA-RNA base pairing that
involves not only the Watson-Crick pairs but also the G:U pair. The miRNA-binding
sequence in the target is mediated by the “seed” region localized at residues 2—8 at the
5'-end, although it also appears to be influenced by additional factors such as the
presence and cooperation between multiple MREs, the spacing between MREs, the
proximity to the stop codon, position within the 3’UTR, AU composition, and target
mRNA secondary structure. Since the specificity between miRNA and mRNA is
mainly determined by Watson-Crick base pairing, each miRNA can potentially regu-
lates the translation of a large number of different mRNAs, and each mRNA can
possess multiple binding sites for a single or for many different miRNAs.

New Strategies for Detection of Renal miRNA

The approach to identify and study miRNAs in kidney physiology and renal diseases
is summarized in Fig. 2. The experimental procedure can be divided into three steps:
(1) detection of miRNAs, (ii) individuation of miRNA target genes and (iii) identi-
fication of cellular processes affected by specific miRNAs and functional studies.
These experimental methods have been extensively used to identify miRNA regu-
lation in renal and other pathophysiological conditions.

The first step of miRNA research is their detection. Since the expression of
miRNA genes does not correspond to the expression level of mature miRNAs,
only the quantification of the mature miRNA level allows to determine whether a
miRNA is present and/or is regulated in a cell or a tissue. After the first miRNA
discovery, the quantification of miRNA sequences has been challenged; nowadays,
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1. Detection of miRNAs
- miRNA microarray analysis }

- Deep sequencing miRNA analysis

- Real-Time PCR

2. Individuation of miRNA target genes

- Bioinformatic prediction of miRNA target genes

§

3. miRNA target validation and functional studies

- In vitro miRNA over expression or silencing ——> Quantification of mRNA and protein
expression of predicted target gene

Confirmation by Real-Time PCR or
Norten blotting

: Determination of miRNA function
- In vive knock-in or knock-out models

Fig. 2 Flow-chart that describes the steps to study miRNA in renal physiology and kidney
diseases. The experimental procedure can be divided into three sections: detection of miRNAs,
individuation of miRNA target genes and identification of cellular processes affected by specific
miRNAs and functional studies

advanced technologies facilitate their detection. The expression profiles of different
miRNAs in parallel can be measured by microarray analysis or deep sequencing,
whereas quantitative real-time RT-PCR and Northern blotting can be used to deter-
mine the level of individual miRNAs.

Microarray technology is a high-throughput method that allows the parallel screening
of thousands of miRNAs in one sample. Although miRNA microarray offers a good tool
to examine the miRNA that are expressed or deregulated in a cell or tissue of interest,
these data should be considered as a guide and should be validated by other methods.

In addition to using microarray analysis, in the last years, next generation
sequencing platforms allow the sequencing of small RNA molecules, including
miRNAs. Deep sequencing utilizes massively parallel sequencing, generating mil-
lions of small RNA sequence reads from a given sample. The sensitivity of deep
sequencing offers several advantages over microarray technology. First, unlike
microarray, sequencing is not limited to detecting miRNAs that correspond to
existing sequences, but this allows the discovery of novel miRNAs and could reveal
variations in the sequence. Second, sequencing has very low background noise and
cross hybridization; however, since deep-sequencing experiments produce a lot of
sequence data, many bioinformatic skills are necessary for their analysis.
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To date the common method to detect the level of specific miRNAs is real-time
RT-PCR that has high sensitivity, specificity and it is cheap. There are two different
approaches for this reaction; the first one comprises double-stranded DNA interca-
lating molecules, such as SYBR Green I and EvaGreen; the second one includes
fluorophore-labeled oligonucleotides. A miRNA real-time reaction starts with RNA
that is reverse transcribed into cDNA. The short length of the mature miRNA, the
lack of a common sequence like a poly(A) tail, and the fact that the mature miRNA
sequence is also present in the pri- and pre-miRNA transcript mean that the reaction
is different from the classical reverse transcription. Currently, two methods are used
for the reverse transcription: miRNA-specific and universal reverse transcription. In
the first method, individual miRNAs in tissue or in cells are reverse transcribed
specifically by using stem-loop-specific reverse transcription primers. Stem-loop
primers are designed to have a short single-stranded region that is complementary to
the known sequence on the 3’ end of the miRNA, a double-stranded part (the stem),
and the loop that contains the universal primer-binding sequence. The resulting cDNA
is then used as a template for the real-time RT-PCR with a miRNA-specific primer and
a second universal primer. The second approach initially adds a poli-A tail to all
miRNAs and then reverse transcribes all miRNAs by means of a universal primer.
A primer consisting of an oligo(dT) sequence with a universal primer-binding
sequence is then used to amplify the specific miRNA in the real-time RT-PCR.

More recently, real time PCR has been adapted to quantify also precursors and
primary transcripts. Moreover, miRNA real-time PCR array has been developed for
the screening of a small number of miRNAs especially in samples from body fluids
(blood and urine). The miRNA profiles depict the possibility to discover disease
biomarkers that can easily measured in samples collected in a non-invasively manner
and can promote the monitoring of the disease outcome.

An approach to visualize specific mature miRNAs and pre-miRNAs is the Northern
blotting technique. It involves the use of electrophoresis to separate RNA samples by
size and detection with a hybridization probe complementary to miRNA sequence.

The profile of miRNAs varies greatly between tissues (organ-specific), cells (cell-
specific) and during the phase of activity in a cell (phase-specific). The average half-
life of miRNA is approximately 5 days.

MiRNAs have been also studied in renal biopsy (frozen or formalin-fixed paraffin-
embedded renal tissue) through combined approach of “in situ” hybridization and
immunohistochemistry. Mostly biopsy samples exist in formalin-fixed paraffin-embed-
ded archives and the possibility to use this enormous resource could permit to organize
mechanistic studies in humans. Another interesting approach is the study of miRNA
expression in isolated glomeruli or tubules obtained by laser-captured kidney tissue.

After the individuation of a list of miRNAs that differentiate two conditions
(e.g. normal and disease), the most important step is to predict and then to confirm
the miRNA target genes (Fig. 2). First, several bioinformatic programs or databases,
as miRBase (http://microrna.sanger.ac.uk), TargetScan (http://www.targetscan.org),
PicTar (http://pictar.org), and miRWalk (http://www.ma.uni-heidelberg.de) are avail-
able to predict the potential target genes for each miRNA. Since each miRNA can
regulate the translation of numerous mRNAs, and each mRNA possess multiple
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binding sites for a single or for many different miRNAs, these algorithms generate
numerous putative target genes (Brodersen and Voinnet 2009). Second, after finding
potential targets for miRNAs, it is essential to validate biologically the relationship
between a miRNA and a mRNA. To deepen the study of the pathophysiological role of
an identified miRNAs, it is possible to up-regulate specific miRNA levels in cells or
knockdown specific miRNA activity (Fig. 2). There are two main approaches to study
experimentally the regulation of a specific gene by miRNA: the use of a miRNA mimic
or a miRNA inhibitor. MiRNA mimics are small, chemically modified double-stranded
RNAs that mimic mature endogenous miRNAs after transfection into cells. Instead,
miRNA inhibitors are antisense oligonucleotides, chemically synthesized, which spe-
cifically inhibit endogenous miRNA function after transfection into cells. After trans-
fection, the miRNA target gene must be measured at mRNA and protein levels.

Once the target protein has been biologically validated, it is important to identify
its functional role in the pathophysiological conditions in order to provide a com-
prehensive view of the pathogenesis and leads to the development of novel thera-
peutic approaches.

MiRNAs in Renal Physiology

The expression profile of miRNAs is different in organs. Kidney compared to other
organs has high expression of miR-192, miR-194, miR-204, miR-215 and miR-216
(Sun et al. 2004); however other miRNAs expressed in other organs are present at
lower level. Tian et al. (2008) demonstrated a different distribution of miRNAs in
renal cortex and medulla of Sprague Dawley rats; these miRNAs have different
target genes and explain the different function in the sections of kidney.

In this section the different expression of miRNAs that contribute to the normal
renal physiology like blood flow, glomerular filtration, tubular reabsorption and
excretion, and interstitial osmolarity are described.

Blood Flow and Oxygen Supply

Blood pressure is modulated at renal level by the juxtaglomerular cell apparatus that
produces renin. Sequeira-Lopez et al. (2010) studied the participation of miRNAs in
hypertensive kidney disease by inducing the ablation of the Dicer enzyme in the
juxtaglomerular cells (Fig. 3). They obtained a reduced number of juxtaglomerular
cells with low expression of renin genes (Renl and Ren2), decreased plasma renin
and low blood pressure in the knockout Dicer mouse that developed nephrovascular
abnormalities and corticomedullary fibrosis.

Kidney hypoxia is characterized by a reduction of oxygen in site. It occurs either
in the acute process of ischemia (duration: seconds/minutes) leading to the acute
kidney injury or in the chronic process (duration: hours/days) leading to chronic
renal failure and end-stage kidney disease. Many investigators have demonstrated
that intracellular signaling pathways involved in hypoxia are modulated by miRNAs
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(Fig. 3). Hypoxia causes renal damage because the activation of HIF-1 signal in
epithelial tubular cells under low oxygen induces downregulation of miR-34a
expression and activation of Notch signaling pathway leading to epithelial-
mesenchymal transition process and renal fibrosis (Du et al. 2012).

The participation of miRNAs in hypoxic injury followed by subsequent reperfu-
sion has been studied in kidneys of C57BL/6 mice by Godwin et al. (2010). They
found a miRNA pattern characterized by 9 miRNAs differently expressed. Among
these, miR-21, abnormally expressed in mice and in tubular epitelial cells, was
defined an important player in protecting cells from death.

A protective effect of miRNAs in the ischemia/reperfusion injury has been
described by some investigators. Aguado-Fraile et al. (2013) demonstrated that
miR-127 is a regulator of the proximal tubular cell response to the injury (prevention
of the focal adhesion complex disassembly and tight junction disruption). Recently,
Bijkerk et al (2014) showed the protective role of miR-216 in mice that, before the
ischemia/reperfusion injury, received bone marrow transplantation containing hema-
topoietic cells with overexpression of this miRNA. MiR-216 promoted progenitor
cell mobilization, vascular integrity and recovery of the renal damage after the
ischemia/reperfusion injury.

Another miRNA, modulated by hypoxia, is miR-210 that is involved in the
process of renal angiogenesis during the acute ischemia/reperfusion injury (Liu
et al. 2012). This miRNA mediates the activation of VEGF signaling pathway.

Finally, Wei et al. (2010) showed that Dicer deletion of proximal tubular cells
protected against renal ischemia-reperfusion injury. They used a proximal tubule
specific Dicer KO mice model that was resistant to hypoxia showing better renal
function, reduced tissue damage, lower apoptosis of tubular cells and higher survival
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rate. During the 12-48 h of reperfusion there was a change of miR-132, miR-362,
miR-379, miR-668 and miR-687.

Glomerular Filtration

MiRNAs modulate the development and function of podocytes and consequently the
glomerular filtration. The ablation of Dicer enzyme in podocytes of mice caused
significant proteinuria by 2 weeks after birth and death within 4 weeks (Harvey
et al. 2008; Ho et al. 2008; Shi et al. 2008).

Tubular Reabsorption and Excretion

Salt and fluid reabsorption at the thick ascending limb (TAL) level of Henle loop are
modulated by miR-192 that targets the Na+/k+-ATPase betal subunit gene (Atplbl)
through the 5UTR (Fig. 3). High salt intake increases the expression of this miRNA thus
suppressing the Atplbl gene function and promoting diuresis (Mladinov et al. 2013).

Claudin-14 is localized in the TAL and it is important for the Ca2+ reabsorption
in the kidney. MiR-9 and miR-374 recognize the 3’UTR of claudin-14 mRNA. High
intake of Ca2+ downregulates the expression levels of these two miRNAs in TAL
cells that in turns induce an increase of claudin 14 expression. Claudin 14, included
in the complex claudin 16—11 proteins, inhibits the reabsorption of urinary Ca2+ in
the TAL of nephron (Gong et al. 2012). Recently, the same group demonstrated that
treatment with histone deacetylase inhibitors stimulated miR-9 and miR-374, that
downregulated the renal Claudin 14 mRNA. These findings suggest a novel
approach for treating hypercalciuria (Gong et al. 2014).

Interstitial Osmolarity

Osmotic response element binding protein (OREB) is a transcription factor that
regulates the cellular osmoregulation in kidneys. Huang et al. (2011) demonstrated
that in mice miR-200b and miR-717 modulated the common gene target OREB
(Fig. 3). In fact, the depletion of these miRNAs by knocking-down Dicer increased
significantly OREB causing more renal tonicity, whereas their overexpression
decreased the hypertonicity.

The osmolarity has also been studied in zebrafish embryos. Flynt et al. (2009)
showed that the miR-8 family regulated the osmoregulation because these miRNAs
are expressed in ionocytes where they modulate the expression of Nherfl, a regulator
of apical trafficking of transmembrane ion transporters. Deletion of the miR-8 family
caused an inability of response to the osmotic stress and blocked the properties of the
transmembrane glycoproteins at the apical surface of ionocytes.

The distal nephron, formed by the distal convoluted tubule, the connecting tubule
and the collecting duct, plays an important role in modulating the interstitial
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osmolarity. In this area two miRNAs participate to the regulation of sodium and
potassium ion transport. MiR-192 modulates the target gene serine-threonine kinase
WNKI1 that is also regulated by aldosterone, thus it contributes to the sodium
reabsorption (Elvira-Matelot et al. 2010). MiR-802 modulates the caveolin-1 gene
expression that regulates the renal outer medullary channel located in the collecting
duct and involves the urinary potassium secretion (Lin et al. 2011). Therefore, high
intake of potassium rich diet induces upregulation of miR-802 which decreases its
gene target (caveolin-1) leading more excretion of potassium ions. Recently, Lin
et al. (2014) discovered another miRNA, miR-194, that regulates the renal outer
medullary potassium channel activity by targeting the intersectin-1 and modulating
the With-No-Lysine Kinase (WMLK)-induced endocytosis at cellular level.

MiRNAs in Polycystic Kidney Disease

Polycystic kidney disease (PKD) is a congenital disorder characterized by the
presence of numerous cysts arising from the tubules in the renal parenchyma.
PKD may be transmitted as autosomal dominant (ADPKD) or autosomal recessive
(ARPKD) disease caused by mutations of three genes like PKD1 (located on
chromosome 16p13.3), PKD2 (located on chromosome 4q21) and PKHD1 (located
on chromosome 6) that encode the corresponding proteins, polycystin-1 (PC-1),
polycystin-2 (PC-2) and fibrocystin (FPC), respectively. These proteins are present
in the primary cilium that is a sensory organelle localized in the apical surface of the
tubular cells (Fig. 4). The abnormal function of these proteins induces abnormal cell
division and proliferation leading to the formation of cysts in kidneys and liver
(ARPKD). Polycystins and other proteins constitute a complex mechanoreceptor
that senses fluid flow in lumen of tubules, triggering Ca2+ influx through the TRFP2
channel, thus affecting the fluid secretion. The development of renal cysts is the
result of a process based on two hits. The first one is the inheritance of the germline
mutation; the second one is the somatic mutation that inactivates PKD1 or PKD2
allele gene in tubular cells thus reducing the expression levels of polycystin. This
hypothesis is supported by studies carried out in genetically engineered mouse
models with targeted disruption of PKD1 and PKD2 genes. However, the inactiva-
tion of PKD genes in tubular epithelial cells is not sufficient to initiate the cyst
formation, therefore an additional factor may be required (third hit) and it may be the
renal injury or miRNAs described in this section. In conclusion, several pathways
including cell polarity, fluid secretion, cell proliferation and apoptosis participate in
the cyst formation.

Pandey et al. (2008) used a microarray-based approach to study the mRNA and
miRNA expression patterns in PKD of Hannover rat (Han: Sprague Dawley — cy/+
rat) that develops by 8 weeks an ADPKD characterized by cyst formation and
progressive renal failure. The combinatorial approach of mRNA and miRNA
study demonstrated 935 dysregulated genes, 29 downregulated miRNAs and the
upregulated miR-21 (Fig. 4). Several dysregulated genes were targets of some
miRNAs like miR-21, miR-31, miR-128, miR-147 and miR-217. Later, Pandey
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et al. (2011) examined the global gene-expression profiling of renal cyst formation
and growth in embryonic kidneys of PKD-null type mice at days 14.5 and 17.5.
They, using computational analyses, predicted miRNAs that targeted the differently
expressed mRNAs, confirmed by quantitative real-time PCR analysis. At days 14.5
miR-204 and miR-488 were downregulated whereas miR-10a, miR-30a-5p,
miR-126-5p, miR-182, miR-200a and miR-429 were significantly upregulated. At
days 17.5 miR-10a, miR-126-5p and miR-425 were significantly downregulated
while miR-96, miR-182, miR-30a-5p were upregulated. These findings indicate that
several miRNAs are involved in the development of cysts. Since each miRNA
targets more genes and each gene is targeted by more than one miRNA the inves-
tigators found a cascade of dysregulated pathways (MAPK, JAK-STAT, Ca2+
signaling and WnT) leading to renal failure in PKD null type mice.

Dweep et al. (2013) studied the regulatory role of miRNAs in another model of
PKD/Mhn (cy/+) rat used for understanding the biological processes in cyst forma-
tion in ADPKD. The profile of abnormal expression of mRNA and miRNA revealed
3,333 deregulated genes and 8 upregulated miRNAs (miR-214, miR-34a, miR-199a-
5p, miR-146b, miR-503, miR-31, miR-132, and miR-21). These miRNA regulated
23 gene pathways that participate in the cyst formation and expansion.

Patel et al. (2012) generated a transgenic mouse with the ablation of the Dicer
enzyme in miRNA for studying the renal tubular maturation. This model had the
targeted deletion of the enzyme only in the section of nephros generating renal
tubules and collecting ducts. The Dicer mutant mice developed cysts at tubular level
and the microarray analysis of the kidneys showed a downregulation of miR-200
family (miR-200a, miR-200b and miR-200c) and an upregulation of PKD1 gene
(Fig. 4). These findings were confirmed by in vitro study on cultured renal epithelial
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cells in which the inhibition of miR-200 dysrupted tubulogenesis and upregulated
PKDI. In conclusion, PKDI1 gene is a target of miR-200 in the process of renal
tubule maturation and dowregulation of this miRNA causes cyst initiation and
formation. Recently, same group of investigators (Patel et al. 2013) demonstrated
the upregulation of the miR-17-92 cluster (miR-17, miR-18 and miR-20a) in a
mouse model of PKD; its inactivation reduced the kidney cyst growth, improved
renal function and prolonged survival (Fig. 4). This miRNA cluster promotes cell
proliferation through the post-transcriptional repression of PKD1 and PKD2 genes
and the hepatocyte nuclear factor-1p.

Two independent groups of investigators (Sun et al. 2010; Tran et al. 2010) have
demonstrated the translational repression of PKD2 gene by miR-17 (Fig. 4); the
ectopic expression of this miRNA can promote the proliferation of HEK cells by
targeting PKD2. After bioinformatics analysis miR-17 was found to be a regulator of
PKD2 gene expression. Sun et al. (2010), used stable cell lines with overexpression
of miR-17 for demonstrating that this miRNA modulates PKD2 gene in 3'UTR thus
repressing the expression of mRNA and promoting cell proliferation. Therefore,
miR-17 may be considered an important player in the mechanism of cystogenesis
and at the same time a therapeutic target for the growth of cyst and progression of
renal damage in ADPKD. The gene Bicaudal C. homolog 1 (Bicc 1), located on
chromosome 10 may have some mutations in mouse that can be responsible for renal
cyst formation; Tran et al. (2010) demonstrated that Biccl, a key regulator of
embryonic development, acts as a post-transcriptional regulator upstream of
PKD2, thus regulating the stability of PKD2 mRNA, and its translation efficiency.
In addition, Biccl antagonizes the repressive activity of the miR-17 on the 3’UTR of
PKD2 mRNA. Therefore, mouse with Biccl mutants develop cysts in organs like
kidneys, liver and pancreas.

Lee et al. (2008), using microarray on RNA isolated from cholangiocyte cell
lines of PKD rats (a model of ARPDK), demonstrated a decreased expression of
miR-15a associated with upregulation of its target, the cell-cycle regulator cell
division cycle 25A (Cdc25A). The depression of this miRNA in normal rat caused
accelerated cell proliferation and hepatic cystic formation while overexpression of
miR-15a in PKD-CCL cells decreased Cdc25A, inhibited cell proliferation and
reduced cyst growth (Fig. 4). These results indicate that the dysregulation of
miR-15¢/Cdc25A complex may be an important player in the hepatic cyst growth
and proliferation. Recently, Duan et al. (2012) identified by bioinformatics analysis
the miR-365-1 as a regulator of the 3’UTR of PKHDI1 gene of which some
mutations contribute to the development of ARPKD (Fig. 4). The expression of
PKHDI, post transcriptionally regulated by miR-365-1, was validated in cell lines;
miR-365-1 modulated PKHD1 gene suppressing cell-cell adhesion through
E-cadherin. This implies that dysregulation of this miRNA may be relevant for
the ARPKD onset.

In conclusion, data reported in the literature support the hypothesis that abnormal
expression of some miRNAs may alter the function of PKD genes thus contributing
to the cyst development and growth in kidneys and/or liver.
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MiRNAs in Primary and Secondary Glomerulonephritis

This section describes the role of miRNAs involved in different forms of glomeru-
lonephritis (Fig. 5).

IgA Nephropathy (IgAN) is the most common primary glomerulonephritis in
the world. It is characterized by deposition of immune complexes (IgA1l-anti IgA1)
or polymeric IgA1 in the mesangial area of glomeruli. I[gAl in its deglycosylated
form is the first hit of this disease because it is recognized like a non-self antigen by
the immune system that produces IgG or IgA antibodies against the deglycosylated
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IgAl. Serino et al. (2012, 2015) demonstrated that two miRNAs modulate the
process of IgA1 glycosylation, let7 and miR-148b, that have as gene targets the
enzyme N-acetylgalactosamyltransferase 2 (GALNT2) and core 1, fl,
3-galactosyltransferasel (C1GALT1), respectively (Fig. 5). The overexpression of
these miRNAs reduced the activity of the two enzymes which participate in the
process of IgA1 glycosylation.

Bao et al. (2014a, b) demonstrated that polymeric IgA obtained from serum of
IgAN patients stimulated in vitro human mesangial cells to produce abnormal
amount of TGFP and TNF« that upregulated miR-21 that was found at glomerular
and tubular level in kidney biopsies of IgAN patients. In addition, a downregulation
of miR-223 in glomerular endothelial cells was responsible of high expression of
ICAM-1 and monocyte-endothelial adhesion that participate in the progression of
renal damage. The downregulation of other miRNAs, like miR-148b and miR-29¢
caused the high expression of some molecule targets (TPM1, COL2A1), that
participate in production of collagen and sequential glomerular sclerosis and inter-
stitial fibrosis.

Minimal change disease (MCD) and focal segmental glomerulosclerosis
(FSGS) occur more frequently in children and boys. This disease is characterized
by an extensive flattening of podocyte foot processes in the first phase (MCD), then
glomerular sclerosis, tubular atrophy and interstitial fibrosis appear in FSGS.
A downregulation of the miR-30 family has been found in microdissected glomeruli
of renal biopsies from patients with FSGS; this alteration explains the abnormal
function and structure of podocytes (Wu et al. 2014; Fig. 5). An important role of
miR-193a has been shown in the destabilization of podocyte foot processes
(Gebeshuber et al. 2013). The upregulation of this miRNA suppressed the transcrip-
tion factor WTI1 that participates in the maturation process of podocytes, thus
causing downregulation of podocalyxin, nephrin and podocin with collapse of the
podocyte structure.

After the first report of Cai et al. (2013), who described high serum levels of
miR-192 and miR-205 in patients with FSGS, a recent retrospective study of Zhang
et al. (2014) has shown high values of miR-125b, miR-186 and miR-193a-3p in the
plasma of patients with disease in active phase. MiR-125b and miR-186 declined
markedly in patients who were responsive to corticosteroid therapy and miR-186
correlated with the degree of proteinuria.

The evaluation of miRNAs in the urine of patients with FSGS has been done by
Wang et al. (2013) who found increased expression of miR-200c in the urinary cells
but only a few cases were analyzed and data were not conclusive. Recently, Zhang
et al. (2014) identified a panel of four urinary miRNAs (miR-155, miR-196a,
miR-30a-5p and miR-490) that were significantly higher in patients with active
FSGS than patients in remission. In addition, three combined miRNAs (miR-30a-
5p, miR-196a and miR-490) formed a signature with a discriminating AUC of 95 %.
This pattern was validated in a prospective study that indicated this signature as
biomarker to discriminate patients with FSGS in active phase from those in remis-
sion. Finally, urinary miR-30a-5p levels significantly reduced after corticosteroid
therapy thus predicting the positive response to treatment.
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Membranous glomerulonephrits (MGN) is characterized by a thickening of the
capillary wall in the glomeruli after deposition of immune complexes. Recently,
Chen et al. (2014) studied the miRNA profiling in peripheral blood mononuclear
cells (PBMCs) of 30 patients with MGN. They found a list of 40 miRNAs with the
highest fold change in expression of which 20 downregulated and 20 upregulated.
Furthermore, they reported four novel miRNAs downregulated (miR-82, miR-84,
miR-89 and miR-98) and two novel miRNAs upregulated (miR-15 and miR-152)
(Fig. 5). The authors concluded that these miRNAs for their higher difference in
expression may be involved in the pathogenesis of the disease.

SNPs can occur in the sequential phases of miRNA biogenesis (pri-miRNA,
pre-miRNA and mature miRNA) causing the deregulation of the correlated gene
targets and development of a disease. This situation has been observed in
C3-glomerulopathy, that is characterized by a common exon 2—3 heterozygous
duplication of CFHRS gene. Papagregoriou et al. (2012) evidenced the important
role of miR-1207-5p that regulates the heparin binding epidermal growth factor
(HBEGF), expressed in the podocytes, as gene target (Fig. 5). This regulation
was abolished by the presence of the C 1936 T SNP in the miR-1207-5p. This
variant was evaluated in a cohort of 78 patients with biopsy-proven C3
glomerulopathy and it indicated the progression to chronic renal failure in the
long-term follow-up.

Autoimmunity is an interesting field that involves many investigators because
many renal diseases have an autoimmune origin. Recently, Krebs et al. (2013) have
studied the role of miR-155 in a mouse model of crescentic glomerulonephritis
(CGN) induced by sheep globulins. They demonstrated that this miRNA drives renal
injury through the recruitment of nephritogenetic Th17 cells (Fig. 5). The potential
role of miR-155 was confirmed in nephritis in induced miR '~ mice in which the
systemic and renal nephritogenic Th17 immune response was markedly decreased
and mice developed a less severe nephritis. These results suggest that miR-155 may
be considered a potential therapeutic target in autoimmune nephritis; in fact, pre-
ventive treatment of wild-type mice with a miR-155 antagonist decreased the
recruitment of Th17 at renal level and reduced the renal damage. Finally, the
investigators studied the expression of miR-155 in renal biopsies of patients with
ANCA-associated glomerulonephritis and found high expression of this miRNA that
correlated with severity of renal damage.

Lupus nephritis (LN) is the manifestation of renal damage occurring in systemic
lupus erythematosus (SLE) that is an autoimmune disorder characterized by the loss
of immune tolerance to nuclear self antigens with consequent formation of circulat-
ing immune complexes that deposit in kidneys. Innate and adaptive immunity are
involved in this disease and miRNAs participate as potential modulators of this
immune response.

First, Dai et al. (2007) described the miRNA pattern in PBMCs of patients with
SLE and identified 16 miRNAs of which 9 upregulated and 7 downregulated. Later,
Te et al. (2010) described the miRNA pattern of LN (miR-371-5p, miR-423-5p and
miR-1224-3p). Bioinformatic analysis demonstrated that the IFN signaling pathway
was modulated by these miRNAs.
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MiRNA participate in DNA hypomethylation of CD4+ T cells in this disease; this
phenomenon is responsible for T cell autoreactivity. Three upregulated miRNAs
(miR-21, miR-148a and miR-126) inhibited the DNA methylation process in CD4+
T cells of SLE patients (Pan et al. 2010; Zhao et al. 2011). It has been demonstrated
that a genetic variant (rs57095329) in the promoter region of miR-146 gene is
responsible for a reduced expression of this miRNA that targets some genes of the
innate immunity like IL-1 receptor associated kinasel (IRAK1) and tumor necrosis
factor receptor-associated factor 6 (TRAF6) that are two signal transducers in the
NFkB pathway.

Other dysregulated miRNAs contribute to the development of SLE, like a
downregulation of miR-125a (Zhao et al. 2010) and an overexpression of miR-21
(Stagakis et al. 2011) and miR-155 (Divekar et al. 2011). They modulate the activity
of T cells, mainly T reg.

The presence of miRNAs in serum or plasma of patients with SLE has also been
studied by two groups of Chinese investigators. The Szeto’s group (Wang
et al. 2010b, c) proposed the downregulated miR-200 family, miR-205, miR-192,
miR-146a and miR-155 as biomarkers of disease activity. In addition, an improve-
ment of miR-146a was observed after administration of calcitriol that may be
considered an immune modulator because the low expression of miR-146a promoted
the type 1 IFN pathway activation.

The Dai’s group (Wang et al. 2012) identified the circulating miR-126 specifically
higher in SLE patients and other 3 miRNAs (miR-125a-3p, miR-155 and miR-146a)
downregulated. They suggested this miRNA signature as a potential biomarker for
monitoring SLE. Since bioinformatic analysis identified a number of significant
pathways, they considered these miRNAs an additional step for studying the path-
ogenetic mechanisms of the disease (Sui et al. 2014).

Recently, Carlsen et al. (2013) reported a miRNA signature (miR-142-3p,
miR-106a, miR-17 and miR-20a) as a classifier for analyzing the SLE risk. Interest-
ingly, these results were validated in two independent cohorts of SLE patients from
Denmark and Sweeden, respectively. The target genes of these miRNAs are involved
in the inflammatory pathogenesis of the disease.

Reports of scientists on the miRNA expression in kidney biopsies of SLE patients
are very few (Fig. 5). The transcriptomic analysis of Dai et al. (2009; Sui et al. 2014)
indicated two validated miRNAs (miR-516-5p and miR-637) whereas Lu
et al. (2012) found a downregulated expression of miR-638 at glomerular level
and an upregulation of miR-146a and miR-198 in the glomerular and tubuloin-
terstitial compartments. Fibronectin and CXCR3 were found as the target genes of
these miRNAs.

Szeto’s group (Wang et al. 2010b) reported additional data of miRNAs in urine of
patients with SLE. This team of investigators indicated two urinary miRNAs
(miR-146a and miR-155) as expression of the disease because they are regulators
of the immune system. Finally, Zhou et al. (2013) indicated the upregulated miR-150
expression at renal level as a potential biomarker for evaluating the renal outcome in
SLE patients.
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The role of miRNAs has been studied in the pathogenesis of HIV associated
nephropathy (HIVAN), a collapsing focal segmental glomerulosclerosis with
microcystic dilatation of tubules, by Cheng et al. (2013a) in the HIV-1 transgenic
mouse. Thirteen miRNAs belonging to 11 miRNA families were found
downregulated in kidney sections. They were validated in vitro in HIV-1 transduced
human podocytes and a notable downregulation of miR-200b and ¢ and miR-33
expression was found in podocytes. The authors concluded that these miRNAs
contribute to the development of the renal damage because miR-200 could inhibit
TGFB- induced EMT at tubular level. Later, the same investigators (Cheng
et al. 2013b) evaluated the effect of rapamycin administration on miRNA expression
pattern in HIVAN mice. They observed an attenuation of renal lesions because
rapamycin reversed the expression of downregulated miRNAs, mainly those of
miR-200 family. In conclusion, this agent attenuates the renal cell EMT through
the modulation of miR-200 expression and these results could be taken into consid-
eration for improving the outcome of HIVAN.

MiRNAs in Kidney Transplantation

MiRNAs can participate to several physiopathological mechanisms that characterize
the kidney transplantation: the ischemia-reperfusion injury (IRI), the acute rejection
and the chronic allograft dysfunction (Table 1).

The IRI is one of the main causes of acute kidney injury (AKI) in kidney
transplantation. It is due to a decreased blood supply followed by a
re-establishment of the normal bloodstream that led to hypoxia, vascular dysfunction
and immune response activation. IRI have a major role in the development of
delayed graft function (DGF) following kidney transplantation (Jang et al. 2009;
Eltzschig and Eckle 2011).

One of the miRNAs more involved in the IRI is miR-21. It has been found
upregulated in murine kidney injury model, performed by unilateral ureteral obstruc-
tion, at 3 and 7 days after IRI. The ureteral obstruction caused a renal fibrosis
whereas the in vivo inhibition of miR-21 led to a decrease of expression of
TGF-B, a-SMA, PAI-1, collAl, coll A2 and fibronectin (Godwin et al. 2010; Sha-
piro et al. 2011; Zarjou et al. 2011). Also the macrophage infiltration was reduced
and further miRNAs were found modulated in this process: miR-142-3p,
miR-142-5p, miR-214, miR-223, miR-101a, miR-193 and miR-218 (Shapiro
et al. 2011). Most of these miRNAs did not regulate processes involving lympho-
cytes since they are regulated also in immunodeficient mice (Godwin et al. 2010). In
addition to these miRNAs, also miR-155 and miR-18a have been found upregulated
in rat kidneys following IRI-induced tubular injury, even if in blood and urine they
resulted at the same time downregulated (Saikumar et al. 2012), suggesting a specific
pattern of expression, depending on the type of cells.

To understand how the miRNAs influence the injured human kidney, a prospec-
tive cohort study investigated zero-hour and protocol allograft biopsies from
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Table 1T miRNAs involved in kidney transplantation

Pathology Modulated miRNA Involved pathway Expressed in
Ischemia- miR-142-3p, miR-142-5p, Modulation of TGF-f, Renal tissue/
reperfusion miR-214, miR-223, miR-101a, o-SMA, PAI-1, cells
injury miR-193, miR-218 miR-155 and | collagens and
miR-18a fibronectin
Acute miR-10a, miR-10b and miR-210, |/ Urinary cell
rejection miR-142—-5p, miR-155, pellets;
miR-223, miR-10b, miR-30a-3p PBMC:s; renal
and let-7C, miR-10a, miR-10b tissue/cells
and miR-210
Chronic miR-204, miR-21, miR-142-5p, Smad /TGFB signalling | Renal tissue;
allograft miR-142-3p, miR-506 miR-30b PBMCs
dysfunction and miR-30c
with IF/TA
Allograft miR-125b, miR-203miR-142- Regulation of Renal tissue
chronic 3p, miR-204, miR-211 inflammation and
dysfunction fibrosis development
CAMR with miR-142-5p Immune-regulation Renal tissue;
IF/TA PBMCs
AKI miR-182-5p and miR-21-3p Homeostasis of cells of Renal tissue

the immune system;
apoptosis and
proliferation

166 patients. Eight cases with AKI and ten matched allografts without pathology,
used as control group, were followed-up within the first 12 days after engraftment. In
these samples miRNA and mRNA profiles were analyzed and, following the base-
line adjustment for zero-hour biopsy expression levels, a specific molecular AKI
signature of 20 mRNAs and 2 miRNAs (miR-182-5p and miR-21-3p) were identi-
fied. These miRNAs could describe the evolution of events during acute injury. The
miR-182-5p seems be the main controller of the kidney tissue injury; it can be
activated by IL-2 and STATS5 and it inhibits FOXO1 expression that regulates
homeostasis of cells of the immune system such as T-cells, B-cells and neutrophils.
MiR-182-5p could regulate also molecular processes related to the AKI, as apoptosis
and proliferation (Wilflingseder et al. 2013, 2014).

The screening of miRNAs in acute rejection biopsies revealed three most impor-
tant miRNAs that were overexpressed (miR-142-5p, miR-155 and miR-223) and
three miRNAs downregulated (miR-10b, miR-30a-3p and let-7c). The three
miRNAs upregulated in the renal tissue were also highly expressed in PBMCs and
the stimulation with the mitogen phytohaemagglutinin led to increased levels of
miR-155 and lower levels of miR-223 and let-7c. Moreover, intragraft levels of
miR-142-5p or miR-155 can accurately predict the acute rejection (100 % sensitivity
and 95 % specificity) (Anglicheau et al. 2009). Therefore, these miRNAs could be
potentially considered as non-invasive diagnostic biomarkers of acute rejection.

In patients with acute rejection, the levels of miR-10a, miR-10b and miR-210
have been found modulated in urinary cell pellet. Specifically, miR-10a was
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upregulated, whereas miR-10b and miR-210 were downregulated (Lorenzen
et al. 2011). However, the data on miR-210 are discordant considering another
study on the expression of miRNAs isolated from plasma of patients with AKI, in
which it was found upregulated (Lorenzen et al. 2011). This inconsistency can be
ascribed to the different type of samples or conditions.

A study of the miRNA signature in chronic allograft dysfunction has been
performed comparing patients with interstitial fibrosis (IF) and tubular atrophy
(TA) with patients with normal allografts and correlating miRNA profiles derived
from allograft biopsies with IF/TA with urinary profiles. Three miRNAs, miR-142-
3p, miR-204 and miR-21, were found differentially expressed in tissue and urine and
were confirmed in an independent set of samples (Scian et al. 2011). Another study
has been carried out on eight human kidney allograft biopsies, four IF/TA and four
normal biopsies, and confirmed on further ten IF/TA and eight normal samples.
Ben-Dov et al. (2012) found miR-21, miR-142-5p, miR-142-3p and miR-506
upregulated and miR-30b and miR-30c downregulated, compared with normal
kidneys.

Even if the studies on miRNAs expression in the renal tissue can be useful to
understand the process correlated to the rejection or fibrosis subsequent the trans-
plantation, they assume a greater clinical significance when are performed on body
fluids as plasma or urine because the investigated miRNAs could be used as
non-invasive biomarkers.

Several studies have investigated this issue. Twenty-two miRNAs have been
found able to discriminate between renal allograft recipients with chronic dysfunc-
tion and well-functioning controls. This study was performed on urinary cell pellets
on a total of 191 samples. The identified miRNAs are involved in the regulation of
inflammation and fibrosis development pathways and the panel of urine miRNAs, if
further validated, could be useful in allograft for monitoring graft function and for
the prediction of progression to chronic allograft dysfunction (Maluf et al. 2014).

Interestingly, the miR-142-5p, previously described as upregulated in allograft
biopsies with IF/TA (Ben-Dov et al. 2012) has been found overexpressed also in a
further study both in PBMCs and in renal tissue of patients with chronic antibody
mediated rejection (CAMR) as well as in a rodent model of CAMR. The miR-142-5p
was not modulated by immunosuppressive therapy, suggesting that its expression
was not induced by treatment. Moreover, when PBMCs of those patients were
activated with phytohemagglutinin A, the miR-142-5p expression decreased and
was not increased in the blood of patients with acute rejection. This miRNA may be
considered an excellent CAMR biomarker because it has been validated in PBMCs
of an independent cohort of patients discriminating those with CAMR (AUC = 0.74;
p = 0.0056) (Danger et al. 2013). Moreover, this miRNA modulates the expression
of genes belonging to the category of immune-regulation and could be used as a
marker of tolerance in B-cells of operationally tolerant patients (Danger et al. 2012).

Taking into account all these studies, we can conclude that the analysis of the
expression of certain miRNAs is a promising methodology to impact clinical
decisions. The miRNAs, in addition to provide further discernment into specific
pathophysiological mechanisms, are good candidate molecular biomarkers since
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they are stable overtime and can be detected in body fluids and in sample sources
with degraded RNA.

Potential Applications to Prognosis and Other Diseases or
Conditions

Since some diseases are characterized by an abnormal miRNAs expression, the
identification of miRNA signature for specific disease will be helpful in early and
differential diagnosis. There are some studies that provide evidence on the potential
use of circulating miRNAs in different body fluids as biomarkers for disease state
and progression. The application of miRNAs in diagnosis and prognosis of disease
are described in detail below in paragraph “MiRNAs as diagnostic tools in blood and
urine.”

Moreover, miRNAs have some properties that make them useful as targets for
therapeutic applications. First, miRNA signature differentiates various disease;
this allow the identification of specific miRNAs that could be manipulated to
control gene regulation. Second, miRNAs, as small entities, are able to be
in vivo easily delivered. Finally, miRNAs have multiple gene targets, some of
that work simultaneously to control a common pathway or biological process.
However, this could also be a disadvantage due the “off-target” side effects. The
application of miRNAs in therapy and the description of different approaches
used are well explained below in paragraph “New approaches for miRNA
therapy.”

MiRNAs as Diagnostic Tools in Blood and Urine

In the last years, a particular attention was given to the identification of novel and
reliable biomarkers for renal diseases. Recent studies, mainly in the cancer field,
have provided evidence on the potential use of miRNAs as new diagnostic tool. As
described above, miRNA studies in renal diseases have demonstrated that miRNAs
have both an important role in the pathogenesis and in the diagnosis of many renal
diseases.

The first evidence regarding the extraction and determination of cell-free miRNA
content in body fluids was shown by Chen et al. (2008). Cell-free miRNAs in body
fluids are stable under not easy conditions including boiling, low/high pH, extended
storage, multiple freeze-thaw cycles. Moreover, they are resistant to endogenous
RNase for their small size and perhaps for packaging inside lipid or lipoprotein
complexes such as microvesicles/microparticles or exosomes (Mitchell et al. 2008).
It has been also hypothesized that circulating miRNAs have a role in cell-to-cell
communication; in fact, they could transport information from a donor to a recipient
cell. Instead, in urine, miRNAs may be filtered and excreted by, or directly from, the
kidney and/or urinary tract.
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All these characteristics and the non-invasive nature make blood- and urine-
circulating miRNAs as ideal and potential biomarkers to detect or monitor various
human diseases.

Since the levels of circulating miRNAs are very low, the real-time RT-PCR is well
adapted for the analysis of circulating miRNA profiles for its sensitivity. However,
one of the major challenge in the analysis of circulating miRNAs is the suitable
method of normalization. To date, an established housekeeping gene to normalize
the expression of circulating miRNAs is lacking. Consequently, researchers have
proposed other methods of normalization. Some researchers have added spiked-in
control miRNAs during the RNA purification process in order to resolve differences
in recovery during the purification procedure and amplification -efficiency.
Synthetic C. elegans miRNAs are usually used as spiked-in control miRNAs.
Other groups have used different miRNAs as normalizing controls such as miR-16
or miR-17. However, one needs to be mindful that miRNAs used as normalizers are
highly and equally expressed in the samples analyzed and they are stable in different
disease conditions. In fact, levels of miR-16 have been shown to be increased in
critical limb ischemia patients (Spinetti et al. 2013), miR-17 is reduced in patients
with systemic lupus erythematosus (Carlsen et al. 2013).

In conclusion, although circulating miRNAs potentially could be used as disease
biomarker, for their introduction in clinical practice, a method that replaces the time-
consuming RNA isolation, reverse transcription and quantitative PCR analysis is
needed. Moreover, currently studies published on circulating miRNAs in kidney
diseases have enrolled a low number of patients and the use of miRNAs as prog-
nostic biomarkers is still limited. Future studies involving larger cohorts of patients
and different ethnic groups will be useful.

New Approaches for miRNA Therapy

Therapeutic Approaches

MiRNA dysregulation occurs in many kidney diseases. The main therapeutic
approach is to normalize miRNA expression values in blood, kidney or urine.
There are two ways for modulating the dysregulated miRNAs: (i) inhibition of the
upregulated miRNAs; (ii) restoration of the activity in downregulated miRNAs
(Table 2).

(i) miRNA antagonists

First, the inhibition of miRNA activity can be obtained using small interfering
RNA (siRNA) against the sequential components of miRNA biogenesis that are
the two enzymes, Drosha and Dicer/DGCRS, and the RISC-miRNA complex.
The ablations of Dicer, Drosha or RISC in animal models have generated kidney
malformations or genetic diseases.

Second, the inhibition of upregulated miRNA activity can be obtained by
several methods like chemically modified antisense oligonucleotide inhibitors
(antagomirs or anti-miRs) or introducing a tandem miRNA-binding site repeats
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Table 2 Strategies to MiRNA antagonists
modulate miRNAs in the

clinic

(i)

Small interfering RNAs (siRNAs)

Antagomirs/anti-miRs (ASO): 2/-O-methyl RNA (2'-O-Me)
2'-O-methoxyethyl (2'-MOE)
2/ -fluoromodification

Sponge/decoy miRNAs locked-nucleic acid
Phosphorotionate linkage

MiRNA erasers

MiRNA target occupiers

MiRNA mimics

MiRNA sharing

Small hairpin RNAs (ShRNAs)

Scaffold miRNAs

Artificial miRNAs

(Sponge or decoy miRNAs). The antisense oligonucleotide (ASO) has a com-
plementary sequence to the mature miRNA thus it binds and sequesters the
cognate miRNA; this approach has been used in cell cultures for repressing the
mRNA gene target. The antagomirs may have different chemical modifications
such as 2’-O-methylIRNA, 2'-fluomodification, LNA (locked-nucleic acid) mod-
ifications, phosphorotionate linkage. The LNA modifications provide long-term
and efficient suppression of miRNAs. MiRNA sponges consist of multiple
tandem binding sites into the 3’'UTR of cognate endogenous miRNAs. Other
approaches are the miRNA erasers and the miRNA target occupiers.

miRNA mimics

The restoring of downregulated miRNAs can be obtained introducing miRNA
mimics that share the structure of miRNA or employing small hairpin RNA
(shRNA) or using miRNA scaffolds and artificial miRNAs.

MiRNAs as Potential Therapeutic Strategies

@

Animal models

The ablation of Dicer or Drosha or the introduction of siRNA against these two
enzymes can cause death of animals or kidney malformations. This means that
miRNAs play an important role in embryo development and organ formation.
Details of these experimental studies can be found in the section “miRNAs and
kidney development.”

Transgenic mice with ablation of a miRNA gene or introduction of
overexpressed miRNA gene have been realized for studying the biological
properties of a cognate miRNA.

Manipulation of the downregulated miR-146a has been done in lupus-prone
BXSB mice by Pan et al. (2012) administering virus like particles (VLP) containing
miR146a. The 20-week-old BXSB mice showed an increase of the cognate miRNA
expression in PBMCs, kidney, spleen and lung associated with reduction of
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(i)

anti-dsDNA antibodies and ANA. Furthermore, the investigators observed reduced
expression of inflammatory cytokine SLE-related (IFNa, IL-1P, IL-6). These
results suggest a therapeutic approach for mice predisposed to develop SLE.

Since miR-192 is overexpressed in streptozotocin (STZ)-induced diabetic
mice (type 1 Diabetic Nephropathy) and in diabetic db/db mice (type 2 DN),
Putta et al. (2012) evaluated the efficacy of the anti-miR-192 in C57BL/6
diabetic mice. They observed a decreased expression of extracellular matrix
associated with reduced expression of profibrotic genes (TGFp, CTGF, fibro-
nectin, COL 1a2 and COL 4al). Furthermore, they found reduced albuminuria
in diabetic mice.

Qin et al. (2011) administered a double-stranded miRNA mimics like
miR-29b in a rat model of obstructive nephropaty to block renal fibrosis. The
ultrasound-mediated gene delivery of miR-29b blocked the progression of renal
fibrosis by inhibiting the Smad 3/TGF-f pathway.

Human diseases

The use of miRNA blockers or enhancers in humans with non-renal diseases is
entering in a crucial phase of development and application. An extensive review
on this topic has recently been published by Van Rooij E and Kauppinen S
(2014). We have focused in this section only the recent progresses on the
therapeutic application of Miravisen in patients with hepatitis C virus (HCV)
infection because these individuals could potentially develop secondary
cryoglobulinemic glomerulonephritis. This locked nucleic acid-modified DNA
phosphorothioate antisense oligonucleotide sequesters the oligomeric miR-122-
HCV complex that protects the HCV genome from nucleolytic degradation.

Two drug companies, Santaris Pharma and Regulus Therapeutics, are cur-
rently moving to phase I1I studies with Miravisen in patients with HCV infection
after the recent published data of Janssen et al. (2013) obtained from the first
phase II study. Thirty-six patients received Miravisen subcutaneously at doses
of 3, 5 or 7 mg/kg or placebo for a total of 5 weeks. Treatment with this antimiR-
122 produced a dose-dependent and long-lasting anti-viral activity with reduc-
tion of HCV RNA levels. Remission was obtained in a large number of treated
patients with only rare mild side-effects. The therapeutic results are promising
but remain to be validated in large cohorts of patients.

Challenges and Future Perspectives

Despite the research on miRNAs in renal pathophysiology is very interesting, it is
highly challenging. Firstly, it is not completely understood the mechanism of regu-
lation of miRNA biogenesis. In fact a lot of miRNAs are located within the introns of
genes, but their expression regularly doesn’t correlate with that of host gene demon-
strating additional regulatory mechanisms after the miRNA transcription. For many
miRNAs several gene targets are unknown. Bioinformatic analyses have predicted
many thousands of target genes for each miRNA but only a small number of these has
been validated biologically. MiRNAs have a tissue and cell-specific expression,
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but kidneys are constituted by different types of cells which could be diversely affected
in various renal diseases. So, to validate experimentally the role of a miRNA, it is
necessary to identify the cell types in which a miRNA is expressed in a particular
pathologic condition. As described in detail above, the main system to study experi-
mentally the link between a miRNA and a target gene is the transfection of miRNA
mimics and inhibitors. Sometimes cell lines are difficult to transfect and the introduced
oligonucleotides may have non-specific effect when used in the in vivo models.

Although several challenges exist in miRNA research, progress in technological
advances will help to overcome these difficulties and permit us to understand the
effect of miRNAs on pathogenesis of renal diseases. In the future, animal models
that enhance or silence a particular miRNA could provide the best model to study the
function of miRNAs. Moreover, the detection of circulating miRNAs could help the
clinicians in the diagnosis, prognosis and therapeutic response of kidney diseases.
Finally, the most attractive perspective is the use of miRNAs for the specific
treatment of kidney diseases even if the development of safe and reliable organ
and cell-specific delivery systems, the limitation of toxicity derived from off-target
effects and from the activation of immune response are needed.

Summary Points

» This chapter focuses on the role of microRNAs (miRNAs) in kidneys.

* MiRNAs are small RNA molecules that can regulate gene expression at post-
transcriptional level.

* MiRNAs play an important role in essential biological processes of renal
physiology.

* MiRNA dysregulations are involved in the pathogenesis of several kidney dis-
eases such as polycystic kidney disease, primary and secondary glomerulone-
phritides and renal transplantation.

» Thus, they represent an important tool for the diagnosis of renal diseases and
could be used as new targets for the treatment of kidney diseases.
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Abstract

Creatinine is the end product of the metabolism of creatine phosphate, a by-product
of skeletal muscle metabolism. It is excreted mainly via the kidneys, primarily by
glomerular filtration. It is therefore the most widely used blood assay to measure the
presence and progression of chronic kidney disease. The real-time monitoring of
serum creatinine translations at the individual patent level, the so-called serum
creatinine trajectories, offers a fascinating methodology of the study of kidney
function and disease. In this review, we have examined and analyzed the serum
creatinine trajectories in kidney disease, ranging from acute kidney injury (AKI) with
its multifarious rainbow spectrum of renal outcomes in AKI, through the titillating
vicissitudes of the different patterns of CKD to ESRD progression including a
description of the syndrome of rapid-onset end-stage renal disease (SORO-ESRD)
and the syndrome of late-onset renal failure from angiotensin blockade (LORFFAB)
to the serum creatinine trajectories of some specific renal syndromes including adult
polycystic kidney disease, HIV nephropathy, and sickle cell disease. These patients
represent representative cases of the named renal states as managed at the Renal Unit
of the Mayo Clinic Health System, Eau Claire, Northwestern Wisconsin, USA, and
the Renal Clinic of Nnamdi Azikiwe University Teaching Hospital, Nnewi, Nigeria.
We surmise that the study of individual patient-level serum creatinine trajectories, an
evolving area of current nephrology practice, can indeed provide additional diag-
nostic and prognostic insights in the management of the nephrology patient.

Keywords

Acute kidney injury (AKI) » Chronic kidney disease (CKD) ¢ End-stage renal
disease (ESRD) < Late-onset renal failure from angiotensin blockade
(LORFFAB) + Renal replacement therapy (RRT) ¢ Renoprevention * Serum
creatinine * Serum creatinine trajectories * Syndrome of rapid-onset end-stage
renal disease (SORO-ESRD)

Key Facts

» Serum creatinine is a measure of kidney function in patients with kidney disease.
»  With kidney disease and the resulting failing kidney function, the serum creati-
nine concentration rises.
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* The estimated glomerular filtration rate (¢GFR) derived from serum creatinine
using prespecified formulas gives GFR values equivalent to specific serum
creatinine concentrations for a particular patient at any point in time and is
expressed in ml/min/1.73 m* BSA.

» The graphical representation and analysis of the real-time translations in serum creat-
inine at the individual patient level constitute the science of serum creatinine trajectories.

» Serum creatinine trajectories can provide exciting and scintillating new insights
into renal disease diagnosis and prognostication.

* Angiotensin-converting enzyme inhibitors and angiotensin receptor blockers are
the most studied pharmaceutical agents which by blocking the renin angiotensin
aldosterone system are able to slow down the progression of kidney disease
especially in proteinuric CKD patients, diabetic and nondiabetic.

» There are recent reports of a potential nephrotoxic effect of angiotensin-converting
enzyme inhibitors or angiotensin receptor blockers especially at higher doses in
older (>65-year-old) later (>CKD III) patients, as typified in the newly described
syndrome of late-onset renal failure from angiotensin blockade (LORFFAB).

Definitions

Acute kidney injury (AKI) This is any disease state or condition that results in an
acute new-onset injury to the kidneys, usually leading to an increase in measured
serum creatinine concentration.

Chronic kidney disease (CKD) This describes a chronic and sometimes often
stable state of chronic disease affectation of the kidneys by medical conditions
such as hypertension and diabetes mellitus and is characteristically categorized
into five stages, CKD I, II, III, TV, and V, according to prespecified eGFR cutoff
ranges with CKD V being the worst group with eGFR of <15 ml/min/1.73 m* BSA.

Creatinine This is the end product of skeletal muscle creatine phosphate metabo-
lism that enters the blood stream and is excreted from the body via the kidneys in the
urine; hence the serum concentration of creatinine is a measure of kidney function in
health and in disease.

End-stage renal disease (ESRD) This is the terminal state of usually irreversible
kidney disease resulting from disease conditions such as hypertension and diabetes
mellitus that require renal replacement therapy.

Renal replacement therapy (RRT) This refers to alternative lifesaving interven-
tions used to prolong life in patients with advanced kidney failure and include
hemodialysis, peritoneal dialysis, and kidney transplantation.

Renoprevention This is the practice of calculated and preemptive avoidance or
minimization of nephrotoxic exposure in CKD patients undergoing major surgery,
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prior to iodinated contrast administration and during critical illness, and the agents to
avoid include nephrotoxic antimicrobials such as aminoglycosides, NSAIDs and cox
IT inhibitors, diuretics, and angiotensin-converting enzyme inhibitors or angiotensin
receptor blockers (“triple whammy” medications).

Quadruple whammy This is the name of a newly described syndrome of postop-
erative AKI occurring in CKD patients on concurrent “triple whammy’” medications.

Syndrome of rapid-onset end-stage renal disease (SORO-ESRD) This is a
newly described syndrome of rapid unanticipated acute-onset yet irreversible kidney
failure requiring renal replacement therapy indefinitely, following episodes of acute
kidney injury from medical and surgical factors.

Introduction

Creatinine: Metabolism, Chemical Structure, and Excretion
in the Urine

Creatinine is the end product of the breakdown of creatine phosphate in muscle
metabolism. It is usually produced at a fairly constant rate by the body, depending
on the individual’s muscle mass. It is produced via a biological system involving
creatine, phosphocreatine (also known as creatine phosphate), and adenosine triphos-
phate (ATP, the body’s immediate energy supply). Creatine is synthesized primarily in
the liver from the methylation of glycocyamine (guanidinoacetate, synthesized in the
kidney from the amino acids, arginine, and glycine) by S-adenosylmethionine. It is
then transported through the blood to the other organs, muscle, and the brain, where,
through phosphorylation, it becomes the high-energy compound phosphocreatine
(Taylor 1989). During the reaction, creatine and phosphocreatine are catalyzed by
creatine kinase, and a spontaneous nonenzymatic conversion process to creatinine may
occur (Allen 2012). Degradation consists of cyclization of creatine to form creatinine
(Wyss and Kaddurah-Daouk 2000). The degradation process is dependent on both pH
and temperature. If creatine is in the presence of basic solutions, it will remain as
creatine, if the temperature remains low (Wyss and Kaddurah-Daouk 2000). Con-
versely, if creatine is in the presence of an acidic solution with high temperatures, it
will be converted to creatinine. Creatinine is eventually excreted from the body
through the urine. It is removed from the blood chiefly by the kidneys, primarily by
glomerular filtration, but also by proximal tubular secretion. Little or no tubular
reabsorption of creatinine occurs. Thus, the level of the serum creatinine in a subject
is a general reflection of the level of kidney function. With kidney disease and loss of
nephrons, the level of serum creatinine would therefore show an upward trend.
Conversely, with improving kidney function, say following acute kidney injury
(AKI), the level of serum creatinine will then trend downwards. Accordingly, serum
creatinine is the most widely used assay to measure the presence and progression of
chronic kidney disease (Levey 1990).
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Serum Creatinine Trajectories in Kidney Disease

Serum Creatinine Trajectories in Acute Kidney Injury (AKIl): The
Rainbow Spectrum of Renal Outcomes Following AKI in CKD Patients

Whereas nephrologists and physicians are generally conversant with the common
diagnosis of acute kidney injury (AKI) in patients with chronic kidney disease
(CKD), the so-called phenomenon of acute-on-chronic renal disease (AKI-on-
CKD), nevertheless, the common consensus is that the impact of AKI on renal
function is usually short-lived and fleeting, with typical expected recovery of renal
function in most instances (Ponte et al. 2008; Wald et al. 2009; Ishani et al. 2009;
Onuigbo and Achebe 2013). Nonetheless, mutually anecdotal as well as objective
evidence in the nephrology literature support a contrarian notion that quite often,
much less renal recovery follows these AKI on CKD events (Onuigbo and Achebe
2013). Indeed, there is new and cumulative evidence in the AKI literature demon-
strating that AKI not only leads to and propagates CKD but that AKI could also
directly lead to irreversible ESRD and the need for permanent renal replacement
therapy, the so-called newly described syndrome of rapid-onset end-stage renal
disease (Onuigbo 2010).

The following are four case reports with representative graphs of serum creatinine
trajectories of patients seen and managed at the Renal Unit of the Mayo Clinic
Health System in Northwestern Wisconsin, USA, who typify the varying spectrum
of renal outcomes following AKI in patients with CKD.

Rapid and Full Recovery of Renal Function Following AKI on CKD

A 48-year-old obese hypertensive Caucasian male patient, with previously stable
stage 11 CKD, with a baseline serum creatinine of 1.2 mg/dL and estimated GFR
(eGFR) of >60 ml/min/1.73 m*> BSA in January 2013, developed AKI on CKD
following fever of unknown origin (FUO) complicating methicillin-resistant Staph-
viococcus aureus (MRSA) bacteremia (Onuigbo and Achebe 2013). ACE inhibi-
tion with benazepril was discontinued due to AKI presentation, whereas amlodipine
was continued for hypertension control. He had iodinated contrast administration as
part of work-up of the bacteremia. He received multiple courses of different
parenteral antibiotics including nafcillin, vancomycin, and Cubicin, as prescribed
by Infectious Disease Consultation. A kidney biopsy revealed acute interstitial
nephritis, without evidence for contrast-induced nephropathy, nor glomerulone-
phritis. Serum creatinine peaked at 3.3 mg/dL (eGFR of 20 ml/min/1.73 m* BSA)
(Fig. 1). He was treated conservatively and did not need renal replacement therapy
(RRT). He rapidly improved and exhibited full recovery of his renal function within
a month (Fig. 1).

Partial Recovery of Renal Function Following AKI on CKD
An 83-year-old white woman with hypertension and otherwise stable CKD III
underwent a right hemicolectomy procedure together with the resection of about
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Fig. 1 Serum creatinine trajectory showing rapid full recovery of renal function following AKI
on CKD

150 cm of her small intestine with end-to-end ileocolic anastomosis for colon cancer
in October 2011. This was complicated by diarrhea and dehydration. Furthermore,
there was the need for a second laparoscopic procedure in November 2011.
She experienced AKI in October 2011 following the initial surgical intervention.
She experienced yet a second AKI episode the following month in November 2011
from hypovolemic dehydration with peak creatinine values as shown in Fig. 2. She
partially recovered kidney function and since December 2011 has maintained a
higher new baseline serum creatinine. She otherwise remains asymptomatic and
continues to feel great at her current age of 85 years. Her previous baseline serum
creatinine was 1.2 mg/dL in January 2006, 1.3—1.4 mg/dL in 2010-2011 (CKD stage
111, eGFR approximately 36-38 mL/min per 1.73 m® BSA). Between December
2011 and March 2014, the timeline for this review, she has maintained a new higher
but stable baseline serum creatinine of approximately 2.0-2.2 mg/dl (eGFR
20-25 mL/min per 1.73 m* BSA), CKD stage IV (Fig. 2).

Rapid-Onset Yet Irreversible ESRD or the Syndrome of Rapid-Onset
ESRD (SORO-ESRD) Following AKI on CKD in a Patient with Native
Kidneys

An 81-year-old type 2 diabetic hypertensive Caucasian female patient on losartan
50 mg daily for hypertension control was evaluated for acute worsening dyspnea in
December 2004 (Onuigbo and Achebe 2013). This was associated with a large right-
sided pleural effusion. Critical Care Pulmonary Medicine consultation ordered a
contrast-enhanced chest CT examination to rule out pulmonary embolism. She did
not have pulmonary embolism. An echocardiogram showed stable left ventricular
ejection fraction of 45-50 %, unchanged from a previous examination completed
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Fig. 2 Serum creatinine trajectory showing partial recovery of renal function following postop-
erative AKI on CKD in an 83-year-old Caucasian woman

earlier in April 2003. However, the patient very rapidly, within 24 h, following
iodinated contrast exposure, developed oliguric AKI on CKD. Serum creatinine had
more than doubled, from a baseline of 1.6 mg/dL, quickly up to 3.7 mg/dL, in
association with acutely worsening new-onset dipstick proteinuria. Serum creatinine
continued to rise with falling urine output mandating the initiation of RRT (Onuigbo
and Achebe 2013). She was started on hemodialysis, just 3 days following iodinated
contrast exposure. She remained oligoanuric and was on maintenance hemodialysis
up until October 2012, nearly 8 years later. She died in October 2012, at the age of
89 years, serum creatinine about 4 mg/dL, from hypotensive shock following
urosepsis, overall cachexia, and failure to thrive. This picture of precipitate acute
unanticipated but yet irreversible AKI resulting in ESRD needing permanent RRT
was termed the syndrome of rapid-onset ESRD (SORO-ESRD), a newly described
syndrome that we first reported in 2010 (Onuigbo 2010; Onuigbo et al. 2013d,
2014).

Rapid-Onset Yet Irreversible ESRD or the Syndrome of Rapid-Onset
ESRD (SORO-ESRD) Following AKI on CKD in a Renal Transplant
Recipient

A 53-year-old Caucasian female patient, with type 1 diabetes mellitus, hyperten-
sion, and diabetic gastroparesis, had received a simultaneous pancreas-kidney
transplantation (SPK) in 2000 for ESRD. She was on maintenance of immunosup-
pression with tacrolimus, mycophenolate mofetil, and prednisone. Through 2010,
she had maintained a baseline serum creatinine of 1.6—-1.8 mg/dL, eGFR ~34 ml/
min/1.73 m? BSA, consistent with stable renal allograft stage III CKD (Onuigbo



146 M. Onuigbo et al.

EGFR
40 Transplant Pyelonephritis
Dehydration
e Gastroenteritis
January 3, 2011
30
o
1S
@ SORO-ESRD
o 20F >
[e N
£
€ [
3
S
10f
0 1 1 1 1 1 1 ]
Q Q Q Q Q Q N N
& & & S S F S
N\ N N () ) $o O
Q Q > v v v V >
N S N N @ S N &

Fig. 3 eGFR trajectory in a renal transplant recipient demonstrating rapid-onset yet irreversible
ESRD following AKI on CKD requiring permanent RRT following transplant pyelonephritis and
concomitant dehydration

and Achebe 2013). In January 2011, she presented with symptomatic acute trans-
plant pyelonephritis from Escherichia coli, further complicated by dehydration
following 1 week of nausea, vomiting, and diarrhea (Onuigbo 2013d; 2014). She
quickly developed worsening AKI on CKD with worsening oliguria. Serum creat-
inine quickly increased within days to 5.16 mg/dL (Fig. 3). She soon needed the
initiation of RRT for progressive oliguric AKI with anorexia and volume overload.
Emergent RRT was started as hemodialysis via a tunneled central dialysis catheter
on January 8, 2011. She was then referred to Mayo Clinic, Rochester, for continued
care. Renal allograft biopsy, carried out the following week at Mayo Clinic,
Rochester, revealed acute tubular necrosis and chronic transplant glomerulopathy,
but without rejection (Onuigbo 2013; Onuigbo et al. 2014). She remained on
maintenance outpatient in-center, three times weekly, hemodialysis, for oliguric
irreversible ESRD, for 1 year. In January 2012, exactly 1 year since the AKI on
CKD event which led to the rapid-onset ESRD or SORO-ESRD, she received a
second living-related renal allograft from her then 32-year-old son, again at Mayo
Clinic, Rochester.

Remarkably, throughout all of these events, her pancreas allograft, part of the
SPK from 2000, has nevertheless remained perfectly functional. She has continued
to maintain excellent renal allograft function, with current baseline serum creatinine
in May 2014 of 0.88 mg/dL, eGFR >60 ml/min/1.73 m* BSA and a current Alc of
4.8 %. Again, this picture of precipitate acute unanticipated but yet irreversible AKI
resulting in ESRD needing permanent RRT was termed the syndrome of rapid-onset
ESRD (SORO-ESRD), a newly described syndrome that we first reported in 2010
(Onuigbo 2010; Onuigbo et al. 2013, 2014).
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Serum Creatinine Trajectories in Adult Polycystic Kidney Disease
(ADPKD): An Nnamdi Azikiwe University Teaching Hospital, Nnewi,
Nigeria Renal Clinic Experience

Case |

A 50-year-old obese Nigerian female patient, with a 4-year history of uncontrolled
hypertension, on four different antihypertensive drugs, was evaluated in the Renal
Clinic of Nnamdi Azikiwe University Teaching Hospital, Nnewi, Nigeria, in July
2008, following the development of early morning facial puffiness. Her initial serum
creatinine was 1.6 mg/dL, eGFR of 46 ml/min/1.73 m* BSA, CKD stage III. There
was a strong family history of hypertension and an older brother had died of a
hemorrhagic stroke. She had hepatomegaly of 8 cm. Both kidneys were ballottable.
Chest radiograph showed features of hypertensive heart disease, EKG revealed left
ventricular hypertrophy, and abdominal ultrasound demonstrated enlarged kidneys
with multiple cysts as well as hepatic cysts. A brain CT scan was normal. There was 2+
proteinuria. A diagnosis of autosomal dominant polycystic kidney disease (ADPKD)
was made. Her antihypertensive drugs were adjusted to include lisinopril 20 mg daily.
Serum creatinine remained stable. After 13 months follow-up, in August 2009, she
was admitted with complicated acute pyelonephritis. Urine culture showed coliform
organisms, sensitive to ciprofloxacin. She experienced AKI with serum creatinine
peaking at 5.2 mg/dL (Fig. 4). She improved and was discharged after 6 days. Kidney
function improved and serum creatinine decreased to 3.0 mg/dL a month later (Fig. 4).

Serum creatinine trajectory in a 50-yo female with ADPKD over 54 months
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Fig. 4 Serum creatinine trajectory in a 50-year-old female with ADPKD over 54 months
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Afterward, for almost a year, serum creatinine remained stable at 3.0-3.2 mg/dL,
equivalent to eGFR of 21 ml/min/1.73 m? BSA, consistent with otherwise stable CKD
IV (Fig. 4). Nevertheless, for unknown reasons, in late 2010, she developed progres-
sively worsening azotemia and anemia, without clinical evidence of fluid overload.
Serum creatinine had risen to 8.2 mg/dL by January 2012 (Fig. 4). She started renal
replacement therapy in January 2012, but died after just 6 months on hemodialysis.

Case ll
A 62-year-old grandmother presented to the Renal Clinic, Nnamdi Azikiwe Univer-
sity Teaching Hospital, Nnewi, Nigeria, in February 2014, with a history of loin pain
and gross hematuria following a fall while on a visit to her daughter’s house. She had
been hypertensive for the preceding 6 years and had been compliant with her
antihypertensive medications. In previous months, prior to her presentation, her
blood pressure had been poorly controlled despite continuing her usual antihyper-
tensive agents. Family history of hypertension was present in both parents. She had
tender ballotable kidneys but no other palpable abdominal organs. Chest radiograph
was normal, but EKG showed changes of the left ventricular hypertrophy. Serum
creatinine was normal, at 0.8 mg/dL, eGFR of 92 ml/min/1.73 m*> BSA, consistent
with CKD stage 1. Renal ultrasound showed bilateral multiple cysts in both kidneys.
The liver, pancreas, and other abdominal organs were otherwise normal. Again, a
diagnosis of ADPKD was made. She was admitted for bed rest, analgesics, and
intravenous fluids. She made an uneventful recovery and has since continued her
outpatient visits and her serum creatinine has remained otherwise stable (Fig. 5).
Autosomal dominant polycystic kidney disease is the most common inherited renal
cystic disease. It occurs worldwide, in all races, but appears less common in black
individuals (Yersin et al. 1997). Although, it has been suggested that ADPKD is rare in
Africans, the reality is that the paucity of reports from Africa is most likely attributable
to a low index of suspicion and inadequate diagnosis (Fary Ka et al. 2010). The first
sonographic family study of ADPKD in a Nigerian family was described in 1991,
following the introduction of the first functional ultrasound unit in Southeastern
Nigeria in Enugu (Onuigbo et al. 1991). This was the first Nigerian publication on a
family study of ADPKD that emphasized the need and foundational relevance of
ultrasonographic family screening to increase the premorbid diagnosis of ADPKD
among Nigerians (Onuigbo et al. 1991). With the increasing availability of ultrasound
and other imaging methods, more cases are clearly now being recognized in Africa. A
recent report from Ilorin in Northern Nigeria showed that 8 % of renal cases visiting
the renal clinics over a 10-year period have ADPKD (Chijioke et al. 2010).
Hypertension occurs in about 50 % of young adults with ADPKD and normal
renal function. Its frequency increases as renal function deteriorates and almost
approaches 100 % of patients at ESRD (Kelleher et al. 2004). The development of
renal failure is highly variable. In most patients renal function is maintained within
normal range, despite relentless cyst growth until the fourth to sixth decade of life.
By the time decline in renal function begins, cyst growth is extensive with little
recognizable renal parenchyma. When it starts, the rate of decline of renal function is
about 4.4-5.9 ml/min/year (Klahr et al. 1995). Risk factors for decline in renal
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function include PKD1 gene, male sex, black race, first episode of hematuria before
30 years, onset of hypertension before 35 years, hyperlipidemia, low HDL concen-
tration, and sickle cell trait (Johnson and Gabow 1997).

The first case of ADPKD presented in this review of serum creatinine trajectories
in kidney disease clearly demonstrated the various vicissitudes of serum creatinine
translations in CKD patients (Fig. 4) (Onuigbo and Agbasi 2014). Earlier on, the
patient was able to maintain a stable CKD stage III status, with serum creatinine of
about 1.6 mg/dL, eGFR of 46 ml/min/1.73 m* BSA. However, following compli-
cated acute coliform pyelonephritis, she experienced AKI on CKD, serum creatinine
peaked at 5.2 mg/dL. After antibiotic therapy, she had experienced partial recovery
from the AKI episode, with a new albeit higher baseline serum creatinine of 3.0 mg/
dL (Onuigbo and Agbasi 2014) (Fig. 4). Nevertheless, for almost a year following
this, she maintained stable serum creatinine of 3.0-3.2 mg/dL, eGFR ~21 ml/min/
1.73 m* BSA, consistent with otherwise stable CKD IV (Onuigbo and Agbasi 2014).
However, after mid-2010, for unclear reasons, she now developed slowly but
relentlessly progressive kidney failure, inexorably reaching ESRD and the need for
RRT in January 2012, with serum creatinine reaching 8.2 mg/dL (Fig. 4).

The second case of ADPKD, on the other hand, despite several years of hyper-
tension, on antihypertensive agents, often uncontrolled, and despite an episode of
gross hematuria following a fall in February 2014, had continued to maintain stable
excellent renal function, in November 2014, with a serum creatinine of 0.86 mg/dL,
eGFR of 92 ml/min/1.73 m* BSA, CKD stage I (Fig. 5).

Serum creatinine trajectory in a 63-yo grandmother
with ADPKD over 9 months
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Fig. 5 Serum creatinine trajectory in a 63-year-old female with ADPKD over 9 months
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Serum Creatinine Trajectories in Chronic Kidney Disease: The NKF
KDOQI CKD Staging Paradigm Revisited: CKD Prediction Is an Inexact
Science: The Novel Concept of CKD “Progressors” and CKD
“Nonprogessors”

The National Kidney Foundation Kidney Disease Outcomes Quality Initiative (NKF
KDOQI) expert committee in 2002 instituted and established new guidelines that
established a novel chronic kidney disease (CKD) staging paradigm (NKF K/DOQI
2002; Levey et al. 2003). In this CKD prototype model, using ranges of prespecified
estimated glomerular filtration rates (¢eGFR), CKD was characterized into five stages: I,
IL, II1, TV, and V (NKF K/DOQI 2002; Levey et al. 2003). Clearly, the principle behind
this NKF K/DOQI CKD staging archetype solely rests on the absolute assumption that
serum creatinine and eGFR trajectories in CKD patients generally follow a linear,
predictable, smoothly progressive, and time-dependent curve to advance through the
increasing CKD stages I through V before inexorably reaching ESRD and the need for
renal replacement therapy (RRT) (NKF K/DOQI 2002; Levey et al. 2003; Chiu
et al. 2008; Onuigbo and Agbasi 2014). Nonetheless, it must be recognized that such
proposition of predictable, linear, time-dependent progressive step-wise decline in
kidney function, with mathematically linear falling eGFR over time, and with eGFR
methodically marching through these incremental projected CKD stages I through V,
and finally inexorably ending in symptomatic ESRD and the need for RRT, is
unproven, untested, and potentially flawed (Ballardie et al. 1983; Walser et al. 1989;
Shah and Levey 1992; Onuigbo 2009a, 2013; Onuigbo et al. 2013; Onuigbo and
Agbasi 2014, 32). Moreover, a 2011 Canadian retrospective analysis, which analyzed
the longitudinal changes during a 1.1-year observation period of eGFR and CKD
stages, demonstrated CKD stage variability (defined by changes in CKD stages)
among 1262 patients, mean age 71.25 years, drawn from two large Canadian renal
clinics (Sikaneta et al. 2012). This study reported that CKD stage changed in 40 % of
the cohort (including 7.4 % in whom CKD stage improved), whereas CKD stage
remained static in 762 (60.4 %) patients, the majority of this CKD cohort (Sikaneta
et al. 2012). Another earlier Canadian study examined 4231 CKD IV patients charac-
terized by an index eGFR of <30 mL/min per 1.73 m® BSA, with at least three
subsequent eGFR values available for analysis, and no <4 months of follow-up
between January 2000 and January 2004 (Levin et al. 2008). The conclusion was that
the clinical course of patients with CKD stage 4 was unpredictably variable (Levin
et al. 2008). Furthermore, a 2012 retrospective report from South Korea examined
347 CKD III patients, enrolled between January 1997 and December 1999, who were
followed up through June 2010, a period of 10 years (Baek et al. 2012). One hundred
and sixty-seven patients (48.1 %) did not progress, 60 (17.3 %) progressed to stage
4, and 120 (34.6 %) progressed to stage 5, with 91 (26.2 %) starting dialysis (Baek
et al. 2012). Besides, recently, French investigators examined 406 patients in the
NephroTest cohort with measured glomerular filtration rates (mGFRs) measured by
51Cr-EDTA clearance at least three times during at least 2 years of follow-up (Weis
et al. 2013). The individual examination of mGFR trajectories by four independent
nephrologists classified patients as “improvers,” defined as those showing a sustained
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mGFR increase, or “nonimprovers” (Weis et al. 2013). Measured GFR improved over
time in 62 patients (15.3 %). Their median mGFR slope was + 1.88 (IQR, 1.38, 3.55)
mL/min per year; it was 22.23 (23.9, 20.91) for the 332 “nonimprovers.” The conclu-
sion from this French study was that GFR improvement is possible in CKD patients at
any CKD stage through stages 45 (Weis et al. 2013). In a previous 2013 review and in
a more recent wide-ranging review article published in 2014, we have exhaustively
reexamined these phenomena regarding CKD behavior and again proposed the nomen-
clature of CKD “progressors” and CKD “nonprogressors” (Onuigbo et al. 2013;
Onuigbo and Agbasi 2014).

We shall now describe some selected CKD patients seen and managed at the
Mayo Clinic Health System Renal Unit in Northwestern Wisconsin who showed
stable and unchanged kidney functional states at CKD stages 111, IV, and V, respec-
tively, over several years with no perceptible changes in eGFR, despite the advanced
ages of the majority of these patients, mostly >75 years of age, the so-called CKD
nonprogressors (Onuigbo et al. 2013; Onuigbo and Agbasi 2014).

Stable CKD V Over 7 Years in a Now 78-Year-Old Caucasian Hypertensive
Diabetic Male

As at February 2014, a now 78 year-old obese hypertensive type II diabetic white
male has over the last 7 years, between 2006 and 2013, despite a serum creatinine of
4.5-5.5 mg/dL, eGFR 8-11 mL/min per 1.73 m* BSA, stage V CKD, remained
otherwise asymptomatic (Fig. 6) (Onuigbo and Agbasi 2014). He has continued for
the past 4 years on alternate monthly courses of prophylactic short-duration oral
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Fig. 6 Serum creatinine trajectory in a now 78-year-old Caucasian hypertensive diabetic male with
stable CKD V between 2006 and 2013, serum creatinine of 4.5-5.5 mg/dL, eGFR 8—11 mL/min per
1.73 m* BSA
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levofloxacin for recurrent UTI prophylaxis. He has not progressed any further in the
last 7 years and has not needed renal replacement therapy.

Stable CKD IV Over 8 Years in a Now 78-Year-Old Caucasian
Hypertensive Diabetic Male

A then 69-year-old Caucasian male was diagnosed with Wegener’s
granulomatosis complicated by AKI on CKD in 2005 (Fig. 7). Serum creatinine
then had increased from 2.0 mg/dL to 3.5-4.0 mg/dL (Onuigbo and Agbasi
2014). The Wegener’s granulomatosis was treated with standard immunosup-
pressive therapy using prednisone. He had remained in remission on low-dose
prednisone since 2006, albeit with a new higher baseline serum creatinine of
3.5-4.0 mg/dL, eGFR 16-22 mL/min per 1.73 m* BSA, stage IV CKD. He, now
aged 78 years in 2014, has remained otherwise an asymptomatic CKD IV patient
for 8 years (Fig. 7).

Stable CKD Ill Over Nearly 10 Years in a Now 87-Year-Old Caucasian
Hypertensive Male

An 87-year-old obese Caucasian hypertensive male patient, with a history of a
cerebrovascular accident following right carotid surgery in 2001, has generally
maintained a baseline serum creatinine of 1.6-2.0 mg/dL, eGFR 31-40 ml/min/
1.73 m®> BSA, CKD stage III, between October 2005 and September 2014, the only
period that we have available serum creatinine values.
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Fig. 7 Serum creatinine trajectory in a now 78-year-old Caucasian male with Wegener’s
granulomatosis in remission, otherwise stable CKD IV between 2006 and 2014, serum creatinine
of 3.5-4.0 mg/dL, eGFR 16-22 mL/min per 1.73 m> BSA
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Two Divergent Patterns of CKD to ESRD Progression: The “Classic”
Pattern and the Pattern of the Syndrome of Rapid-Onset End-Stage
Renal Disease (SORO-ESRD)

Generally, it is a commonly held consensus opinion among practicing nephrologists,
in particular, and physicians, in general, that the propagation of CKD to ESRD is that
of a predictable, linear, progressive, relentless, time-dependent, and knowable
decline in renal function, with predictably increasing serum creatinine or falling
eGFR, leading inexorably to ESRD and the need for RRT (Rutherford 1977; NKF
K/DOQI 2002; Levey et al. 2003; Chiu et al. 2008). This universally accepted
paradigm of CKD-ESRD progression will be referred to in this review as the
“classic” pattern of CKD to ESRD progression (Onuigbo and Agbasi 2014). Nev-
ertheless, various observations and reports in the nephrology literature, to the
contrary, have demonstrated that quite often, the path from a priori stable CKD to
irreversible ESRD can be precipitate, acute, and unpredictable (Merino et al. 1975;
Bonomini et al. 1984; Bhandari and Turney 1996; Firth 1996; Onuigbo 2009, 2010,
2013; Onuigbo and Onuigbo 2011, 2012; Onuigbo et al. 2013, 2014). In 2010, we
first described the previously unrecognized syndrome of rapid-onset end-stage renal
disease or SORO-ESRD in the journal, Reral Failure (Onuigbo 2010). SORO-
ESRD, the syndrome of rapid-onset ESRD, is the unpredictable, unanticipated,
and accelerated progression from a priori stable CKD to irreversible ESRD, requir-
ing permanent RRT, following a new episode of AKI precipitated by antecedent new
medical/surgical events, with the interval between AKI and the need for RRT
represented by a period of often <2 weeks, usually measured only in days following
surgically induced AKI (Onuigbo 2010, 2013; Onuigbo et al. 2014; Onuigbo and
Agbasi 2014).

In the following section, we would present selected case reports demonstrating
the features of “classic” CKD-ESRD progression pattern and the CKD-ESRD
progression pattern of the syndrome of rapid-onset ESRD.

“Classic” Pattern of CKD-ESRD Progression in a Hypertensive
Caucasian Male

A 52-year-old Caucasian hypertensive male with low ejection fraction ischemic
cardiomyopathy, and hypothyroidism, had developed progressively worsening
renal failure with predictable linear increases in serum creatinine after November
2007 when serum creatinine was 1.9 mg/dL through to December 2010 when serum
creatinine exceeded 7.0 mg/dL, and he developed features of uremia and started
renal replacement therapy in the form of in-center outpatient hemodialysis (Onuigbo
and Agbasi 2014) (Fig. 8). He has continued on maintenance hemodialysis through
March 2014, when this review was completed.

“Classic” Pattern of CKD-ESRD Progression in a Caucasian Hypertensive
Diabetic Male

An 82-year-old Caucasian man with past medical history for hypertension, low
ejection fraction ischemic cardiomyopathy, type II diabetes mellitus, coronary
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Fig. 8 Serum creatinine trajectory in a 52-year-old Caucasian hypertensive male who developed
predictable linear and progressive time-dependent CKD to ESRD, 2007-2010, and has remained on
maintenance hemodialysis 2010-2014

artery disease, obesity, and hypothyroidism developed progressively worsening
renal failure with a time-dependent predictable linear increase in serum creatinine
from May 2006. Serum creatinine was 2.6 mg/dL in May 2006 and progressively
increased through to January 2010 when serum creatinine exceeded 6.0 mg/dL and
he had then developed features of uremia. He therefore initiated renal replacement
therapy in the form of in-center outpatient hemodialysis in January 2010. He
however died in early 2014, while still on maintenance hemodialysis, from failure
to thrive. Regrettably, there were no laboratory data for serum creatinine available
for this patient before May 2006.

Pattern of Syndrome of Rapid-Onset ESRD in a Caucasian Hypertensive
Diabetic Male

A 73-year-old obese hypertensive type II diabetic male patient with a stable
baseline serum creatinine of approximately 1.7 mg/dL, eGFR 43 ml/min/1.73 m?
BSA, stable CKD stage III, between 2010 and 2012, on concurrent ACE inhibition
with lisinopril 40 mg daily, was admitted to the coronary care unit in February
2012 with acute decompensated heart failure (Onuigbo and Agbasi 2014). Acute
coronary syndrome was ruled out by investigation, and the patient subsequently
underwent minimally invasive aortic valve replacement for symptomatic aortic
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stenosis. A 25 mm St. Jude Epic Stented Tissue Valve was deployed on March
2,2012, by his cardiothoracic surgeon. He rapidly developed postoperative AKI on
CKD and required hemodialysis on the first postoperative day with worsening
oliguria and associated severe volume overload (Fig. 9). He never recovered any
kidney function, and he has since then remained on outpatient in-center mainte-
nance, three times weekly, hemodialysis for ESRD, over two and half years later in
November 2014. His current serum creatinine in November 2014 is 9.88 mg/dL

(Fig. 9).

Late-Onset End-Stage Renal Failure from Angiotensin Blockade
(LORFFAB)

We described, for the first time in 2005, the syndrome of late-onset renal failure from
angiotensin blockade (LORFFAB) (Onuigbo and Onuigbo 2005, 2008). This is
defined as the accelerated but potentially reversible iatrogenic renal failure from
concurrent angiotensin blockade, which occurs in usually older CKD patients,
despite normal renal arteries, absent traditionally acknowledged precipitating risk
factors, and while remaining on the same dose of angiotensin blockade during the
preceding 3 months or greater (Onuigbo and Onuigbo 2005, 2008; Onuigbo and
Achebe 2013).
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Fig. 9 Serum creatinine trajectory in a 75-year-old Caucasian obese hypertensive diabetic male
who developed acute unpredictable yet irreversible AKI needing RRT consistent with the syndrome
of rapid-onset ESRD (SORO-ESRD), following minimally invasive aortic valve replacement in
March 2012; he has remained on maintenance hemodialysis through November 2014
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The following case presentation is an illustration of the impact of LORFFAB on
serum creatinine trajectories in CKD patients.

In April 2004, a 77-year-old diabetic hypertensive Caucasian male patient
was admitted to our Renal Unit in Northwestern Wisconsin with symptomatic
oliguric renal failure, serum creatinine of 4.6 mg/dL, eGFR of 13 ml/min/
1.73 m> BSA, associated with dyspnea and volume overload (Onuigbo and
Onuigbo 2008). He needed the initiation of emergent hemodialysis with ultra-
filtration via a dialysis catheter. Lisinopril, 20 mg daily, which he had received
for 21 months prior to presentation, was promptly discontinued. Amlodipine,
5 mg BID, was substituted for antihypertensive therapy. He continued on
maintenance hemodialysis for 10.5 months and his serum creatinine improved
slowly with increasing urine output (Fig. 10). By February 2005, his serum
creatinine had stabilized at about 3 mg/dL and hemodialysis was discontinued
(Fig. 10). He remained hemodialysis independent for almost 2 years. Unfortu-
nately, in January 2007, at the age of 79 years, still off hemodialysis, with
otherwise stable CKD IV, he suffered a heart attack and underwent a cardiac
catheterization, followed by a four-vessel coronary artery bypass graft proce-
dure. As a result of worsening postoperative AKI, he again needed hemodialysis
postoperatively (Fig. 10). He subsequently was transferred out to Minneapolis,
MN, for cardiac rehabilitation and was lost to our follow-up (Onuigbo and
Achebe 2013).
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Fig. 10 Serum creatinine trajectory in the then 77-year-old diabetic hypertensive Caucasian male
patient with features of LORFFAB who in 2004 required temporary hemodialysis for 11 months,
was hemodialysis independent 20052007 following discontinuation of lisinopril, but developed
postoperative AKI again requiring RRT in January 2007 following cardiac catheterization and four-
vessel coronary artery bypass graft procedure
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Serum Creatinine Trajectories in a Case of “Quadruple Whammy”

We recently described a new syndrome of accelerated postoperative AKI on CKD
occurring in previously stable CKD patients who were concurrently at the time of the
surgery on triple whammy medications of angiotensin blockade, a diuretic and an
NSAID or a COX-2 inhibitor (Onuigbo and Onuigbo 2013; Onuigbo et al. 2013c;
Onuigbo and Agbasi 2014). We present in the following section a representative case
report.

In the Spring of 2013, our nephrology service was consulted on a 46-year-old
morbidly obese (170 Kg) hypertensive Caucasian male patient, current smoker, with
previously otherwise stable stage III CKD, serum creatinine of 1.21 mg/dL, eGFR of
70 ml/min/1.73 m* BSA. He had developed accelerated AKI on CKD following an
elective right hip arthroplasty for symptomatic degenerative joint disease (Onuigbo
and Onuigbo 2013; Onuigbo and Agbasi 2014) (Fig. 11). He was on lisinopril 40 mg
daily and hydrochlorothiazide 25 mg daily. Incidentally, the patient also received a
preoperative dose of celecoxib (Celebrex™) per orthopedic unit “operative analgesia
protocol,” a COX-2 inhibitor, thus completing the “triple whammy circle” (Onuigbo
and Onuigbo 2013). Within 36 h, postoperatively, he quickly developed oliguric
AKI on CKD, complicated by metabolic acidosis. Serum creatinine had more than
doubled to 2.58 mg/dL, eGFR of 28 ml/min/1.73 m? BSA (Fig. 11). Notably, there
was evidence of significant intraoperative as well as postoperative hypotension,
despite several liters of infused normal saline (Fig. 11). Lisinopril and
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Fig. 11 Serum creatinine trajectory showing rapidly rising serum creatinine within 36 h in CKD III
patient on “triple whammy” medications following elective right hip arthroplasty procedure
consistent with the “quadruple whammy” syndrome
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hydrochlorothiazide were promptly discontinued. He also developed postoperative
anemia (hemoglobin down to 10.4 g/L from 15.8 g/L). He received more intravenous
normal saline for hypotension and was started on intravenous furosemide due to
persistent oliguria. Subsequently, urine output improved and serum creatinine started
to fall (Fig. 11). He improved and was soon discharged from the hospital, on
postoperative day 3 on amlodipine 10 mg daily and furosemide 40 mg daily for
hypertension. Serum creatinine, from March 25, 2013, approximately 1 month
following the hip arthroplasty, was 0.99 mg/dL, lower than his premorbid levels,
with an improved eGFR of 85 ml/min/1.73 m? BSA (Fig. 11).

Recently, in a 2014 publication in the journal, Nigerian Journal of Clinical
Practice, we elaborated in great detail the typical presentations of patients who
experience this newly described syndrome of “quadruple whammy” (Onuigbo and
Agbasi 2014). We indeed further hypothesized on a plausible role of concomitant
obesity in the pathogenesis of this syndrome (Onuigbo and Agbasi 2014). For
purposes of limiting AKI in CKD patients, more so in the perioperative period, we
once again call on physicians, in general, and nephrologists, in particular, to pre-
emptively discontinue “triple whammy” medications before any major surgical
interventions (Onuigbo 2009, 2013; Onuigbo and Agbasi 2014). This is one of the
cardinal principles of our “Renoprevention” mantra (Onuigbo 2009, 2013; Onuigbo
and Agbasi 2014).

Perioperative AKI and Concurrent Angiotensin Inhibition
Alone: A Case Presentation from Mayo Clinic Health System,
Eau Claire, Wisconsin, USA

The role of concurrent angiotensin inhibition alone, without the involvement of
the combination “triple whammy” medications in exacerbating postoperative
AKI, continues to generate significant controversy in the nephrology literature
(Onuigbo 2011, 2013, 2014; Nielson et al. 2014). However, it would appear that on
the balance, accruing evidence favors the notion that more so with prevalent
intraoperative hypotension, that concurrent angiotensin inhibition results in higher
rates of postoperative AKI when compared to situations with its preemptive
withdrawal preoperatively (Onuigbo 2011, 2013, 2014; Nielson et al. 2014). The
later approach of a preoperative preemptive temporary withdrawal of angiotensin
inhibition especially in the older (>65-year-old and later stage CKD) patients is
indeed one of the cornerstones of our newly introduced concept of
“Renoprevention” (Onuigbo 2009, 2013; Onuigbo and Agbasi 2014). We now
report here a case of postoperative AKI apparently exacerbated by concurrent
angiotensin inhibition.

A 57-year-old obese hypertensive type II diabetic Caucasian male patient
underwent an elective pulmonary vein isolation and ablation procedure for symp-
tomatic atrial fibrillation in early July 2014. Concurrent outpatient oral medica-
tions included chlorthalidone, metformin 1 g BID, and lisinopril 40 mg daily.
Postoperative AKI triggered a nephrology consultation. Baseline serum creatinine
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was 1.0 mg/dL, GFR 81 ml/min/1.73 m® BSA, CKD stage II. On postoperative day
1, serum creatinine had quickly increased to 1.96 mg/dL (Fig. 12a). At the time of
the nephrology consultation the following day, on postoperative day 1, he was
normotensive, and all available medical floor blood pressure recordings before and
after the procedure were noted to be normal. We had been informed that the
procedure in the operating room “went well without complications.” However,
our urgent and meticulous review and analysis of the operating room intraoperative
anesthesia records revealed significant hypotension during the over 4-h surgical
procedure (Fig. 12b). He was nonoliguric and otherwise asymptomatic except for
mild lightheadedness. The patient was therefore managed conservatively.
Lisinopril and metformin were promptly discontinued. Kidney function subse-
quently quickly improved. A few days later, with improved and stable kidney
function, he was placed back on the lisinopril, at discharge. His subsequent serum
creatinine in late July 2014 was 0.91 mg/dL, eGFR of 91 mL/min/1.73 m* BSA
(Fig. 12a).
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Fig. 12 (a) Serum creatinine trajectory 2 weeks following elective ablation procedure for symp-
tomatic atrial fibrillation with complete recovery from AKI. (b) Intraoperative systolic blood
pressure changes following induction of anesthesia during elective ablation procedure for symp-
tomatic atrial fibrillation
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Serum Creatinine Trajectories in HIV-Associated Nephropathy: An
Nnamdi Azikiwe University Teaching Hospital, Nnewi, Nigeria, Renal
Clinic Experience

HIV-infected individuals present with a variety of renal syndromes manifesting as
acute renal failure or chronic renal failure (Weiner et al. 2003). HIV-associated
nephropathy (HIVAN) is diagnosed to be present when a seropositive person pre-
sents with persistent proteinuria, progressively worsening azotemia with preserva-
tion of normal kidney size (or even enlarged kidneys), and renal histological findings
of focal segmental glomerulosclerosis on renal biopsy. These subjects usually have
relatively normal blood pressure and often exhibit rapid progression to renal failure
and end-stage renal disease.

Among the various glomerulopathies documented in HIV or AIDS subjects, the
commonest is the classic HIV-associated nephropathy with focal glomerulosclerosis
(Klotman 1999). This occurs in 3—10 % of HIV-infected persons with high preva-
lence reported in black males with low socioeconomic status (Winston et al. 1998). It
is also the third leading cause of ESRD among African Americans aged 20—64 years
(United States Renal Data System USRDS, 1992-1999).

In Nigeria, the prevalence of HIV has risen exponentially from <1 % to 5.8 %,
values from different communities and different states ranging from 2 % to 15 %
(National AIDS/HIV/STD Control Program, Technical Reports 1997-2003), with
HIVAN contributing significantly to the overall burden and magnitude of CKD and
ESRD in Nigeria. Studies from Nigeria have reported high prevalence rates of renal
function impairment of 53.3 % in South-South Nigeria (Okafor et al. 2011) and
52.0 % in North-Central Nigeria (Agaba et al. 2003). Another study from 2008
demonstrated the occurrence of elevated serum creatinine in a high proportion of
HIV-infected Nigerian patients (Emem et al. 2008). The presentation of two HIV
AIDS patients managed for HIVAN at Nnamdi Azikiwe University Teaching Hos-
pital, Nnewi, Nigeria, is presented below to document the patterns of serum creat-
inine trajectories of such subjects in Nnewi, in Southeastern Nigeria.

Case |

A 25-year-old male Nigerian trader resident in Aba, Abia State, Southeastern
Nigeria, presented to the Medical Outpatient Department (MOPD) of Nnamdi
Azikiwe Teaching Hospital, Nnewi, Nigeria, in September 2013 with 2-month
history of shortness of breath, intermittent leg swelling associated with facial
puffiness, and diarrhea. He was recently diagnosed with HIV disease as the
index illness and had been commenced on highly active antiretroviral therapy
(HAART) (Abacavir, Lamivudine and Efavirenz) for about 2 weeks prior to
presentation, on account of very low CD4 count of five cells/mm’. He was
chronically ill-looking and pale. Pulse was 100/min and blood pressure was
140/80 mmHg. He was dehydrated and was managed as a case of HIVAN with
gastroenteritis. Pertinent test results included elevated serum creatinine, 5.9 mg/
dL, metabolic acidosis with bicarbonate level of 10 mmol/L, normokalemia at
3.8 mEq/L, and albumin 26 g/dL. He demonstrated 2+ proteinuria and severe
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Fig. 13 (a) Serum creatinine trajectory in a 25-year-old Nigerian male patient who developed AKI
with HIVAN and died 16 days into hospital admission. (b) Serum creatinine in HIV-associated CKD
on conservative management with HAART

anemia, with a hematocrit of 18 %. HIV serology was positive, but serology tests
for hepatitis B and C were nonreactive. He was transfused with five units of blood
but developed seizures 13 days into his admission. He died on the 16th day. Kidney
function tests had however started to improve prior to the patient’s death on
conservative management (Fig. 13a).

Case Il

A 26-year-old Nigerian female student from Anambra State, Southeastern Nigeria,
presented to the MOPD of Nnamdi Azikiwe Teaching Hospital, Nnewi, Nigeria, in
September 2010 with 6 weeks’ history of generalized body swelling and fatigue of
4 weeks’ duration, with associated decrease in urine output and increased frothi-
ness of urine. She also had dyspnea, orthopnea, and paroxysmal nocturnal dys-
pnea. She had been diagnosed with HIV disease 4 years previously and was
commenced on HAART (zidovudine, lamivudine, and nevirapine) shortly after
the diagnosis. She is not diabetic nor hypertensive. Examination showed
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respiratory distress, pallor, and bilateral pitting edema. Pulse was 84/min and blood
pressure was 110/60 mmHg. There was a pansystolic murmur loudest at the apex,
fine bibasal crepitations, and a tender hepatomegaly, measured 4 cm below the
right costal margin, together with ascites. Serum creatinine was 8.7 mg/dL, potas-
sium 3.9 mEq/L, bicarbonate 14 mEq/L, and hematocrit of only 18 %. She was
managed conservatively for chronic kidney disease secondary to HIVAN and
anemic heart failure. She responded to conservative management at the MOPD
after initial discharge. Her serum creatinine trajectory between August 2010 and
February 2014 is shown above (Fig. 13b). She has not yet required renal replace-
ment therapy.

The first patient with HIVAN developed symptomatic AKI while on HAART and
died 13 days into the admission despite improving renal function (Fig. 13a). The
second patient has features of CKD V secondary to HIVAN and on HAART
(Fig. 13b). Despite the elevated serum creatinine values, she has continued to remain
otherwise asymptomatic on conservative medical management without requiring
renal replacement therapy (Onuigbo 2013; Onuigbo and Agbasi 2014).

Serum Creatinine Trajectories in Sickle Cell Disease Nephropathy: An
Nnamdi Azikiwe University Teaching Hospital, Nnewi, Nigeria,
Experience

A 26-year-old Nigerian male patient with sickle cell anemia (HbSS) was well
until 24 months before presentation to Nnamdi Azikiwe University Teaching
Hospital, Nnewi, Nigeria, in February 2013, when he woke up with
lightheadedness and dyspnea. Prior to this, he had experienced frequent epi-
sodes of bone pain crises for which he was in and out of hospital admissions
and needed regular use of opiates and other analgesics for pain control. He had
earlier been placed on hydroxyurea, over a 3-month period for management of
recurrent bone pain crises. Further evaluation revealed severe hypertension for
which he was placed on nifedipine. Laboratory work-up revealed severe anemia,
proteinuria, and azotemia, serum creatinine 4.9 mg/dL, eGFR 13 ml/min/1.73 m?
BSA, consistent with CKD V. A diagnosis of sickle cell nephropathy was conse-
quently made and he was then referred to the renal clinic. Following conservative
management including transfusion of blood for symptomatic anemia and improved
hypertension control, his CKD status improved, without a need for renal replace-
ment therapy. The trajectory of his serum creatinine over a period of 21 months is
shown in Fig. 14 above.

Sickle cell nephropathy encompasses the spectrum of morphologic, laboratory,
and clinical changes due to kidney pathology associated with sickle cell disease
(SCD). It specifically includes papillary necrosis, hyposthenuria, impaired renal
acidification, proteinuria, hematuria, supranormal proximal tubular function, and
renal failure (Stuart and Nagel 2004). It is a major risk factor for early mortality in
SCD (Platt et al. 1994), hence its importance in patient evaluation and management.
The magnitude of sickle cell nephropathy in Nigeria had been emphasized in
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Serum creatinine trajectoryin sickle cell nephropathy
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Fig. 14 Serum creatinine trajectory in a 26-year-old Nigerian male with sickle cell nephropathy
and CKD IV-V, over 21 months, 2013-2014

previous reports where up to 47 %, 69.4 %, and 37.2 % of patients with SCD had
chronic kidney disease (CKD), respectively (Aneke et al. 2014; Bolarinwa
etal. 2012; Arogundade et al. 2011). Similarly, the median age of onset of significant
renal impairment in SCD was 23.1 years, while the median age at the time of death
was 27 years (Powars et al. 1991).

Serum creatinine measurement and urinalysis for proteinuria are important
laboratory work-up for patients with sickle cell nephropathy; indeed they are
frontline investigations in our facility for patients with this condition. Our index
patient presented with biochemical evidence of nephropathy (proteinuria and
deranged serum creatinine) in addition to severe anemia. Here again, a
patient with SCD and sickle cell nephropathy has exhibited often unpredictable
CKD stage changes during his conservative management (Onuigbo and Agbasi
2014).

Conclusions: A Need for More Preventative Renal Medicine:
Renoprevention Revisited. The Introduction of the New
Innovative CKD Express © IT Software

In 2002, the National Kidney Foundation established a novel chronic kidney disease
(CKD) staging paradigm (NKF K/DOQI 2002; Levey et al. 2003). In 2012, the
authoritative United States Preventive Task Force questioned the validity of asymp-
tomatic CKD screening (Moyer 2012). The American Society of Nephrology and the
American College of Physicians have opposite recommendations regarding this
controversy (ASN 2013; ACP 2013). Moreover, CKD prediction and prognostica-
tion is clearly an inexact science (Onuigbo and Agbasi 2014, 32). CKD care must
therefore be individualized. We recently developed a new IT software, the CKD
Express ©), currently in US Patent Application (Onuigbo 2012; Onuigbo et al. 2013;
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Onuigbo and Agbasi 2014). The incorporation of this yet to be patented IT software
into existing electronic medical record (EMR) systems would go a long way in
bridging this yawning gap in our knowledge and understanding of CKD initiation,
propagation, and progression.

Preventative medicine is a neglected art in modern-day practice of medicine.
Prevention is always better than cure. According to Yach and Calitz, the greatest
increase in healthcare spending between 2000 and 2011 was attributable to drugs,
medical devices, and hospital care, with the cost of treating noncommunicable
diseases (NCDs) estimated to exceed 80 % of annual healthcare expenditure,
whereas 3 % was spent on public health and disease prevention programs. The
National Institutes of Health estimates that 20 % of its $30 billion annual budget is
allocated to prevention; however, <10 % is spent on human behavioral interventions
that target the major modifiable risk factors. More investment in prevention science
could lead to greater health gains at lower cost (Yach and Calitz 2014). We support
such reengineering of nephrology practice whereby a lot more emphasis would now
be placed on preventative nephrology (Onuigbo 2009, 2013; Onuigbo and
Agbasi 2014).

The role of perioperative, and more so intraoperative hypotension, in the patho-
genesis of postoperative AKI has been variously described. Despite the intensive use
of vasopressors including multiple infusions of intravenous phenylephrine during
the ablation procedure, our patient clearly experienced significant intraoperative
hypotension. Without accessing intraoperative anesthesia records to demonstrate
significant hypotension, the cause of the AKI would have remained speculative.
Furthermore, the fact that the patient had remained on concurrent angiotensin
inhibition up until the first postoperative day could possibly have contributed to
the severity of postoperative AKI in our patient (Onuigbo 2011, 2014 (2); Nielson
et al. 2014). Nielson et al. (2014) in a study of 1,154 surgical patients demonstrated
that surgical candidates who receive preoperative angiotensin blockade have an
associated increased risk of post-induction hypotension and postoperative AKI
resulting in a greater hospital length of stay. From a perspective of
“Renoprevention,” we again posit here that such patients should have the angioten-
sin blockade preemptively withheld 3—5 days prior to the surgery and angiotensin
blockade can be restarted postoperatively if kidney function remained stable
(Onuigbo 2009, 2011, 2013, 2014 (2); Onuigbo and Agbasi 2014). Furthermore,
more efforts must be applied in the operating room to maintain more normal blood
pressures during surgical procedures. This way, we would prevent more postopera-
tive AKI events, reduce hospital length of stay, and help save scarce US healthcare
dollars (Onuigbo 2013).

Finally, we must note here that two recent large multicenter randomized clinical
trials failed to demonstrate any therapeutic benefits of perioperative use of vasodi-
lators, aspirin, clonidine, or fenoldopam to mitigate against noncardiac postoperative
AKI (Bove et al. 2014; Garg et al. 2014; Winkelmayer and Finkel 2014). We
strongly advocate and submit that our suggested approach, heretofore, to reduce
intraoperative hypotension while at the same time limiting exposure to potential
nephrotoxics including angiotensin inhibition, would be far cheaper and more
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effective in limiting postoperative AKI in our CKD patients than any esoteric
pharmaceutical intervention (Jo et al. 2014; Onuigbo 2009, 2011, 2013, 2014,
Nielson et al. 2014; Onuigbo and Agbasi 2014).

Potential Applications of Serum Creatinine Trajectories in Kidney
Disease Prognostication and Management

In this review of serum creatinine trajectories in kidney disease, we have examined
and reported on the multifarious behavior of serum creatinine in acute kidney injury,
in CKD to ESRD progression, in otherwise nonprogressive CKD, in late-onset renal
failure from angiotensin blockade (LORFFAB), in other specifically named renal
syndromes, and in postoperative acute kidney injury. Clearly, there is a broad
spectrum of renal outcomes following acute kidney injury, and indeed CKD in all
its stages can be “progressors” Vvs. ‘“nonprogressors” or “nonimprovers”’
vs. “improvers” (Onuigbo and Agbasi 2014).

From this analysis of the graphical representation and analysis of real-time
translations in serum creatinine trajectories at the individual patient level, the
science of serum creatinine trajectories, we submit that the science of serum
creatinine trajectories is a neglected paradigm of modern nephrology practice
(Onuigbo and Agbasi 2014). The study of individual patient-level serum creatinine
trajectories, whether real-time, concurrent, or in retrospective analysis, can indeed
provide exciting and sometimes scintillating new insights in our understanding of
kidney disease diagnosis and prognostication (Onuigbo and Agbasi 2014). We, at
the Renal Unit of the Mayo Clinic Health System, in Northwestern Wisconsin,
USA, have extensively and consistently enabled the utility of this science of
individual patient-level serum creatinine trajectories in the definition of two
newly described renal syndromes, the syndrome of late-onset renal failure from
angiotensin blockade (LORFFAB) in 2005 and the syndrome of rapid-onset
end-stage renal disease (SORO-ESRD) in 2010 (Onuigbo and Onuigbo 2005;
Onuigbo 2010).

Summary Points

» The analysis of serum creatinine trajectories at the individual patient level pro-
vides additional diagnostic and prognostic insights in patient care.

* We have described the different varied patterns of renal outcomes and the
resulting serum creatinine trajectories in acute kidney injury (AKI).

* We also established that CKD staging and prognostication are an inexact science
and that the commonly applied 2002 NKF K/DOQI CKD staging paradigms must
be seen as what they are — clinical guidelines, only.

» We further described the serum creatinine trajectory patterns in CKD to ESRD
progression including the syndrome of rapid-onset end-stage renal disease
(SORO-ESRD).
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* Additionally, we demonstrated the patterns of serum creatinine trajectories in
patients with some specific renal syndromes including autosomal dominant
polycystic kidney disease (ADPKD).

*  We recommend an increasing utilization of this often-neglected area of nephrol-
ogy practice, especially for individualized CKD care, including CKD prognosti-
cation at the individual patient level.
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