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Preface

Chronic kidney disease (CKD) is a world-wide known disease affecting up to 4% of the pop-
ulation with increasing figures in developing countries. Life expectancy of patients affected
by CKD is shortened compared to the overall population and only a minority of patients
reach end stage renal disease (ESRD) with the need for dialysis or renal transplantation;
death overtakes dialysis.

In recent years, new diagnostic tools allow us more precise and earlier diagnosis of kidney
disease. Advances in bioanalytics have identified genomic, proteomic and metabolic bio-
markers often combined in multiparametric marker panels to increase diagnostic and prog-
nostic meaningfulness.

A new field for the diagnostic use of “omics” will be the assessment of toxic kidney damage
either by plants containing aristolochic acids as part of phytotherapies or, probably affecting
more individuals, by environmental contaminants in food. Therefore, high exposure rates in
Taiwan, the Balkans and China are expected.

However, new developments are being discovered in very familiar diseases, such as diabetic
nephropathy. It is well known that glomerular dysfunction is the major factor in the pro-
gression of diabetic nephropathy. However, the increasing importance of tubulus function
has gained increasing interest. This “tubulocentric shift” will also be discussed in one of the
chapters of the book.

Diabetic nephropathy remains the commonest microvascular complication in diabetes melli-
tus. Beyond the usage of established biomarkers, such as microalbuminuria, new predictive
tools give insights into the progression of diabetic nephropathy. Especially, preventive strat-
egies for diabetic nephropathy are gaining increasing attention. Possibly, new treatments
such as vitamin D, uric acid antagonists or renin and endothelial inhibitors may improve the
long-term care of patients.

For patients with inherited diseases such as Alport’s syndrome, caused by mutations in
COL4A3, COL4A4 and COL4A5 genes, a recent increase in the knowledge of pathogenesis
is communicated to the reader. The high risk of cardiovascular changes in these patients is
an important development to understand.

With respect to classic glomerulonephritis, the detection of antibodies against a new autoan-
tigen in the podocyte membrane, the M-type phospholipase A2 receptor (PLA2R), allows to
distinguish between primary and secondary forms of membranous nephropathy. In addi-
tion, declining serum titers of anti-PLA2R correlate with remission of the disease.

New understandings of the role of an alternative complement pathway in membranoproli-
ferative glomerulonephritis (MPGN) has led to a new classification: immune complex-medi-
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ated MPGN resulting from the deposition of immunoglobulin deposits and C3
glomerulopathy driven by activation of the complement alternative pathway. The different
forms of C3 glomerulopathy are described in a specific chapter of this book.

Affecting many patients is the occurrence of coronary artery disease in the setting of CKD
and this represents a high risk feature for patients. Unfortunately, evidence from random-
ized controlled trials in this important subgroup of patients is low. Therefore, an evidence-
based approach in this book will provide the reader with important information.

Last, but not least, one chapter of the book gives an overview of acute kidney injury (AKI),
including the definition, causes, and prognosis, in addition to pediatric AKL

This book comprises a total of nine chapters from authors and researchers from different
countries and continents, reflecting the worldwide importance of CKD.

We are grateful to all the contributors and experts for the preparation and submission of
their stimulating manuscripts. Finally, many thanks go to the team at IntechOpen for giving
us the opportunity to publish all these very interesting papers and thoughts in a peer-re-
viewed open access book.

Dr. Thomas Rath

Department of Nephrology and Transplantation Medicine
Westpfalz-Klinikum

Kaiserslautern, Germany
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A Translational Metabonomic Assessment of
Aristolochic Acid-Induced Nephropathies

Ines Jadot, Marilyn Duquesne,
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Jean-Marie Colet and Joélle Nortier

Additional information is available at the end of the chapter
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Abstract

Aristolochic acid nephropathy (AAN) is a global term including any form of toxic inter-
stitial nephropathy that is caused either by the ingestion of plants containing aristolochic
acids (AA) as part of traditional phytotherapies or by the environmental contaminants
in food. Originally, AAN was reported in Belgium in individuals having ingested slim-
ming pills containing powdered root extracts of a Chinese herb, Aristolochia fangchi.
However, it is estimated that exposure to AA affects thousands of people all over
the world, particularly in the Balkans, Taiwan and China. Despite warnings from the
Regulatory Agencies regarding the safety of products containing AA, many AAN cases
remain frequently described worldwide. This chapter aims at giving a global picture of
AAN through the descriptions of clinical cases and animal models, which were devel-
oped to better understand the mode of action of AA when inducing acute/chronic kid-
ney diseases. Major advances in the translational research on biomarkers of AAN are
reviewed, with an intended emphasis on the “omics” assessment of this nephrotoxicity.

Keywords: aristolochic acids, nephropathy, biomarkers, metabonomics, animal models

1. Introduction

The kidney plays a major role in the body homeostasis by regulating volume and composition
of water fluids and by removing from blood waste products such as metabolites, drugs and
xenobiotics. Due to these functions, the kidney is highly susceptible to toxic insults. During
lifetime, the body is continuously exposed to numerous potentially toxic agents such as drugs

© 2018 The Author(s). Licensee IntechOpen. This chapter is distributed under the terms of the Creative
InteChOpen Commons Attribution License (http://creativecommons.org/licenses/by/3.0), which permits unrestricted use,
distribution, and reproduction in any medium, provided the original work is properly cited. [{cc) ExgNEN



4 Advances in Nephropathy

[1], chemicals and natural nephrotoxins [2]. Among these, herbal remedies and traditional
phytotherapies constitute a major challenge. Indeed, traditional herbal remedies are consid-
ered harmless by the general population because they are from natural origin. Moreover,
most patients using these natural products fail to inform their physicians of their use [2].
The following story demonstrates that the use of natural products, as all drugs, should be
submitted to rigorous pharmacological and toxicological studies to determine their efficacy/
safety. Some natural products have displayed therapeutic effects [3], whereas some others
have been found to be highly toxic for the human body [4]. Among them, the toxicity of
aristolochic acids (AA) has been extensively studied during the last decades. The term aris-
tolochic acid nephropathy (AAN) includes any form of toxic interstitial nephropathy that is
caused either by the ingestion of plants containing AA as part of traditional phytotherapies
(formerly known as “Chinese herbs nephropathy”) or by the environmental contaminants
in food (Balkan endemic nephropathy, see below) [5]. AA are compounds found in plants
from the genus Aristolochia, belonging to the plant family Aristolochiaceae. In addition to its
nephrotoxic effects, AA exposure has also been frequently associated with the development
of urothelial malignancies [6] and was classified as a human carcinogen class I by the World
Health Organization (WHO) and the International Agency for Research on Cancer (IARC) in
2002 [7]. Since the identification of AAN in the early 1990s in Belgium [4], increasing cases
of AA intoxications have been reported all over the world [8]. AAN incidence is particularly
high in Asian countries because traditional medicines are very popular and the complexity of
the pharmacopeia represents a high risk of AA intoxication due to some confusion between
close species. In the Balkan areas, the chronic exposure to AA has been considered as the
causative agent responsible for the so-called Balkan endemic nephropathy (BEN) that occurs
following ingestion of food prepared with flour derived from contaminated grains [5, 9-14].

Despite warnings from the Food and Drug Administration (FDA), the European Medicines
Agency (EMA) and IARC regarding the safety of products containing AA, AAN cases remain
frequently described worldwide [5, 15, 16]. Moreover, given the fact that the nephrotoxic
effect of AA is irreversible and that chronic kidney failure as well as carcinogenic effects
may develop very slowly after the initial exposure, AAN and associated cancers are likely to
become a major public health issue in the next few years [15, 16, 17].

This chapter aims at giving a global picture of AAN with an intended emphasis on the
“omics” assessment of this nephrotoxicity, especially on the metabonomic investigation of
urine samples. Indeed, it could represent a strategic tool allowing to identify early biomarkers
following AA intoxication thereby providing an early detection of the toxicity and a rapid
therapeutic intervention [18].

2. Clinical cases

Originally, AAN was reported in Belgium with more than 100 individuals having ingested
slimming pills containing powdered root extracts of a Chinese herb, Aristolochia fangchi [4, 19].
A total of 75 patients have been treated in our Nephrology Department at Erasme Hospital.
Among them, 50 out of 57 (F/M ratio 56/1) received a kidney transplant because of end-stage
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renal disease (ESRD); 21 presented with urothelial carcinoma of the upper tract (invasive in
two cases) or the bladder (three cystectomies required), leading to five deaths. Four additional
kidney recipients developed cancer of the digestive tract, one developed a brain lymphoma
and 8 lethal cardiovascular or infectious complications. Among the seven patients still fol-
lowed in 2018 for chronic kidney disease (CKD), a left nephroureterectomy had to be per-
formed for pelvic carcinoma. Only one case of metastatic urothelial carcinoma was diagnosed
without concomitant CKD [6]. The causal link with the intake of pills containing AA was
demonstrated by the detection of DNA adducts specific to AA metabolites in renal tissue
samples (see Section 3).

Although, initially, the Belgian cohort only included over 100 patients, it is estimated that
exposure to AA affects 100,000 people in the Balkans (where the total number of patients with
kidney disease amounts to approximately 25,000), 8,000,000 people in Taiwan and more than
100,000,000 in mainland China [20, 21]. In Asia, Aristolochia species is considered as an integral
part of the herbology used in traditional Chinese medicine, Japanese Kampo and Ayurvedic
medicine [8]. It is found within the same therapeutic family such as the Akebia, Asarum,
Cocculus and Stephania plants. Referred by common names such as Mu Tong, Mokutsu and
Fang Ji, they are used in a multitude of herbal mixtures for therapeutic use [22]. In the initial
cohorts concerning iatrogenic nephropathy due to AA, most of the patients were described,
exhibiting a rapid and progressive evolution toward CKD or ESRD [16]. A large series of
patients described in China fixed the median rate of the degradation in glomerular filtration rate
at~3.5 ml/min/year [20]. The progression rate in environmental nephropathy due to AA is much
slower, with the end-stage of renal failure occurring only after an evolution of 15-20 years [23].

3. Correlation between AA-DNA adducts, Aristolochic acid
nephropathy and upper urinary tract carcinoma

Under normal physiological conditions, AA is bioactivated by the reduction of nitro com-
pounds into “aristolactams,” which tend to form covalent bonds with purine bases of
DNA. The DNA adducts specific to aristolactams remain part of the body’s cell structure for
several years after the patients’ initial exposure to AA. Consequently, their discovery in renal
or cancerous tissues constitutes a biomarker, which may be related to a previous exposure to
AA, which possibly occurred much earlier [24].

As mentioned earlier, 40-45% of end-stage AAN Belgian patients currently treated by dialysis
or renal transplantation displayed multifocal high-grade transitional cell carcinomas, mainly in
the upper urinary tract [6, 25]. As mentioned earlier, the detection of DNA adducts specific to
AA metabolites (aristolactams) in nephroureterectomy pieces is still possible more than 10 years
after exposure to AA [26]. The carcinogenic effect of AA can be explained by the fact that the
DNA adducts formed in combination with aristolactams lead to a mutation of A: T =T: A in the
tumor suppressor gene TP 53 [27]. This mutation has frequently been detected in the urothelial
tumors of cases described in Taiwan and in the Balkans, whereas this mutation rarely occurs in
tumors which are not related to the exposure to AA [28, 29]. This mutation is therefore consid-
ered as a complementary signature mutation for AA intoxication.
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Besides the high prevalence of upper tract urothelial carcinoma, it must be underlined that can-
cers of the bladder appeared in female Belgian patients who had undergone transplants more
than 15 years after exposure to AA had been stopped [30]. Frequent iatrogenic exposure to
AA in Taiwan explains why this region has the world’s highest level of urothelial cancers [31].

4. Experimental models of AA intoxication

In the 1980s, Mengs et al. had already pointed out AA toxicity and carcinogenicity in several
experimental studies [32-34]. They developed diverse animal models using rats and mice of
both sexes intoxicated with different doses of AA, during variable exposure times and using
different routes of administration. They observed that oral or intravenous administration of
high doses of AA was followed by death from acute renal failure within the next 15 days.
The lethal dose 50 (LD,;) ranged from 56 to 203 mg/kg orally and 38 to 83 mg/kg intrave-
nously, depending on species and gender [32]. Mengs reported that the kidneys were the
most affected organs after intoxication confirming that they constitute AA main target [32].

Following the identification of AA as the agent responsible for AAN and BEN in 1993, vari-
ous animal models were developed to study underlying mechanisms of AA nephrotoxicity.
To do so, Cosyns et al. established a model of female New Zealand White rabbits injected
intraperitoneally (i.p.) with 0.1 mg/kg of a mixture of AA (AAIL 44%; AAIL: 56%), 5 days a
week during 17-21 months [35]. The same authors reported the development of renal fibrosis
and urothelial tumors in rabbits as it occurred in patients, therefore supporting the causal role
of AA in the pathology.

Our group also developed different models of AAN. In 2002, Debelle et al. showed that daily
subcutaneous injection of 10 mg/kg of AA mixture (AAIL 40%; AAIL 60%) in salt-depleted
rats induced interstitial fibrosis and renal failure within 35 days [36]. In 2005, Lebeau et al.
analyzed the time course of structural and functional impairments of the proximal tubule in
a rat model of AAN using the same protocol [37]. A biphasic evolution of renal dysfunction
and morphological alterations was described. First, a phase of acute kidney injury (AKI) was
characterized with structural abnormalities occurring within the first 3 days as attested by
necrosis of proximal tubular epithelial cells (°PTEC). Dysfunction of proximal tubule was also
highlighted by an increase of biochemical parameters such as tubular proteinuria, N-acetyl-
p-D-glucosaminidase (NAG), a-glutathione S-transferase (a-GST), leucine aminopeptidase
(LAP) and neutral endopeptidase (NEP) enzymuria. At day 35 of the protocol, a second phase
was identified, mainly associated to morphological alterations along with the presence of
severe tubular atrophy in an interstitial fibrotic environment. Moreover, tubular proteinuria,
NAG, a-GST, LAP and NEP enzymuria were further enhanced at this timepoint character-
izing the later phase of chronic kidney injury.

Regarding mice models, it has been shown that mice from different strains displayed variable
susceptibility to AA treatment. In this regard, Sato et al. published a study in which they
compared three strains of inbred mice, BALB/c, C3H/He and C57BL/6 that received 2.5 mg/kg
of AA (AAI: 55%; AAIIL: 45%) or AA sodium salt daily by i.p. injection or oral administration,
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5 days a week for 2 weeks [38]. Characteristic tubulointerstitial lesions as well as parameters
of renal dysfunction were observed in both strains intoxicated with AA. However, the suscep-
tibility to AA differed between the three strains tested. The authors postulated that these dif-
ferences might reflect diversity in AA metabolism and/or in the mechanisms of detoxification.
Indeed, genetic polymorphisms have been identified as a major factor affecting the expres-
sion level and/or activity of enzymes involved in AA metabolism. The variations observed
between the different strains could therefore be linked to such polymorphisms.

More recently, we also confirmed the biphasic evolution in a mouse model of AAN (Figure 1).
C57Bl/6 ] male mice were daily i.p. injected with a solution of AAI (3.5 mg/kg) for 4 days
and then sacrificed at 5, 10 or 20 days after the first day of injection [15, 39]. The acute phase
was identified at day 5 with necrosis of PTEC while at day 20, cystic tubules and tubuloint-
erstitial fibrosis was observed characterizing the features of a chronic phase. This transition
from AKI to CKD has an important significance clinically. Indeed, it has been shown that
patients surviving an episode of AKI present a significant risk of progression to CKD [40-42].
However, the mechanisms by which AKI might initiate the onset of CKD have not been fully
described. Therefore, a better understanding of the pathological mechanisms of AAN along
with the identification of early biomarkers could lead to therapeutic strategies to treat AKI or
impede progression to CKD. Along these lines, animal models of AAN could be considered
as a useful tool providing important insight on the underlying mechanisms of AKI-to-CKD
transition. In this regard, we recently demonstrated that renal nitric oxide (NO) bioavailabil-
ity was significantly reduced during the AKI-to-CKD transition in our AAN model while
L-Arginine supplementation appeared beneficial [39]. Indeed, L-Arg treatment restored renal
NO bioavailability and reduced the severity of tubular necrosis, inflammation and fibrosis

Pemindic
fcid Schiff

Sirius Red

Figure 1. Renal histology of AA-induced tissue injury. A-D. Representative photomicrographs (x400 magnification)
illustrating renal tissue injury with periodic acid-Schiff staining in Ctl (A), 5 days after AA intoxication (B), 10 days
after AA intoxication (C) and 20 days after AA intoxication (D). Zones of necrotic proximal tubular epithelial cells are
observed in AA intoxication at day 5, 10 and 20 after AA (B-D). Moreover, cystic tubules and proteinuria (*) are visible
in mice treated with AA at day 10 and 20. E-H. representative photomicrographs (x400 magnification) illustrating
collagen deposit with Sirius red staining in Ctl (E), 5 days after AA intoxication (F), 10 days after AA intoxication (G) and
20 days after AA intoxication (H). Deposition of collagen I and III are observed in the interstitium of renal parenchyma
in AA-treated mice at day 5 (D). Collagen deposition are even enhanced from day 10 to day 20 (G-H). Abbreviations: G,
glomerulus; NT, necrotic tubule; CT: cystic tubules and PT, proximal tubule.



8 Advances in Nephropathy

AA-intoxicated mice. We concluded that reduced NO bioavailability contributes to the patho-
logical processes in AAN but also that L-Arg could represent a potential therapeutic tool to
decrease the severity of acute-to-chronic transition.

5. Conventional biomarkers

In most AAN cases, renal failure was discovered by routine blood testing [43]. Typically,
moderate hypertension developed with increased serum creatinine and severe anemia [8, 44].
Proteinuria from tubular origin was confirmed with elevated urinary excretion of five low
molecular weight proteins (32-microglobulin, cystatin C, Clara cell protein, retinal-binding
protein and al-microglobulin) [45]. Levels of urinary neutral endopeptidase (NEP), a 94 kDa
ectoenzyme of the proximal tubule brush border, constitute a reliable indicator of the severity
of renal disease. Indeed, it has been shown to reflect the proportion of brush borders remain-
ing intact at the apical side of proximal tubules. Urinary NEP was significantly decreased in
patient with moderate renal failure and almost undetectable in those with ESRD, indicating
the loss of the proximal tubule integrity [46]. A hallmark of the Belgian cohort of AAN cases is
the rapid progression to an ESRD in nearly 70% of intoxicated patients [44]. The combination
of rapidly progressive interstitial renal fibrosis with urothelial malignancy strongly suggests
the diagnostic of AAN. Since 2015, a consensus regarding the definition of diagnostic criteria
has been established [16]. AAN will be diagnosed in any individual who suffers from renal
failure in combination with at least two of the following three criteria: (1) a renal histology
highlighting interstitial fibrosis distributed along a corticomedullary gradient; (2) a history of
herbal products consumption with the demonstration of the presence of AA and (3) the iden-
tification of AA-DNA adducts or the specific A:T — T:A transversion in the tumor suppressor
gene TP 53 in a kidney tissue sample or in a urothelial tumor.

Until now, no serum or urinary biomarker has been identified for clinical utility in the diag-
nosis of AAN or BEN [16]. Although mechanistically informative, the conventional mark-
ers described in the previous paragraph display a lack of sensitivity. When abnormal levels
of those markers are noticed, irreversible damages were already set up. In this regard, the
‘omics’ approach could constitute a strategic tool to identify early markers which could allow
an early therapeutic intervention [18].

6. Nephrotoxicity assessment by the ‘omics” approach

The biomarkers conventionally used in toxicology are particularly useful to detect or to fol-
low the evolution of a very specific effect usually identified in advance. On the other hand,
significant variations in the levels of such biomarkers are often too late since they only appear
once severe or worse irreversible damages are already developed. Moreover, they are not
appropriate to identify unknown or unexpected effects or to appreciate responses that result
from several effects occurring simultaneously in various cell types, organs or systems.
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Toxicogenomics is a more recent discipline that broadly studies changes in genes (genomics),
RNA (transcriptomics), proteins (proteomics) and metabolites (metabol(n)omics) in a whole
living organism exposed to a xenobiotic substance causing subsequent adverse health effects
[47]. The main goal in toxicogenomics is to obtain a global and integrated view of the molecu-
lar and cellular mechanisms underlying a toxic response. It is crucial to distinguish changes
in basal expression, for example due to stress, from both adaptive and toxic responses. In
addition, according to the principle of molecular homology, it is likely that substances sharing
similar chemical structures will display close mode of toxic action by altering the same set
of genes, proteins and metabolites. Therefore, reference databases can be built that contain
characteristic expression profiles of reference toxicants [48]. The comparison of the expression
profile induced by a tested molecule with the database allows a fine classification. From the
properties of the identified class, the toxic behavior of the test substance can be predicted.
Finally, thanks to the development of ‘high-throughput’ analytical techniques, the expression
of thousands of genes at the level of RNA or proteins can be simultaneously measured in an
organ/tissue subjected to the effect of a toxic substance. In parallel, changes in the metabolic
composition of biofluids and biopsies can be assessed over time. These global measurements
facilitate not only the observation of the effects of a molecule on the targeted tissues (on-
target), but also of the harmful effects on non-targeted tissues (off-target) [49].

In a recent review, conventional and toxicogenomics methods were compared to evaluate
their potential to predict nephrotoxicity, genotoxicity and teratogenicity of traditional rem-
edies [50]. Toxicogenomics methods present the main advantage to allow a quick and simul-
taneous acquisition of multiple markers which can be next identified and related to cellular
processes targeted by the tested compound. Focusing on the nephrotoxicity assessment, these
new approaches could identify a set of proteins and metabolites which might be promising
biomarkers indicative of very early cellular changes. Compared to conventional markers such
as plasma creatinine and BUN, the “omics” indicators are more sensitive and more specific.
On the protein side, Clusterin, Cystatin-C, and N-Gal/lipolcalin-2, among others, are now
considered as excellent candidates to detect acute or chronic tubulotoxicity [51, 52] to such an
extent that they have been accepted by regulatory agencies (FDA and EMA) for the detection
of acute kidney injury in preclinical risk assessment. On the metabolite side, since the COMET
(Consortium for Metabonomic Toxicology) project that evaluated the benefit of metabonom-
ics in the prediction of potential drug adverse effect [48], numerous nonclinical and clinical
studies have reported the usefulness of urine metabolic markers to predict acute and chronic
renal injuries. In rats, variations in plasma 3-methylhistidine (3-MH) and 3-indoxyl sulfate
(3-1S) are now recognized as early predictors of a decline in glomerular filtration due to acute
renal failure, while the combination of simultaneous changes in urine glucose, methylamines,
hippurate and certain amino acids is associated with proximal tubule damages [53].

Of course, those new approaches in systems biology are far from being validated. Nevertheless,
in association with in vivo models, they are already useful to mechanistically assess the
nephrotoxicity of xenobiotics. Most importantly, many recent studies highlight their unique
potential for translational research from benchside to bedside, especially for the diagnosis
and follow up of AKI [54].
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Both genomic and transcriptomic approaches have already been applied to investigate the cel-
lular mechanisms of AA toxicity and tentatively reveal fingerprints of AA exposure. Human
exome sequencing of urothelial carcinoma of the upper urinary tract from individuals chroni-
cally exposed to AA revealed characteristic and unusual somatic mutations predominantly
located on the non-transcribed strand [55]. This AA-related mutational fingerprint was essen-
tially found in oncogenes and tumor suppressor genes. Using a molecular epidemiologic
approach based on genome sequencing, the genome-wide mutational signature for AA was
also detected in liver and kidney cancers in targeted Taiwanese and Chinese populations [56,
57]. Exposure to AA in various animal species and in humans is detected by the presence
of aristolactam-DNA adducts, with excellent results obtained on renal specimens by ultra-
performance liquid chromatography-electrospray ionization/multistage mass spectrometry
(UPLC-ESI/MSn) [58]. Such DNA adducts represent the direct evidence of tissue exposure to
AA, and according to these authors, they can serve as endpoints for cross-species extrapola-
tion of toxicity data and human risk assessment.

Proteomic analyses of urinary, plasma and renal tissue resulted in differential expression of
several cytoskeletal, developmental and inflammatory kidney proteins, in both AA-exposed
and control mice [59]. Using fluorogenic derivatization followed by high-performance lig-
uid chromatography analysis and liquid chromatography tandem mass spectrometry with
a MASCOT database searching system, two altered proteins, thrombospondin type 1 and a
G protein-coupled receptor, were identified as discriminating mice chronically exposed to
AA [60]. A proteomic signature of AA-exposure was also identified in rat kidney: upregu-
lated proteins included ornithine aminotransferase, sorbitol dehydrogenase, actin, aspar-
toacylase, 3-hydroxyisobutyrate dehydrogenase and peroxiredoxin-1, while ATP synthase
subunit 8, glutamate dehydrogenase 1, regucalcin, glutamate-cysteine ligase regulatory
subunit, dihydropteridine reductase, hydroxyacyl-coenzyme A dehydrogenase, voltage-
dependent anion-selective channel protein 1, prohibitin, and adenylate kinase isoenzyme
4 were all downregulated [61]. Interestingly, some of those proteins presented obvious bio-
logical and medical significance.

From the metabol(n)omics side, several studies were conducted either in experimental ani-
mal models or in patients. For example, a GC-MS-based metabolomic study was performed
to analyze urinary metabolites in AA-exposed rats over time [62]. Among all metabolic alter-
ations, eight metabolites were selected as potential metabolic biomarkers including meth-
ylsuccinic acid, nicotinamide, 3-hydroxyphenylacetic acid, citric acid, creatinine, uric acid,
glycolic acid and gluconic acid. Four of them were considered as “early indicator” (methyl-
succinic acid, citric acid, creatinine and 3-hydroxyphenylacetic acid), while the others were
defined as “late metabolic biomarker.” According to the authors, the metabolomics markers
were more sensitive than conventional biomarkers of renal injury. Using a UPLC/QTOEF-
HDMS analysis, a bench of lipids molecules including cholic and chenodeoxycholic acid
were identified as excellent biomarkers to evaluate the progression from early to advanced
AAN. Also, indoxyl sulfate, uric acid and creatinine were considered as good markers in
severe cases of AAN. Interestingly, they were also reversible under treatments both in AAN
rats and in CKD patients [63]. Using a '"H-NMR-based approach, we compared the urine
metabonomic profiles of rats exposed to either AAIL, AAII, or the mixture. Metabolic altera-
tions indicating a proximal tubule injury were observed in all treated groups. These dose-
dependent effects already noticed at early stages were morphologically confirmed at later
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Figure 2. Scores plot comparing the 'HNMR spectra of urine samples from diseased Balkan women in red with the urine
samples collected from healthy Belgian women, in black. PLS-DA model.

time points. Renal damages were more pronounced with the mixture or AAII alone than
AAT alone [18].

'"HNMR-based metabolomics was also applied to urine samples collected from BEN-diagnosed
people treated by hemodialysis, in Romania and Bulgaria [64]. While samples from healthy
volunteers from both countries coincided in the PCA scores plot, Bulgarian and Romanian
BEN-suffering patients not only deviated from controls but also from each other. This study
also suggested that metabonomic assessment could be predictive of impending morbidity
before conventional criteria can diagnose BEN. Similar metabonomic approach was also
applied to surplus of urine samples collected from Belgian women (acutely and mistakenly
exposed to AA through diet pills) and Croatian patients (chronically exposed to AA through
contaminated food) [65] (Figure 2). Interestingly, a clear discrimination of the Belgian patients
from healthy volunteers was shown, and urine samples collected from individuals living in
Croatian endemic regions as compared to Croatian inhabitants from non-endemic villages
tended to separate from each other. Finally, both Belgian and Croatian patients displayed
close urine metabolic profiles, suggesting a common etiology of both diseases.

In conclusion, the methods in toxicogenomics have already brought water to the mill of
researches on nephropathies induced by AA. Thus, aristolactam-DNA adducts specific to the
AA exposure were revealed by genomic methods. For their part, proteomic and metabolomic
approaches have identified very early and specific biomarkers of tubular renal damage associ-
ated with exposure to AA. These same markers have also opened new mechanistic tracks on
the toxic modes of action of AA at the molecular and cellular levels.

7. Conclusions

“AAN” is a global designation for any toxic interstitial nephropathy consecutive to the expo-
sure to aristolochic acids. Although the development of accurate experimental models and the
validation of robust biomarkers these last decades have allowed a better mechanistic under-
standing of the mode of action of those natural substances, we are still facing many chal-
lenges. In particular, the need for early and more predictive indicators of AAN in both animal
models and in clinics is urgent. Also, unveiling the role of altered renal hemodynamics in the
pathogenesis as well as the molecular and cellular events leading from an acute to a chronic
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kidney disease in patients is essential. To this respect, the omics technologies have already
brought new pieces to the puzzle. Specifically, metabonomic applied to urine samples col-
lected from AA-exposed animals or AAN patients stands out as a very promising approach.

More philosophically, the history of AAN reminds us that natural products are not with-
out risk. The easy and uncontrolled access to such substances, for instance from suspicious
sources on the Web, increases the risk of renewing this sad experience. A review of the most
recent literature in the field of traditional medicines and remedies reinforces our belief that
they should be subject to the same safety assessments as drugs, and that omic methods should
be included at different steps of the assessment process.
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Abstract

Chronic kidney disease, the gradual loss of renal function, is an increasingly recognized
burden for patients and health care systems; globally, it has a high and rapidly growing
prevalence, a significant mortality, and causes disproportionately high costs, particularly
for hemodialysis and kidney transplantations. Yet, the available diagnostic tools are either
impractical in clinical routine or have serious shortcomings preventing a well-informed
disease management, although optimized treatment strategies with impressive benefits
for patients have been established. Advances in bioanalytics have facilitated the identifi-
cation of many genomic, proteomic, and metabolic biomarker candidates, some of which
have been validated in independent cohorts. Summarizing the markers discovered so far,
this chapter focuses on compounds or pathways, for which quantitative data, substantiat-
ing evidence from translational research, and a mechanistic understanding is available.
Also, multiparametric marker panels have been suggested with promising diagnostic and
prognostic performance in initial analyses, although the data basis from prospective trials
is very limited. Large-scale studies, however, are underway and will validate certain sets
of parameters and discard others. Finally, the path from clinical research to routine appli-
cation is discussed, focusing on potential obstacles such as the use of mass spectrometry,
and the feasibility of obtaining regulatory approval for metabolomics assays.

Keywords: metabolomics, biomarkers, diabetic nephropathy, diagnosis, prognosis

1. Introduction: innovation in laboratory diagnostics

Most technological innovations go through typical cycles of acceptance and spread, the so-called
innovation curves, quite generically analyzed by Rogers [1]. The same is true for new bioanalytical
techniques or methods, which typically trigger a phase of early adoption and rather untargeted
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exploration of their use in many different areas (basic and applied research, drug development,
clinical diagnostics, etc.). Some of these new technologies were able to make significant inroads
in routine diagnostics within years of their invention, for example, immunoassays [2] based on
monoclonal antibodies [3], Southern and Western blotting [4, 5], the polymerase chain reaction [6],
or nucleic acid sequencing by chain termination [7], while others have been well-developed and
contributed to major scientific successes for decades without being adopted in clinical routine,
for example, Raman, infrared, or nuclear magnetic resonance (NMR) spectroscopy (nota bene, the
latter succeeded as a disruptive new imaging modality in radiology instead of clinical chemistry).

The discovery, development, and validation of new diagnostic markers and of assays for their
standardized detection are a very costly endeavor that can only be successful after diligent
analysis of all relevant boundary conditions (medical, ethical, technological, commercial, etc.).
The first and foremost question in this analysis is, of course, if there is an unmet medical need
for more and/or different information about a patient’s status, for example, describing the
actual pathophysiological alterations with greater diagnostic accuracy, predicting the course
of the disease or the response to certain treatments earlier or with improved predictive values,
or keeping track of the beneficial or harmful effects of any therapeutic interventions (clinical,
pharmacodynamic, or pharmacokinetic monitoring [8]).

In this context, it should go without saying that additional diagnostic data points are only clini-
cally valuable—and justify product development by companies and reimbursement by public
health care systems —if there is a rather immediate therapeutic consequence, that is, if treatment
or disease management are guided in a way that would not be possible without this informa-
tion. Producing diagnostic data without a clinical consequence must be seen as a dubious way
of stretching the already tight budgets of health care systems and insurances, and may even
be problematic in terms of medical ethics, for example, in newborn screening for metabolic
disorders, where signatures indicative of many conditions could be simultaneously detected
by mass spectrometric assays but only those findings that trigger an immediate therapeutic or
dietary intervention are actually communicated to the parents and the attending pediatrician.

Eventually, and that has been a major obstacle for many recent developments, the measurement
of new diagnostic parameters must also be feasible in a routine environment, that is, in a robust,
standardized, and quality-controlled fashion generating sufficiently precise and accurate data
that warrant the expected sensitivity and specificity (or rather, in praxi, positive and negative
predictive values) [9, 10]. Of course, all of the above has to be achieved keeping the commercial
viability in mind, that is, balancing the disease-related socio-economic impact and the savings
made possible by refined disease management against the actual costs of the new diagnostic tools.

2. The rationale for new diagnostic markers

2.1. Unmet medical need and socio-economic impact

For chronic kidney disease (CKD), a thorough assessment of the aforementioned aspects
is rather straightforward although many epidemiological and economic figures have an
unexpectedly large uncertainty in the relevant literature. Chronic kidney disease (listed in
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chapter N18 of the International Classification of Diseases—ICD10) has a very high—and
almost certainly underestimated —prevalence in the general population; most recently pub-
lished figures range from 5 to 7% in global evaluations [11-13], to roughly 8-10% for the adult
population in Western countries [14, 15]. More specialized studies also claim markedly higher
numbers, for example, 16.8% in the National Health and Nutrition Examination Survey
(NHANES) of the adult Americans [16, 17]. Most of these differences are clearly caused by
discrepant diagnostic criteria and definitions, on which the statistics in the reports are based
(e.g. proteinuria AND/OR pathologically low estimated glomerular filtration rate (eGFR) vs.
impaired eGFR alone). Whatever the actual prevalence of a defined diagnostic finding in a
certain population may be, there is a pronounced age-dependency (8.5% in 20-39-year-old
people, 12.6% in 40-59-year-old, and 39.4% in >60 year-old, respectively [16, 17]) and a moder-
ate but still highly significant ethnic difference (19.9% in black vs. 16.1% in white Americans
of non-Hispanic origin; p < 0.0001). Obviously, though, the strongest associations exist with
the most relevant etiologies: diabetes and hypertension, which, together, cause approximately
75% of all cases of CKD (40.2% in diabetics vs. 15.4% in euglycemic individuals; 24.6% in
hypertensive patients vs. 12.5% in normotensive individuals; both p <0.0001) (Figure 1).

In all of these analyses, the most worrying observation is that the demographic changes and
the presently much-discussed pandemic of obesity, type II diabetes mellitus (T2D) and other
Western lifestyle-associated diseases will further increase these figures (particularly in devel-
oping countries). In fact, epidemiological surveys already identify these changes in the weight
of the different etiologies: the percentage of type II diabetics among patients initiating renal
replacement therapy has more than doubled in the last two decades [18]. Many experts stress
the obvious pathophysiological relevance of a high-salt diet for CKD via hypertension; how-
ever, high sodium intake also seems to be an independent risk factor both for poor therapeutic
efficacy of anti-hypertensive treatment with angiotensin converting enzyme (ACE) inhibitors
and for rapid progression to end-stage renal disease (ESRD) [19].

Chronic kidney disease is responsible for an alarming number of deaths, but these numbers
may still be underestimated because the mortality is more often due to comorbidities and
sequelae, particularly cardiovascular disease (CVD) and its clinical endpoints myocardial
infarction (MI) and stroke, or to complications of renal replacement therapies, than to kidney
failure itself. Throughout the mass of publications on cardiovascular complications in CKD
and the causal relationships (lately summarized by Alani et al. [20]), the broad consensus is
that CKD patients are much more susceptible to CVD, particularly to coronary artery disease
(CAD); in fact, after age-adjustment, CKD patients have a 15- to 30-times higher risk to die of
CVD than the general population [21, 22], and in ESRD patients, all-cause mortality is 10- to
100-times elevated compared to individuals with normal renal function [23].

It may be very difficult if not impossible to completely unravel the chicken and egg problem
of whether kidney damage is causing CVD or vice versa, even if the study design is diligently
targeting this question and sophisticated statistical tools are applied to correct for all poten-
tial confounders. The most plausible interpretation is that both conditions have common
pathomechanisms, for example, inflammation, oxidative stress, and endothelial dysfunction,
and so they frequently co-develop. At any rate, the huge socio-economic burden caused by
the network of obesity, hypertension, diabetes, CKD, and CVD can hardly be overrated. In
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Figure 1. Prevalence of CKD among adults in the USA [16, 17]. (A) Age-related increase: 8.5% in the third and fourth
decade, 12.6% in the fifth and sixth, and 39.4% in individuals more than 60 years old. (B) Ethnic background: 16.1% in
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(C) Etiology, role of glycemic control: 40.2% in diabetic patients vs. 15.4% in non-diabetics; p < 0.0001. (D) Etiology,
role blood pressure: 24.6% in hypertensive patients vs. 12.5% in normotensives; p <0.0001). *** p < 0.001 **** p <0.0001.
Modified after [82].

terms of global mortality, these non-communicable conditions have long exceeded the most
problematic infections, and the pivotal role of CKD in this closely interwoven network has
recently been dissected in a truly compelling paper [23].

As noted above, the spending for renal replacement therapy (RRT, be it hemodialysis or
transplantation) is disproportionately high; in industrialized countries, as much as 2-3% of
the entire health care budget can go into treatment of ESRD patients [24]. A more specific
calculation published by the United States Medicare system demonstrates that 18.2% of the
total budget are necessary for the 9.2% of recipients who are CKD patients (any stage in this
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statistics), and this discrepancy is aggravating at an alarming rate: in the last decade, CKD-
related costs have surged almost four times faster than the overall Medicare expenditures (380
vs. 100% increase; United States Renal Data System [25]). Moreover, there is no doubt that this
situation will further worsen because ESRD is still a globally undertreated condition. In the
near future, much more than the approximately 2-3 million ESRD patients who are currently
receiving RRT [26] will have access to appropriate treatment, particularly in developing coun-
tries where 1 million people are estimated to die from untreated ESRD each year [27].

2.2. Shortcomings of available diagnostic tools

The second major motivation for exploring new diagnostic biomarkers for CKD is the
extremely poor performance of the currently available parameters. There is a considerable
number of publications and probably just as much clinical hearsay around this issue, so that
even a somewhat comprehensive treatise cannot fit here. Still, a couple of concise problems
related to the estimated glomerular filtration rate (eGFR), the most frequently used basis for
diagnosing, staging, and monitoring CKD, shall be discussed:

First and most obvious, the eGFRis only a calculated estimate of a very informative but, in praxi,
difficult-to-obtain gold standard parameter describing kidney function—the experimentally
measured glomerular filtration rate (nGFR). Despite huge efforts to optimize approximations
such as the Cockcroft-Gault (CG), the Modification of Diet in Renal Disease (MDRD), and —
more recently —the Chronic Kidney Disease Epidemiology Collaboration (CKD-EPI) equation
for adults, or the Counahan-Barratt for pediatric patients [28-31], these estimates have a com-
mon weakness since they are all based on creatinine levels, which are themselves influenced
by anthropometric variables like muscle mass, and whose increase under pathophysiological
conditions may be blunted by higher rates of creatinine secretion in the proximal tubule. In
any case, they all have important flaws that are of the utmost clinical relevance [32-34].

More specifically, while all of the aforementioned formulas seem to work reasonably well in
large cohorts, that is, a statistical assessment will yield acceptable correlation coefficients, the
estimates for an individual at a given time can differ from the actual mGFR to a drastic degree.
Extremely problematic examples have been reported where patients with an mGFR of zero
had eGEFR values of 40-50 ml/min/1.73 m? (i.e. stage III CKD according to the recommenda-
tions of the Kidney Disease Outcomes Quality Initiative, KDOQI), thus severely underdiag-
nosing a life-threatening condition [35]. On the other hand, it is generally acknowledged that
the approximations perform particularly poorly and tend to underestimate the actual kidney
function at higher, near-healthy levels of glomerular filtration rate (GFR) (>60 ml/min/1.73 m?)
[36]. This shortcoming was implicitly accepted when developing the CG and MDRD equa-
tions; the CKD-EPI development, in contrast, specifically included healthy cohorts but the for-
mula still does not perform well enough in some of the most common and clinically relevant
situations for assessing renal function, for example, for patients to be given contrast agents
in radiology who have kidney-related risk factors or potential donors for organ transplanta-
tion inter vivos. Both indications specifically rely on accurate estimates in the near-normal
range. The catastrophic failure of all current equations to meet this expectation was recently
highlighted in a compelling analysis [37]: in a study comprising almost 300 potential living
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kidney donors, eGFR values below 80 ml/min/1.73 m? (the typical cut-off for acceptance of
living donors) had positive predictive values (PPV) for an mGFR below this threshold of
only 0-40% with the vast majority of situations (formula, age, sex, and BMI) yielding less
than 20% (Figure 2). In other words, many —actually most (!)—potential donors would have
been declined on the basis of a falsely low eGFR, which cannot be justified considering the
dramatic shortage of donor organs in general [38] and the much better clinical outcome of
donations inter vivos compared to post mortem [39, 40].

2.3. Therapeutic consequences?!

As noted in the introduction, decision-makers in diagnostics companies, in insurances, and
in clinical practice will scrutinize new biomarkers or assays regarding their actual diagnostic
performance but also regarding the clinical utility of the additional information they provide,
that is, their therapeutic consequences. Of course, such deliberations can always be countered
by the thought-terminating cliché that better diagnostic tools will eventually facilitate bet-
ter standards of care for patients or, in this concise case, earlier diagnosis of impaired renal
function and more accurate staging/monitoring of CKD will allow for more informed clinical
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Figure 2. Limited diagnostic reliability of eGFR in the near-normal range. Positive predictive values (PPVs) for a
measured GFR below 80 ml/min/1.73 m? in individuals with an eGFR below 80 ml/min/1.73 m?, modified after [37, 82].
Subsets are analyzed according to sex (male vs. female), age (<50 vs. >50) and BMI (<25 vs. >25). Estimates of GFR are
calculated using any of the three most common equations: Cockcroft-Gault per body surface area (CG/BSA), modification
of diet in renal disease (MDRD), or chronic kidney disease epidemiology collaboration (CKD-EPI). All PPVs are below
40%, in most cases even below 20%.

PPV far
mGFR < 80 mi¥min/1.73 m*




Towards Metabolic Biomarkers for the Diagnosis and Prognosis of CKD

25
http://dx.doi.org/10.5772/intechopen.80335

decisions, thus more effective disease management, and a slower progression of patients to
ESRD. Yet, the evidence for such generic and ambitious claims was quite sparse until, around
the end of the last century, rather aggressive treatment regimens were tested in long-term,

controlled studies.

These recent developments, however, define a surprisingly clear rationale for diagnostic

innovation in this field: first, precise and accurate evaluation of renal function in (practically)
healthy individuals gains in clinical relevance, that is, with glomerular filtration rates in the
(almost) normal range, for which the commonly applied equations have exceptionally poor
positive predictive values (for a detailed example, see Section 2.2, Figure 2).
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Figure 3. Efficacy of aggressive therapeutic regimens. Data from the Renoprotection of Optimal Antiproteinuric Doses
(ROAD) study, modified after [41, 82]. (A) Maximizing the antiproteinuric effect by increasing the doses of benazepril
and losartan (within tolerated limits) in euglycemic CKD patients did not further lower the blood pressure but (B)
improved albuminuria markedly more than the conventional dose and significantly postponed the decline of (C)
creatinine clearance and (D) eGFR during a 3-year follow-up period.
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Second, the therapeutic approaches available for CKD patients have been revolutionized
in the last 20 years, and the significant benefits of personalized, multi-modal, and titrated
regimens have been demonstrated beyond any doubt. The Renoprotection of Optimal
Antiproteinuric Doses (ROAD) study clearly showed that maximizing the antiproteinuric
effect by up-titration of ACE inhibitors (e.g. Benazepril™) and Angiotensine-II-Receptor-
Subtype-1 (AT1) antagonists (in this case, Losartan™) to individually tolerated limits in eug-
lycemic CKD patients did not further lower the blood pressure in comparison to standard
treatment but was far superior in reducing albuminuria and in delaying the decrease of eGFR
and creatinine clearance in a 36-months follow-up [41] (Figure 3). Maybe even more impres-
sive, the so-called ‘Remission Clinic’ program initiated at the Istituto Mario Negri in Milan, a
staggered intervention strategy consisting of a low-sodium and low-protein diet with an ATI
antagonist, an ACE inhibitor, a calcium channel blocker, and a statin—each in titrated doses—
could drastically reduce the incidence of ESRD in a 7-year observation period. Concisely, in
two paired cohorts consisting of 56 individuals each, 17 patients (30.4%) who received the
standard treatment developed ESRD but only 2 (3.6%) who were treated according to the
Remission Clinic protocol did so, which translated into an odds ratio for progressing to ESRD
of only 0.092 under the more aggressive treatment scheme [42, 43].

3. Biomarker discovery for CKD

The motives examined in Section 2 have spurred significant efforts in all modern disciplines
of bioanalytics—genomics, transcriptomics, proteomics, and metabolomics—aiming at the
identification and validation of new biomarkers or biomarker panels addressing the unmet
diagnostic needs and overcoming the flaws of the currently available solutions.

In genomics, genome-wide association studies (GWAS) have identified a large number of
single nucleotide polymorphisms (SNP) significantly associated with the risk of developing
CKD, incident diabetic nephropathy, renal function, and metabolic traits associated with
CKD [44-52], and these findings already shed new light on pathomechanisms and regulatory
networks in CKD although they seem to be quite far from routine clinical applications (see
below).

Expression profiling of messenger ribonucleic acid (mRNA) and micro ribonucleic acid
(LRNA) species found patterns associated with the risk of disease progression [53], the repair
of acute kidney injury [54], various etiologies of CKD [55], the role and function of the immune
system before and during hemodialysis [56], and with the regulation of atherogenic pathways
in CKD [57].

Based on top-down and bottom-up proteomics workflows, a range of new kidney-related
biomarkers have been advocated, for example, kidney injury molecule 1 (KIM-1), neutrophil
gelatinase-associated lipocalin (NGAL), fibroblast growth factor 23 (FGF-23), monocyte che-
motactic protein 1 (MCP-1), or urine retinol-binding protein 4 (uRBP4) [58, 59]. In addition,
there is particularly vivid research on urinary peptides; most of these peptides are products of
the turn-over of the extracellular matrix and, actually, derived from collagen ([60]; Mischak,
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personal communication). Over more than a decade, a compelling body of data has been
accumulated documenting a clinically relevant diagnostic and prognostic performance of one
particular panel of urinary peptides called CKD273 [61-65].

Chronic kidney disease and related indications such as nephrotoxicity also range among the
most frequently addressed subjects in metabolomics, partly because of their clinical, societal,
and commercial impact (see above), partly also because —from a purely scientific angle—they
are considered to be rather straightforward targets or even ‘low-hanging fruits’. It is per-
fectly reasonable to believe that a functional impairment of organs with such a central role in
metabolism as the kidneys will alter the systemic homeostasis to a degree that should be easily
detectable in blood or urine by state-of-the-art bioanalytics. The same reasoning led metabo-
lomics towards some of its greatest successes so far, for example, the much more detailed
characterization of the pathobiochemistry of type II diabetes, the evidence-based assessment
of anti-diabetic drugs in preclinical and clinical development, and even the identification of
highly promising and biochemically plausible biomarker signatures for the early diagnosis
of prediabetes/impaired glucose tolerance and for an individual risk assessment as much as
a decade before the manifestation of the disease [9, 66-70]. Even more disruptive, an utterly
compelling proof-of-concept for the utility of mass spectrometry (MS) as a diagnostic tool
was achieved by implementing routine screening programs for many genetically determined
metabolic defects, the so-called ‘inborn errors of metabolism’, based on quantitative multiplex
assays for amino acids and acylcarnitines [71, 72]. Originating from pilot projects in the mid-
1990s, this screening is now available in most industrialized and several developing countries
and clearly set the stage for the workflow that is today called targeted metabolomics [9, 73, 74].

4. Metabolic biomarker candidates for CKD

The sizeable number of publications on kidney-related metabolomics studies mentioned above —
and there may be a comparable amount of work performed by the pharmaceutical industry that
has not been published —suggest an immense array of potential metabolic biomarker candidates.
Over the last few years, several teams of experts went to great lengths to summarize these results
in very systematic review articles [59, 75-77]. This chapter, however, follows a slightly different
and maybe less comprehensive but hopefully complementary approach by highlighting altera-
tions in selected metabolic pathways instead of individual molecules. Also, it focuses on findings
that fulfill additional quality criteria, that is, for which there is relevant translational evidence,
quality-controlled quantitative data, and at least some degree of mechanistic plausibility.

Of course, when claiming mechanistic insights based on typical metabolomics studies, one
must never ignore the fact that anabolic and catabolic pathways are not the only factors influ-
encing the homeostatic concentrations of metabolites in urine or peripheral blood. Nutritional
uptake, microbial metabolism in the gastro-intestinal tract and urinary excretion (and, of
course, hemodialysis in ESRD patients!) play equally fundamental roles. Unfortunately, in
the large population-based studies, these aspects are never documented in sufficient detail
and reliability to be suitable for a quantitative assessment (e.g. questionnaire-based reports
on nutritional habits [78]). So, in a way, the pathway-centric methodology used in this chapter
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can only reflect one set of possible explanations for how metabolite concentrations are altered,
and this shortcoming is primarily caused by difficult-to-avoid gaps in the documentation of
most biomarker studies. Yet, the clinical experience from screening millions of newborns dem-
onstrates that this particular limitation can be partly overcome: as soon as ratios of products
and substrates of enzymatic reactions (or entire pathways) are analyzed instead of individual
metabolite concentrations, the data are far less prone to all sorts of confounding factors such
as dietary uptake and rather reflect the actual metabolic activity of the organism [66, 79-81].

4.1. Creatinine

At first sight, it is hardly worth mentioning that the most frequently found metabolite indica-
tive of CKD is creatinine [15, 82]. However, this simple statement has two fundamentally
different reasons: First and quite trivial, creatinine is indeed a marker for kidney function and
has rightly been established as one of the most common diagnostic parameters for many years
although —as noted above —its performance (both as a single laboratory parameter and as the
basis for calculating the eGFR) is far from perfect.

Second, and this must be kept in mind for all further considerations: the vast majority of all
studies in this field enrolled and staged or classified patients according to their eGFR and,
thus, indirectly also according to their creatinine levels. Therefore, identifying creatinine as a
statistically significant marker metabolite is just a typical case of self-fulfilling prophecy (it is
actually quite revealing that, in many cases, creatinine does NOT rank as the top candidate,
that is, does not have the highest significance level or the lowest p-value).

On the other hand, what is the alternative? Due to obvious cost, time, and compliance issues,
the number of studies that are based on mGFR or hard clinical endpoints is rather limited, and
so the subsequent discussion does not exclude eGFR-based studies as a matter of principle but
instead tries to substantiate the level of confidence in the various findings through a synopsis
of statistics (significance, independent replication), translational research (relevance of mod-
els and match of patterns in different species), and biochemical scrutiny (pathway mapping,
enrichment analyses, or similar approaches).

4.2. Dimethylarginine metabolism

Considering all single metabolic markers and/or panels that have been suggested so far, the
most compelling preclinical and clinical evidence underpins a central role of dimethylargi-
nine metabolism and, in particular, of symmetric dimethylarginine (SDMA) [83-85].

A quick look at the underlying biochemistry: the guanidinium side chains of arginine resi-
dues in polypeptides are the targets for specific post-translational modifications by a set of
isoenzymes called protein arginine N-methyltransferases (PRMT), which are evolutionarily
well conserved from unicellular eukaryotes such as yeast all the way to humans [86]. In two
consecutive reactions, first monomethylarginine and then one of the two possible isomers
of dimethylarginine are formed: an asymmetrically substituted version (ADMA) if one
o-nitrogen atom carries both methyl groups, and a symmetric version (SDMA) in case the
methyl groups are bound to both terminal nitrogens (Figure 4).
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Figure 4. Metabolism of dimethylarginines. Schematic summary of dimethylarginine metabolism (modified after [82]).
In two subsequent reactions, arginine sidechains are mono- and then dimethylated resulting in either asymmetric
(ADMA) or symmetric dimethylarginine (SDMA). ADMA is a potent inhibitor of nitric oxide synthases (NOS), which
produce nitric oxide (NO) through direct conversion of arginine to citrulline, and is mainly metabolized to citrulline and
dimethylamine. In contrast, SDMA is metabolically inert and primarily eliminated via the kidneys.
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Although these two molecular species are structurally quite similar (isomers, in fact), their
physiological roles differ quite fundamentally. To be more specific, ADMA acts as a potent
endogenous inhibitor of nitric oxide synthases (NOS) and, therefore, high concentrations lead
to a decreased systemic production of nitric oxide (NO). Thus, ADMA is promoting or aggra-
vating endothelial dysfunction, and elevated levels of ADMA may be among the functionally
most meaningful cardiovascular risk factors in general [87, 88]. Once released by proteolysis,
the bulk of ADMA is catabolized to citrulline and dimethylamine by two isoforms of dimeth-
ylarginine dimethylaminohydrolase (DDAH) while SDMA is biologically rather inert, hardly
metabolized in the body and, instead, eliminated via the kidneys.

In widely used animal models of kidney injury such as Sprague-Dawley rats treated with the
nephrotoxic aminonucleoside antibiotic puromycin, SDMA levels in plasma were shown to
increase in a dose- and time-dependent manner [89, 90] (Figure 5A). A very similar correla-
tion was observed in a cross-sectional study on CKD patients; both in diabetic nephropathy
and in non-diabetic CKD (mainly hypertensive patients), later stages of the disease were
characterized by significantly higher concentrations of SDMA in plasma, further corroborat-
ing that the observed changes are linked to the severity of kidney damage instead of the
underlying etiology [89, 91] (Figure 5B). The statistical significance of this finding was even
stronger when using the SDMA-to-Arginine ratio (corrected analysis of variance (ANOVA)
p-value in the range of 10~"! instead of 10~? for SDMA alone [82]) although this is not a simple
product-to-substrate ratio as briefly discussed above [66]. For a more detailed discussion of
the outstanding improvements that a systematic exploration of such metabolite ratios can
achieve both in statistical power and in biological plausibility, please refer to recent genome-
wide association studies on phenotypes defined by targeted metabolomics, the first highly
synergistic combination of different omics platforms to date [81, 92, 93].

Quite incomprehensibly, several current review articles on metabolic biomarkers for kidney fail-
ure do not even mention SDMA [15, 76] although the scientific and clinical evidence underpinning
its diagnostic potential is undeniable. A thorough meta-analysis of 20 clinical studies encompass-
ing more than 2100 patients demonstrated beyond any reasonable doubt that there is a highly
significant association of SDMA and creatinine concentrations on the one hand, and an inverse
correlation of SDMA levels and several measures of renal clearance on the other [94]. Admittedly,
in some of these studies, ADMA was also identified as a marker candidate, describing markedly
elevated levels in individuals with impaired kidney function [84, 91, 94]. However, this must be
seen as part of the aforementioned chicken and egg problem: CKD and cardiovascular disease are
very closely interwoven and, therefore, alterations of both conditions” most significant biomark-
ers will frequently coincide. Yet, there is a relatively simple but revealing clinical observation that
plausibly links ADMA to cardiovascular risk and SDMA to kidney function: after kidney trans-
plantation, ESRD patients have at least partially restored renal function, and their SDMA levels
drop quickly and markedly while, at the same time, ADMA concentrations stay elevated [95].

4.3. Tryptophan metabolism

The second group of CKD-associated metabolic changes to be discussed here is substantiated by
especially convincing evidence from translational research: tryptophan metabolism. Tryptophan
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Figure 5. SDMA in translational research. (A) Puromycin-induced renal impairment in Sprague-Dawley rats [89, 90].
Plasma SDMA concentrations show a dose- and time-dependent increase. For the group receiving the highest dose, the last
time-point is missing; due to complete renal failure, these animals had to be sacrificed before day 21. (B) UroSysteOmics
study: in a cross-sectional analysis of CKD patients, both diabetic (D) and non-diabetic (ND) individuals had significantly
elevated plasma SDMA levels at later stages of their kidney disease (p-values for all pairwise comparisons of clinical stages
3, 4, and 5: p(D3/D4) = 0.18, p(D4/D5) = 2.7 x 103, p(D3/D5) = 7.83 x 10-%, p(ND3/ND4) = 0.11, p(ND4/ND5) = 9.8 x 107,
p(ND3/ND5) = 3.8 x 10~*). Modified after [82, 89, 91, 113].

is a non-polar, aromatic amino acid, has the bulkiest sidechain in the proteinogenic repertoire,
is essential in humans, and has long been the subject of particular interest for neurobiologists
because it is the starting point for the biosynthesis of the neurohormone melatonin [96] and the
neurotransmitter serotonin [97]. Lately, though, the alternative catabolic pathway originating
from tryptophan, the kynurenine pathway, which ultimately leads to niacin via quinolinate, has
drawn much more attention because of the immunomodulatory and tolerogenic effects [98-100]
of the enzyme catalyzing the rate-limiting step in this pathway, indoleamine-2,3-dioxygenase,
which oxidizes tryptophan to N-formyl-kynurenine [101, 102] (Figure 6).
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Figure 6. Tryptophan metabolism. Schematic summary of tryptophan catabolism (modified after [82]. The essential
amino acid tryptophan is the substrate for two different pathways, the so-called serotonin pathway producing the
neurotransmitter serotonin [97] and the neurohormone melatonin [96], and the so-called kynurenine pathway leading to
the synthesis of niacin via its precursor quinolinate.

Increased turn-over of tryptophan in animal models with renal insufficiency has been observed
as early as the 1960s, for example, in spontaneously hypertensive rats [103], and tryptophan
depletion in peripheral blood has been identified in different sorts of nephropathies [104,
105], although these studies relied on a rather limited analytical armamentarium. Yet, these
very early observations have recently been confirmed in two independent animal models,
namely in Sprague-Dawley rats treated either with adenine or puromycin to induce kidney
damage. In fact, two completely different workflows led to the same conclusions: Untargeted
metabolic profiling of serum, urine, and kidney tissue identified tryptophan as a biomarker
candidate distinguishing adenine-treated rats from untreated controls [106, 107] and, based
on a targeted and analytically validated quantitative data set, the aforementioned puromycin
model had already shown the same effect [89, 90]. The latter study, due to its longitudinal
design with three dose escalation arms, could demonstrate very clearly that, upon puromycin
treatment, plasma tryptophan concentrations decreased in a dose- and time-dependent man-
ner (Figure 7A) and, even more notable, they plunged to below one-third of the baseline
levels observed in the group receiving a vehicle-only control. Effect sizes of this magnitude
may be quite frequently found in urine (or in other omics disciplines, for that matter) but they
are almost unheard of in plasma or serum where the homeostatic regulation of all amino acid
concentrations is typically very stringent—even under rather drastic environmental condi-
tions, various dietary influences, exhausting physical exercise, or pharmacological interven-
tions [9, 66, 78, 108-112].
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Figure 7. Tryptophan in translational research. (A) Puromycin-induced kidney injury in Sprague-Dawley rats is accompa-
nied by dramatically decreasing plasma tryptophan concentrations, and this effect is both dose- and time-dependent [89, 90].
(B) Cross-sectional analysis of diabetic and non-diabetic CKD patients (UroSysteOmics study [89, 91, 113, 114]): independent
of the underlying etiology, median tryptophan levels in stage 5 are less than half of the values in stage 3 (p-values for all
pairwise comparisons of clinical stages 3, 4, and 5: p(D3/D4) = 0.47, p(D4/D5) = 2.3 x 1073, p(D3/D5) = 3.89 x 10~*, p(ND3/
ND4) = 0.041, p(ND4/ND5) = 2.50 x 10-%, p(ND3/ND5) = 2.12 x 10-°). (C) The kynurenine-to-tryptophan ratio, indicative of
the activity of the kynurenine pathway, is markedly higher in later stages of CKD [p(stage3/stage5) = 1.44 x 107"2]. (D) The
serotonin-to-tryptophan ratio, indicative of the activity of the serotonin pathway, is markedly higher in later stages of CKD
[p(stage3/stage5) = 2.98 x 10-°]. Modified after [82].

As shown for dimethylarginine metabolism (see Section 4.2), these alterations in tryptophan
metabolism are also very convincingly replicated by translational research. In this case, both
cross-sectional studies on specifically selected patients [89, 91, 113, 114] and larger population-
based cohorts [115, 116] were able to demonstrate that tryptophan concentrations in serum
and plasma are significantly lower in patients with less residual kidney function, that is, at
a later stage of CKD (Figure 7B). Just as in the animal models described above, the abso-
lute magnitude of this depletion is quite remarkable: the median tryptophan levels in stage
5 patients are more than 50% lower than in stage 3 patients, and these drastic changes seem
largely independent of the underlying etiology as indicated by a separate subgroup analysis
of diabetic and non-diabetic patients (Figure 7B).
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It has been known for a very long time—more than half a century —that tryptophan is specifi-
cally bound and transported by albumin (elucidated in impressive physico-chemical detail by
McMenamy and Oncley [117]), and more recent publications estimate that 75-90% of the circu-
lating tryptophan is actually present in a bound form [118, 119]. The continuous excretion, that
is, loss, of albumin in proteinuric animals and patients could, thus, influence these findings in a
highly relevant manner (considering the relatively low binding affinity —depending on the exper-
imental conditions, the apparent association constant k’ is approximately 10*—and the absolute
concentrations reported, it is fair to assume that the assays used were measuring total instead of
free tryptophan although neither publication directly comments on this question). A quantitative
comparison of data from the UroSysteOmics study, however, sheds some light on these specula-
tions: the drop of the tryptophan levels is much more pronounced than that of the albumin con-
centrations in the same period (=58 vs. —=19% from stage 3 to stage 5 [89]), so it is evident that there
must be other mechanisms involved in depleting tryptophan than just a loss of transport capacity.

Indeed, both aforementioned pathways metabolizing tryptophan appear to be dramatically
upregulated in later stages of CKD as underpinned by significantly elevated ratios of serotonin
and kynurenine to tryptophan, respectively [89, 91, 113, 114] (Figure 7C and D). In a large
independent study, the kynurenine-to-tryptophan ratio was one of the strongest predictors
of changes in kidney function between consecutive visits of study subjects in the Cooperative
Health Research in the Region of Augsburg (KORA) S4 and F4 surveys and also of newly diag-
nosed CKD in this roughly 7-year period [115]. Besides these extremely convincing findings
with significant diagnostic and prognostic potential, tryptophan plays yet another, albeit less
direct role in CKD: it is the starting point for the synthesis of indoxyl sulfate (IS), one of the
most intensely discussed and, arguably, also most dangerous uremic toxins. Some of the dietary
tryptophan (as noted, Trp is an essential amino acid in humans) is cleaved to indole by the gut
microbiota. Indole is absorbed by the intestinal mucosa and, ultimately, metabolized to IS in
hepatocytes [120]. In an impressive number of reports, IS has been characterized as a nephrovas-
cular toxin [121], an indicator of poor residual renal function [122], and a prognostic biomarker
predicting elevated risks for vascular disease and all-cause mortality in CKD patients [120].

Of course, cleaving indole from Trp is only one of the countless ways, in which the gut micro-
biome may affect the pathophysiology of CKD and, more specifically, the systemic availabil-
ity of many metabolites. The multifaceted connection between the microbiota and CKD —too
complex to be discussed here—has recently been reviewed in great detail and, notably, also
examined for its potential as a target for specific therapeutic interventions [123].

4.4. Urea cycle alterations, nitric oxide synthesis, and polyamine metabolism

A less straightforward and sometimes even controversial set of observations presents itself around
another well-known pathway, the urea cycle and its interfaces with nitric oxide synthesis and
polyamine metabolism (Figure 8). More concisely, a longitudinal analysis of a fairly large subset
of the KORA cohort (more than a thousand individuals), identified spermidine as one of the bio-
marker candidates with the best statistical significance [115]; it was inversely correlated with the
annual eGFR change, especially in people without a diagnosis of CKD at baseline, which clearly
confirmed findings from the early 1980s [124, 125]. Yet, quite surprisingly, some of the most recent
reviews on biomarkers in nephrology do not even mention spermidine at all [59, 75, 76].
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Figure 8. Urea cycle, nitric oxide and polyamine production. Schematic summary of the urea cycle and its connections
to polyamine and NO production. As discussed in Section 4.4., the levels of biomarker candidates such as arginine,
ornithine, and citrulline are regulated in a complex manner; therefore, interpretation of the data for this pathway is quite
speculative, except for spermidine, which is only involved in polyamine synthesis. Modified after [82].

In the UroSysteOmics patients, citrulline-to-arginine ratio was significantly higher at later stages
of CKD (p = 3.5 x 107 for diabetics, p = 3.7 x 10~ for non-diabetics). In theory, this could, of
course, be caused by a higher activity of nitric oxide synthases (although this is quite unlikely in
a situation of pronounced oxidative stress; see Section 4.5) just as well as from a combined effect
of arginase and ornithine transcarbamoylase (OTC) activities in the urea cycle. A more detailed
evaluation showed that there were etiology-specific differences in this pathway: in euglycemic
patients, ornithine-to-arginine ratio was markedly higher at later stages of CKD (p = 7.8 x 107%)
while, in diabetic patients, this ratio was not associated with the degree of renal failure in a sig-
nificant manner [89, 91, 113]. Further mechanistic studies are certainly required to untangle the
intricacies of these observations because arginase also plays a role in the regulation of NO synthe-
sis and vascular function beyond just competing with NOS for their joint substrate, arginine [126].

Considering the pathogenetic relevance of endothelial dysfunction and the well-documented NO
deficiency in CKD (reviewed by Baylis [127]), it is—again—quite surprising that arginine, orni-
thine, and citrulline have so far hardly been discussed as biomarker candidates [15, 128, 129]. This
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may either mirror gaps in the analytical portfolio—after all, metabolomics is not a comprehensive
omics discipline yet, and even less so if studies are based on a single technology or workflow —or
a lack of pathway-oriented data analysis [79, 80].

4.5. Oxidative stress and functional consequences

With 16,605 PubMed-listed publications in 2017 alone, oxidative stress, that is, a biochemical
imbalance of oxidizing and reducing agents but most often just referring to reactive oxygen
species and their detoxification, is clearly one of the most intensely studied concepts of patho-
biochemistry, and probably even of modern biology in general. In fact, looking at the literature,
it seems that there is hardly a disease, in which oxidative stress is not one of the major culprits.
Its pivotal role in CKD has been identified and reviewed hundreds of times from the 1980s to
the present [130-134], so—for completeness’ sake—it must be discussed here, too. Although
there is a very broad agreement in the community about the finding itself and its clinical
relevance, no direct diagnostic application of that knowledge has been achieved so far, mainly
for (pre-)analytical reasons. Oxidative stress causes damage to various groups of biomolecules
such as amino acids, lipids, or nucleotides by processes that are extremely well understood
on the molecular level [135-138]. However, these reactions often generate quite unstable inter-
mediates, for example, peroxides of unsaturated fatty acids (Figure 9). Therefore, fragments
from the cleavage of such oxidized lipids (usually malone dialdehyde and 4-hydroxynonenal)
are commonly detected as surrogate markers. Other compounds require tricky preanalytical
procedures or challenging analytical methods, for example, nitrated amino acids or oxidized
nucleotides. Highly sophisticated sample preparation protocols and mass spectrometric
assays have been developed for many of these analytes [139, 140] but, due to their complexity
and limited robustness, they are still far from a routine application in clinical chemistry.

A rather stable and analytically more accessible measure of oxidative stress was recently sug-
gested and already applied in several studies, namely methionine sulfoxide and its ratio to
unmodified methionine [108, 111, 113, 141, 142]. Methionine sulfoxidation is a posttranslational
modification (PTM) of methionine residues caused by various oxidizing agents, for example,
hydrogen peroxide, hydroxyl radicals, hypochlorite, chloramines, and peroxynitrite, and has
frequently been reported to cause a more or less severe loss of function in modified proteins [143].

As may have been expected, the patients enrolled in the UroSysteOmics study had markedly
higher methionine sulfoxide-to-methionine ratio, the more advanced their CKD became, and
that could be observed in diabetic and non-diabetic patients in a very similar fashion [89, 91,
113]; (Figure 10). Interestingly, the broad coverage of the targeted metabolomics experiments
combined with hypothesis-driven data analytics and interpretation allowed to corroborate this
finding by depicting functional consequences of the oxidative conditions in the same data set.
Under oxidative stress, the activities of enzymes that depend on oxidation-sensitive cofactors,
for example, tetrahydrobiopterin (BH4), have been reported to drop due to a limited avail-
ability of these cofactors [144-147]. In principle, this applies to NOS but, in practical terms,
the effect on the citrulline-to-arginine ratio is often masked by alterations in the urea cycle as
discussed above (Section 4.4). In the present case, the activity of phenylalanine hydroxylase
(PAH) was a much more plausible read-out parameter. When a relevant percentage of BH4,
an essential cofactor for PAH, is oxidized to 4-a-hydroxytetrahydrobiopterin, it is no longer
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Figure 9. Oxidative stress. Simplified overview of some biochemical consequences of oxidative stress (modified after
[82]). Unbalanced oxidative conditions cause chemical modifications to various classes of metabolites, for example, lipid
peroxidation, amino acid nitration, or oxidation of nucleotides. Many products of these reactions are very unstable or—
for other reasons —difficult to analyze, therefore, the methionine-sulfoxide-to-methionine ratio is now commonly used as
a robust surrogate for these parameters. In the same context, highly reduced cofactors, for example, tetrahydrobiopterin,
are oxidized and —thus—no longer sufficiently available to warrant a normal level of enzymatic activity. In the example
chosen here, this affects the enzyme catalyzing the first step in phenylalanine catabolism, phenylalanine hydroxylase,
which leads to a “phenylketonuria-like” phenotype characterized by a lowered tyrosine-to-phenylalanine ratio.

available in sufficient quantities to ensure normal PAH activity and, so, one observes a ‘phenyl-
ketonuria-like” phenotype with a decreased tyrosine-to-phenylalanine ratio (Figure 9). In fact,
these opposing trends could be clearly observed in the quantitative data: just as methionine
sulfoxidation rates increased from moderate to severe disease in the UroSysteOmics cohort,
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the PAH ratio continuously dropped towards later stages of CKD, and this was again inde-
pendent of the underlying etiologies [89, 91, 113] (Figure 10). In very good accordance with
this finding, the cross-sectional analysis of the KORA F4 cohort revealed a strong and highly
significant negative correlation of phenylalanine levels with eGFR (effect size: 2.36 ml/min/
1.73 m? per SD, p = 7.8 x 107*). One has to concede that this correlation was not significant in
a replication cohort (UK Twins), possibly because of the much smaller sample size, but the
pooled analysis of both cohorts still yielded a rather convincing p-value of 1.4 x 107 [116].
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Figure 10. Oxidative stress and its functional consequences in CKD. Data from the UroSysteOmics cohort [89, 91, 113]
demonstrating the parallel increase of methionine sulfoxidation and impairment of phenylalanine hydroxylase. (A)
Significantly elevated ratios of methionine sulfoxide to methionine at advanced stages of CKD, observed both in diabetic
and non-diabetic patients (p-values for all pairwise comparisons of clinical stages 3, 4, and 5: p(D3/D4) = 5.49 x 1073,
p(D4/D5) = 0.024, p(D3/D5) = 4.22 x 10~, p(ND3/ND4) = 3.7 x 103, p(ND4/ND5) = 0.088, p(ND3/ND5) = 4.21 x 10 (B)
Decreased activity of phenylalanine hydroxylase in patients with more advanced disease as demonstrated by lower
tyrosine-to-phenylalanine ratio, also hardly influenced by the status of the glycemic control (p-values for all pairwise
comparisons of clinical stages 3, 4, and 5: p(D3/D4) = 0.68, p(D4/D5) = 0.12, p(D3/D5) = 0.023, p(ND3/ND4) = 0.12, p(ND4/
ND5) = 0.18, p(ND3/ND5) = 0.015). Modified after [82].
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4.6. Acylcarnitines

Particularly strong alterations in nephrology-related metabolomics studies were observed in
a class of compounds that does not get much attention in mainstream biochemistry but has
been part of the standard diagnostic repertoire since the beginning of the mass spectrometry-
based era in newborn screening [71, 72], the acylcarnitines. Long-chain fatty acids are the
primary substrates for p-oxidation in the mitochondria and, thus, one of the pivotal energy
sources in the cell. Yet, they can neither cross the double membrane of the mitochondria as
free fatty acids nor as fatty acyl esters of coenzyme A (CoA), which is their metabolically
activated form. Instead, tissue-specific isoforms of carnitine palmitoyl transferase I (CPT-I)
located at the outer mitochondrial membrane first trans-esterify the fatty acyl residues from
CoA to carnitine, a quaternary ammonium compound derived from lysine. The resulting
acylcarnitines are then taken across the inner membrane by an antiporter system named car-
nitine acylcarnitine translocase (CACT). On the matrix face of the inner membrane, a second
carnitine palmitoyl transferase (CPT-II) re-esterifies the fatty acids to CoA, and this fatty acyl-
CoA can then undergo p-oxidation while the released carnitine is returned to the cytoplasm
to be available as a carrier again (a cyclic process thus called the carnitine shuttle) [148-150].

In the aforementioned study on puromycin-induced nephrotoxicity in rats, the plasma levels of
acylcarnitines of various chain lengths surged in a dose- and time-dependent manner [82, 89,
90], and this may be understood as a consequence of increased mitochondrial leakage caused
by apoptosis or other sorts of damage to the mitochondrial membranes (a basal level of leakage
must be assumed to explain the fact that acylcarnitines are detectable in peripheral blood at all).

As for the marker candidates discussed previously, there is striking translational evidence sup-
porting these findings both from population-based and from smaller, dedicated clinical studies. In
a cross-sectional assessment of the KORA F4 data, 26 acylcarnitines showed statistically significant
correlations with renal function, that is, eGFR, with the strongest effect size of 3.74 ml/min/1.73 m?
per SD and a compelling p-value of 2.2 x 10~ for glutarylcarnitine, and most of these hits were
confirmed as significant in the UK Twins cohort [116]. Also in the UroSysteOmics study, certain
species of acylcarnitines such as glutarylcarnitine (C5-DC) or pelargonylcarnitine (C9) showed
significantly elevated levels in patients with more advanced kidney disease, again independent
of the etiology (ANOVA p-values for the trend across stages 3, 4, and 5 of 3.9 x 107, 1.7 x 10~,
3.4 x10™, and 4.4 x 10~ for C5-DC and C9 in diabetics and non-diabetics, respectively) [89, 113].

One has to consider, however, that many of these acylcarnitines have very low absolute con-
centrations in healthy or early stage patients (typically in the low nanomolar range) and, so,
many individual values that were the basis of the statistical evaluation may have been around
or even below the lower level of quantitation (LLOQ) of the assays applied in these studies
(Biocrates AbsoluteIDQ P150 and P180 kits [151, 152]). Of course, this does not necessarily put
the observation itself into question (since these kits were real first-in-class products, the LLOQ
values were chosen very conservatively; in the validation and in routine applications, the pre-
cision was still extremely good at the lower end of the calibration curves; and, finally, even the
qualitative difference of a marker being below LLOQ at early stages and well above at later
stages could bear meaningful diagnostic information) but some of the published significance
levels could be slightly overestimated.
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All of the above leaves one important question to be discussed: three independent clini-
cal cohorts ranging from population-based to specifically selected in the clinics identify
C5-DC as the most significant marker candidate in this class of metabolites—is there any
plausible mechanistic explanation for this particular finding? Glutaric acid (systematically:
pentanedioic acid) is an intermediate of lysine, hydroxylysine, and tryptophan catabolism,
and elevated concentrations are the eponymous hallmarks of glutaric acidemias, autosomal
recessive deficiencies of various enzymes affecting this pathway [153, 154]. Yet, besides some
observations that neonates with glutaric acidemias can sometimes also have birth defects like
polycystic kidneys, there is no convincing genetic or metabolic link in the literature between
glutaryl-CoA dehydrogenase and CKD, for example, a higher rate of heterozygotes among
patients with renal failure or the like. However, the explanation may also be much easier:
C5-DC as a dicarboxylic compound could simply be a product of @-oxidation of fatty acids,
that is, a side effect of the oxidative stress discussed in Section 4.5.

4.7. Other potential biomarkers

In addition to the aforementioned, a plethora of other metabolites has been suggested as
potential biomarker candidates in sample types like serum, plasma, urine, or even feces [15].
These include (without any claim of completeness): nucleosides and nucleotides (1-methy-
linosine, 1-methyladenosine, adenine, adenosine, 2-deoxyadenosine, guanine, hypoxanthine,
inosine, thymidine, and xanthosine), amino acids and biogenic amines (alanine, aspartate,
betaine, carnosine, choline, glutamate, glycine, homocystine, hypotaurine, indoxyl sulfate, iso-
leucine, leucine, proline, taurine, trimethylamine-N-oxide, and valine), vitamin derivatives
(5C-aglycone), intermediates of the citric acid cycle (a-ketoglutarate, fumarate, and isocitrate)
and other organic acids (acetate, adipate, citrate, galactarate, hippurate, lactate, maleate, mal-
onate, methyl-malonate, pantothenate, pyruvate, and azelate), bile acids (chenodeoxycholic
acid), carbohydrates (glucose, maltose, myo-inositol), and various lipids either found in spe-
cialized lipidomics studies or as part of broader metabolomics approaches (polyunsaturated
fatty acids like docosapentaenoic and docosahexaenoic acid, but also dihydrosphingosine,
phytosphingosine, and several lysophosphatidylcholines) [82, 89, 113, 114, 128, 155-173].

As noted, this list is certainly not exhaustive and primarily presents compounds that were
identified in clinical samples, but it may also highlight that these biomarker candidates range
from well-known uremic toxins like indoxyl sulfate to xenobiotics like azelate, the role of
which can only be subject to speculation.

On the other hand, many of these metabolites may just represent typical confounders, for
example, reflect characteristics of the underlying etiology of CKD or comorbidities such as
diabetes [174]: pyruvate and glucogenic amino acids like alanine, serine, and glycine, for
instance, directly mirror the systemic glycolytic or gluconeogenic flux; glycolysis replenishes
their pools while gluconeogenesis tends to deplete them [9, 66]. Also closely linked to diabetes
are the branched-chain amino acids (BCAA): leucine, isoleucine, and valine accumulate in
peripheral blood in a situation that bears a striking resemblance to insulin resistance [9, 66,
175], and they are— particularly in combination with the aromatic amino acids (AAA)—some
of the earliest predictors of incident type II diabetes [68].
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Similarly, lysophospholipid levels (and, even more so, their ratios to intact phospholipids) are
directly correlated to the activity of phospholipases, which represents the first step in a cas-
cade that releases various polyunsaturated fatty acids (PUFA) from membrane phospholipids
and, eventually, produces oxidized PUFA-derivatives such as prostaglandins, leukotrienes,
thromboxanes, and others, thus mirroring the systemic level of inflammation rather than an
organ-specific effect [176-178].

In conclusion, a very long list of metabolic changes has been identified in individuals with
impaired renal function and in relevant animal models of kidney damage. However, from a
diagnostic point-of-view, it seems that only a limited subset of these marker candidates has
been underpinned by quality-controlled quantitative data [9, 10, 108] analyzed by appropri-
ate bioinformatics strategies [79, 179-182], diligent study design that allows for an assessment
of the specificity of the observations, and mechanistic insights based on translational research
and a detailed biochemical understanding of the differentially regulated pathways [66, 79,
80, 182]. Yet, the marker candidates fulfilling these criteria could certainly have a significant
potential in clinical chemistry, particularly if they are (or have been) successfully replicated in
independent clinical cohorts [116] and scrutinized in studies specifically designed to test their
prognostic value [115, 183, 184].

5. Multiparametric metabolic biomarker panels

Up to now, the majority of studies in this field have analyzed their data sets to identify single
metabolites as candidate biomarkers but, as noted above, derived parameters such as ratios of
product and substrate concentrations of a particular enzymatic reaction or an entire metabolic
pathway, are extremely powerful tools for finding correlations with larger effect sizes, better
statistical significances, and, notably, also higher biochemical plausibility [9, 66, 71, 72, 79-81,
92, 116, 175, 182]. Yet, and that was one of the basic assumptions nurturing the immense
optimism at the beginning of the omics era in biomedical research and development, the
superior information content offered by the comprehensive analytical platforms could only
be harnessed by using broader, multiparametric panels or even signatures as biomarkers. To
this end, two profoundly different strategies for defining such panels have been successfully
applied in CKD-related metabolomics, one guided by biochemical background knowledge
and the other by hypothesis-free bioinformatics approaches.

5.1. Knowledge-based biomarker panels

Hypothesis-driven attempts to define multiparametric diagnostic signatures are founded
on a detailed, pathway-oriented description and —whenever possible—also a mechanistic
understanding of the pathobiochemical changes identified in particular studies [79, 80]. If
specific sets of such metabolic alterations are repeatedly observed, for example, the various
effects discussed in Section 4, it would seem logical and straightforward to devise simple
linear combinations of concentrations or ratios to refine the diagnostic performance. To illus-
trate this point, here is one very simplistic example based on the UroSysteOmics data set
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(not an optimized model that, of course, cannot be revealed in this context): Various versions
of generic scores like this (Eq. (1)) easily outperformed the individual ratios; this was dem-
onstrated by relevant improvements of the area under the receiver-operating-characteristics
curve (AUROC) for the distinction of stage 4 from stage 3 (in the combined cohort, i.e., irre-
spective of the etiology) from 0.75 to 0.853 [114], and these equations can and, in fact, must be
extended and further optimized for each diagnostic indication. However, in contrast to early
hopes in theoretical biology, this strategy does not work ad infinitum. The area under the curve
(AUC) does not asymptotically converge to 1.0 if one only adds enough parameters with the
intention to ‘exhaustively” describe the biological system (more is not always better). In most
cases (unfortunately, as with so many important aspects of metabolomics, there are hardly
any relevant publications on this subject), the AUC peaks for signatures comprising 5-20
metabolites and then drops again, supposedly because more features add too much analyti-
cal and biological ‘noise’. In one concise example, for which this was analyzed in a systematic
fashion, panels of plasmalogens were checked for their performance in the (admittedly trivial)
distinction between diabetics and euglycemic controls. Plasmalogens are phospholipids that
have one fatty acid linked to the polar head group by an ester bond and the second residue
by an enol ether bond, whose concentrations continuously drop during the progression of
the metabolic syndrome towards manifest type II diabetes. Starting with the single most sig-
nificant molecular species and then adding up to six plasmalogens in a linear combination as
shown in Eq. (1) improved the AUC from 0.92 to 0.95 but further addition of up to 35 features
from the same class caused the AUC to drop to 0.88, that is, below the value for the best
monoparametric marker [10, 79, 182].
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Such “constructed” marker panels are transparent, plausible, even intuitively pleasing and,
thus, have a reasonable likelihood of gaining acceptance in the clinical community, they
certainly fail to take advantage of the entire information content of a given data set in a sys-
tematically optimized way. Therefore, the definition of marker panels and the generation of
diagnostic/prognostic algorithms are increasingly based on hypothesis-free strategies such as
machine learning, network analysis, and other advanced data mining strategies.

5.2. Panel selection and optimization by machine learning

In contrast to the hypothesis-driven definition of metabolic biomarker panels described above,
a much more technical selection process can be conducted by means of machine learning. The
roots of machine learning as a discipline promoted by a rather special community date back to the
middle of the twentieth century, when the legendary Alan Turing published his groundbreaking
work on ‘Computing machinery and intelligence’ [185]. Still in the 1950s, the ‘Dartmouth sum-
mer research project on artificial intelligence’ took place as a kick-off meeting for the entire field
[186], Arthur Samuel presented his seminal paper ‘Some studies in machine learning using the
game of checkers’ [187] and Ray Solomonoff first discussed his idea on ‘An inductive inference
machine” which he later extended and matured in his “Theory of inductive inference’ [188].
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Machine learning is closely related to the fields of artificial intelligence (AI), knowledge dis-
covery, and data mining. It investigates systems and algorithms that learn from experience
(data) to improve its performance, and is traditionally split into three major arms: supervised,
unsupervised, and reinforcement learning. The main objective in supervised learning is the
recognition of patterns or the predictive classification (e.g. the distinction of cases and controls
in a clinical trial) by approaches such as k-Nearest Neighbor (kNN) classification, Bayesian
networks, logistic regression, decision tree learning, support vector machines (SVMs), or
neural networks. In contrast, unsupervised learning applies a descriptive approach to detect
unknown patterns and rules in data sets, to cluster data, or to identify classes, which were not
previously defined, for example, by using partitioning-based approaches such as k-means
clustering, density-based strategies, or hierarchical clustering. The third variety, reinforce-
ment learning, uses the principle of cumulative rewards to optimize the actions of a software
agent in complex situations [189-191].

Successful attempts to define biomarker panels by machine learning were recently con-
ducted based on the metabolomics and proteomics data sets from the UroSysteOmics
study [183]. In a rather typical workflow, potential biomarker candidates were initially
identified by univariate statistics of differences between groups of patients with early and
advanced stages of CKD. Multiparametric classifiers were then developed by supervised
machine learning using support vector machines (SVM) [192]. To this end, 76 putative bio-
markers, which showed statistically significant differences between the defined cohorts,
were combined into 3 distinct panels: “‘MetaboP’ consisting of 17 plasma metabolites,
‘MetaboU’ comprising 13 metabolites in identified in urine, and finally ‘Pept’ consisting
of 46 urinary peptides (for the far more advanced panel CKD273 consisting of urinary
peptides analyzed on the same platform, see Section 3). The performance of these three
classifiers was evaluated in an independent test set by checking their correlations with
renal function (eGFR) at baseline and at a follow-up visit approximately 2 years later. Each
of the classifiers showed a very good correlation with baseline eGFR, that is, in a diag-
nostic setting, but—much more excitingly —also with the renal function at the follow-up
examination indicating their marked potential as prognostic tools. In summary, this study
presented a convincing methodology for the systematic development of multiparametric
biomarker panels by machine learning. Yet, looking at the details of the initial biomarker
selection, several obvious mistakes were made by paying too little attention to peculiari-
ties of the analytical platforms and to previous experiences analyzing this data set, so
there is certainly a lot of room for improvement regarding the diagnostic and prognostic
performances.

In addition, the authors of this study also tested a combination of the three classifiers for
its correlation with baseline and follow-up eGFR, but this approach did not significantly
improve the correlation coefficients when compared to each of the three original biomarker
panels. This may come as a surprise, even a disappointment, particularly considering the
breakthroughs that could be achieved when conducting GWAS phenotypes defined by tar-
geted metabolomics [81, 92]. Obviously, however, the fundamental belief of modern systems
biology that the amassment of data from different omics disciplines would automatically
generate such synergies (the more the merrier), is not necessarily true.
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6. Summary and future perspectives

The present chapter attempted to summarize some of the latest breakthroughs in the identi-
fication and development of metabolic biomarkers for chronic renal failure. It is more than
obvious that there is a huge unmet need for improved diagnostic and prognostic tools for this
indication, which represents an immense—and continuously growing—burden for affected
patients and public budgets alike. Also, the introduction and impressive clinical validation of
more aggressive and personalized intervention strategies has further stressed the necessity
for finding and implementing better markers for accurate staging of the disease, monitoring
its progression or the effects of therapeutic regimens and, eventually, assessing each patient’s
individual prognosis to make early and informed decisions in disease management.

In the last decade, the entire armamentarium of bioanalytical platform technologies has been
used in this quest. While genomic analyses identified certain risk factors and elucidated some
new regulatory relationships, it was primarily proteomics and metabolomics, that is, the
disciplines depicting functional endpoints rather than predispositions that reported findings
with the potential for clinical application in the foreseeable future.

The statistical basis for these developments and, thus, their credibility has been strengthened
substantially in the last few years when large population-based cohorts were analyzed in
addition to the smaller, dedicated studies, in which clinical research was initially conducted.
So, today, there are highly promising biomarker candidates to be developed as diagnostic
tools that are not just backed by single observations but have been confirmed in independent
cohorts, some even in comprehensive meta-analyses (e.g. SDMA), and many of them could
be substantiated by research on relevant animal models and by a thorough elucidation of the
underlying mechanisms, pathways, and networks.

Yet, so far, these data have often come from retrospective studies (at least, from retrospective
data analyses), and (too) many of these studies have been based on eGFR-related inclusion
and classification criteria (or rather fuzzy diagnostic parameters like micro-albuminuria,
which is no longer considered a relevant clinical endpoint). Despite sophisticated statistical
strategies and detailed additional phenotyping of the patients, the lack of large, prospective
studies designed around hard clinical endpoints like mortality, initiation of RRT (or mGFR
as a better measure of renal function, for that matter) still limits the dissemination and accep-
tance of these findings. The next couple of years, however, will witness the completion—or,
at any rate, meaningful interim analyses—of presently ongoing studies that fulfill some of
these essential criteria such as the PROVALID study initiated by the SysKid consortium [193],
the German Kidney Disease (GCKD) Study [194], the UroSysteOmics study [61, 89, 91, 113,
183], the French Chronic Kidney Disease-Renal Epidemiology and Information Network
(CKD-REIN) cohort study [195], the Proteomic prediction and Renin angiotensin aldosterone
system Inhibition prevention Of early diabetic nephRopathy In TYpe 2 diabetic patients with
normoalbuminuria (PRIORITY) trial [65], or the KoreaN cohort study for Outcome in patients
With Chronic Kidney Disease (KNOW-CKD) [196], and these studies will be complemented
and extended by both general and dedicated biobanking activities [197-200]. In the end, the
data generated in these studies will hopefully facilitate a reasonable validation of some of the
putative marker candidates presented in this chapter.
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Still, the question remains, how close this will take the field to new, broadly available diagnos-
tic tools in daily clinical practice? This issue will primarily depend on the technical feasibility
and robustness in a routine setting such as clinical chemistry core facilities and the regulatory
implications for the related products. For some of the most likely candidates to be successfully
validated, these points can already be discussed in a fairly well-informed manner:

Starting with the proteomics output, the monoparametric protein markers, for example,
KIM-1 or NGAL, can be quantified with reasonable accuracy and precision by standard
immunoassays, and kits certified for in vitro diagnostics (IVD) use are commercially avail-
able, for example, from BioPorto Diagnostics (Hellerup, DK). The far more complex peptide
and metabolite marker panels, however, have originally been discovered by MS (some also by
NMR), and —as of today—there is hardly a plausible alternative platform that could replace
mass spectrometric detection methods for these parameters —antibody-based detection is not
suitable for small ubiquitous molecules like most of the metabolites discussed above, and
the peptide panels would quickly exceed any reasonable limits for multiplexing immuno-
assays (at least on the currently established platforms). So, if MS is the method of choice
for now (and for many technical reasons not to be discussed here, it will most likely stay
this way for quite some time), what is the present status of clinical applications of MS? Of
course, this strongly depends on three technicalities: (a) the kind of instrument used (triple
quadrupole- or time-of-flight (ToF)-based platforms), (b) the separation step needed for a
particular class of compounds, for example, none (flow injection analysis), capillary electro-
phoresis (CE), gas (GC), or liquid (LC) chromatography, and (c) the appropriate ionization
technique, for example, electrospray (ESI) or photospray ionization (APPI), chemical ioniza-
tion (CI), or matrix-assisted laser desorption ionization (MALDI). As for ToF-based systems,
there is no routine application of a CE-ToF-MS platform in clinical routine today, and only a
fairly recent adoption of a MALDI-ToF-MS instrument in bacteriology, the so-called MALDI
Biotyper from Bruker (Billerica, MA, USA) [201]. In contrast, tandem mass spectrometry (MS/
MS) using standard triple quadrupole (QqQ) instruments has been the gold standard in neo-
natal screening for two decades now [71, 72] with millions of newborns tested in an extremely
sensitive and specific and, yet, highly cost-effective manner. Tandem MS is also an established
component of state-of-the-art clinical chemistry labs in most industrialized countries by now
and —notably —subject to stringent quality control [202, 203]. Routine applications of this
platform range from therapeutic drug monitoring, most commonly for immunosuppressives
[204], to assays for vitamin D and some if its metabolites [205], and from screening programs
for drugs of abuse [206] to the worldwide anti-doping activities [207]. Moreover, the targeted
portfolio is growing fast to also cover clinically relevant classes of compounds such as steroid
hormones [208, 209], bile acids [210], catecholamines [211], and others.

As a matter of fact, the majority of the biomarker candidates presented in Section 4 (e.g. amino
acids, biogenic amines, or acylcarnitines) are already amenable to standardized quantification
by commercially available kit products, for example, as subsets of the AbsoluteIDQ™ portfo-
lio from Biocrates (Innsbruck, AT). These kits are validated on most of the suitable mass spec-
trometers from the leading instrument vendors AB Sciex (Framingham, USA), Waters (Milford,
USA), and Thermo Fisher (Waltham, USA), and the sample preparation procedures can be
fully automated on robotic liquid handling systems, for example, from Hamilton (Bonaduz,
CH) or Tecan (Mannedorf, CH). Most important in this context, technically very similar kits
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have already been certified as in vitro diagnostics (IVD) according to the European directive
98/79/EC (IVDD), for example, the SterolDQ™ from Biocrates. Of course, the new European
regulation 2017/746 (IVDR), published on May 5, 2017, sets more challenging standards for
such a certificate but there is no reason to believe that this will undermine the suitability of
MS-based assays for routine diagnostics in principle. In conclusion, the technicalities of bring-
ing a diagnostic metabolite panel into routine clinical practice seem quite straightforward, so
it will primarily depend on the actual performance of these marker candidates in the ongoing
validation studies if and when they could become part of the standard diagnostic repertoire
and patients could eventually benefit from an improved disease management for CKD.
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Abstract

Diabetic nephropathy is the commonest microvascular complication in both types 1
and 2 diabetes mellitus. Disease pathogenesis is based on a multifactorial interaction
between metabolic and hemodynamic factors. In response to hyperglycemia, which
disrupts the body’s metabolic milieu, a cascade of complex molecular events occur
leading to glomerular hypertrophy, tubular inflammation, mesangial expansion, oxi-
dative stress, and renal fibrosis. Beyond the conventional microalbuminuria, which can
predict disease onset, novel biomarkers are now proving more reliable as predictive
tools. While several reports show that glomerular and tubular biomarkers are more
sensitive than microalbuminuria, tubular markers specifically constitute earlier predic-
tors of the disease. Similarly, biomarkers of inflammation and oxidative stress have
been demonstrated as dependable diagnostic tools. As an important cause of mortality
from end-stage renal disease (ESRD), diabetic nephropathy constitutes an important
challenge in diabetic care. Interestingly, strict glycemic control assessed by glycated
hemoglobin (Hb Al c) estimates, and antihypertensive therapy with angiotensin-
converting enzyme inhibitors/angiotensin-receptor blockers (ACEI/ARB) + calcium-
channel blockers form the main strategies for preventing its onset and slowing down
its progression. Other strategies include uric acid antagonist, and renin and endothelin
inhibitors. This book chapter discusses these predictive tools and possible preventive
strategies.

Keywords: diabetic nephropathy, type 1 diabetes mellitus, type 2 diabetes mellitus,
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1. Introduction

Type 1 diabetes mellitus is the usual form of diabetes mellitus in children. However, type 2
diabetes mellitus is now observed among them as well, especially in adolescents: with obesity
as a putative risk factor. Diabetic nephropathy is the commonest microvascular complication
of the kidney in both types of diabetes mellitus [1]. It is a clinical syndrome characterized by
persistent macroalbuminuria (or urine albumin excretion rate of 2200 pg/min) recorded at
least twice within a 3- to 6-month interval, progressive decline in glomerular filtration rate
(GFR), and hypertension [2]. The presence of microalbuminuria (urine albumin excretion rate
of <199 pg/min) in type 1 diabetes mellitus is not only strongly predictive of macroalbumin-
uria (overt diabetic nephropathy) and subsequent end-stage renal disease (ESRD) but also
constitutes a risk factor for future cardiovascular disease [3]. Contrary to the previously-held
view that diabetic nephropathy is rare in childhood [4], some reports indicate that the dis-
ease can actually occur in the pediatric age group [5-7]. While the development of diabetic
nephropathy can occur over a period of 10-20 years, beginning with microalbuminuria and
ending with ESRD [1], it is currently projected that the rate of progression from microalbu-
minuria to macroalbuminuria over a 5- to 10-year period is about 15-30%, and may increase
to 45% in patients with up to 15 years of diabetes duration [8].

Although microalbuminuria has traditionally remained the gold-standard biomarker for
predicting diabetic nephropathy, its draw-backs include the following. Firstly, not all microal-
buminuric diabetics will end up with diabetic nephropathy and ESRD [9, 10]. Secondly, micro-
albuminuria can only occur in the presence of significant renal injury since it is preceded by the
appearance of several tubular and glomerular biomarkers in urine [11]. Thirdly, many diabetic
patients with diabetic nephropathy can revert to normoalbuminuria, and these patients can
also present with a reduction in GFR without progressing from normo- to macroalbuminuria
(the concept of ‘non-albuminuric’ diabetic nephropathy) [12]. Thus, in place of microalbumin-
uria, these novel biomarkers are now increasingly used as earlier predictors of the disease.

In this book chapter, the use of biomarkers as predictive tools of diabetic nephropathy, and
the preventive strategies against its onset and progression to ESRD are discussed.

1.1. Pathogenesis of diabetic nephropathy: a synopsis

In response to hyperglycemia, which disrupts the body’s metabolic milieu, a cascade of com-
plex molecular events occur resulting in the key pathogenic components of diabetic nephrop-
athy, namely glomerular hypertrophy, tubular inflammation, mesangial expansion, oxidative
stress, and renal fibrosis; several activated pathways individually or collectively influence the
onset and progression of this disease [13]. However, it is important to note that genetic pre-
disposition also contributes to the development of diabetic nephropathy because only 30-40%
of diabetic patients develop diabetic kidney disease irrespective of glycemic control [14, 15].

In fact, the pathogenesis of the disease is based on a multifactorial interaction between meta-
bolic and hemodynamic factors [16]. Metabolic factors involve glucose-dependent pathways,
such as advanced glycation end-products and their receptors while hemodynamic factors
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consist of several vasoactive hormones, such as components of the renin-angiotensin system
[16]. It is postulated that these metabolic and hemodynamic factors interact through common
molecular and signaling pathways, such as protein kinase C leading to generation of reac-
tive oxygen species. Presumably, these contributing factors result in pathological damage
not only to the glomerulus, especially the podocytes, but also to the tubulo-interstitium. In
other words, hyperglycemia induces vascular injury through complex overlapping pathways,
comprising formation of advanced glycation end-products, activation of protein kinase C and
generation of reactive oxygen species, which might play a key role in the initiation and pro-
gression of diabetic nephropathy [17].

Specifically, resident and nonresident cells of the kidney are stimulated by hyperglycemia to
produce humoral mediators, cytokines, and growth factors which are implicated in the struc-
tural alterations such as increased deposition of extracellular matrix protein at the glomerulus,
and functional alterations such as hyperpermeability of the glomerular basement membrane
or shear stress [15]. Increased deposition of extracellular matrix protein results in basement
membrane thickening and mesangial expansion while glomerular hyperpermeability leads to
progressive albuminuria, which is one of the hallmarks of the disease (Figure 1).

1.2. Novel biomarkers as predictive tools for diabetic nephropathy

Novel biomarkers are now useful tools for predicting the onset and progression of diabetic
nephropathy. Attempts have been made at classifying these biomarkers into major groups,
although these groups overlap with one another. Representative groups include glomeru-
lar biomarkers; tubular biomarkers; biomarkers of inflammation; biomarkers of oxidative
stress; and miscellaneous biomarkers [18]. Examples of each group of biomarkers include
albumin, transferrin, laminin, immunoglobulin G, fibronectin, ceruloplasmin, type IV col-
lagen, lipocalin-type prostaglandin synthase (L-PGDS), and glycosaminoglycans which
make up the glomerular biomarkers; neutrophil gelatinase-associated lipocalin (NGAL),
cystatin C, kidney molecule injury 1 (KIM-1), liver-type fatty acid binding protein (L-FABP),

Humaoral mediators

~Hyperglycemin

=Hyperpermeability of
CiBAd

st bon of

Figure 1. Pathogenetic pathway of albuminuria in diabetic nephropathy. GBM= glomerular basement membrane, EMP=
extracellular matrix protein.
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N-acetyl-B-D-glucosaminidase (NAG) and a-1-microglobulin constitute the tubular biomark-
ers; tumor necrosis factor-a (TNF-a), interleukin-1p, interleukin-8, interleukin-18, monocyte
chemoattractant protein-1 (MCP-1), eotaxin, orosomucoid, RANTES and granulocyte colony-
stimulating factor (G-CSF) represent the biomarkers of inflammation; 8-oxo-7,8-dihydro-
2-deoxyguanosine (8oHdG) is a typical example of a biomarker of oxidative stress; nephrin,
podocalyxin, advanced glycation end products (AGEs), vascular endothelial growth factor
(VEGF), heart fatty-acid binding protein (H-FABP) and retinol-binding protein are listed as
miscellaneous biomarkers. However, the overlap of the groups with one another shows that
some miscellaneous biomarkers such as podocalyxin, nephrin and VEGF are also considered
as glomerular biomarkers, whereas H-FABP and retinol-binding protein can be regarded as
tubular biomarkers as well. Similarly, some biomarkers of inflammation such as TNF-a, the
interleukins and MCP-1 are also identified as tubular biomarkers.

1.2.1. Glomerular biomarkers versus albuminuria

Several studies have provided evidence which indicate that novel glomerular biomarkers are
more sensitive predictors of diabetic nephropathy compared to albuminuria, which has been
considered as the conventional biomarker of glomerular injury (Table 1).

Firstly, urine transferrin, which is highly sensitive as a biomarker of diabetic nephropathy
[19, 20], conversely has poor specificity for the disease because of confounders like primary

Glomerular biomarkers Predictive ability for diabetic nephropathy

* Microalbuminuria ¢ Traditional biomarker predicting glomerular injury in TIDM and
T2DM

¢ Urine transferrin * High sensitivity

¢ Poor specificity

* More sensitive than microalbuminuria in predicting diabetic nephropa-
thy in T2DM

¢ Urine ceruloplasmin * High sensitivity

e More sensitive than microalbuminuria

e Urine type IV collagen * High sensitivity

* More sensitive than microalbuminuria

e Early predictor of diabetic nephropathy in T2DM

¢ Can differentiate diabetic nephropathy from non-diabetic nephropathy
e Urine laminin * Similar predictive ability with urine type IV collagen

* Appears before microalbuminuria in TIDM

e Urine fibronectin * Higher excretion in microalbuminuric than normoalbuminuric T2DM
patients

* Degradation products correlate with albuminuria

T1DM = type 1 diabetes mellitus, T2DM = type 2 diabetes mellitus.

Table 1. Glomerular biomarkers versus microalbuminuria as predictive tools for diabetic nephropathy.
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glomerulonephritis and systemic diseases affecting the glomerulus, which also present with
transferrinuria [21]. However, the biomarker is considered more sensitive than albuminuria. For
instance, some authors have reported that, in the pre-albuminuric phase, transferrinuria was higher
in diabetic subjects than in healthy controls [22, 23]. These findings underscore the superiority of
urine transferrin over urine albumin excretion in the early prediction of diabetic nephropathy.

Secondly, urine ceruloplasmin is poorly filtered through the glomerular barrier because of its
negative charge. Similar to urine transferrin, this biomarker can predict diabetic nephropathy
earlier than albuminuria in patients with type 2 diabetes mellitus [24]. It has also been noted that
urine ceruloplasmin together with urine transferrin, immunoglobulin G and orosomucoid are
simultaneously elevated prior to the onset of microalbuminuria in type 2 diabetic patients [25].

Another remarkable glomerular biomarker is type IV collagen: a component of the glomerular
basement membrane and mesangial matrix. Urine type IV collagen has been reported as a more
sensitive marker of renal injury than urine albumin in patients with type 2 diabetes mellitus
[26]. It can therefore serve an early predictor of diabetic nephropathy. Furthermore, urine type
IV collagen can potentially differentiate diabetic nephropathy from non-diabetic nephropathy
because studies show that type 2 diabetics with nephropathy have a significantly higher type IV
collagen/albumin ratio in comparison with their non-diabetic cohorts with nephropathy [27, 28].

Laminin, a component of the glomerular basement membrane, is a biomarker with similar
predictive properties as type IV collagen [29]. For instance, urine laminin can also discriminate
between diabetic and non-diabetic nephropathy as one report showed that type 2 diabetics
with nephropathy had significantly higher laminin/albumin ratio in comparison to patients
with non-diabetic nephropathy [27]. More importantly, some investigators have documented
a higher urine laminin excretion in pediatric patients with type 1 diabetes mellitus when
juxtaposed with their healthy controls, even before the appearance of microalbuminuria [30].

Another glomerular biomarker worthy of mention is fibronectin. It is basically an intrinsic
component of the glomerular extracellular matrix. Interestingly, urine fibronectin is report-
edly higher in diabetic patients compared to their controls, with a significant difference noted
only in macroalbuminuric patients [31, 32]. Further evidence supporting the predictive role of
urine fibronectin in diabetic nephropathy include its higher excretion in type 2 diabetics with
microalbuminuria than in those with normoalbuminuria [33], as well as the correlation of its
degradation products with albuminuria [34].

1.2.2. Tubular biomarkers versus albuminuria

When compared to microalbuminuria and other novel glomerular biomarkers, tubular bio-
markers are early predictors of diabetic nephropathy because tubulointerstitial lesions are
known to occur much earlier in the course of the disease and may actually precede glomerular
injury [35]. This characteristic has given this group of biomarkers an edge over glomerular
biomarkers as earlier predictors of diabetic nephropathy.

For instance, studies on NGAL as a biomarker have revealed these interesting findings:
presence of its elevated urine levels in diabetic patients with normoalbuminuria and its use

69



70 Advances in Nephropathy

in evaluating tubular lesions in the disease [36], its occurrence before microalbuminuria in
patients with type 1 diabetes mellitus [37, 38], as well as its role in predicting the progression
of diabetic kidney disease in type 2 diabetics [39, 40]. Thus, NGAL may have a better predic-
tive ability for diabetic nephropathy than microalbuminuria.

Secondly, a-1-microglobulin has been identified as an affordable tubular biomarker for the
early prediction of diabetic nephropathy [41]. Although a-1-microglobulin undergoes glo-
merular filtration, its tendency for proximal tubular reabsorption ensures its increased urine
excretion in tubular dysfunction because of impaired reabsorption. In type 2 diabetics with
normoalbuminuria, some authors were able to demonstrate increased urine levels of this
biomarker because, as previously mentioned, tubular injury precedes the onset of microalbu-
minuria in diabetic nephropathy [42].

On the other hand, there appears to be divergent findings on the usefulness of NAG as a bio-
marker in the evaluation of diabetic nephropathy. Whereas some authors reported its clinical
insignificance as an early biomarker of the disease [43], other reports conversely show that it
remains a sensitive tubular biomarker for early detection of renal lesions in patients with both
type 1 and 2 diabetes mellitus, as its urinary excretion can occur before microalbuminuria [44—46].

Furthermore, increased urine L-FABP levels have been observed in type 1 diabetics with
normoalbuminuria, and is capable of not only predicting the onset of microalbuminuria but
also its progression to macroalbuminuria [47]. Type 2 diabetics with normoalbuminuria also
present with increased urine levels of this biomarker, which underscores its predictive ability
for the onset and progression of diabetic nephropathy [48, 49].

Finally, some authors have reported the predictive ability of cystatin C for the progression
of diabetic nephropathy [50], as well as its role in the evaluation of early nephropathy in
type 2 diabetes mellitus [51], while increased urine KIM-1 levels have been observed more
in diabetic patients with microalbuminuria than in those with normoalbuminuria [52]. This
again suggests that tubular injury occurs early in the pathophysiologic trajectory of diabetic
nephropathy.

1.2.3. Biomarkers of inflammation

Interestingly, the role of TNF-a (a pro-inflammatory cytokine) in the development of dia-
betic nephropathy is well documented [53-55]. The predictive ability of this cytokine as a
biomarker for the disease is predicated upon the observations of its increased urine levels in
diabetic patients who have albuminuria, as well as the significant rise of its urinary excretion
during progression of diabetic nephropathy [54]. In fact, elevated urine TNF-a excretion and
TNF-a levels in renal interstitial fluid have been noted to precede a significantly raised albu-
minuria in experimental diabetic rats [56]. This is corroborated by other studies which report
a direct association between albuminuria and serum TNF-« in diabetic patients with normal
renal function and microalbuminuria on one hand, as well as in those with macroalbuminuria
and ESRD on the other hand [57, 58]. Similarly, other biomarkers of inflammation such as
IL-8, MCP-1, G-CSF, eotaxin, and RANTES are reportedly higher in microalbuminuric type 2
diabetics than in their normoalbuminuric counterparts [59]. In type 1 diabetes mellitus, urine
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orosomucoid was also noted to be raised in normoalbuminuric patients when compared to
non-diabetic controls: with increasing levels reported in microalbuminuric and macroalbu-
minuric diabetic patients [60].

1.2.4. Biomarkers of oxidative stress

8oHdG is the prototype of this group of biomarkers. This molecule is actually a product of oxi-
dative injury to DNA which appears unchanged in the urine. It may represent a dependable
clinical biomarker for predicting the onset of diabetic kidney disease because some authors
have observed that patients whose nephropathy progressed significantly had higher urinary
excretion of this biomarker than those who had lower or moderate urinary excretion [61].

2. Preventive strategies for diabetic nephropathy

Generally, strict glycemic control and painstaking control of hypertension have significant
impact on prevention and progression of diabetic nephropathy; a finding noted in adult
patients with type 2 diabetes mellitus [62]. In children and adolescents, who are predomi-
nantly type 1 diabetics, these measures should be equally applicable as preventive strategies.
More importantly, strategies that target the modifiable risk factors for diabetic nephropathy
may result in better outcomes. Some of the modifiable and non-modifiable risk factors include
poor glycemic control, pubertal growth spurt, hypertension, hyperlipidemia, smoking habits,
albuminuria, obesity and genetic predisposition [6, 63-66]. For instance, in type 1 diabetes
mellitus, strict glycemic control is the major preventive strategy for diabetic nephropathy,
whereas in type 2 diabetes mellitus, modulation of hypertension, dyslipidemia, and obesity
(modifiable risk factors) constitute important strategies [63]. Notably, the current recom-
mendations/strategies for preventing the onset and retarding the progression of diabetic
nephropathy are essentially evidence-based, and are summarized in Table 2.

Firstly, the measurement of hemoglobin Al c (Hb A1 c) has been adopted as a reliable tool for
assessing glycemic control. It is a marker for average glycemic levels over the previous 3 months.
The goal of glycemic control is basically to maintain Hb A1 clevel of less than 7% while avoiding
hypoglycemia. In fact, strict glycemic control reduces the risk of microvascular complications in
both type 1 and type 2 diabetes mellitus [67, 68]. Reports show that diabetic nephropathy rarely
occurs when the Hb A1 c level is consistently less than 7.5-8.0% [2, 65]. Notably, results of two
major clinical trials have buttressed the effectiveness of tight glycemic control as a preventive
strategy [68, 69]. In one of the studies conducted on type 2 diabetics, there was a 34% reduction
in the risk of microalbuminuria [68], while in type 1 diabetics, the incidence of microalbuminuria
was decreased by 39% in the primary prevention group with a 54% reduction in its progression
to macroalbuminuria in the secondary prevention group [69].

Secondly, the control of hypertension is renoprotective in type 1 and type 2 diabetes mellitus,
as it reduces albuminuria and delays the onset of nephropathy [70]. The renin-angiotensin
system constitutes the target of the most effective strategy for blood-pressure control and
for reducing the pathophysiologic abnormalities which lead to albuminuria. Specifically, it
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Preventive strategies Mechanism of action

e Strict or tight glycemic control * Reduces risk of microalbuminuria

* Reduces progression of microalbuminuria to
macroalbuminuria

* Antihypertensive therapy with ACEI/ARB + calcium- ¢ Reduces albuminuria and delays the onset of diabetic
channel blockers nephropathy

¢ Prevents progression of diabetic nephropathy in
microalbuminuric patients

¢ Vitamin D * Ameliorates nephropathy by reducing albuminuria

¢ Allopurinol (uric acid antagonist) * Reduces urinary TGF-{ in diabetic nephropathy

® Aliskiren (renin inhibitor) * Reduces albuminuria and serves as an antihyperten-
sive in T2DM

* Atrasentan (endothelial inhibitor) * Reduces residual albuminuria in type 2 diabetic
nephropathy

¢ Dietary protein/phosphate restriction * Retards progression of diabetic nephropathy

ACEI = angiotensin-converting enzyme inhibitor, ARB = angiotensin-receptor blocker, TGF-§ = transforming growth
factor-beta, T2DM = type 2 diabetes mellitus.

Table 2. Preventive strategies for the onset and progression of diabetic nephropathy: an evidence-based summary.

does appear that blood pressure elevation directly correlates with the degree of albuminuria
in type 2 diabetes mellitus [71]. Thus, antihypertensive therapy, especially with angiotensin
converting enzyme inhibitors (ACEI) or in combination with other antihypertensive agents,
is an effective strategy for preventing the progression of diabetic nephropathy [71]. While
either ACEI or angiotensin-II type 1 receptor blockers (ARB) is recommended in patients with
microalbuminuria and type 2 diabetes mellitus [72], none of them is recommended in nor-
motensive, normoalbuminuric diabetics for the primary prevention of diabetic nephropathy.
Apart from ACEI which are regarded as first-choice treatment for hypertension in diabetics,
other effective alternative antihypertensive drugs include calcium-channel blockers: either
alone [73], or in combination with ACEI [74].

Thirdly, the use of novel treatments has been tried as strategies for preventing the onset and
progression of diabetic nephropathy. These therapeutic agents include the following: vitamin
D, allopurinol (uric acid antagonist), aliskiren (renin inhibitor), and atrasentan (endothelin
antagonist or 1 inhibitor) [75-78]. In experimental murine models, vitamin D is thought to acti-
vate an antioxidant pathway and ameliorate diabetic nephropathy by reducing albuminuria
[75]. Furthermore, vitamin D deficiency is known to be a common disorder in diabetics and
probably constitutes a risk factor for ischemic heart disease, worsening of chronic kidney dis-
ease and diabetic nephropathy [79]. Vitamin D metabolites may inhibit the renin-angiotensin
system and exert renoprotective effect by preventing glomerulosclerosis and reducing albu-
minuria in diabetic nephropathy; in addition, administering the vitamin is reported to have
resulted in a reduction in insulin resistance and blood pressure [80, 81]. In fact, findings from
several studies support the beneficial effect of dietary or supplemental vitamin D in retarding
the progression of diabetic nephropathy through reduction of albuminuria [82-85]. Another
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novel therapeutic agent- allopurinol- was reported to reduce albuminuria in patients with
type 2 diabetes [86]. Evidence point to a greater serum uric acid level in patients with diabetic
nephropathy than in normal subjects [87]. Uric acid specifically plays a mediatory role in
the pathogenesis of diabetic nephropathy, as it leads to endothelial dysfunction, increased
activity of the renin-angiotensin-aldosterone system (RAAS), and induction of inflammatory
cascades, as well as profibrotic cytokine activation which synergistically contribute to pro-
gression of microvascular disease and extracellular matrix deposition; these events result in
kidney injury in diabetic nephropathy [87]. Obviously, hyperuricemia may thus impair glo-
merular function, and promote albuminuria. Interestingly, allopurinol has also been observed
to reduce urinary transforming growth factor-beta (TGF-f) in diabetic nephropathy, apart
from improving endothelial dysfunction [76]. Furthermore, the direct renin inhibitor-aliski-
ren-reportedly reduces albuminuria and also serves as an antihypertensive in type 2 diabetes
mellitus either as a monotherapy [77], or in combination with an angiotensin receptor blocker
(ARB) [88]. Endothelin-1 is regarded as the most potent vasoconstrictor which plays a role in
renal regulation of fluid and salt balance. More importantly, excessive renal production of
endothelin-1 is associated with proteinuria and tubulointerstitial injury [89]. Although trials
are still going on to validate the endothelin antagonist or inhibitor (atrasentan), this novel
agent has been shown to lower residual albuminuria in type 2 diabetic nephropathy besides
its antihypertensive action [78].

Finally, dietary modification has proved to be an effective tool in retarding the progression of
diabetic nephropathy. In diabetics, high dietary protein has renal hemodynamic effects which
comprise elevated GFR, hyperfiltration, and raised intraglomerular pressure which are prob-
ably accentuated by poor glycemic control [79]. Thus, it has been observed that dietary protein
restriction slows down the deterioration of kidney functionin type 1 and type 2 diabetes mellitus
[90, 91]. For instance, a prospective study which compared type 1 diabetics placed on dietary
protein/phosphate restriction with those on unrestricted diet revealed a differential reduction
in GFR, as the GFR in the former group was progressively reduced by only 0.26 ml/min/month
compared with 1.01 ml/min/month seen in the latter group [92].

3. Conclusion

Both glomerular and tubular biomarkers are sensitive predictors of diabetic nephropathy
when compared to microalbuminuria, with tubular biomarkers serving as earlier predictors
of the disease. Other groups of novel biomarkers have also been shown to be effective predic-
tive tools. As the major microvascular complication of both type 1 and type 2 diabetes mel-
litus and an important cause of ESRD-related mortality, the onset and progression of diabetic
nephropathy therefore constitute an important challenge in diabetic care. Fortunately, strict
glycemic control and antihypertensive therapy with ACEI/ARB + calcium-channel blockers
form the main strategies for preventing the onset and slowing the progression of diabetic
nephropathy. Other novel treatment options include dietary protein restriction, use of vita-
min D, uric acid antagonist, as well as renin and endothelin inhibitors. As newer strategies
emerge, prospects for better outcomes in diabetic nephropathy are getting brighter.
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Abstract

The prevalence of diabetes is increasing worldwide, and one of the most important
complications, diabetic nephropathy, constitutes a significant global health care and
socioeconomic burden. Glomerular dysfunction is a major factor in the development and
progression of diabetic nephropathy. However, emerging evidence suggests that tubu-
lar damage also plays an important role in the pathogenesis of diabetic nephropathy.
This tubulocentric view shifts the focus markedly from glomeruli to proximal tubules,
which might have an important role as a trigger or a driver in the early development and
progression of diabetic nephropathy. Accordingly, numerous studies have focused on
several different tubular damage markers that are clinically indicated as potential bio-
markers for the early detection of diabetic nephropathy. Furthermore, these findings are
relevant for identifying therapeutics for diabetic nephropathy that target the proximal
tubules. This review outlines new tubulocentric insights into diabetic nephropathy, from
pathophysiological mechanisms to diagnostic and therapeutic approaches.

Keywords: biomarkers, diabetic nephropathy, glomerulus, proximal tubules,
SGLT2 inhibitors

1. Introduction

Diabetes is often accompanied by chronic kidney disease (CKD) and accounts for more than
half of the cause of end-stage renal disease (ESRD) and dialysis [1]. With the increasing
prevalence of diabetes and high morbidity and mortality, its complications such as diabetic
nephropathy impose great burden on individuals with diabetes and their society as well [2].
It is unclear whether the glomerulus or tubules are more important in the development and

© 2018 The Author(s). Licensee IntechOpen. This chapter is distributed under the terms of the Creative
InteChOpen Commons Attribution License (http://creativecommons.org/licenses/by/3.0), which permits unrestricted use,
distribution, and reproduction in any medium, provided the original work is properly cited. [{cc) ExgNN



84 Advances in Nephropathy

progression of diabetic nephropathy. The phenomenon of glomerulosclerosis led to an inter-
est in the glomerulus as the primary site of injury in diabetic nephropathy. Indeed, changes in
glomerular structure, such as glomerular basement membrane thickening, mesangial expan-
sion, and nodular/global glomerulosclerosis, are key findings for the diagnosis of diabetic
nephropathy and other forms of glomerulonephropathy [3]. Although changes in the glom-
erulus in diabetic neuropathy undoubtedly occur, there is growing evidence to suggest a
prominent role for the proximal tubules as triggers or drivers of diabetic nephropathy. Indeed,
this evidence provides a new perspective on the natural course and pathophysiology of dia-
betic nephropathy. These novel insights also provide new opportunities for diagnostic and
therapeutic progress through targeting the proximal tubules in diabetic nephropathy. This
review provides an outline of diabetic nephropathy, from the underlying pathophysiological
mechanism to diagnostic and therapeutic approaches, based on a tubulocentric perspective.

2. Natural course of diabetic nephropathy: old and new

It is very important to understand the natural course of disease to ensure that technical
advances are fully exploited. However, the natural course of diabetic nephropathy is complex
and depends on several factors, such as the clinical treatments used, and the race, type of
diabetes, and comorbidities of the patient. Therefore, it is difficult to treat and prevent diabetic
nephropathy. Current treatments include renin-angiotensin system (RAS) blockade, antihy-
pertensives, glycemic control, and correction of dyslipidemia for the management of diabetic
complications. Diabetes mellitus (DM) has a long history and was first described in 1552 BC;
it has long been recognized as a socioeconomic burden [4]. Diabetes is regarded as a meta-
bolic derangement and is closely related to renal dysfunction, as a microvascular complication
[5]. Classically, diabetic nephropathy has a five-stage natural history: hyperfiltration, silent
nephropathy, incipient nephropathy (microalbuminuric stage), overt nephropathy (macroal-
buminuric stage), and ESRD [6, 7]. These five stages are almost exclusively applied to discus-
sions of type 1 diabetes since the precise onset of disease in type 2 diabetes is not known. This
natural course of diabetic nephropathy has served as a basis for clinical practice, and there
are ongoing efforts to reduce albuminuria in patients with type 2 diabetes and renal dysfunc-
tion. Most adult cases of diabetes are type 2, and it is critical to delineate the progress of this
disease. Type 2 diabetes differs from type 1 diabetes in several aspects. First, it is impossible to
determine disease onset in type 2 diabetes. Second, in many cases, hypertension and albumin-
uria commonly accompany type 2 diabetes. Third, microalbuminuria has a lower predictive
value for renal dysfunction because of the high mortality rate caused by cardiovascular disease
[7, 8]. Recently, a new paradigm was suggested for exploring the natural course of diabetic
nephropathy in the context of microalbuminuria and the nonclassical form of the disease.

2.1. Microalbuminuria: moderately increased albuminuria

Microalbuminuria is a robust indicator of the onset and progression of diabetic nephropathy,
and it is assessed by reference to serum creatinine levels or the estimated glomerular filtration
rate (eGFR). However, microalbuminuria has some major limitations as a predictor of renal
dysfunction [9]. Albuminuria measurements can be imprecise and vary widely according to
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the assay method used, the time of urine collection, and the presence of clinical conditions such
as fever, urinary tract infection, and congestive heart failure, as well as by exercise status [10].
Microalbuminuria was originally considered a subcategory denoted by an albuminuria level of
30-299 mg/day in a 24-h urine sample or 30-299 mg/g creatinine in a spot urine sample. Recently,
normoalbuminuria and microalbuminuria were replaced by “normal to mildly increased
albuminuria” and “moderately increased albuminuria,” respectively, because albuminuria is
directly related to all-cause mortality, cardiovascular mortality, and renal dysfunction, even in
patients with normoalbuminuria and microalbuminuria [11, 12] Furthermore, microalbumin-
uria shows dynamic characteristics (Figure 1), being a transient state that can progress to mac-
roalbuminuria or regress to normoalbuminuria [13, 14]. A 7-year prospective study performed
by the EURODIAB IDDM Complications Study Group in 352 type 1 diabetic patients showed
that ~14% progressed to macroalbuminuria, 35% remained in a microalbuminuric state, and
51% regressed to normoalbuminuria [13]. The Joslin study reported that 58% of 386 type 1 dia-
betic patients with persistent microalbuminuria regressed to normoalbuminuria [14]. A better
glycemic control contributes to the regression of microalbuminuria, and almost half of patients
with microalbuminuria can regress to normoalbuminuria, as evidenced by the above two large
studies. Although microalbuminuria is caused by glomerular injury, recent research has focused
on the role of tubular dysfunction in albuminuria in type 1 diabetes. The Second Joslin Kidney
Study reported that kidney injury molecule-1 (KIM-1) and N-acetyl-pB-D-glucosaminidase
(NAG) levels were important for predicting the regression of microalbuminuria [15]. This find-
ing supports the theory that tubular injury plays a significant role in the progression of renal
complications in type 1 diabetes. This pattern of microalbuminuria regression could also be
applicable to type 2 diabetes, although no concrete evidence for this has been reported.

Micro-

albuminuria . g albuminuria

Figure 1. A triangle concept toward kidney function. eGFR, estimated glomerular filtration rate.
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In 216 Japanese patients with type 2 diabetes and microalbuminuria, the regression rate to
a normoalbuminuric state was ~50%, where regression was associated with a RAS-blocking
agent, a better glycemic control, and a tight control of blood pressure [9]. However, none of
60 patients with type 2 microalbuminuric diabetic nephropathy regressed to normoalbumin-
uria in an African-American population [16]. This suggests that there are racial differences
in changes in microalbuminuria status in type 2 diabetes, and further studies are needed
to explore the role of genetic predisposition and race. A recent study suggested that macro-
albuminuria and microalbuminuria can regress to microalbuminuria or normoalbuminuria,
respectively [17]. In the FinnDiane study, 23.4% of 475 type 1 diabetic patients with macroal-
buminuria regressed to a lower categorical albuminuric state and 2.5% regressed to normoal-
buminuria, although the statistical power was low [17]. Such regression would improve the
cardiovascular prognosis and all-cause mortality. Previous studies proposed that the regres-
sion of microalbuminuria contributes to a reduction in renal or cardiovascular risk in type
2 diabetic and hypertensive patients [18, 19]. These data suggest that it is necessary to treat
diabetic patients with some degree of albuminuria to regress the albuminuria.

2.2. Nonalbumin proteinuria

Protein in urine comprises albumin (40%) and nonalbumin proteins (NAPs; 60%). A third
of NAPs are low-molecular weight proteins (LMWP), such as light-chain immunoglobulins
(20%), and two-thirds are Tamm-Horsfall mucoproteins produced by the distal tubules [20, 21].
The proportional contribution of albumin attributes to be largely more variable at lower levels
of proteinuria, and NAPs are important when assessing proteinuria as a biomarker of renal
tubular damage [22]. Nonalbumin proteinuria can be defined as an albumin excretion rate
(AER) of < 30 mg/24 h with a protein excretion rate (PER) of >149 mg/24 h. Nonalbumin pro-
teinuria can be quantified in random spot urine samples using the following formula: NAP-
to-creatinine ratio (NAPCR) = protein creatinine ratio (PCR) — albumin creatinine ratio (ACR).
Because albuminuria tests could miss up to 40% of females and 30.8% of males in the general
population with gross proteinuria, NAP levels should be checked to accurately assess renal
damage [21]. Our laboratory reported that urinary NAPCR had a significant association with
the decline in eGFR of 237 type 2 diabetic patients with preserved kidney function and normo-
albuminuria [23]. In addition, NAP was related to tubular biomarkers such as KIM-1, neutro-
phil gelatinase-associated lipocalin (NGAL), and liver-type fatty acid-binding protein (L-FABP)
in early type 2 diabetic nephropathy patients with preserved kidney function (eGFR 260 mL/
min/1.73 m?) [24]. Moreover, NAPCR could serve a simpler and a more practical marker for
assessing the progression of renal dysfunction compared with laboratory urinary biomarkers,
such as KIM-1, NGAL, and L-FABP [25]. In the future, it will be necessary to study NAP in
diabetic nephropathy to discover novel processes in and investigate the course of the disease.

2.3. Normoalbuminuric renal decline (NARD)

In general clinical practice, the eGFR should be calculated at least once a year to properly manage
diabetic patients. Like albuminuria, eGFR has some major limitations for predicting renal dys-
function, because serum creatinine and cystatin C levels cannot be measured precisely and do
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not reflect early changes in the kidney. However, currently, there are no available tools that are
more powerful for assessing kidney function. Although the classic course of diabetic nephropa-
thy involves sequential dysfunction of the kidney following albuminuria, recent epidemiologic
data suggested the presence of normoalbuminuric diabetic nephropathy in some patients [26].
There is a close relationship between albuminuria and progressive dysfunction of the diabetic
kidney. A recent Japanese study showed that a rapid decline in kidney function occurred in sub-
jects with higher levels of ACR of 23000 mg/g creatinine in urine. In addition, the rate of annual
decline in eGFR was doubled in macroalbuminuric versus normoalbuminuric diabetics for
9.2 years [11]. However, the focus should be on NARD with respect to early intervention strate-
gies, because dipstick tests cannot reveal low levels of albuminuria or NAP. The UK Prospective
Diabetes Study (UKPDS) reported that, among the patients who developed renal impairment
during the study, 61% did not have albuminuria beforehand and 39% never developed albu-
minuria [27]. This suggests that distinct pathobiological mechanisms may underlie NARD and
albuminuric renal decline. The prevalence of NARD was not low (20.5-63%) in several clinical
trials performed in type 2 diabetic patients [26]. Interestingly, in another study, the prevalence
of retinopathy was lower in the NARD group than in the albuminuric group, and patients with
NARD had a shorter duration of diabetes [28]. This finding gives rise to a new hypothesis, in
which NARD is not to be related to microangiopathy and instead shows a greater association
with tubulointerstitial damage or macroangiopathy (i.e., arteriosclerosis).

Most diabetic patients with albuminuria show typical renal pathological changes, whereas
typical diabetic glomerular changes are observed less frequently. In addition, atypical histologic
changes suggestive of a severe interstitial or a tubular damage, or varying degrees of arterioscle-
rosis, were seen in patients with NARD [29]. Intrarenal arteriosclerosis is related to aging and
hypertension. Furthermore, a recent study suggested that acute kidney injury (AKI) is a major
component of CKD in patients with diabetes [30]. Both clinically evident and subclinical AKI can
damage proximal tubular cells, podocytes, and endothelial cells, and such insults can create an
apoptotic and inflammatory environment within the kidneys. Atubular glomeruli and glomeru-
lotubular junction abnormalities in diabetes are also related to AKI and can lead to NARD [31].

2.4. Progressive renal decline (PRD)

Diabetic nephropathy has several phenotypes according to clinical and laboratory data;
among them, PRD is the most serious. Generally, PRD is defined as a >3.5 mL/min/year loss
in the eGFR in type 1 diabetes and PRD reasonably included NARD. Krolewski reported
that the prevalence of PRD was 10, 32, and 50% in patients with normoalbuminuria, micro-
albuminuria, and macroalbuminuria, respectively [32]. The recent Scottish Go-DARTS study
identified biomarkers for PRD: 154 patients with type 2 diabetes and CKD showed a >40%
decline in eGFR during the 3.5-year study period [33]. In the second Joslin Kidney Study,
in which PRD was defined as a decrease in eGFR >30% from baseline during <5 years of
follow-up, an early decline in renal function developed in 6 and 18% of patients with nor-
moalbuminuric and microalbuminuric diabetes, respectively [34]. Although the mechanism
underlying such a decline is unclear, more intensive and personalized treatments are needed
to prevent progression to ESRD.
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The clinical course of diabetic nephropathy varies such that physicians should treat diabetic
patients using tailored approaches; the term “natural course” may no longer be applicable in
this era of active interventions. In future, more phenotype-specific approaches informed by
gene- and proteome-based analyses are needed to improve patient prognosis.

3. Pathophysiology of diabetic nephropathy: tubule versus
glomerulus

Glomerular dysfunction has long been considered a major driver of diabetic nephropathy.
Kimmelstiel-Wilson nodules, which are characterized by the formation of diffuse nodular
lesions of a pink hyaline material in glomerular capillary loops in the glomerulus [35], have
contributed greatly to the identification of the glomerulus as the main culprit in the develop-
ment of diabetic nephropathy. Diabetes-induced glomerulopathy can be caused by interac-
tions among glomerular endothelial cells, mesangial cells, and podocytes via metabolic and
hemodynamic perturbations [36]. However, glomerulopathy in diabetes is still not fully
understood because various cells resident within the glomeruli have different roles in the
disease process. Furthermore, recent studies revealed that glomerulopathy is preceded by
tubular dysfunction during the development and progression of diabetic nephropathy [37].
These tubulocentric concept addressed in this chapter is summarized in Figure 2.

Bowman's space
Epithelial cells

" 00 © ® 0| (5) Reduced retrieval of albumin
8. -

(4) Tubular hypoxia

; (1) Tul::!nin'leruitial damage

Figure 2. Tubulocentric concept for diabetic nephropathy. (1) Tubulointerstitial damage can cause a disconnect between
glomerulus and tubule, (2) atubular glomerulus, (3) retrograde trafficking with NMN releasing by proximal tubule
can contribute glomerulopathy, (4) proximal tubules are vulnerable to hypoxic injury, which can lead to fibrosis and
apoptosis, (5) reduced retrieval of albumin by impaired tubule resorption is responsible for albuminuria in diabetic
nephropathy.
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3.1. Proximal tubules contribute to glomerulopathy

Pathological changes in the tubulointerstitium that have been linked to diabetic nephropathy
include the thickening of the tubular basement membrane (TBM), tubular atrophy, interstitial
fibrosis, and arteriosclerosis, which are closely correlated with the magnitude of renal dysfunc-
tion and albuminuria [38]. Furthermore, such tubulointerstitial damage can cause a disconnect
between the glomerulus and the proximal tubule, the so-called atubular glomerulus, which is an
important and a common cause of irreversible CKD progression [39, 40]. These glomerulotubular
junction abnormalities accompanied by atubular glomerulus have been linked to the development
and progression of diabetic nephropathy in both type 1 and 2 diabetes [31, 41]. Recent studies
suggest that the glomerular dysfunction triggered by proximal tubules, the so-called retrograde
trafficking might be important in diabetic nephropathy [42, 43]. Proximal tubules communicate
with podocytes by releasing nicotinamide mononucleotide (NMN), and proximal tubule-specific
Sirtl protects against diabetic kidney disease by maintaining glomerular NMN concentrations
and preserving podocyte function [42]. Furthermore, injured proximal tubule epithelium can
trigger an inflammatory response, and repeated injury results in maladaptive repair. This in turn
leads to tubulointerstitial fibrosis, tubular atrophy, and, potentially, secondary glomeruloscle-
rosis, which is pathologically similar to classic diabetic nephropathy [44]. Albuminuria, which
has been primarily considered as a glomerular damage marker, is a sensitive marker, reflecting
the functional impairment in tubule, alone or in combination with glomerular origin in animal
nephrotoxicity study [45]. Finally, a substantial evidence from human urinary biomarker data
supports that proximal tubule damage might have an important role in the development of early
diabetic nephropathy as a primary cause, not a secondary phenomenon [46].

3.2. Tubular hypoxia hypothesis

In diabetic kidney, proximal tubules are vulnerable to hypoxic injury because of an increased
oxygen consumption, an impaired oxygen utilization, and a reduced oxygen delivery. Sodium
reabsorption and gluconeogenesis processes occurring at the proximal tubules consume oxy-
gen. The proximal tubule can be subdivided into three distinct segments (S1, S2, and S3) and
is adapted for reabsorption. Transport across the tubular epithelium occurs via two routes:
transcellular transport across luminal and basolateral membranes via Na*, K* —adenosine
triphosphatase (ATPase), and paracellular transport through tight junctions and the intercel-
lular space. Glucose enters cells in the proximal tubule via the sodium-glucose cotransporter
(SGLT), and is extruded from cells by GLUT1 and GLUT2 [47]. High Na*, K*-ATPase activity
and oxygen consumption levels are needed to reabsorb glucose under high glucose condi-
tions. A recent study showed that SGLT2 inhibitors downregulate Na* and K*-ATPase activity
and eventually reduce energy or oxygen requirements [48]. Similar to hepatocytes, epithelial
cells in proximal tubules perform gluconeogenesis and export glucose into the circulation
via oxygen- and energy-based processes. In diabetes, renal gluconeogenesis is particularly
increased in the postprandial or fasting state [49]. Hypoxia induces apoptosis by upregu-
lating Fas expression [50, 51]. Hypoxia stimulates extracellular matrix (ECM) expansion via
transforming growth factor-f (TGF-f3)-dependent and -independent pathways, such as an
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increased collagen production, a decreased matrix metalloproteinase-2 (MMP-2) activity, and
an increased tissue inhibitor of metalloproteinase-1 (TIMP-1) expression [52, 53].

Recently, our laboratory studied the role of MMP-2 in diabetic nephropathy. Hyperglycemia-
induced oxidative stress is a major driver of diabetic nephropathy, and high glucose levels
stimulated the induction of intracellular MMP-2 in HK2 cells; this expression was blocked
by the NF-«B inhibitor pyrrolidine dithiocarbamate (PDTC) [54]. Intracellular MMP-2 exac-
erbates oxidative stress by inducing the mitochondrial permeability transition, which results
in tubular epithelial cell-regulated necrosis [55]. Therefore, intracellular MMP-2 is related to
oxidative stress, and proximal tubular cells are susceptible to hypoxic stress. This may be
important in the pathogenesis of CKD in DM. The resultant may lead to glomerular change as
well as tubulointerstitial hypoxia and finally loss of kidney function.

3.3. Intermittent and continuous injurious stimuli lead to proximal tubulopathy
and CKD

Unlike healthy individuals, patients with diabetes are persistently exposed to various meta-
bolic and hemodynamic factors that sustain the disease state [56]. In addition, AKI frequently
occurs after various nephrotoxic insults, such as ischemia during cardiac surgery and those
associated with the administration of contrast media. The proximal tubule is particularly
vulnerable to the ischemia and toxin-mediated injury that lead to AKI. In a mouse model
of induced proximal tubule injury, tubular regeneration after a single episode of renal
epithelium injury was robust and efficient, leading to complete restoration of the kidney
architecture [45]. However, repeated injury resulted in maladaptive repair, manifested as
tubulointerstitial fibrosis and tubular atrophy, and with the potential for secondary glomeru-
losclerosis [45]. Thus, these data suggest that the cumulative effects of repeated episodes
of subclinical AKI arising from injurious stimuli lead to the progressive tubulointerstitial
fibrosis that is characteristic of CKD, including diabetic nephropathy. Epidemiological and
clinical observations support a relationship between intermittent AKI and CKD progression
in diabetic patients [57, 58]. AKI increased the risk of advanced CDK in diabetic patients
independent of other major risk factors of kidney disease progression, and each episode of
AKI showed a cumulative dose-response association, doubling the risk of stage 4 CKD [57].
In AKI, a low eGFR and/or an elevated albuminuria level are compelling biomarkers for
major adverse outcomes and death in diabetes [58].

3.4. Tubular contribution to albuminuria

The role of proximal tubules in albuminuria in various renal disorders, including diabetic
nephropathy, remains controversial. The glomerular filtration barrier has long been consid-
ered largely impermeable to albumin, but recent data suggest that it may not be especially
important in this process [59]. According to the “retrieval hypothesis,” albuminuria likely has
a tubular origin, because albumin can be filtered by normal glomeruli in the nephrotic range
if tubular reabsorption is only partial [60, 61]. Russo et al. [60] reported that more albumin
was filtered and underwent a rapid retrieval process via transcytosis in proximal tubule cells.
Therefore, controversy remains regarding the extent of the glomerular filtration of albumin. A
study of Fanconi syndrome patients with proteinuria reported a markedly impaired albumin
filtration rate [62]. Collectively, these data suggest that an increased glomerular leakage and
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an impaired tubular reabsorption are not mutually incompatible, and both are accountable
for albuminuria in the early diabetic nephropathy [61, 63].

4. Tubular biomarkers of diabetic nephropathy

Classification of diabetic nephropathy based on albuminuria and the eGFR provides prog-
nostic information that is helpful to guide therapeutic decisions. Albuminuria serves as a
marker of endothelial dysfunction, which is a prognostic factor for renal impairments and a
high cardiovascular risk [64]. However, its progress is unpredictable, since microalbuminuria
can regress toward normoalbuminuria, progress toward macroalbuminuria, or remain stable
[65]. Moreover, diabetic nephropathy can develop in normoalbuminuric patients. In addi-
tion, structural changes in the glomerulus may appear before the onset of microalbuminuria,
even though microalbuminuria is the established screening tool for diabetic nephropathy
[66]. Therefore, an intensive search for new blood or urine biomarkers that could improve
diagnostic and prognostic precision in diabetic nephropathy has recently been reported.

4.1. Classification

Because of emerging evidence supporting tubulocentric concepts in diabetic nephropathy,
the focus has shifted from glomeruli to proximal tubules, which may contribute to the patho-
genesis of diabetic nephropathy from an early stage. Both functional and structural mark-
ers can be used to detect proximal tubule dysfunction in diabetic nephropathy. One method
is to detect filtered proteins due to the impaired reabsorption by the proximal tubules. The
main site for reabsorbing filtered proteins is the proximal tubules and, assuming no secre-
tion or degradation of these proteins through the glomerulus, the more proteins are filtered,
the higher the urinary excretion rate will be when tubular reabsorption is destroyed. These
functional tubular biomarkers are low-molecular weight proteins (LMWP) that are mostly
reabsorbed by the proximal tubules. Another method is to detect proteins released into the
urine by tubular injury. These urinary proteins are structural tubular biomarkers that come
directly from tubular cells rather than from plasma. The principal tubular biomarkers in dia-
betic nephropathy are briefly described in Table 1.

4.2, Clinical utility

In tubular proteinuria, the endocytic function of proximal tubule is damaged and a large
amount of LMWP is detected in the urine. For example, retinol-binding protein 4 is markedly
elevated when endocytic function is completely eliminated [67]. The cause of an increased
LMWP excretion in diabetes is usually explained by tubular disease. Animal models suggest
the pathway that the filtered proteins compete with each other for reabsorption in proximal
tubules [68]. Clinical studies have also shown that the same pathway leads to the reabsorption
of albumin and LMWP through glomeruli [69]. The ability of protein reabsorption in proxi-
mal tubules is not known but competition for reabsorption between albumin and LMWP
may occur. As a result, a slight increase in filtered albumin through glomeruli in the early
stage of diabetic nephropathy will not cause albuminuria, but an increase in LMWP excre-
tion may be detected indirectly. In other words, early glomerular injury in diabetes may not
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Functional tubular biomarkers

Albumin 65 kDa Normally filtered very little at the glomerulus. With
glomerular barrier damage, filtration occurs and followed by
tubular reabsorption. The resulting albuminuria reflects the
combined contribution of these two processes.

Cystatin C 13 kDa Filtered by the glomerulus and reabsorbed in the proximal

. - . tubule. No tubular secretion.

Retinol-binding protein 4 21kDa

a,-microglobulin 26-31 kDa

B,-microglobulin 11.8 kDa Filtered by the glomerulus and degraded in the proximal

tubule via a megalin-dependent pathway. Unstable in urine.
Structural tubular biomarkers

Neutrophil gelatinase-associated 25 kDa
lipocalin (NGAL)

Hyper-produced in the kidney tubules within a few hours
after renal ischemia-reperfusion injury. It is freely filtered and
reabsorbed in the proximal tubule.

Kidney injury molecule-1 (KIM-1) 70-80 kDa Cleaved and released into the lumen of the tubule. It
facilitates repair of the damage by removing cellular debris
and apoptotic bodies from the injured tubulointerstitial

compartment.

N-acetyl-B-D glucosaminidase >130 kDa Plasma NAG is not filtered through the glomeruli. It is
(NAG) released into the urine after renal tubule injury.

Liver-type fatty acid-binding 14.2 kDa
protein (L-FABP)

Associated with structural and functional tubular damage. It
is freely filtered and reabsorbed in the proximal tubule.

Megalin and Cubilin Megalin 600 kDa  Most proteins filtered through glomeruli have been identified
Cubilin 460 kDa  as ligands of megalin, cubilin, or both. The central mechanism

for protein reabsorption in the proximal tubule.

Alkaline phosphatase (ALP) and ~ ALP 70-120 kDa  ALP originates from damaged renal tubules, and its levels

GGT 90 kDa are associated with the degree of damage. Increased GGT
excretion in the urine reflects the damage of the brush-border
membrane and the loss of microvilli.

Y-glutamyltransferase (GGT)

Table 1. Principal functional and structural tubular biomarkers overexpressed in the urine and explored in clinical
background of diabetic nephropathy [65-67].

cause albuminuria if proximal tubules are functioning normally and can reabsorb the excess
albumin filtered from glomerulus. Other clinical study has also suggested the dissociation
between albuminuria and increased glomerular leakage of albumin [70].

4.3. Predictive value in clinical studies

Studies using tubular biomarkers showed conflicting results regarding their predictive value
for GFR decline or the development of albuminuria. In a retrospective analysis, two tubu-
lar injury biomarkers, 32 microglobulin and N-acetyl-B-D glucosaminidase (NAG), did not
show prognostic utility for detecting GFR decline in type 2 DM (T2DM). However, histologic
findings of interstitial fibrosis and tubular atrophy (IFTA) did have prognostic benefit. Both
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2 microglobulin and NAG showed a statistically significant correlation with IFTA scores,
identified as an independent predictor of progression to diabetic nephropathy [71]. In a
nested case-control study from the diabetes control and complications trial (DCCT), both
the baseline NAG and increase NAG over time predicted albuminuria independently [72]. A
3-year prospective study found that type 1 DM (T1DM) patients with high levels of urinary
neutrophil gelatinase-associated lipocalin (NGAL) and kidney injury molecule-1 (KIM-1) had
a rapid deterioration in GFR. This suggests that tubular injury is important for the progres-
sion of diabetic nephropathy [73]. Fu et al. [74] showed that NGAL increased significantly
from healthy controls to normoalbuminuric, microalbuminuric, and macroalbuminuric
patients with T2DM. Conway et al. [75] revealed that the uKIM-1/Cr ratio was elevated in
T2DM patients with early-stage nephropathy, suggesting tubular injury. The uKIM-1/Cr
ratio was correlated with a rapid decline in GFR and the severity of proteinuria. Soggiu et al.
[76]showed that increased RBP4 and al-microglobulin excretion could predict early-stage
nephropathy in TIDM. In a retrospective cohort study of 1549 patients with T1DM, liver-type
fatty acid-binding protein (L-FABP) was a valuable predictor of the progression of diabetic
nephropathy, irrespective of disease stage [77]. Our laboratory reported that albuminuria is
significantly correlated with three tubular biomarkers (KIM-1, NGAL, and L-FABP) during
the early stage of diabetic nephropathy [78]. Our laboratory also reported results obtained
from 237 patients with T2DM who were measured for NAP and cystatin C. Both biomarkers
were significantly associated with the decline in eGFR after adjusting for clinical parameters
[23]. Prospective studies are needed to confirm the clinical utility of tubular biomarkers in the
early stage of diabetic nephropathy.

4.4. Proteomics and microRNA approach

Recently, many researches using high-throughput proteomics and microRNA (miRNA)
approaches have been introduced in the field of diabetic nephropathy. These two novel
approaches for discovering biomarkers can be used to explore diabetic nephropathy through
multiple pathophysiological processes that can reflect complexed structural and functional
pathways. Proteomics might provide dynamic profiles, reflecting the complexed pathophysi-
ological changes that occur at different stages of diabetic nephropathy. Proteomics could
serve as early biomarkers (e.g., CKD273 classifier, a panel consisting of 273 urinary peptides
[79]) with a good predictive value in the clinical environments [80]. However, proteomic and
miRNA approaches have yet not been able to replace albuminuria as a marker of diabetic
nephropathy. miRNAs, which are small noncoding RNAs, are found in extracellular environ-
ment including various body fluids and function in posttranscriptional regulation of gene
expression. The majority of miRNAs are located within the cell and can serve as a potential
biomarker. In the urine, miRNAs are more stable in degradation than proteins and are valu-
able for urinary biomarkers. If miRNAs are handled and stored carefully, it could promote
the discovery of novel urinary biomarkers for diabetic nephropathy. However, they were dif-
ferentially expressed in TIDM and T2DM, and differed according to miRNA sources. In addi-
tion, miRNAs were reported to show gender-specific differences in TIDM [81]. Therefore,
further studies are needed to optimize the utility of miRNAs in clinical practice.
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5. Proximal tubules as therapeutic targets

Chronic hyperglycemia is an essential component of diabetes and the principal risk factor
for microvascular complications, including diabetic nephropathy [82]. Patients with diabetes
also have other risk factors such as obesity, systemic hypertension, and dyslipidemia. Despite
advances in pharmacologic interventions (e.g., RAS blockers) to control these risk factors, the
prevalence of diabetic nephropathy continues to rise and remains the leading cause of ESRD
worldwide [83]. Several novel therapeutic strategies, including dual/triple RAS blockade and
sulodexide and bardoxolone therapy, have been sought to improve renal outcome in diabetes
[83]. However, these approaches proved either ineffective or harmful, suggesting that other
strategies should be sought [84]. The optimal prevention and treatment of CKD in patients
with diabetes requires the implementation of therapies that specifically consider the role
played by proximal tubules [85]. The dimension and function of proximal tubules increase
in response to a higher glucose load. These changes have been linked to an increase in GFR,
or the so-called diabetic hyperfiltration [85]. Thus, considering the importance of proximal
tubules in diabetic nephropathy, the development of novel antidiabetic agents, such as SGLT
2 inhibitors, could yield new tools to prevent diabetic nephropathy.

5.1. Glucose handling by the kidney

The glomeruli of normoglycemic healthy individuals filter ~140-160 g of glucose each day.
This would result in a urinary loss of energy substrate equal to ~30% of the daily energy
expenditure if not reclaimed by the renal tubules. Two glucose transporters are responsible
for renal glucose reabsorption, SGLT1 and SGLT2, which are secondary active co-transporters
located on the apical membrane that couple glucose reabsorption to sodium reabsorption.
SGLT2 is located in the early (S1) proximal tubule and accounts for 90% of glucose reab-
sorption, while SGLT1 is located in the more distal part of the proximal tubule (52/53) and
accounts for the remaining 10% [86].

5.2. Glucose reabsorption in the diabetic kidney

In diabetes, hyperglycemia is maintained by the alterations in kidney. Both renal gluco-
neogenesis and glucose reabsorption are increased in diabetic subjects [3]. Hyperglycemia
increases the amount of glucose filtered through the kidney, and the maximum capacity of
resorption for glucose is increased by ~30% to ~500-600 g/day in patients with type 2 diabetes
[84]. If the filtered glucose load exceeds the threshold of proximal tubules in diabetes, glu-
cosuria increases in a linear fashion. These latter changes occur in parallel with upregulated
SGLT?2 expression [87]. More specifically, an increased capacity for glucose transport may
contribute to the enhanced renal glucose reabsorption seen in diabetes. Upregulated renal
SGLT?2 levels have been reported in both human cells and some animal models of type 1
and type 2 diabetes [88]. Proximal tubule growth (hypertrophy) is a key feature of early-
stage diabetes, which may explain the increased capacity for renal glucose reabsorption [61].
However, it remains unclear whether SGLT2 upregulation is the result of proximal tubule
hypertrophy in diabetes.
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5.3. SGLT2 inhibition as a therapeutic target

Based on the observation that SGLT2 has an important role in renal glucose reabsorption, the
proximal tubules of the kidney have been targeted to control the blood glucose. SGLT2 inhibi-
tors are a novel class of antidiabetic drugs that recently entered the market. These medications
target the kidney proximal tubules to block glucose reabsorption, thereby inducing urinary
glucose excretion and reducing circulating plasma glucose levels. Their mechanisms of action
are independent of the action of insulin and beta-cell function.

Phlorizin promotes glucosuria and lowers serum glucose levels in diabetic patients, and
completely inhibits renal glucose reabsorption in humans [89]. However, the clinical use of
phlorizin was not pursued due to poor intestinal absorption, low bioavailability, and lack of
selectivity for SGLT2. Additionally, phlorizin is hydrolyzed to phloretin in the gut, which
inhibits multiple GLUTs [90]. Thus, the development of SGLT2-specific inhibitor was an
important breakthrough for therapies targeting renal glucose transport for blood glucose
management [91].

Currently, the US Food and Drug Administration (FDA) and the European Medicines
Agency (EMA) have approved three oral SGLT2 inhibitors (canagliflozin, dapagliflozin,
and empagliflozin) for patients with type 2 diabetes. The SGLT2 inhibitors reduced HbA1C
by 0.5-0.7% [92]. Additional drugs within this class are under development (Table 2). The
glucose-lowering effect of SGLT2 inhibitors is closely related to the amount of filtered glu-
cose. Since SGLT?2 is responsible for >90% of glucose reabsorption by the kidney, its inhibition
would be expected to induce a urinary glucose loss close to the filtered load (160-180 g/day
in normoglycemia). However, SGLT2 inhibitor-associated urinary glucose excretion is only
~40-80 g/day in healthy individuals and patients with type 2 diabetes, suggesting that SGLT1

Generic name (trade name) Company Dosing SGLT2/SGLT1 selectivity
Dapagliflozin (Forxiga/Farxiga) AstraZeneca 5-10 mg QD 1400
Canagliflozin (Invokana) Janssen 100-300 mg QD 160
Empagliflozin (Jardiance) Boehringer Ingelheim 10-25 mg QD 5000
Ipragliflozin (Suglat) Astellas Pharma 25-100mg QD 570
Tofogliflozin (Apleway/Deberza) Sanofi/Kowa 20 mg QD 1875
Luseogliflozin (Lusefi) Taisho Pharmaceutical 2.5-5mg QD 1770
Ertugliflozin (Steglatro) Merck/Pfizer 1-25mg QD 2200
Sotagliflozin® (N.A.) Lexicon Pharmaceuticals 400 mg QD 20
Remogliflozin etabonate (N.A.) BHV Pharma 100-400 mg QD 1100
Henagliflozin (N.A.) Jiangsu HengRui Medicine 2.5-200mg QD 1800

SGLT2/SGLT1, sodium-glucose cotransporter 2/sodium-glucose cotransporter 1; QD, once daily; N.A., not applicable.
*Dual SGLT1/2 inhibitor.

Table 2. SGLT2 inhibitors currently approved or in development.
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has an important role in glucose reabsorption under SGLT2 inhibition [88]. SGLT2 inhibi-
tor decreases insulin levels and increases glucagon levels. Thus, SGLT2 inhibitor enhances
endogenous glucose production, thereby reducing the glucose-lowering efficacy [93].

5.3.1. Effects of SGLT2 inhibitors on renal and cardiovascular outcomes

The EMPA-REG OUTCOME and CANVAS trials investigated the effects of empagliflozin and
canagliflozin on renal and cardiovascular outcomes in type 2 diabetes patient with high car-
diovascular risk factors and an eGFR of >30 mL/min/1.73 m?2. In the EMPA-REG OUTCOME
trial, empagliflozin was associated with a relative risk reduction of 39% in incident or worsen-
ing nephropathy (progression to macroalbuminuria, doubling of serum creatinine level, initia-
tion of renal replacement therapy, or death from renal disease). Moreover, empagliflozin was
associated with significant risk reductions of 44 and 55% in doubling serum creatinine and the
initiation of renal replacement therapy, respectively [94]. Empagliflozin was also associated
with relative risk reductions of 38, 35, and 32% in cardiovascular death, hospitalization for
heart failure, and death from any cause, respectively. However, there was no risk reduction in
nonfatal myocardial infarction or in nonfatal stroke [95]. In the CANVAS trial, canagliflozin
was associated with relative risk reductions of 27 and 40% in the risk of albuminuria progres-
sion and composite renal outcome (40% reduction in eGFR, the need for renal replacement
therapy, or death from renal cause), respectively [96]. Canagliflozin was also associated with
a relative risk reduction of 14% in primary cardiovascular composite outcome (cardiovascular
death, nonfatal myocardial infarction, or nonfatal stroke) [96].

5.3.2. SGLT2 inhibitors: beyond glucose lowering

The beneficial effects of SGLT2 inhibitors could be associated with a glucose-lowering effect.
However, the small HbA1C reduction is unlikely to explain the rapid onset and effect size.
Therefore, pleiotropic effects of SGLT2 inhibitor likely played a role (Figure 3). A meta-analysis
of randomized controlled trial demonstrated that SGLT2 inhibitors decrease the systolic blood
pressure by 3-6 mmHg in type 2 diabetes patients [92]. The blood pressure-lowering effect
of SGLT2 inhibitors is partly associated with glycosuria-accompanied osmotic diuresis, which
increases urine output by 200-600 mL/day. SGLT2 inhibitors also induce natriuresis by decreas-
ing sodium reabsorption in the proximal tubules [84]. Additionally, a positive interaction
between SGLTs and Na*/H" exchanger-3 (NHE3), and the inhibition of NHE3 with phlorizin at
sites associated with a reduced NHE3 activity have been described [97]. Since NHE3 in the early
proximal tubule is responsible for up to 30% of fractional sodium reabsorption, its potentially
downregulated activity on SGLT2 inhibition may contribute to natriuresis and subsequent GFR
and blood pressure lowering; however, this hypothesis requires further study [98].

Clinical trials with SGLT2 inhibitors in patients with type 2 diabetes showed a significant
weight reduction of ~1.7 kg or 2.4% compared with placebo [99]. While initial weight loss
appears to result from SGLT2 inhibitor-associated osmotic diuresis, steady-state weight loss
with SGLT2 inhibitor is thought to be associated with a reduction in body fat mass. In obese
rat, SGLT2 inhibitor reduces fat mass with a steady calorie loss by increasing lipolysis and
fatty acid oxidation. SGLT2 inhibitor-induced fat loss is also associated with the increased
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Figure 3. Pleiotropic effects of sodium-glucose cotransporter (SGLT2) inhibitor. SGLT2 inhibitor may have beneficial
effects on kidney and heart via several pleiotropic mechanisms: (1) SGLT2 inhibitor blocks glucose hyper-reabsorption in
the proximal tubule of the diabetic kidney, increasing the tubuloglomerular feedback signal at the macula densa ([Na*/
CI'/K*],;,) and hydrostatic pressure in Bowman'’s space (P, ).This reduces albuminuria and tubular transport work
and, thus, renal oxygen consumption by decreasing glomerular hyperfiltration. (2) SGLT2 inhibition reduces insulin
levels and increases insulin sensitivity and glucagon levels. As a consequence, lipolysis and hepatic gluconeogenesis are
elevated. These metabolic adaptations reduce fat tissue and body weight. (3) SGLT2 inhibitors induce a modest osmotic
diuresis, natriuresis, glucosuria, and uricosuria, which can reduce extracellular volume (ECV), blood pressure, serum
uric acid levels, and body weight.

use of fatty acids instead of glucose as an energy source [100]. SGLT2 inhibitor has also been
reported to reduce the body weight by reducing visceral and subcutaneous adipose tissue in
type 2 diabetes patients [101].

Serum uric acid-lowering effect of SGLT2 inhibitor may be associated with the improved
renal and cardiovascular outcome. SGLT2 inhibitor induces glycosuria, thereby facilitating
intracellular uric acid exchange via GLUT9 isoform 2 at the proximal tubule, thereby enhanc-
ing urinary excretion of uric acid [102]. However, further study is mandatory to verify the
precise mechanism of uricosuric effect of SGLT2 inhibitor.

Glomerular hyperfiltration is a detrimental process in diabetic nephropathy and increases
intraglomerular pressure. The complicated interaction of hyperglycemia-induced structural
and hemodynamic alterations causes the glomerular hyperfiltration [84]. By inducing baro-
trauma and shear stress, it exacerbates albuminuria and likely contributes to the development
and progression of CKD [84]. SGLT2 inhibition attenuates primary tubule hyper-reabsorption
in diabetes and thereby reduces glomerular hyperfiltration. Specifically, SGLT2 inhibitors
increase sodium delivery at the macula densa and subsequently activate tubuloglomerular
feedback, which induce afferent arteriolar vasoconstriction and then reduce intraglomerular
pressure [84]. Recent studies have also confirmed that the SGLT2 inhibitors lower GFR. The
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empagliflozin decreased the eGFR by 19% in type 1 diabetes patients. The canagliflozin also
initially decreased GFR in patients with type 2 diabetes [103]. After an initial decrease in eGFR,
canagliflozin-treated group showed the slower decline of eGFR compared with glimepiride-
treated group over 2 years independently of glycemic effects [104].

5.3.3. SGLT2 inhibitors in diabetic CKD

Nephrons that survive in the advanced stages of CKD are assumed to hyper-filter as a way
of compensating for the loss of other nephrons. In the short term, SGLT2 inhibitors decreased
the eGFR in patients with type 2 diabetes and stage 2 or 3 CKD [105, 106]. In the long term,
the amelioration of glomerular hyperfiltration by SGLT2 inhibitor in CKD may preserve the
integrity of the remaining nephrons. This concept has also been suggested for angiotensin II
inhibition. Indeed, both SGLT2 and angiotensin II inhibition confer additional renoprotective
effect in type 2 diabetes patients with basal eGFR of >30 mL/min/1.73 m? [94].

5.4. SGLT2 inhibitors: future perspectives

The kidney and cardiovascular protection is likely to be attributed to the pleiotropic effects of
SGLT2 (EMPA-REG OUTCOME and CANVAS trials). Future research is required to assess
their ability to improve renal outcome in diabetic patients with more advanced CKD. The
large trials with different SGLT2 inhibitors are ongoing to confirm whether their beneficial
effects are drug-specific or represent a class effect. It is also important to investigate their
effect in patients with nondiabetic kidney disease. In addition, dual SGLT1/2 inhibitors are
under development to maximize the beneficial effect of SGLT2 inhibitors without causing
side effects associated with SGLT1 inhibitors.

6. Conclusions

Although researchers are trying to determine the pathophysiology of diabetic nephropathy,
our understanding remains incomplete. A recent paradigm shift to a tubulocentric concept for
diabetic nephropathy implies that the proximal tubules have a central role in the disease pro-
cess, rather than being secondarily affected by other components during the development of
diabetic nephropathy. Representing a considerable step toward shifting the glomerulotubular
balance, these new perspectives might lead to significant diagnostic and therapeutic advances
in diabetic nephropathy.
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Abstract

Alport syndrome is a multisystem disorder including progressive renal disease, senso-
rineural deafness, and eye abnormalities. The high risk of cardiovascular pathology in
patients with Alport syndrome was also described recently. The syndrome is caused by
mutations in COL4A3, COL4A4, and COL4A5 genes, which lead to defects in glomeru-
lar filtration barrier and other basement membrane. The diagnosis of Alport syndrome
should be suspected in patients with glomerular hematuria and with family history of
renal failure. The severity of the individual symptoms and renal prognosis are variable
and depend on gene mutation type. The current standard of treatment is the use of
angiotensin-converting enzyme inhibitors, which delay the progression of renal failure
in Alport syndrome. The recent knowledge in pathogenesis of disease opens new thera-
peutic perspectives.

Keywords: Alport syndrome, COL4A5, COL4A4, COL4A3, kidney disease, glomerular
basement membrane, hematuria, albuminuria, proteinuria, renal failure, sensorineural
deafness, lenticonus, fleck retinopathy, corneal dystrophy, angiotensin-converting
enzyme inhibitors

1. Introduction

Alport syndrome is the most frequent hereditary glomerulopathy affecting approximately 1 in
5000-53,000 people. The disease caused by mutations in the COL4A3, COL4A4, and COL4A5
genes, which encode the a3, a4, and a5 chains of collagen type IV, a component of the base-
ment membrane of the kidney, the eye, and the inner ear. The syndrome includes progressive
nephropathy, ocular abnormalities, and high-tone sensorineural deafness. Clinical features
and the prognosis of patients with Alport syndrome are known to depend on mutation type.
The most frequent X-linked form of Alport syndrome is caused by COL4A5 gene defects and
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detected in 85% of patients. Autosomal recessive inheritance is found in about 15% of patients;
it can be caused either by homozygous or compound heterozygous mutations in COL4A3 or
COL4A4. Patients who harbor only one pathogenic variant either in COL4A3 or COL4A4 gene
are usually diagnosed with thin basement membrane nephropathy or autosomal dominant
Alport syndrome. Digenic inheritance pattern of Alport syndrome has also been described.
Current knowledge and future directions on Alport syndrome will be explored in this review.

2. Alport syndrome: genetic, pathogenesis, clinical presentation,
prognosis, and treatment

2.1. Genetic and genotype-phenotype correlations in Alport syndrome

Several clinical cases of patients with hereditary familial congenital hemorrhagic nephritis
were published by Arthur C. Alport in 1927. He was the first to recognize the link between
nephritis and deafness, and he also noted ocular changes in one of these patients [1].

Alport syndrome (AS) is a multisystem disorder including progressive renal disease, sensori-
neural deafness, and eye abnormalities.

Alport syndrome is caused by mutations in the COL4A3, COL4A4, and COL4A5 genes, which
encode the a3, a4, and a5 chains of collagen type IV, a component of the glomerular basement
membrane (GBM) in the kidney.

COL4A5 gene is located on chromosome X. More than 2300 COL4A5 variants have been
described to date [2]. Among the pathogenic variants, about 41% are missense mutations
(with overwhelming majority of them being substitutions of glycine in the Gly-Xaa-Yaa triplet
of the collagenous domain) which are the most frequent, followed by frameshift, splice site
mutations, larger copy number variations, and nonsense mutations [3].

The COL4A3 and COL4A4 genes are located on chromosome 2 and share the same promoter
(they are transcribed in opposite directions). Among COL4A3 and COL4A4 mutations, the
distribution of mutation types is similar, in particular, glycine substitutions and missense
mutations of other types still dominate. Incidence of pathogenic variants in the two genes is
similar [4].

The abovementioned genes are known to have no mutation hotspots; however, some popula-
tion-specific founder mutations have been described, e.g.,, COL4A5 p.Leu649Arg mutation in
the US [5], COL4AS5 p.Gly624Asp mutation in the Slovenia, Hungary, and Greece [6-8], and
deletion of exons 2-36 of COL4AS5 in French Polynesia [9].

The most frequent X-linked form of AS is caused by COL4A5 gene defects and detected
in 85% of patients [10] (80% according to Kashtan [11]). It is dominant and more severe in
males, whereas in females, penetrance depends on X chromosome inactivation pattern [12].
Patients demonstrate end-stage renal disease (ESRD) at the age of 8-60 years and usually have
microhematuria with macrohematuria episodes from childhood [13]. About 80% of affected
families demonstrate sensorineural hearing loss (at least in some patients) and about 50% are
characterized by ocular abnormalities [13].
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Autosomal recessive inheritance is found in about 15% of patients with their clinical course
and ultrastructural changes being similar to those in X-linked form [14]. It can be caused
either by homozygous or compound heterozygous mutations in COL4A3 or COL4A4 [15, 16].

Patients who harbor only one pathogenic variant either in COL4A3 or COL4A4 gene are usu-
ally diagnosed with thin basement membrane nephropathy (TBMN): benign familial hema-
turia not progressing to ESRD. It is still disputable if patients bearing only one pathogenic
variant in either COL4A3 or COL4A4 gene who suffer from hematuria, lack hearing or ocular
abnormalities, and potentially can develop ESRD in late age should be categorized to autoso-
mal dominant AS or TBMN [17].

Digenic inheritance pattern of AS has also been described, which can be caused by two muta-
tions in COL4A3 and COL4A4 genes each (either on the same chromosome or on homologous
chromosomes) as well as by a combination of two mutations in COL4A5 and COL4A3 or
COL4A4 gene [18].

AS prognosis is known to depend on the mutation type. Associations have been shown both
in males with X-linked inheritance and in autosomal recessive form (both sexes). Associations
of genotype and phenotype have been extensively studied for the following conditions: age at
onset of ESRD, hearing loss, and ocular abnormalities.

The expected ESRD age is similar for the two types of AS and comprises 23-25 years, exclud-
ing females with X-linked AS [4]. The risk of ESRD development in patients with X-linked AS
by the age of 30 years is 70% in males, whereas only 5% in females; by the age of 40 years: 90
and 10%, respectively [19].

Phenotypic and clinical features in AS are known to depend on mutation type. Among patients
with COL4A5 variants, in males, the risk of development of ESRD by 30 years of age is the
highest for subjects bearing “severe” mutations (nonsense, frameshift mutations, and multi-
exon deletions): 90%; lower for subjects bearing splice site variants: 70%; the lowest for patients
bearing missense variants: 50% [19]. In females, there is no statistically significant difference
neither for age at onset of ESRD nor for presence of hearing or ocular abnormalities [19].

Hearing and ocular abnormalities are also more prevalent in men than in women among
X-linked AS subjects [20, 21]. Sensorineural hearing loss by the age of 30 is found in 60% of
male patients with missense mutations compared to 90% of patients with mutations of other
more severe types (including splice site mutations) [19]. Ocular abnormalities were shown to
be 2—4 times less prevalent in males harboring pathogenic missense variants [20, 22, 23].

In patients with autosomal recessive AS, mutation type has similar effect on the clinical prog-
nosis [4], which is significant both for women (unlike for X-linked type) and men.

2.2. Pathogenesis of Alport syndrome

Collagen type IV is composed of six different o chains, which assemble into three differ-
ent protomers (alala2, a3a4ab, and ababab) with a tissue-specific distribution [24, 25]. The
absence of any one of these type IV collagen chains can result in the absence of the whole
protomer in the GBM, presumably due to an obligatory association of the three chains in
forming the type IV collagen superstructure [26].
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The heterotrimers are essential for basement membrane structure and function [26]. The
a3a4ad protomer in the GBM is only produced by podocytes [27], that is why podocytes
are a key cell type affected by Alport syndrome pathology. The alala2 heterotrimer is pro-
duced by three cell types in the glomerulus: podocytes, endothelial cells, and mesangial cells
[27]. The alala?2 heterotrimer is ubiquitously distributed in all basement membranes during
embryogenesis, and then in the process of development, there is a partial replacement of
alala?2 protomer by a3adab heterotrimer in the GBM, lungs, eyes, cochlea, and testes, and
by the ab5a5a6 heterotrimer in skin, smooth muscle cells, kidney’s Bowman capsules, and
esophagus [28]. This substitution of collagen type IV heterotrimers leads to mechanical stabil-
ity of basement membrane, as the alala2 chains are highly susceptible to endoproteolysis. In
AS, assembly of the a3a4a5 heterotrimer does not occur, resulting in decreased mechanical
stability and splitting of the GBM, as well as other tissue-specific pathological changes.

The detailed pathogenetic mechanisms leading to progression of AS are not clear. As the
GBM is a key component of the filtration barrier, patients with AS develop proteinuria [29]
as a result of altered podocyte orientation, podocyte effacement, and disruption of slit dia-
phragms. However, interactions between integrins and the laminin a5p32y1 heterotrimer
could disrupt the actin cytoskeleton and activate signaling mechanisms that result in an
increase in matrix metalloproteinase expression and massive accumulation of extracellular
matrix [25] as well as kidney fibrosis due to fibroblast formation by epithelial-mesenchymal
transition, initiated as a physiological repair of injury response [30]. Invasion of mesangial
filopodia may be responsible for deposition of the extracellular molecules in Alport GBM
[31-33]. These changes could lead to progression of glomerulosclerosis, nephron loss, and
hypertension. Increasing deposition of extracellular matrix and laminin a5, upregulation of
matrix metalloproteinase has been shown in the stria vascularis of ear in vivo.

Ultrastructural studies have demonstrated that the fundamental lesion of AS involves the GBM
[29, 34]. The typical changes of GBM in AS are its thickening, splitting, and fragmentation of
the lamina densa with formation of a characteristic “basket weave” pattern. The lesions may
be focal (in the early stages of the disease) or widespread (in the late stages). The thinning or
irregular appearance of the GBM (an alternation of thickening and thinning) is the prevalent
changes in children with AS. Diffuse thinning of the GBM as the only morphological changes
may be observed in 10-20% of patients with Alport syndrome, explaining why patients with
thin basal membranes may have an unfavorable prognosis. Sometimes, it is possible to see the
focal ruptures of the GBM and its reparation due to the synthesis of the new material of the
glomerular basement membrane [35]. The light microscopy changes are not specific and vary
from the normal renal tissue appearance or minimal glomerular changes in the early stages
of the disease to focal mesangial proliferation, focal and segmental thickening of the capil-
lary walls, and focal/global glomerulosclerosis in the late stages of the AS. These changes are
associated with nonspecific tubulointerstitial lesions including foci of lipid-laden foam cells.
Conventional immunofluorescence detects nothing or only faint or focal deposits of IgG, IgM,
or complement C3.

The distribution of the different chains of collagen type IV in the basement membranes is
very important for diagnosis of AS and especially for X-linked transmission’s recognition.
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Normally, COL4A5 is expressed in the glomerular basement membranes, and the a5(IV)
chain defect due to COL4A5 mutation (absence or abnormal structure of a5(IV)) impairs
protomer assembly and the normal collagen IV network formation. Immunohistological
analysis reveals abnormal distribution of the a5(IV) chain in about two-thirds of patients with
X-linked AS: in male patients, the a5(IV) antigen is not detected in the glomerular, capsular,
and distal tubular basement membranes, while in female patients, the a5(IV) antigen has a
discontinuous distribution. In addition, there is a lack of the a3(IV) and a4(IV) chains which
participate in the a3a4a5(IV)-a3a4a5(IV) network formation. At the same time, the a1(IV)
and a2(IV) chains normally confining to the mesangium and the subendothelial aspect of the
GBM are widely expressed throughout the glomerular basement membrane in these patients.
This immunohistological picture is typical for the fetal kidneys. But approximately, one-third
of patients with AS do not have marked changes in the renal expression of a(IV) chains. The
immunohistochemical picture is usually consistent within the family and correlates with the
severity of the clinicopathological features of the disease [25, 36].

The distribution of a(IV) chains is also abnormal in skin basement membrane: the absence of
the a5(1V) and the associated a6(IV) chains from the epidermal basement membrane is typical
for male patients with X-linked AS and can be detected in about two-thirds of male patients.
Observation of normal patterns of a5(IV) and a6(IV) localization does not facilitate definitive
diagnosis in females because of the segmental distribution of the chains.

The peculiar immunohistochemical distribution pattern of a3(IV) to a6(IV) chains is observed
in the skin and kidneys of most patients with autosomal recessive AS [31, 32, 35] and is char-
acterized by the absence of a3, a4, and a5(IV) chains from the GBM contrasting with the
persistence of a5(IV) chains in Bowman’s capsules, collecting ducts, and epidermal basement
membranes. These findings show that in autosomal recessive Alport patients, the expression
of a5(IV) chains is defective only in those basement membranes in which the three chains are
associated within the a3a4a5(IV)-a3a4a5(1V) network.

Expression of mutant collagen type IV results in splitting of the GBM, podocyte effacement,
glomerulosclerosis, kidney fibrosis, and ESRD progression.

Men who are hemizygous for mutations in COL4A5 causing X-linked AS have similar clinical
presentation and prognosis to individuals homozygous for COL4A3 and COL4A4 mutations
causing autosomal recessive AS. The median age of ESRD onset in untreated male patients
with X-linked AS has been reported to be 22 years (range 7-39 years) [37, 38]. But, owing
to imprinting (random inactivation on the two X chromosomes in female individuals) [39],
female carriers of COL4A5 mutations causing X-linked AS may have a higher risk of ESRD
than do individuals who are heterozygous for autosomal recessive mutations in COL4A3 and
COL4A4.

2.3. Clinical presentation of Alport syndrome

The diagnosis of AS should be suspected in patients with family glomerular hematuria and
with family history of renal failure. Children with AS syndrome can usually be diagnosed
with mild hematuria with or no episodic macrohematuria and low-grade proteinuria. As the
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disease progresses, patients gradually develop severe proteinuria and progressive renal fail-
ure. Irrespective of the mode of inheritance of the disorder, proteinuria indicates an increased
risk of progressive renal disease, even in heterozygous carriers. Changes in the GBM that
are pathognomonic for AS include splitting and enlargement of the GBM and podocyte
effacement.

There are several clinical stages in the development of glomerulopathy in AS:
Stage 0: microscopic hematuria (albumin/creatinine rate <30 mg/g/day).

Stage 1: microalbuminuria (albumin/creatinine rate = 30-300 mg/g/day).

Stage 2: gross proteinuria (albumin/creatinine rate >300 mg/g/day).

Stage 3: impaired renal function (glomerular filtration rate <60 ml/min/1.73 m?).
Stage 4: end-stage renal disease.

Diagnosis of AS can be made in most patients after a clinical examination on the basis of the
typical symptoms including kidney, ear, and eye.

The sensorineural hearing loss in AS, which primarily affects high tones, occurs in 30-50% of
relatives with renal disease. The severity of auditory and renal features does not correlate. The
molecular defects that underlie the otopathology in this disease remain poorly understood.
An animal model of X-linked AS showed complete absence of the a3a4a5 network in the
inner ear, suggesting that collagen type IV is vital to cochlear function as well as renal func-
tion. The generation of radial tension of the spiral ligament on the basilar membrane via the
extracellular matrix is necessary for reception of high-frequency sound. The lateral aspect
of the spiral ligament is populated by tension fibroblasts expressing nonmuscle myosin and
a-smooth muscle actin [40]. On the basis of the foregoing, it was assumed that in AS, the loss
of the a3a4a5 network eventually weakens the interaction of fibroblasts with their extracellu-
lar matrix, resulting in reduced tension on the basilar membrane and the inability to respond
to high-frequency sounds [40]. Findings in Alport mice suggest that the hearing loss may arise
from dysfunction of the stria vascularis mediated through endothelin-1 [40, 41].

The ocular manifestations in Alport syndrome patients are caused by loss of the collagen IV
a3a4ab network in basement membranes of the eyes due to mutations which lead to basement
membrane thinning, lamellation, and a decrease in its mechanical stability. Most of the ocular
features in AS do not lead to a visual impairment, but they have diagnostic and prognostic
value: in some cases, the ocular symptoms suggest the mode of inheritance and the likelihood
of early-onset renal failure. Such ocular features as central and peripheral retinopathy and
lenticonus are typical for AS, and their presence confirms the diagnosis.

Anterior lenticonus can be detected in half of men (not women) with X-linked Alport syn-
drome. And its presence is associated with early-onset renal failure. The symptom is often
found in autosomal recessive AS regardless of the patient’s sex, and therefore, the presence of
lenticonus in women with AS most likely indicates an autosomal recessive mode of disease
inheritance [41, 42]. Lenticonus is the consequence of the conical protrusion of the lens anteri-
orly through the thinnest part of the capsule [43]; sometimes, the mechanical weakness of the
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capsule due to the absence of the a3a4a5 network can lead to its spontaneous ruptures and
secondary cataract developments [44, 45]. After cataract formation, lenticonus ceases to prog-
ress [46]. Posterior lenticonus is less common in patients with AS. Lenticonus is usually found
in early middle-age patients with renal failure. The patients complain a progressive difficulty
in focusing due to of their abnormal lens shape. The presence of an oil droplet sign on direct
ophthalmoscopy or slit-lamp examination confirms the diagnosis. Visual symptoms progress
with a time, and most patients eventually require surgery. The treatment for both symptom-
atic lenticonus and cataract includes the lens removal and intraocular lens implantation.

The central or perimacular fleck retinopathy and peripheral coalescing fleck retinopathy are
common retinal abnormalities in patients with AS. The other retinal changes include mani-
festations of temporal thinning [47, 48]: lamellar and giant macular hole, a lozenge, loss of
the foveal reflex, disturbances of foveal pigmentation, including a bull’s eye or vitelliform
maculopathy [48, 49]. Central fleck retinopathy is present in 60% of men and at least 15%
of women with X-linked AS and 50% of individuals with recessive disease [50]. It is more
common with early-onset renal failure and lenticonus [47]. The central retinopathy varies
from scattered whitish-yellow dots and flecks to a dense, almost confluent annulus around
the region of temporal retinal thinning. The fleck retinopathy is associated with an abnormal
inner limiting membrane. Thinning of the inner limiting membrane/nerve fiber layer may
interfere with the nutrition of the overlying cells, removal of debris, and maintenance of the
watertight barrier. The central retinopathy is best seen with color photographs and red-free
images centered on the macula. Specialized tests of retinal function, such as electroretinogram
and electrooculogram, are normal or nearly normal. The peripheral fleck retinopathy is the
most common retinal abnormality, occurring in most men and 25% of women with X-linked
AS and most individuals with recessive disease [47, 48]. The asymmetric patches of conflu-
ent flecks are characteristic signs of peripheral retinopathy [50]. The appearance on optical
coherence tomography (OCT) and fleck location in relation to the blood vessels suggests that
their formation is related to pathological changes of the retinal pigment epithelium/Bruch’s
membrane. The peripheral retinopathy is a very important diagnostic and prognostic symp-
tom of AS associated with early-onset renal failure, central retinopathy, and lenticonus. But
the peripheral retinopathy can also be present in women with X-linked AS who have normal
renal function [47]. The peripheral retinopathy is best seen on ophthalmic examination or
with retinal photographs that extend beyond the standard views into the periphery and with
red-free retinal images. Temporal retinal thinning is very common in men and women with
X-linked AS, and in patients with recessive disease [41, 42, 47, 48]. The lozenge, dull macular
reflex, foveopathy, and lamellar and macular holes all affect the temporal retina and reflect
retinal thinning of both the inner limiting membrane and Bruch’s membrane. Thinning is
confirmed with retinal thickness measurements on OCT. However, thinning is common in
all forms of Alport syndrome and less sensitive diagnostically than a peripheral retinopathy.
Hypopigmentation occurred in Alport syndrome is often not diagnosed. It is usually pres-
ent along with perimacular flecks or other ocular features and does not lead to the visual
impairment. Severe forms, such as a bull’s eye or vitelliform retinopathy, may be occasion-
ally found. Lamellar, partial-thickness macular holes, and giant macular holes lamellar are
uncommon in patients with X-linked and autosomal recessive AS. This sign is unspecific for
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AS. But in AS, the macular holes are larger (giant holes) and occur at a younger age than the
spontaneous holes in patients who do not have AS. Holes may be asymmetric, unilateral, or
bilateral. Beginning with multiple small defects, they hollow out from the surface of the inner
limiting membrane in the consequence of accelerated passage of fluid through the defective
Bruch’s membrane, and followed by microcysts formation due to membrane breaking [50].
Patients with macular holes suffer from metamorphopsia (where straight lines are distorted)
and impairment of central vision. In some patients, holes only become evident when there is
no improvement in vision after surgery for lenticonus. Lamellar holes might be overlooked by
retinal photographs; the OCT is required for their demonstration. Holes in AS do not respond
well to surgical closure and often lead to a permanent loss of vision.

Posterior polymorphous corneal dystrophy and macular hole are rare but also suggest the
Alport syndrome. Corneal disease is recognized infrequently in Alport syndrome. Erosions
result from an abnormal Bowman’s membrane in the corneal subepithelium and posterior
polymorphous corneal dystrophy from an abnormal Descemet’s membrane in the subendo-
thelium [41]. The affected membranes lack the collagen IV a3a4ab5 network, are weak, and
adhere poorly to the epithelium, endothelium, and underlying stroma. Superficial corneal
erosions occur in 10% of patients, but they are intermittent and hence. Their onset may precede
the diagnosis of AS and is often in the late teenage years. They typically occur in individuals
with early-onset renal failure and other extrarenal features. Posterior polymorphous corneal
dystrophy is rare and more serious than the corneal erosions. Patients may be asymptom-
atic or have photophobia, watering, and grittiness. The diagnosis is based on high-resolution
anterior segment OCT, slit-lamp biomicroscopy, specular microscopy, or in vivo confocal
microscopy: there are multiple clusters of vesicles (“doughnuts”) or bands (“snail tracks”) at
the posterior corneal surface. The vesicles result from vacuolar degeneration of dying cells or
multilayered epithelial cell protuberances from Descemet’s membrane. Treatment is usually
symptomatic; sometimes, the dystrophy progresses, and corneal transplantation is required.

Ocular features are less sensitive but more specific than hearing loss in diagnostic of AS,
because hearing loss occurs also in other inherited renal diseases and in dialysis patients.
In addition, ocular symptoms may help distinguish between X-linked and autosomal reces-
sive inheritance. Central retinopathy, lenticonus, and macular hole are rare in women with
X-linked AS. The presence of any of these futures in a woman with hematuria leads to sus-
pected autosomal recessive AS. Furthermore, revealed peripheral retinopathy in the mother
of a boy with hematuria indicates the diagnosis of AS and also X-linked inheritance of the
disease. Some ocular features have a prognostic value because they are associated with early-
onset renal failure. Thus, central retinopathy and lenticonus usually indicate the onset of renal
failure before the age of 30 years. Therefore, it is important to conduct a thorough ophthal-
mologic examination (slit-lamp examination, retinal photography, and OCT) in assessing
patients with suspected AS. These tests are acceptable to patients, noninvasive, inexpensive,
and widely available.

Other features of Alport syndrome include gastroesophageal leiomyomatosis and vascular
abnormalities. Gastroesophageal leiomyomatosis is a very rare pathology characterized by
benign nodular tumors with smooth muscle cells origin. The condition clinically presents by
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dysphagia. Leiomyomatosis can also affect the tracheobronchial tree and the genital tract.
Leiomyomatosis in AS is a consequence of a large deletion in the COL4A5 and COL4A6 genes,
which encode collagen a5 (IV) or a5a6 (IV) chains in smooth muscle cells of the gastroesopha-
geal tract [51, 52]. The a5 and a6 chains of type IV collagen are also found in the basement
membranes surrounding vascular smooth muscle cells in the intima and media of aorta and
other arteries in mice model [53]. Seki et al. [53] believed that a5 and a6 chains of type IV
collagen in the basement membranes may have particular function in the arteries which are
required to tolerate strong pulse and blood pressure such as the aorta. AS is associated with
aortic abnormalities including aortic dilatation, ruptured ascending aortic aneurysm, aortic
dissection, aortic insufficiency, and bicuspid aortic valve and coronary artery pathology
including spontaneous coronary artery dissection in male patients [54-56].

Furthermore, patients with AS and mitral valve prolapse or ventricular septal defects and
ruptured intracranial and coronary artery aneurysms have also been described [54, 57].
Therefore, the vascular imaging techniques could be included in the examination of patients
with AS, especially in cases of family history of vascular abnormalities.

2.4. Differential diagnosis of Alport syndrome

In cases where the diagnosis of AS was not confirmed by clinical workup, morphology, or
genetic test, other diseases with similar symptoms should be considered. A combination of
kidney pathology and hearing loss can be associated with mutations of gene encoding mito-
chondrial and cytoskeletal proteins, ion channels, and receptors.

Patients with mitochondriopathy associated with mutations in the COQ6 gene develop early-
onset steroid-resistant nephrotic syndrome and sensorineural deafness [58]. The mutation
leads to deficiency of ubiquinone biosynthesis monooxygenase COQ6 protein, localized in
the Golgi apparatus of the stria vascularis and glomerular podocytes, and to upregulation of
proapoptotic factors [58].

Alstrom syndrome is characterized by a defect of the primary cilium that is caused by muta-
tions in ALMS1 and leads to renal failure, sensorineural deafness in young adulthood, and
vision loss in adulthood [59].

MYH-9-related disease should be considered in patients presenting with proteinuria and
thrombocytopenia [60]. MYH-9-related disease (the gene for the heavy chain of nonmuscle
myosin IIA) is a rare inherited autosomal dominant condition characterized by progressive
nephritis (39%), macrothrombocytopenia (100%), Dohle-like leukocyte inclusions (100%),
high-tone sensorineural deafness (49%), and cataract (54%) [60, 61]. Renal disease ranged
from microscopic hematuria to end-stage renal failure necessitating dialysis and kidney
transplantation. The most striking difference between hearing loss in MYH-9-related disease
(or Fechtner syndrome) and that in AS was that the vast majority of hearing disorders in
the latter occur in male patients. Hearing loss in MYH-9-related disease develops from the
second decade of life and progresses slowly with several episodes of sudden deafness [60].
Renal biopsy findings are consistent with those of AS. Chronic renal failure can occur at a
young age in patients with MYH-9-related disease.
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A recent report described a COL4A1 frameshift mutation in a family with autosomal domi-
nant hematuria, GBM thinning, kidney cysts, and progressive kidney disease [62, 63]. The
syndrome is characterized by hereditary angiopathy with retinal tortuosities, aneurysms,
muscular cramps, and nephropathy manifesting as hematuria or cysts (HANAC). As such,
investigation of patients with unexplained hematuria should include a search for extrarenal
symptoms of HANAC, especially retinal abnormalities.

2.5. Renal prognosis

The expected ESRD age is similar for the males with X-linked and patients with autosomal
recessive AS and comprises 23-25 years [4]. The risk of ESRD development in patients with
X-linked AS by the age of 20 years is 70% in males, whereas only 5% in females; by the age of
40 years: 90 and 10%, respectively [19]. For many years, female members of Alport families
who had hematuria were considered to be carriers who were not at risk for ESRD, despite
reports of ESRD in female Alport patients. But review of clinical outcomes of nearly 300 girls
and women with confirmed heterozygous COL4A5 mutations showed that 12 and 30% of
female have the probability of developing ESRD before the age of 40 and 60 years, respectively
[19]. The 95% of heterozygous females had hematuria, the 75% —proteinuria; in addition, it
was found that the proteinuria increased the risk of ESRD.

Patients with heterozygous mutations compared to patients with mutations in both alleles of
COL4A3 or COL4A4 (autosomal recessive Alport syndrome) or hemizygous mutations in
COL4A5 (males with X-linked Alport syndrome) usually have milder renal involvement with late
ESRD development and do not have extrarenal manifestations (ocular changes and hearing loss).
But, lifetime risk of ESRD in heterozygous patients is higher than in the general population [64].

AS accounted for 0.5% of all cases of ESRD and was found to be associated with superior
dialysis patient survival, superior posttransplant patient survival, and potentially superior
renal allograft survival to matched controls with other causes of ESRD [65-67]. An incidence
rate of anti-GBM antibody disease after kidney transplantation comprises 1-5% [65-67].

2.6. Treatment of Alport syndrome

Early diagnosis of AS is important, since therapeutic blockade of the renin-angiotensin-
aldosterone system can slow the progression to ESRD depending on the stage of the disease
when therapy is initiated. Angiotensin-converting enzyme (ACE) inhibitors are not a specific
therapy for AS. The antihypertensive and antiproteinuric properties of ACE inhibitors lead
to their nephroprotective effect. The animal models of AS have shown a major role of altered
composition of the GBM and of podocytes (their cytoskeleton and their collagen receptors)
with activation of profibrotic factors in disease progression [32, 33]. ACE inhibitors seem to be
able to downregulate profibrotic factors independently from blood pressure and the amount
of proteinuria in the Alport animal model [68].

The Alport Syndrome Research Collaborative recommends use of ACE inhibitors in all
affected individuals with microalbuminuria or proteinuria, and underlines the importance of
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using standardized dosing regimens and monitoring microalbuminuria during the treatment
[69]. The ACE inhibitor ramipril is recommended as the first-line therapy; in cases of adverse
effects associated with use of ramipril, the treatment with angiotensin-1-receptor antagonists
will be recommended [69, 70]. The Alport Syndrome Research Collaborative guidelines sug-
gest, therefore, that therapy with ACE inhibitors can be considered as early as stages 0 and 1
of the disease [69].

The age at progression from microalbuminuria to proteinuria in children with Alport syn-
drome is an important prognostic marker—the earlier this transition occurs, the worse the
prognosis [71].

Currently, the only recruiting trial is the prospective, randomized placebo-controlled EARLY
PRO-TECT Alport trial, enrolling pediatric patients with stages 0 and 1 Alport syndrome [72].
The goal of this trial is to clarify whether an early start of therapy delays renal failure more
effectively than later onset of therapy and, above all, whether therapy in the early stages of
Alport syndrome is safe. The trial will also investigate a potential protective effect of ramipril
against the hearing loss as a secondary end point [72]. It seems to be very important because
currently there are no therapies that can prevent the ocular changes or hearing loss develop-
ment and progression in patients with AS.

Studies in animal models have revealed many potential new therapies for use in Alport
syndrome: inhibitors of proinflammatory factors (for example, TGF-31 and MMPs) [73, 74];
statins [75]; BX471 (a chemokine receptor-1 blocker) [76]; and upregulation of the expression
of bone morphogenetic protein 7 [77]. A phase II study of antimicroRNA-21 treatment of
patients with Alport syndrome 18 years of age or older with glomerular filtration rates of
45-90 ml/min/1.73 m? will be start; its primary goal will be determining the glomerular filtra-
tion rate decline during therapy [78]. In transgenic Alport mice, antimicroRNA-21 treatment
reduced glomerular inflammation and impaired renal fibrotic pathways. A phase II/III study
of the efficacy and safety of bardoxolone methyl for Alport syndrome patients with chronic
kidney disease (CARDINAL) has been started [79].

3. Conclusion

Alport syndrome is a multisystem hereditary disorder characterized by progressive renal dis-
ease, sensorineural deafness, and eye abnormalities. Diagnosis of AS can be made on the basis
of the typical symptoms, renal morphology, and/or genetic tests. Early diagnosis of Alport
syndrome is very important, since therapeutic blockade of the renin-angiotensin-aldosterone
system can slow the progression to ESRD.
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Abstract

Membranous nephropathy (MN) is a very common disease of male adults with nephrotic
syndrome. The disease can be primary, when the cause is not known, or secondary associ-
ated with infections, drugs, neoplasias and autoimmune systemic diseases, such as systemic
lupus erythematosus (SLE). The primary form accounts for 70-80% of the cases. SLE is a
common cause of secondary MN affecting young women. The differential diagnosis from
primary and lupus MN by clinical and morphological findings can be difficult. The search
for autoantibodies against podocyte antigen M-type phospholipase A2 receptor (PLA2R)
has demonstrated high positivity in the serum and renal biopsies in the primary MN and
negativity in lupus MN (WHO class V). There is a large literature on the role of anti-PLA2R
antibody in the diagnosis and follow-up of patients with membranous nephropathy. The
aim of this review is to summarize the literature data on the etiopathogenesis of MN and the
value of anti-PLA2R antibody screening for the diagnosis and management of patients.

Keywords: primary membranous nephropathy, lupus membranous nephropathy,
podocyte antigen M-type anti-phospholipase A2 receptor, podocyte autoantibodies,
differential diagnosis, disease activity

1. Introduction

Membranous nephropathy is a frequent cause of nephrotic syndrome in adults. MN can
manifest as an autoimmune primary disease or can be secondary to a wide variety of condi-
tions such as infections, neoplasias, drugs and autoimmune diseases. The differential diagnosis
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between primary and secondary forms must be made after an extensive clinical and serological
investigation. The clinical course of primary MN is variable, some patients have spontaneous
remission and others show progressive course to chronic renal failure. There is no specific
marker that identifies which patients will develop chronic renal failure. The treatment can be
conservative but sometimes immunosuppressive therapy is required. On the other hand, the
secondary forms ameliorate after the associate condition is removed [1].

Recently, a new autoantigen in the podocyte membrane, an M-type phospholipase A2 receptor
(PLA2R), was discovered in the serum and in the renal biopsies in 70-80% of primary MN
patients. The presence of anti-PLA2R in the glomerular capillary walls by immunohistochemis-
try favors the diagnosis of primary form of MN and excluded the secondary causes. Anti-PLA2R
positive has been very rare in the secondary MN. There are many studies showing anti-PLA2R
negative in the serum and biopsies of membranous lupus nephritis. The serum titers of anti-
PLAZ2R are usually elevated in the active phase of primary MN and decline in the remission of
disease. In this way, the anti-PLA2R antibody has been used in clinical practice in the differential
diagnosis of primary and secondary forms as well as in the monitoring of disease progression [2].

2. The disease

Membranous nephropathy is a glomerular disease characterized by diffuse and uniform thick-
ening of the glomerular capillary walls caused by the deposition of immune complexes, which
appears by immunofluorescence as granular deposits of IgG and in the ultrastructure as
subepithelial deposits [1] (Figures 1-3).

It is one of the main causes of primary glomerulonephritis worldwide [3, 4]. In the Sdo Paulo
Registry of Glomerulopathies [5] and, in a retrospective epidemiological study conducted in
Brazil with 9617 renal biopsies [6], MN was indicated as the second most prevalent primary
glomerular lesion. In our service, the incidence is 33% [7]. It mainly affects male adults,
between the fourth and fifth decades [8], and is the main glomerulopathy in the elderly [9].

Figure 1. Diffuse thickening of the glomerular capillary walls (HE-200x).
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Figure 2. Diffuse granular deposits of IgG in the glomerular capillary walls (IF-200x).

Figure 3. Electron-dense epimembranous deposits in the glomerular basement membrane. D = deposit, S = spikes,
GBM = glomerular basement membrane, P = podocyte, and E = endothelial cell (EM-21,000x).

MN presents with high levels of proteinuria of insidious appearance. In 70 to 80% of the cases,
there is nephrotic syndrome with hypoalbuminemia, hypercholesterolemia and edema. Micro-
scopic hematuria is common, and the presence of hypertension varies around 50% of cases.
Renal function is usually preserved; however, chronic renal failure occurs in 40% of cases
within 10 years of evolution. The diagnosis of the disease is made by renal biopsy in the clinical
suspicion of proteinuria or nephrotic syndrome [10-14].

MN can evolve over the years in different ways, from spontaneous remission to persist-
ence of the nephrotic syndrome with a slow and progressive course for chronic renal failure.
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Spontaneous remission occurs in about 25-30%. The progression to renal insufficiency is
around 12-18% of the cases [15]. Due to the high rate of spontaneous remission of the disease
and the aggressive specific treatment, it is important to identify prognostic factors that are
associated with progression to renal failure. Among the prognostic factors, age over 50 years,
male gender, presence of arterial hypertension, proteinuria intensity, elevated serum creati-
nine, advanced glomerular stage and presence of interstitial fibrosis in renal biopsy are indica-
tors of disease progression [10-12, 15].

3. The primary or idiopathic form and etiopathogenic aspects

The cause of MN is unknown in 80% of the cases being considered primary or idiopathic [16].

Since the mid-1950s, the understanding of the etiopathogenic mechanisms of MN in experi-
mental models has been sought. The first formulated hypothesis was the deposition of circu-
lating immune complexes in the kidney.

Heymann et al. [17] reproduced in the rat a glomerular lesion similar to that of human MN.
Heymann's active nephritis was induced by the immunization of rats with rat kidney extracts
in Freund’s adjuvant. The deposits in the glomerular basement membrane were interpreted
as resulting from the passive deposition of circulating immune complexes. Subsequent studies
have shown that glomerular deposits in the subepithelial region were composed of antigens
normally present on the brush border of the proximal tubules and autoantibodies [18]. And in
the Heymann’s passive nephritis, the same disease was reproduced in the rat, using the injection
of the antiserum obtained by immunizing rabbits with brush border proteins of rat kidney [19].
The hypothesis of circulating immune complexes started to be questioned, and a new hypothesis
of local formation of immune deposits by an endogenous antigen localized at subepithelial side
of glomerular basement membrane and a circulating autoantibody was formulated (in situ
immune complexes). Kerjaschki and Farquhar [20] subsequently identified the target autoan-
tigen in the mouse, a protein called megalin, located on the brush border of the proximal tubules
and on the cytoplasmic membrane of the podocyte.

In conclusion, the findings of the experimental studies demonstrated that the podocyte con-
tributes to the formation of immunodeposits in MN, which has been considered an autoim-
mune disease.

Since megalin is not present in human podocytes, the antigen(s) involved in the primary
human MN remains unknown.

In 2002, Debiec et al. [21] identified the first autoantigen in the human MN in a case of neonatal
nephrotic syndrome. The mother with genetic deficiency of neutral endopeptidase (NEP), a
normal protein in the podocytes, was immunized by the fetus with normal expression of NEP.
The anti-NEP antibodies synthesized by the mother were transferred, via the placenta to the
fetus, with formation of in situ immunocomplexes in the kidney. This was a rare familial case of
human neonatal primary MN by an autoantigen present in the podocyte. However, MN is a very
common pathology, and these findings did not explain all cases of the primary form. Subse-
quently, numerous studies were done in search for other autoantigens responsible for primary
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Figure 4. Immunofluorescence staining of PLA2R in glomerular deposits (IF-400x).

MN. Beck et al. Salant is the responsible for this Research Group kidney from deceased donors,
not used in transplantation, to extract glomerular proteins that were used in western blot
reaction with circulating antibodies from MN patients. A 185-kD protein was detected in 70%
of patients with primary MN, whereas sera from patients with secondary MN or other glomer-
ular diseases did not react with this protein. The protein was identified by spectrometry as a
transmembrane type M receptor of secretory phospholipase A2 (sSPLA2R). The PLA2R super-
family is a heterogeneous group of proteins and enzymes that is present in normal podocytes
and includes the secretory (sPLA2R), cytoplasmic (cPLA2R), and lysosomal (IPLA2R) forms.
They are ubiquitous in nature as an intra- and extracellular form, hydrolyze several phospho-
lipids and act in various biological activities [22, 23]. In the biopsies from patients with idiopathic
MN, the receptor is located next to IgG4, a place consistent with the localization of the immunoc-
omplexes of idiopathic membranous nephropathy [2] (Figure 4).

PLAZ2R is considered the autoantigen responsible for the development of primary MN in 70-
80% of cases, but there were still 20-30% left without a specific marker. In 2014, a group of
researchers from several countries demonstrated the presence of thrombospondin type 1, with
a 7A domain (THSD7A), another antigenic target in patients with NM that respond for about
10% of the primary cases [24]. More recently, the same group induced MN in animal model
with autoantibodies against THSD7A eluted from renal biopsy of a patient with recurrent MN
in the allograft [25].

There are reports of other podocyte antigens with antigenic and targeting capacity for autoan-
tibody production, but their role is still uncertain and more studies are needed [26].

In conclusion, the findings of NEP, PLA2R, and THSD7A autoantigens in primary MN dem-
onstrated that subepithelial deposits form in situ through the binding of circulating autoanti-
bodies to autoantigens expressed on the surface of podocytes. Heymann's nephritis was the
basis for understanding the pathogenesis of primary MN.

However, the stimulus that initiates the autoimmune response to podocyte antigens with
disease development is still unknown.
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There is a strong association between idiopathic MN and HLA-DQA1, located on chromosome
6p21, and the presence of the allele would facilitate the formation of autoantibodies against
PLA2R. In chromosome 2q24, the gene encoding the M-type receptor of phospholipase A2
(PLA2R1) is located [27].

A genetic predisposition can act as a trigger, the dysfunction in the innate immune response
functions as the bullet and the antibody formed against PLA2R the target. As this process
initiate, the disease follows its course. Recently, a publication by Ponticelli and Glassock [28]
has gathered the main information about the pathogenesis of NM: the presence of the HLA-
DQAT1 allele predisposes to disease and with PLA2R exposure in the podocyte membrane with
characteristic conformation favors its recognition as autoantigen and starts the process of
autoimmunization. Cells responsible for regulating the innate immune response, such as
dendritic cells, contact with the receptor and presents to CD8+ cells of the adaptive immune
response. Thus, there is a production of IgG4 or IgG1 that binds to the receptor in podocytes
with formation of in situ immunocomplexes. The conformation of the receptor in the cell is
essential to make it more or less antigenic and enable for the formation of autoantibodies.

With the in situ deposition of immunocomplexes, there is activation of the complement system,
lesion of the filtration barrier and loss of proteins to the urinary space. The binding of IgG4 to
PLA2R determines local activation of the complement via mannose, since IgG4 is not able to
activate complement by the classical or alternative pathway, triggering C5 cleavage, and forma-
tion of C5a and C5b. Cba can be eliminated in the urine while C5b binds to other components
until formation of C5b-9. The C5b-9 fraction of the complement (attack complex) activates the
inflammatory response through specific extracellular signaling pathways, with generation of
reactive oxygen species induced by massive biosynthesis of NADPH oxyreductase, lipid perox-
idation, and degradation of the glomerular basement membrane with consequent loss of pro-
teins into the urinary space [29]. There is release of arachidonic acid and eicosanoids with
disruption of the actin cytoskeleton of the podocytes and loss of the diaphragm of the filtration
barrier, leading to detachment of the podocytes from glomerular basement membrane as well as
apoptosis of the podocytes [30]. Persistent proteinuria leads to the intrarenal activation of the
renin-angiotensin system with angiotensin II synthesis, which also promotes proinflammatory
response, activation of transforming growth factor 3 (TGFf) and platelet-derived growth factor
(PDGF), recruitment of inflammatory cells, and myofibroblastic activation, which promotes
interstitial fibrosis with concomitant tubular atrophy and chronic renal failure [31].

Studies have been shown that proteinuria, in addition to being directly related to complement
activation, also correlates with the deposits’ characteristics, the degree of podocyte lesion and
CD8+ cellular response [32].

Regarding the pathogenesis of NM, there are doubts in the pathway that change the confor-
mation of PLA2R making it antigenic, the mechanisms of proteinuria, spontaneous remission
and the progression of disease. The understanding of these mechanisms may help to choose
the therapeutic options more efficient and different for each phase of the disease.

In conclusion, the pathogenic mechanism leading to the deposition of immunocomplexes in
the subepithelial region in idiopathic NM is the formation of immunocomplexes in situ. The
expression of phospholipase A2 receptor 1 (PLA2R) on the podocyte membrane is recognized
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as an antigenic stimulus, against which an IgG4 or IgGl1 is produced, local complement
activation, inflammatory and oxidative response, with podocyte disruption and lesion in the
filtration barrier with consequent proteinuria.

Ronco and Debiec [33] believe that further studies should be conducted to evaluate whether
PLAZ2R protein in human MN produces podocyte injury similar to the megalin of Heymann's
nephritis. The correlation of the anti-PLA2R antibodies with the disease activity and the
presence of the PLA2R protein in the immune deposits suggest that they are the cause and
not consequence of the podocyte injury. On the other hand, the absence of anti-PLA2R anti-
bodies in other pathologies with proteinuria also shows that these antibodies are not only
markers of the disease or of the podocyte lesion [34].

4. The discovery of the PLA2R antigen and the differential diagnosis of the
primary and secondary MN

The secondary form of MN is more rare and is related to infections, autoimmune diseases,
neoplasias and drugs. In children, hepatitis B is a frequent cause of MN and the treatment of
hepatitis with alpha interferon is usually accompanied by remission of proteinuria. Systemic
lupus erythematosus (SLE) often courses with glomerulonephritis, and one type of presenta-
tion is a membranous form (WHO and ISN/RPS class V). About 10% of MN patients are
carriers of neoplasias. The most common sites are gastrointestinal tract, prostate, lung, and
breast. The antigen finding in the biopsies of MN patients, such as HBeAg, HBsAg and HBcAg
in hepatitis B virus, double helix DNA in SLE and carcinoembryonic antigen (CEA) in gastro-
intestinal tract neoplasias, suggests a causal relationship between the underlying disease and
the manifestation of glomerulonephritis. However, the possibility of association of diseases
cannot be ruled out [1].

The investigation of secondary causes with complete clinical examination, serologies and
analysis by images is necessary. After excluding secondary forms, the patients with idiopathic
MN can receive supportive treatment or an immunosuppressive therapy; in the secondary
form, the treatment is directed against the cause of the disease. However, in some patients, MN
may appear months or years before the cause is detected. This makes treatment and clinical
monitoring difficult.

The discovery of the PLA2R antigen brought a number of benefits for the diagnosis and
monitoring of the primary form of the disease. The distinction between the primary and
secondary forms was made easier by the detection of the anti-PLA2R autoantibody in kidney
biopsy and serum of patients, and extensive procedures for differential diagnosis and unnec-
essary exposure to immunosuppression may be excluded.

Several studies have been done with the aim of evaluating the sensitivity and specificity of the
anti-PLA2R autoantibody in renal biopsy and serum of patients with MN.

In a Chinese study of 60 patients with primary and 46 patients with secondary MN, a specific-
ity of 89% [35] was demonstrated. In the Iranian population, anti-PLA2R was detected in 74%
of patients with primary MN and was absent in the secondary form [36].
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5. Relationship between anti-PLA2R antibodies and the disease activity

After the discovery of the PLA2R antigen, studies have sought to establish greater relationships
between the anti-PLA2R antibody and the disease’s immune activity. The association between
antibody titer and disease activity is clear [37]. Two techniques for evaluating anti-PLA2R serum
antibody are described by immunofluorescence or the ELISA method [38—41]. The immunofluo-
rescence test is more sensitive and semiquantitative, while the ELISA test is faster to do and the
values are quantitative, which allows a better evaluation of the evolution of its levels [38].

In a European cohort study, 14 of 18 patients (78%) with primary MN had anti-PLA2R antibodies
in serum [37]. Segarra-Medrano et al. [42] found a prevalence of anti-PLA2R of 76.6% in patients
with idiopathic MN against 5.8% with secondary MN; the sensitivity of the immunohistochem-
ical reaction in the renal biopsy was 76.6% and the specificity 94.2%. Serum antibody testing
showed similar sensitivity and specificity between Elisa and immunofluorescence reactions
(sensitivity: 72.3 x 74.4 and specificity: 94.2 x 94.2, respectively). In another study, Segarra-
Medrano et al. [43] showed a greater reduction in antibody titers in the patients with remission
of disease. In a prospective study, Hoxha et al. [44] showed in 61 of the 88 patients (69%) with
MN a marked deposition to PLA2R with subepithelial location. Of the 61 patients, 98.4% had
antibodies in the serum. This prospective study shows a close correlation between biopsy and
serum positivity; negative reaction in the biopsy is accompanied by the absence of antibodies in
the serum. Performing kidney biopsies and serum tests at different times may result in discrep-
ant results. The serum may be negative in the treatment period, and the biopsy may remain
positive. The analysis of the biopsy is, therefore, important to confirm the diagnosis of primary
MN. Debiec and Ronco [45] also discuss the divergent results between serum and biopsy data;
they demonstrated in 42 patients a serum and biopsies sensitivity of 57 and 74%, respectively. Of
the 42 patients, 21 presented PLA2R positivity in serum and biopsy; in 3 patients, the study was
positive in the serum and negative in the biopsy; in 18 patients, the biopsy was positive and the
serum negative. The presence of PLA2R in the serum in the absence of deposition in the kidney
suggests non-nephritogenic antibody or difficult access to the antigenic epitopes. The fast clear-
ing of serum antibodies or late search in the course of treatment may explain the positivity in the
biopsy with negative serology. Although proteinuria levels are slightly higher in PLA2R-positive
patients [44, 46] and decrease during treatment and disease remission, levels of anti-PLA2R
antibodies usually decrease months before proteinuria, indicating that protein loss in urine is
primarily a result of structural injury of the glomerular basement membrane by inflammation
and not only by the deposition of immunocomplexes.

Svobodova et al. [47] advocate the idea that the analysis of biopsies is very important for the
diagnosis of primary MN mainly in retrospective studies. When serum is not available or there
was clearing of the antibodies in the remission phase of the disease, the biopsy plays a key role
in the diagnosis. When serum samples are collected after a long time of biopsy and during
disease remission, the serum positivity is 22 vs. 59% in the biopsy.

In conclusion, the close relationship between antibody titers in the serum of patients with
idiopathic NM and proteinuria has been recently demonstrated and allows interpreting that
the decline of the antibody predicts remission of the disease. In the study, following the
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initiation of specific immunosuppressive therapy, there was a progressive reduction in circu-
lating antibody levels in the first 3 months, followed by a slow but progressive reduction of
proteinuria levels, which reached their lowest value after about 9 months of onset of follow-up.
Thus, it can be stated that the reduction in the antibody precedes in months the reduction of
proteinuria, and that it is associated with the time to reach remission [46].

Patients with increasing anti-PLA2R antibody titers are less prone to spontaneous remission,
which, together with nephrotic proteinuria, would suggest to use immunosuppression, and
patients with progressive reduction of antibody levels, which could be clinically followed, can
evolve with spontaneous remission [48]. During the follow-up of the patients, the dosage of
the anti-PLA2R antibody brings great contributions. The quantitative and evolutionary evalu-
ation of the antibody can predict spontaneous remission in months, thus avoiding the initia-
tion of specific treatment in patients with greater chances of remission. In cases where there is
an increase in anti-PLA2R antibody levels, there is a greater chance of progression, which
would suggest the initiation of specific treatment, avoiding waiting and decreasing the chance
of disease progression during this period.

The close correlation of the serum levels of the anti-PLA2 R autoantibodies with the immuno-
logical activity of the disease allows the monitoring of the treatment and evaluation of the
prognosis. Patients who present remission of the disease after treatment show a reduction in
antibody titers and proteinuria levels [35, 37, 44, 49] and an increase with relapse [37]. A
prospective study shows that the reduction in anti-PLA2R antibody titers is greater in patients’
remission of the disease. Monitoring of antibody titers after initiation of treatment is useful in
estimating the time to remission of the disease [43]. Beck et al. [49] evaluated the relationship
between levels of the anti-PLA2R antibody and response to Rituximab treatment. Titers
decreased in most patients and anticipated a decrease in proteinuria.

6. Antibodies to M-type phospholipase A2 receptor (PLA2R) and
membranous lupus nephritis

Systemic lupus erythematosus (SLE) is a chronic inflammatory autoimmune disease affecting
multiple organ systems. The lupus nephritis has many forms of clinical manifestations and
causes the greatest risks of morbidity and mortality. The renal biopsy plays an important role
in the management of patients with SLE. The lupus nephritis classifications, based on renal
pathologic findings, show a wide variety of morphologic expressions, and several classifica-
tions of lupus nephritis have been proposed. A pure membranous form or class V for lupus
nephritis by OMS and ISN/RPS classifications shows similar morphologic findings from idio-
pathic MN and accounts for 8-29% of biopsy series. The presence of C1q by immunofluores-
cence, some degree of mesangial hypercellularity, and small focal subendothelial deposits are
helpful to differentiate from idiopathic MN [50]. Differently from proliferative forms of lupus
nephritis, the patients with a membranous lupus nephritis may present with a normocomple-
mentemic kidney limited disease. The lupus membranous nephritis may precede by years a
clinical diagnosis of SLE and can initially be diagnosed as idiopathic MN [51, 52]. Specific
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Authors (y) MN-PLA2R (+) Lupus MN-PLA2R (+)

n Biopsy Serum n Biopsy Serum
Beck et al. [2] 37 26 (70%) 26 (70%) 6 0 0
Qin et al. [35] 60 ND 49 (82%) 20 ND 1 (5%)
Hoxha et al. [44] 88 61 (69%) 60 (68%) 5 0 0
Gunnarsson et al. [54] 3 ND 3 (100%) 25 ND 0
Ardalan et al. [36] 23 ND 17 (74%) 1 ND 0
Oh et al. [55] 100 ND 69 (69%) 1 ND 0
Svobodova et al. [47] 65 45 (69%) 26 (40%) 16 0 ND
Segarra-Medrano et al. [42, 43] 47 37 (76%) 45 (97%) 8 0 0
Xie et al. [56] — 86/102 (84%) 24/41 (58%) — 1/38(2.6%) 0/13
Dong et al. [57] 179 165 (92%) ND 40 0 ND
Kimura et al. [58] 25 10/19 (52%) 12/25(48%) 13 0 0
ND: not done.

Table 1. Comparisons between PLA2R (+) in primary membranous nephropathy (MN) and lupus membranous
nephropathy (lupus MN).

serologic markers for membranous lupus nephritis are limited, and a biopsy is required to
discriminate between different forms of lupus nephritis as well as other types of kidney
disorders. Only antibodies to ribosomal P proteins, in the absence of anti-double-stranded
DNA antibodies, have been found to associate with pure membranous lupus nephritis [53].
Although idiopathic membranous nephritis and membranous lupus nephritis have clinical
and histopathologic similarities, the different autoantibody profiles suggest different patho-
genic mechanisms. Many studies confirm the absence of PLA2R antibodies in membranous
lupus nephritis, and its determination is a noninvasive tool to discriminate from idiopathic
MN (Table 1).

7. Conclusions

Membranous nephropathy is one of the main causes of primary glomerulonephritis worldwide.
It mostly affects male adults with nephrotic syndrome. The binding of circulating autoantibodies
to autoantigens expressed on the surface of podocytes forms immunocomplexes in situ and
subepithelial deposits in the glomerular basement membrane. M-type phospholipase A2 recep-
tor on the podocyte membrane is an antigenic stimulus in 70-80% of primary MN and absent in
most of the secondary forms of membranous nephropathy. Studies have shown that PLA2R
antibodies are negative in membranous lupus nephritis, and its determination is a noninvasive
tool to discriminate from idiopathic MN. The discovery of the PLA2 R antigen brought a number
of benefits for the diagnosis and monitoring of the primary form of the disease. The distinction
between the primary and secondary forms was made easier by the detection of the anti-PLA2R
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autoantibody in kidney biopsy and serum of patients, and extensive procedures for differential
diagnosis and unnecessary exposure to immunosuppression may be excluded. And the serum
titers of anti-PLA2R antibodies are useful to determinate the activity of the disease. In NM, a set
of biomarkers with potential in establishing diagnosis, prognosis and therapeutic guide has
already been identified. The evolution of proteinuria and serum creatinine, coupled with the
evolutionary pattern of the anti-PLA2R antibody, is the best guide for the specific therapeutic
decision in NM.

Acknowledgements

We thank the Department of Pathology, Botucatu Medical School (UNESP), Botucatu-SP/Brazil
for our scientific improvement and Financial support by Fundacdo de Amparo a Pesquisa do
Estado de Sao Paulo/State of Sao Paulo Research Foundation (FAPESP) (Proc.n®° 2017/19352-5).

Conflict of interest

No conflict of interest.

Author details

Rosa M. Viero™, Bruno M. Miamoto®, Vanessa dos S. Silva® and Daniela C. dos Santos!
*Address all correspondence to: viero@fmb.unesp.br

1 Department of Pathology, Botucatu Medical School, Sao Paulo State University (UNESP),
Botucatu, Sao Paulo, Brazil

2 Department of Internal Medicine, Botucatu Medical School, Sao Paulo State University
(UNESP), Botucatu, Sao Paulo, Brazil

References

[1] Silva VS, Hagemann R, Viero RM. Nefropatia membranosa. In: Barros RT, Ribeiro Alves
MAVE, Dantas M, Kirsztajn GM, dos Santos Sens YA, editors. Glomerulopatias-Patogenia.
3rd ed. Sao Paulo: Clinica e Tratamento, Sarvier; 2012; pp. 233-276

[2] Beck LH, Bonegio RGB, Lambeau G, Beck DM, Powel DW, Cummins TD, Klein JB, Salant
DJ. M-type phospholipase A, receptor as target antigen in idiopathic membranous
nephropathy. The New England Journal of Medicine. 2009;361(1):11-21



140 Advancesin Nephropathy

(3]

[4]

[5]

[6]

[7]

9]

[10]

[11]

[12]

[13]

[14]

[15]

[16]

[17]

Schena FP. Survey of the Italian Registry of renal biopsies. Frequency of renal diseases for
7 consecutive years. Nephrology, Dialysis, Transplantation. 1997;12:418-426

McGrogan A, Franssen CF, de Vries CS. The incidence of primary glomerulonephritis
worldwide: A systematic review of the literature. Nephrology, Dialysis, Transplantation.
2011;26:414-430

Malafronte P, Mastroiani-Kirsztajn G, Betonico GN. Paulista registry of glomerulonephri-
tis: 5-year data report. Nephrology, Dialysis, Transplantation. 2006;21:3098-3105

Polito MG, de Moura LA, Kirsztajn GM. An overview on frequency of renal biopsy
diagnosis in Brazil: Clinical and pathological patterns based on 9617 native kidney biop-
sies. Nephrology, Dialysis, Transplantation. 2010;25:490-496

Soares VA, Franco RJS, Monteiro-Filho RC, Viero RM, Almeida DB. Estudo do quadro
clinico de 121 pacientes portadores de glomerulopatias-sindrome nefrética. Jornal Brasileiro
de Nefrologia. 1983;5:118-112

Gartner HV, Watanabe T, Ott V, Adam A, Bohle A, Edel HH, Kluthe R, Renner E, Scheler F,
Schmulling RM, Sieberth HG. Correlations between morphological and clinical feature in
idiopathic epimembranous glomerulonephritis. A study of 403 biopsies of 367 patients.
Current Topics in Pathology. 1977;65:1-29

Davison AM, Johnston PA. Glomerulonephritis in the elderly. Nephrology, Dialysis,
Transplantation. 1996;11(9):34-37

Ramzy MH, Cameron JS, Turner DR, Neild GH, Ogg CS, Hicks J. The long-term outcome
of idiopathic membranous nephropathy. Clinical Nephrology. 1981;16:13-19

Murphy BF, Fairley KF, OS K-S. Idiopathic membranous glomerulonephritis: Long-term
follow-up in 139 cases. Clinical Nephrology. 1988;30:175-181

Sampaio M, Balbi AL, Martin LC, Chio CS, Cheide L, Pereira ACC, Bignardi JH, Viero RM,
Soares VA. Glomerulonefrite membranosa idiopatica: histdria natural e fatores progndsticos.
Nefrologia Latinoamericana. 1995;2:175-183

Wasserstein AG. Membranous glomerulonephritis. Journal of the American Society of
Nephrology. 1997;8:664-674

Glassock R]. Diagnosis and natural course of membranous nephropathy. Seminars in
Nephrology. 2003;23:324-332

Donadio Jr JV, Torres VE, Velosa JA, Wagoner RD, Holley KE, Okamura M, Ilstrup DM,
Chu CP. Idiopathic membranous nephropathy: The natural history of untreated patients.
Kidney Int. 1988;33:708-715

No6el LM, Zanetti M, Droz M, Barbanel C. Long-term prognosis of idiopathic membranous
glomerulonephritis: Study of 116 untreated patients. The American Journal of Medicine.
1979;66:82-90

Heymann W, Hackel DB, Hawood S, Wilson SG, Hunter JL. Production of nephritic
syndrome in rats by Freund’s adjuvant and rat kidney suspensions. Proceedings of the
Society for Experimental Biology and Medicine. 1959;100:660-664



Antibodies Against M-Type Phospholipase A2 Receptor (PLA2R) in Patients with Primary Membranous Nephropathy...

(18]

(19]

[20]

[21]

[22]

[23]

[24]

[25]

[26]

[27]

(28]

[29]

(30]

http://dx.doi.org/10.5772/intechopen.78955

Cybulsky AV, Quigg R], Badalamenti ], Salant DJ. Anti-Fx1A induces association of
Heymann nephritis antigens with microfilaments of cultured glomerular visceral epithe-
lial cells. The American Journal of Pathology. 1987;129:373-384

Feenstra K, Van Den Lee R, Greben HA, Arends A, Hoedemarker PJ. Experimental glo-
merulonephritis in the rat induced by antibodies directed against tubular antigens. I. The
natural history: A histologic and immunohistologic study at the light microscopic and the
ultraestructural level. Laboratory Investigation. 1975;32(2):235-242

Kerjaschki D, Farquhar MG. Immunocytochemical localization of the Heymann nephritis
antigen (gp330) in glomerular epithelial cells of normal Lewis rats. The Journal of Exper-
imental Medicine. 1983;157:667-686

Debiec H, Guigonis V, Mougenot B, Decobert F, Haymann JP, Bensman A, Deschenes G,
Ronco P. Antenatal membranous glomerulonephritis due to anti-neutral endopeptidase
antibodies. The New England Journal of Medicine. 2002;346:2053-2060

East L, Isacke CM. The mannose receptor family. Biochimica et Biophysica Acta. 2002;
1572:364-386

Schaloske RH, Dennis EA. The phospholipase A2 superfamily and its group numbering
system. Biochimica et Biophysica Acta. 2006;1761:1246-1259

Tomas NM, Beck LH Jr, Mayer-Schwesinger C, Seitz-Polski B, Ma H, Zahner G, Dolla G,
Hoxha E, Helmchen U, Dabert-Gay AS, Debayle D, Merchant M, Klein ], Salant DJ, Stahl
RAK, Lambeau G. Thrombospondin type-1 domain-containing 7A in idiopathic membra-
nous nephropathy. The New England Journal of Medicine. 2014;371(24):2277-2287

Tomas NM, Hoxha E, Reinicke AT, Fester L, Helmchen U, Gerth J, Bachmann F, Budde K,
Koch-Nolte F, Zahner G, Rune G, Lambeau G, Meyer-Schwesinger C, Stahl RAK. Autoan-
tibodies against thrombospondin type 1 domain-containing 7A induce membranous
nephropathy. The Journal of Clinical Investigation. 2016;126(7):2519-2532

Murtas C, Bruschi M, Candiano G, Moroni G, Magistroni R, Magnano A, Bruno F, Radice A,
Furci L, Argentiero L, Carnevali ML, Messa P, Scolari F, Sinico RA, Gesualdo L, Fervenza FC,
Allegri L, Ravani P, Ghiggeri GM. Coexistence of different circulating anti-podocyte anti-
bodies in membranous nephropathy. Clinical Journal of the American Society of Nephrology.
2012;7:1394-1400

Stanescu HC, Arcos-Burgos M, Medlar A, Bockenhauer D, Kottgen A, Dragomirescu L,
et al. Risk HLA-DQA1 and PLA(2)R1 alleles in idiopathic membranous nephropathy. The
New England Journal of Medicine. 2011;364:616-626

Ponticelli C, Glassock R]. Glomerular diseases: Membranous nephropathy —A modern
view. Clinical Journal of the American Society of Nephrology. 2014;9(3):609-616

Nangaku M, Shankland S], Couser WG. Cellular response to injury in membranous
nephropathy. Journal of the American Society of Nephrology. 2005;16:1195-1204

Kerjaschki D. Pathomechanisms and molecular basis of membranous glomerulopathy.
Lancet. 2004;364:1194-1196

141



142 Advances in Nephropathy

[31]

[32]

[33]

[34]

[35]

[36]

[37]

[38]

[39]

[40]

[41]

[42]

[43]

Mezzano SA, Aros CA, Droguett A, Burgos ME, Ardiles LG, Flore CA, Carpio D, Vio CP,
Ruiz-Ortega M, Egido J. Renal angiotensin II up-regulation and myofibroblast activation
in human membranous nephropathy. Kidney International. 2003;64:39-45

Glassock R]. The pathogenesis of idiopathic membranous nephropathy: A 50-year odys-
sey. American Journal of Kidney Diseases. 2010;56:157-167

Ronco P, Debiec H. Antigen identification in membranous nephropathy moves toward
targeted monitoring and new therapy. Journal of the American Society of Nephrology.
2010;21(4):564-569

Beck LH. Monoclonal anti-PLA,R and recurrent membranous nephropathy: Another
piece of the puzzle. Journal of the American Society of Nephrology. 2012;23:1909-1916

Qin W, Beck LH, Zeng C, Chen Z, Li S, Zuo K, Salant D], Liu Z. Anti-phospholipase A2
receptor antibody in membranous nephropathy. Journal of the American Society of Nephr-
ology. 2011;22(6):1137-1143

Ardalan M, Ghafari A, Hamzavi F, Nasri H, Baradaran B, Majidi ], Nikbin B. Anti-
phospholipase A2 receptor antibody in idiopathic membranous nephropathy: A report
from Iranian population. Journal of Nephropathology. 2013;2(4):241-248

Hofstra JM, Beck LH, Beck DM, Wetzels JF, Salant D]. Anti-pospholipase A receptor
antibodies correlate with clinical status in idiopathic membranous nephropathy. Clinical
Journal of the American Society of Nephrology. 2011;6:1286-1291

Ronco P, Debiec H. Pathophysiological advances in membranous nephropathy: Time for a
shift in patient’s care. Lancet. 2015;385:1983-1992

Hoxha E, Harendza S, Zahner G, Panzer U, Steinmetz O, Fechner K, Helmchen U, Stahl
RA. An immunofluorescence test for phospholipase-A2-receptor antibodies and its clini-
cal usefulness in patients with membranous glomerulonephritis. Nephrology, Dialysis,
Transplantation. 2011;26:2526-2532

Dahnrich C, Komorowski L, Probst C, Seitz-Polski B, Esnault V, Wetzels JF, Hofstra JM,
Hoxha E, Stahl RA, Lambeau G, Stocker W, Schlumberger W. Development of a standard-
ized ELISA for the determination of autoantibodies against human M-type phospholipase
A2 receptor in primary membranous nephropathy. Clinica Chimica Acta. 2013;421:213-218

VanBeek C, Haas M. Anti-PLA2R-associated membranous nephropathy: A review with
emphasis on diagnostic testing methods. Clinical Nephrology. 2015;84(1):1-9

Segarra-Medrano A, Jatem-Escalante E, Quiles-Pérez MT, Salcedo MT, Arbds-Via MA, Ostos
H, Valtierra N, Carnicer-Caceres C, Agraz-Pamplona I. Prevalencia, valor diagnostico y
caracteristicas clinicas asociadas a la presencia de niveles circulantes y depdsitos renales de
anticuerpos contra El receptor tipo M de La fosfolipasa A2 em nefropatia membranosa
idiopatica. Nefrologia. 2014;34(3):353-359

Segarra-Medrano A, Jatem-Escalante E, Carnicer-Caceres C, Agraz-Pamplona I, Salcedo
MT, Valtierra N, Ostos-Roldan E, Arredondo KV, Jaramillo J. Evolution of antibody titre



Antibodies Against M-Type Phospholipase A2 Receptor (PLA2R) in Patients with Primary Membranous Nephropathy...

[44]

[45]

[46]

[47]

(48]

[49]

[50]

[51]

[52]

[53]

[54]

[55]

http://dx.doi.org/10.5772/intechopen.78955

against the M-type phospholipase A2 receptor and clinical response in idiopathic mem-
branous nephropathy patients treated with tacrolimus. Nefrologia. 2014;34(4):491-497

Hoxha E, Kneibler U, Stege G, Zahner G, Thiele I, Panzer U, Harendza S, Helmchen UM,
Stahl RAK. Enhanced expression of the M-type phospholipase A2 receptor in glomeruli
correlates with serum receptor antibodies in primary membranous nephropathy. Kidney
International. 2012;82:797-804

Debiec H, Ronco P. PLA,R autoantibodies and PLA,R glomerular deposits in membra-
nous nephropathy. The New England Journal of Medicine. 2011;364:689-690

Hoxha E, Thiele I, Zahner G, Panzer U, Harendza S, Stah 1 RAK. Phospholipase A2
receptor autoantibodies and clinical outcome in patient with membranous nephropathy.
Journal of the American Society of Nephrology. 2014;25(6):1357-1366

Svobodova B, Honsova E, Ronco P, Tesar V, Debiec H. Kidney biopsy is a sensitive tool for
retrospective diagnosis of PLA;R-related membranous nephropathy. Nephrology, Dialy-
sis, Transplantation. 2013;28:1839-1844

de VAS, Glassock R], Nath KA, Sethi S, Fervenza FC. A proposal for a serology-based
approach to membranous nephropathy. Journal of the American Society of Nephrology.
2017;28(2):421-430

Beck LH, Fervenza FC, Beck DM, Bonegio RGB, Malik FA, Erickson SB, Cosio FG, Cattran
DC, Salant DJ. Rituximab-induced depletion of anti-PLA,R autoantibodies predicts
response in membranous nephropathy. Journal of the American Society of Nephrology.
2011;22:1543-1550

D’Agati VD, Barry Stokes M. Renal disease in systemic lupus erythematosus, mixed
connective tissue disease, Sjogren syndrome, and rheumatoid arthritis. In: Charles
Jennette J, Olson JL, Silva FG, D’Agati VD, editors. Heptinstall's Pathology of Kidney. 7th
ed. USA: Wolters Kluwer; 2015. pp. 559-656

Donadio JV Jr, Burgess JH, Holley KE. Membranous lupus nephropathy: A clinicopatho-
logic study. Medicine (Baltimore). 1977;56(6):527-536

Shearn MA, Hopper ] Jr, Biava CG. Membranous lupus nephropathy initially seen as
idiopathic membranous nephropathy. Possible diagnostic value of tubular reticular struc-
tures. Archives of Internal Medicine. 1980;140(11):1521-1523

do Nascimento AP, Viana V d S, Testagrossa L d A, Leon EP, Borba EF, Barros RT, Bonfa E.
Antibodies to ribosomal P proteins: A potential serologic marker for lupus membranous
glomerlonephritis. Arthritis and Rheumatism. 2006;54(5):1568-1572

Gunnarsson I, Schlumberger W, Ronnelid ]J. Antibodies to M-type phospholipase A2
receptor (PLA2R) and membranous lupus nephritis. American Journal of Kidney Dis-
eases. 2012;59(4):582-589

Oh Y], Yang SH, Kim DK, Kang SW, Kim YS. Autoantibodies against phospholipase A2
receptor in Korean patients with membranous nephropathy. PLoS One. 2013;8(4):1-8

143



144 Advances in Nephropathy

[56]

[57]

[58]

Xie Q,LiY, Xue], Xiong Z, Wang L, Sun Z, Ren Y, Zhu X, Hao CM. Renal phospholipase A 2
receptor in hepatitis B virus-associated membranous nephropathy. American Journal of
Nephrology. 2015;41:345-353

Dong HR, Wang YY, Cheng XH, Wang GQ, Sun L], Cheng H, Chen YP. Retrospective
study of phospholipase A2 receptor and IgG subclasses in glomerular deposits in Chinese
patients with membranous nephropathy. PLoS One. 2016;11(5):e0156263. DOI: 10.1371/
journal.pone.0156263

Kimura Y, Miura N, Debiec H, Morita H, Banno S, Ronco P, Imai H. Circulating antibodies
to a-enolase and phospholipase A2 receptor and composition of glomerular deposits in
Japanese patients with primary or secondary membranous nephropathy. Clinical and
Experimental Nephrology. 2017;21:117-126



Chapter 7

C3 Glomerulopathy

Nika Kojc
Additional information is available at the end of the chapter

http://dx.doi.org/10.5772/intechopen.79768

Abstract

Understanding the role of alternative complement pathway dysregulation in membra-
noproliferative glomerulonephritis (MPGN) has led to a new classification into two sub-
groups: immune complex-mediated MPGN and complement-mediated MPGN. Immune
complex-mediated MPGN results from the deposition of immunoglobulin deposits and
complements component C3 driven by classical complement pathway activation, while
complement-mediated disease may be associated with complement alternative pathway
dysregulation and is a new entity, C3 glomerulopathy. C3 glomerulopathy is an umbrella
term, encompassing dense deposit disease (DDD), former MPGN type II, and C3 glomeru-
lonephritis. C3 glomerulonephritis comprises examples of MPGN types I and III, in which
immunofluorescence reveals predominant C3 deposits. By light microscopy, distinctive his-
tologic patterns can be observed in both entities, including membranoproliferative, mesan-
gial proliferative, crescentic and acute proliferative and exudative patterns, of which the
membranoproliferative pattern seems to be the most common. DDD is defined by the pres-
ence of dense osmiophilic transformation of the glomerular basement membrane (GBM) on
electron microscopy (EM). Only EM enables definite distinction of DDD from C3 glomeru-
lonephritis. C3 glomerulopathy is a heterogeneous disease; genetic or acquired complement
alternative pathway abnormalities have been identified in up to 40% of patients, including
mutations in complement factors or autoantibodies directed against them.

Keywords: C3 glomerulopathy, C3 glomerulonephritis, dense deposit disease,
membranoproliferative glomerulonephritis, complement alternative pathway
dysregulation, complement regulation, CFHR5 nephropathy, C3 nephritic factor,
eculizumab

1. Introduction

C3 glomerulopathy is a recently defined glomerular disease, characterized by predominant
C3 complement component (C3) deposits in the glomeruli in the absence of a significant

© 2018 The Author(s). Licensee IntechOpen. This chapter is distributed under the terms of the Creative
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amount of immunoglobulin and without deposition of Clq and C4. The accumulation of C3
without a significant amount of classical or lectin complement component in the glomeruli
suggests dysregulation of the alternative complement pathway as the underlying pathoge-
netic mechanism.

Glomerular C3 deposits confirmed by immunohistochemistry correspond to electron dense
deposits seen on electron microscopy (EM). By light microscopy, distinctive histologic pat-
terns can be observed, including membranoproliferative, mesangial proliferative, crescentic
and acute proliferative and exudative patterns, of which the membranoproliferative pattern
seems to be the most common [1-3]. The recognition of C3 glomerulopathy led to a major
revision of the understanding of the entity of membranoproliferative glomerulonephritis
(MPGN) [1, 4, 5].

2. Historical overview of membranoproliferative glomerulonephritis

Rather than a disease, MPGN is a morphologic pattern of glomerular injury, characterized on
light microscopy by mesangial hypercellularity and thickening of the capillary walls, result-
ing in glomerular capillary wall remodeling. In the active phase, a proliferative and exudative
pattern predominates, whereas in the reparative phase, mesangial expansion occurs, together
with double contour formation and mesangial interposition seen on EM [6, 7].

Without knowledge of the pathogenesis, MPGN was traditionally classified based on histo-
logic features defined by light microscopy and the location of the deposits as observed by
EM. Three types of MPGN were recognized: MPGN types [, II and III [7-9].

MPGN type I was characterized by mesangial and subendothelial deposits, with marked
mesangial interposition and double contour formation (Figure 1) [9]. Type III, defined by
mesangial, subendothelial and subepithelial deposits, was further subdivided into two vari-
ants: the Burkholder variant and Anders-Strife variant, describing different patterns of electron
dense deposits and disorganization of the glomerular basement membrane (GBM) [8, 10]. In the
Burkholder variant, there were discrete subendothelial and subepithelial deposits (Figure 2),
while in the Anders-Strife variant, the deposits produced complex transmembranous, ribbon-
like subendothelial and subepithelial deposits with fraying of the lamina densa (Figure 3).

MPGN type II was first described by Berger and Galle in 1963 as a dense deposit disease
(DDD) characterized by extremely electron dense transformation of the GBM (Figure 4) [11].
Little attention was paid to this entity until 1975, when Habib indicated an association between
dense transformation of the GBM and the MPGN histologic pattern and therefore classified it
as a type II variant of MPGN, which was followed by long-term consequences [12].

From the beginning, an MPGN lesion delineated a group of patients with no evidence of
underlying disease—an idiopathic MPGN [9, 13]. Over time, as serological and other meth-
odology improved, many secondary forms with clear etiologic associations were differenti-
ated from idiopathic MPGN. It became apparent that MPGN is often associated with chronic
infections (hepatitis B and C, with or without cryoglobulinemia), autoimmunity or deposition
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Figure 1. MPGN type I is characterized by mesangial and subendothelial deposits, with marked mesangial interposition
and double contour formation.

Figure 2. Burkholder variant of MPGN type III shows mesangial and discrete subendothelial and subepithelial deposits.

of a monoclonal immunoglobulin. A histologic pattern resembling the MPGN pattern could
also be observed in a broad group of thrombotic microangiopathy: thrombotic thrombocy-
topenic purpura, atypical hemolytic uremic syndrome (aHUS), sickle cell anemia, diabetic
glomerulosclerosis, transplant glomerulopathy and malignant hypertension [7, 14, 15]. In this
group of diseases, there is little or no proliferation and neither marked mesangial interpo-
sition nor immune deposits are detected on immunofluorescence (IF) or EM. GBM double
contours occur due to subendothelial neolamina formation in response to insudative changes,
endothelial swelling and subendothelial plasma insudation.

This historical classification, based on histologic and ultrastructural findings and devoid of patho-
genetic context, could not explain the diversity of underlying pathogenetic mechanisms, nor the
various clinical pictures in MPGN patients [13]. It was tempting to speculate that other features,
in addition to the peculiar description of deposits location, would clarify at least some group of
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Figure 3.In Anders-Strife variant of MPGN type III, the deposits produce complex transmembranous, ribbon-like
subendothelial, and subepithelial formations with fraying of the lamina densa.

BT

[

Figure 4. Highly electron dense intramembranous and mesangial deposits are hallmark of DDD, classified historically
as MPGN type II.

patients with features of MPGN [14, 16, 17]. The discovery that many children with DDD displayed
persistent hypocomplementemia, with low levels of serum complement factors, was a harbinger
of the identification of the heterogeneity of mechanisms underlying the MPGN pattern [17].

It was increasingly observed that many patients with dense deposits on EM, characteristic of
MPGN type II lacked a MPGN pattern on light microscopy [18]. In order to disprove the rela-
tion between dense transformation of GBM and a MPGN histologic pattern, Walker collected
69 cases of DDD from centers in North America, Europe and Japan [19].

Surprisingly, four histologic patterns were identified: membranoproliferative, mesangial pro-
liferative, crescentic, and acute proliferative and exudative. The MPGN pattern was found
only in 25% of cases; the majority of patients presented with mesangial proliferative features.
On light microscopy and IF, the acute proliferative and exudative variants can be difficult to
distinguish from post-infectious glomerulonephritis [20, 21].
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Concurrently, improving IF techniques enabled differentiation of the composition of the
deposits detected by IF [9, 22]. Biopsies from patients with MPGN type II usually showed
only C3 deposits, with little or without immunoglobulin deposition. Furthermore, even in
some cases of MPGN types I and III, pathologists noticed the presence of dominant comple-
ment deposits, therefore setting these cases apart from more common variants of type I
and III containing immunoglobulins and C3. These cases were initially called idiopathic
MPGN with dominant C3 deposits [13, 23]. Moreover, patients with MPGN and dominant
C3 deposits also presented with low serum C3, indicating complement alternative path-
way dysregulation, while serum levels of classical complement factors were mainly normal.
Laser micro dissection and mass spectrometry data of glomeruli from DDD and MPGN
with dominant C3 deposits showed a similar proteomic profile, indicating a common patho-
genesis of the two diseases [24, 25]. A major breakthrough was the discovery of genetic
mutations or deficiencies in complement regulatory proteins in patients with predominant
C3 deposits [14, 26].

2.1. Proposal for a new classification

The aforementioned elucidations of the possible pathogenesis of MPGN led to a new clas-
sification based on the composition of deposits: into immune complex-mediated and comple-
ment-mediated diseases [2, 4, 5, 27, 28].
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Figure 5. The evolving classification of MPGN: the composition of the deposits seen on IF categorized MPGN as immune
complex-mediated and complement-mediated disease, the later termed C3 glomerulopathy. Immune complex-mediated
MPGN without known underlying cause (idiopathic MPGN) may be immune complex-mediated at the beginning,
evolving into C3 glomerulopathy over time. MPGN membranoproliferative glomerulonephritis, IF immunofluorescence.
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Immune complex-mediated MPGN results from the deposition of immunoglobulin deposits
and C3 driven by classical complement pathway activation, while complement-mediated
disease may be associated with complement alternative pathway dysregulation and is a new
entity, C3 glomerulopathy. C3 glomerulopathy is characterized by predominant C3 deposits
on IF (Figure 5) [5, 9, 29].

C3 glomerulopathy is an umbrella term, encompassing DDD (former MPGN type II) and
examples of MPGN types I and III, in which IF reveals exclusive or predominant C3 deposits,
now termed C3 glomerulonephritis (C3GN) [4, 5, 22, 29, 30]. DDD is defined by the presence
of dense osmiophilic transformation of the GBM on EM. Only EM enables definite distinction
of DDD from C3GN; however, a spectrum of appearances may be seen in some cases, even in
the same glomerulus.

3. Diagnosing C3 glomerulopathy

Cases with a membranoproliferative pattern that have only glomerular C3, with absolutely no
immunoglobulin, are relatively uncommon; most cases will have dominant C3 staining with
some immunoglobulin. The original definition of C3 glomerulopathy as “C3 only” appeared
too stringent if the goal of diagnosis is to identify all complement-mediated cases for evalua-
tion of complement alternative pathway dysregulation [2, 28, 30, 31].

In a study of over 300 cases of idiopathic MPGN, Hou et al. applied a hierarchical set of
criteria to define the optimal cut-off for a diagnosis of C3 glomerulopathy, using DDD as a
gold standard [22]. A new definition of C3 glomerulopathy was therefore proposed, for when
C3 dominance is at least two orders of magnitude stronger than any other immune reactant.
The new definition identified 31% of MPGN type 1, 88% of DDD (MPGN type II) and 39% of
MPGN type III cases, indicating a sensitivity of 88% and acceptable specificity.

In terms of the modern approach to MPGN, 39% of the Anders-Strife variant would be clas-
sified as C3GN, whereas the majority of the Burkholder variant and approximately 70% of
MPGN type I presented with immunoglobulin and C3 deposits as immune complex-medi-
ated MPGN [22]. In many of those cases, an underlying cause could be identified, such as
autoimmunity, chronic infection or deposition of a monoclonal immunoglobulin, indicating
that idiopathic MPGN might now be considered a rare condition. It encompasses histori-
cal MPGN types I and III with immunoglobulin and complement deposits without known
underlying cause [9, 31].

However, such rare cases might represent C3GN with immunoglobulin deposits, which did
not fulfill the diagnostic criteria for C3 glomerulopathy at the time of diagnosis, and therefore
an underlying complement dysregulation has to be excluded [31, 32].

It has already been proposed that, in some patients, immune complexes may initiate MPGN,
but the disease is accelerated and sustained by complement alternative pathway dysregulation
[30]. When a complement activating infection occurs, it may overwhelm the compensatory
regulatory mechanisms, leading to augmented and perpetuated activation of dysregulated
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complement alternative pathway. MPGN may therefore be immune complex-mediated at the
beginning, evolving into C3 glomerulopathy over time (Figure 5).

Although the proposed classification seems to be widely accepted, a recent study indicates
that understanding MPGN by classification into immunoglobulin-mediated and C3 domi-
nant forms might be too simplistic and may not provide sufficient information on prognosis
and prevention of the disease [33]. In the future, novel research methods, probably based on
mathematical models, will be employed in order to provide detailed insights into manage-
ment of C3 glomerulopathy [33].

4. Dense deposit disease

4.1. Clinical presentation

DDD is a rare disease, with a reported incidence between 2 and 3 per million of the popula-
tion, primarily affecting children and young adults, although the range is broad, varying from
1 to 64 years [19]. Recently, a study with the largest American cohort to date, including 111
patients with C3 glomerulopathy, 24 of them with DDD, found 29% of patients older than
50 years [3]. Males and females are usually equally involved, but some studies have reported
a female predominance [1].

The clinical presentation is usually unspecific, with a slow deterioration of renal function. In
the past, approximately 50% of patients presented with nephrotic syndrome at the time of
diagnosis [12, 34, 35]. A recent study showed that most patients displayed proteinuria and
hematuria with preserved kidney function, although about 25% of patients showed significant
chronic kidney disease at the time of diagnosis [3]. Acute, often a respiratory tract infection
prior to DDD onset was reported in approximately half of the patients, and this did not differ
between pediatric and adult populations [1, 3, 12]. Progression to ESRD has been reported in
up to 50% of patients within 10 years of diagnosis [2, 36].

Approximately 65-80% of patients with DDD present with persistently low serum C3 but
serum levels of the early classic pathway components C1q and C4 are usually normal [1-3, 12].
Pediatric patients had lower C3 levels than adults [1, 3]. Up to 80% of patients with DDD
showed positive serum C3 nephritic factor (C3Nef), an autoantibody directed against alterna-
tive pathway convertase, although: it is not specific and is also found in patients with MPGN
type I, post-infectious glomerulonephritis and even lupus nephritis [2, 35, 37-40]. Other
autoantibodies against complement factors, including anti factor H antibody, anti-factor B
antibody and complement factor gene variant and mutations have been found in various
percentages of DDD patients [2, 3].

Rarely, patients with DDD may present with two other conditions, either separately or
together: ocular drusen or acquired partial lipodystrophy. Both conditions are associated
with dysregulation of the alternative complement pathway [14, 19, 41].

Ocular drusen are yellow deposits localized between the retinal pigment epithelium and
Bruch’s membrane, consisting of lipoproteinaceous deposits of complement-containing
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debris [42, 43]. Similar drusen are found in patients with age-related macular degeneration
(AMD) but in contrast to patients with AMD, drusen in DDD patients occur at an early age.
The same polymorphisms in factor H have been identified in patients with AMD and DDD,
implicating AP complement dysregulation in the pathogenesis of both diseases [41, 44].

DDD can be rarely associated with acquired partial lipodystrophy (APL), the symmetrical
loss of subcutaneous fat in the upper half of the body (face, arms and upper part of the trunk)
[45]. Approximately 20% of patients with APL develop MPGN. APL usually precedes the
onset of kidney disease by several years. Frequent detection of C3Nef and low C3 level in
these patients indicates an underlying dysregulation of AP complement on both kidneys and
adipose tissue. The deposition of activated complement factors in adipose tissue may result
in the destruction of adipocytes [45].

4.2. Pathologic findings
4.2.1. Light microscopy

A specific feature of DDD is the presence of dense osmiophilic transformation of the GBM
on EM [19, 20]. Due to the association between dense GBM transformation and an MPGN
histological pattern described decades ago, it was classified historically as MPGN type II [12].
However, the appearance of DDD on light microscopy is quite variable, showing membrano-
proliferative, mesangial proliferative, crescentic and acute proliferative, and exudative histo-
logic patterns [1, 20]. In some cases, glomeruli show prominent endocapillary hypercellularity
with exudation of neutrophils reminiscent of post-infectious glomerulonephritis, while others
present with a prominent crescent formation. In an American cohort of 24 patients, mem-
branoproliferative and mesangial patterns were demonstrated in 46 and 29% of patients,
respectively [3]. The clinical significance of the different patterns needs further evaluation,
but in some patients, it might depend on the timing of the biopsy; patients with long-lasting
disease may develop chronic glomerular changes with double contours characteristic of a
membranoproliferative pattern.

On light microscopy, GBM dense deposits are recognized as thickening of the glomerular cap-
illary walls by ribbon-like intramembranous deposits. They are intensely periodic acid-Schiff
(PAS) positive and stain strongly fuchsinophilic (red) with trichrome stain. Methenamine
silver staining discloses characteristic defects in the GBM because dense deposits are not
argyrophilic and therefore fail to stain with silver stains. Thin, silver-positive lines border the
GBM on each side, resulting in typical double contours (Figure 6). Although light microscopy
in typical cases is fairly characteristic, the glomerular intramembranous deposits may vary in
size and number and a definitive diagnosis can be established only by EM [20, 32].

4.2.2. Immunofluorescence

DDD is characterized by the presence of intense C3 deposits in the glomerular mesangium, as
well as along capillary walls, with minimal or no immunoglobulin deposition. There are usu-
ally abundant mesangial C3 deposits, described as coarse granules, spherules or small rings
(Figure 7). The IF pattern along the glomerular capillary walls is described as pseudolinear,
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Figure 6. Extensive mesangial deposits and thickening of the glomerular capillary walls by ribbon-like intramembranous
deposits. Deposits stain strongly fuchsinophilic (red) with trichrome stain. Methenamine silver staining discloses
characteristic defects in the GBM. (silver and trichrome stain—Jones and Azan, 400x).

Figure 7. Intense ring-like C3 deposits in the glomerular mesangium and pseudolinear along capillary walls in DDD.

smooth, ribbon-like or coarsely granular. Classical complement components and immuno-
globulin staining are usually absent; if present, they stain less intensely than C3 and may
be focal and segmental [20, 34]. C3 deposits may be also found in the basal lamina of the
Bowman capsule and along the tubular basement membranes of proximal and distal tubules.

4.2.3. Electron microscopy

DDD is characterized by the presence of dense transformation of the GBM found by EM. This
special appearance of the lamina densa may be continuous and diffuse in distribution
(Figure 4) or interrupted and fusiform, with native GBM found between deposits (Figure 8).
In less severe cases, dense deposits may be focal, affecting only a few loops. The deposits
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may replace the entire width of the lamina densa, whereas in less extensive involvement they
occupy only part of the GBM width (Figure 8). Mild cases may present only in the inner (sub-
endothelial) aspect of the GBM. Subendothelial electron dense deposits sometimes evolve to
more hyaline transmembrane deposits, with a lower electron density found in C3GN [18, 20,
34]. Many patients show subepithelial electron dense deposits, in some cases reminiscent of
hump-like deposits seen in post-infectious glomerulonephritis.

In addition to glomerular deposits, electron dense transformation has been described in the
basement membrane of Bowman’s capsule and renal tubules, although usually focal and seg-
mental [1, 12, 19, 34]. Dense electron change has also been found in the afferent arterioles and
the area of the macula densa [12].

It is noteworthy that drusen, a characteristic pathologic finding in the Bruch’s membrane in
patients with DDD, and macular degeneration have the same ultrastructural appearance as
the GBM in DDD [42]. Except for a report of electron dense transformation in the sinusoidal
BM of the spleen in two patients with DDD, in no other organ systems have similar electron
dense deposits been identified so far [46, 47].

The exact ultrastructure of electron dense deposits and the mechanism of unique GBM trans-
formation remain to be elucidated. The three-dimensional ultrastructural findings of GBM
in DDD patients suggest rigid and thickened GBM with a coarsely granular or undulating
surface punctuated by single or clustered crater-like deformities unique to DDD [48].

5. C3 glomerulonephritis

C3 glomerulonephritis is characterized by exclusive or predominant C3 deposits on IF and
electron dense mesangial and glomerular capillary walls deposits on EM, without electron
dense osmiophilic transformation of the GBM characteristic of DDD. It encompasses exam-
ples of historical MPGN types I and III and other histological patterns in which IF reveals
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dominant C3 deposits, indicating complement alternative pathway dysregulation as the
underlying pathogenetic mechanism [24].

5.1. Clinical presentation

C3GN is a heterogeneous disease with respect to pathogenesis, clinical course and progno-
sis. Numerous mutations and polymorphisms in genes that code for proteins involved in
complement alternative pathway and acquired abnormalities have been identified in patients
with C3GN. There are two examples of familial forms of the disease with specific mutations,
including CFHR5 nephropathy endemic in Cyprus and familial MPGN from Ireland [49, 50].

A recent study of a diverse American cohort including 111 patients with C3 glomerulopathy
provided detailed information on the clinical presentation of C3GN and DDD [3]. Whites
comprised the majority of C3GN patients (63.2%), followed by Hispanic, Asian and African-
American patients, accounting for 19.5, 12.6 and 4.6% of the cohort, respectively. Surprisingly,
patients with C3GN (mean age 28.3) were significantly younger than patients with DDD
(mean age 40.0 years). The most common clinical presentation was hematuria and proteinuria
with normal kidney function in both groups, but chronic kidney disease with proteinuria and
hematuria was more frequent in DDD patients (41.7% in DDD vs. 18.6% in C3GN). Patients
with C3GN more often presented with nephrotic syndrome than did DDD patients (32.6 vs.
16.7%). The prevalence of low complement level was the same in both groups, although the
pediatric population demonstrated a significantly higher prevalence of low C3 levels and
twice the rate of detectable genetic variants and/or autoantibodies.

Progression to end-stage renal disease (ESRD) was found in 40% of C3G patients, with no
detectable difference between those with C3GN versus DDD, although previous reports have
suggested a more favorable clinical course in C3GN patients [2, 26, 51, 52]. Markers of chro-
nicity, whether clinical (reduced estimated glomerular filtration rate (eGFR), elevated serum
creatinine) or histologic (interstitial fibrosis, glomerulosclerosis) at the time of diagnosis
appeared the strongest predictors of outcome.

5.2. Pathologic findings
5.2.1. Light microscopy

C3GN is defined by dominant C3 deposits on IF and deposits on EM. The light microscopic
features are variable, including mesangial proliferation, a membranoproliferative pattern,
crescent formation and endocapillary hypercellularity (Figures 9-11). There is no known
association of the various histologic patterns with the underlying genetic or functional abnor-
malities of complement dysregulation [3, 24].

Bomback proposed a C3 Glomerulopathy Histologic Index to score biopsy activity and chro-
nicity, in order to determine predictors of progression to ESRD in patients with C3GN [3, 24].
The activity score included mesangial hypercellularity, endocapillary hypercellular-
ity, membranoproliferative morphology, leukocyte infiltration, crescent formation,
fibrinoid necrosis and interstitial inflammation, while the chronicity score encompassed
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Figure 9. C3GN with membranoproliferative pattern (HE, 400x).

Figure 10. C3GN with membranoproliferative pattern with exudation of neutrophils (HE, 200x).

Figure 11. C3GN with membranoproliferative pattern with abundant transmembranous deposits staining with
trichrome stain reminiscent of DDD (Trichrome stain, 600x).
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glomerulosclerosis, tubular atrophy/interstitial fibrosis and arterio-arteriolosclerosis. Patients
with C3GN showed a higher activity score than DDD patients, and the latter revealed a higher
chronicity score. In multivariable models, the strongest predictors of progression were eGFR
at the time of diagnosis and tubular atrophy/interstitial fibrosis. The C3 Glomerulopathy
Histologic Index might emerge as a useful tool for predicting the prognosis and management
of patients with C3 glomerulopathy [3].

5.2.2. Immunofluorescence

The defining feature on IF is the presence of dominant C3 glomerular deposits, at least two
orders of magnitude stronger than any other immune reactant. It is noteworthy that a pro-
posed cut-off does not encompass all patients with alternative pathway dysregulation, and
there are overlaps between C3GN and immune complex glomerulonephritis [27, 29, 31].

In cases presenting with a mesangial histological pattern, C3 staining is mainly mesangial,
while in the membranoproliferative pattern, there are abundant capillary wall as well as
mesangial C3 deposits. In some cases, C3 staining was also found on the TBM [24, 53].

5.2.3. Electron microscopy

EM revealed electron dense deposits in the mesangium and along or within the GBM, which
correspond to C3 deposits on IF. Consistent with the definition of C3 glomerulopathy, deposits
are composed predominantly of complement factors, although they may show similar density
and appear at the same locations as deposits composed of immunoglobulins and C3 [24]. In
some cases, deposits may be less dense and less sharply demarcated than typical immune com-
plex deposits (Figure 12). In the glomerular capillary walls, there are abundant transmembrane
deposits that appear to replace areas of the lamina densa, separated by material of similar den-
sity as the lamina densa, similar to the Anders Strife variant of MPGN type III (Figure 13). In
some cases, there are curvilinear deposits of more electron dense material in the mesangium and

Figure 12. Abundant transmembrane deposits in C3GN may be less dense and less sharply demarcated than typical
immune complex deposits.
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Figure 13. Abundant transmembrane deposits that replace areas of the lamina densa, separated by material of similar
density as the lamina densa, similar to the Anders Strife variant of MPGN type III.

beneath the endothelium, reminiscent of deposits in DDD. Occasional cases display substantial
overlapping features between DDD and C3GN, making the subcategorization difficult [32].

Many C3GN patients present with subepithelial deposits. They may sometimes appear as
subepithelial projections of intramembranous deposits but, in some cases, they resemble typi-
cal subepithelial humps seen in post-infectious glomerulonephritis. It is tempting to speculate
that they may be related to C3GN exacerbated by infections [21].

6. Overview of the complement system

The complement system is a complex cascade in which proteolytic cleavage of glycoproteins
induces an inflammatory response, phagocyte chemotaxis, opsonization, and cell lysis. It is
triggered through three different pathways: the classical, alternative and mannose binding
lectin, which converge on C3 to form an enzyme complex C3 convertase. C3 convertase cleaves
C3, generating C3a, an anaphylatoxin, and C3b, a potent opsonin. A positive feedback loop,
termed the C3 amplification loop, enables rapid amplification of C3b, which can generate
millions of C3b molecules. C3b then deposit on cell surfaces, triggering complement cascade
activation. Through the binding of an additional C3b molecule, C3 convertase becomes C5
convertase (C3bBbBB), which is capable of cleaving complement C5 into C5a and C5b. C5b,
through sequential interaction with complements C6, C7, C8 and C9, generates membrane
attack complex (MAC) [32, 54, 55].

In contrast to classical and lectin pathways, the alternative pathway is continually active in the
circulation, by spontaneous hydrolysis of an internal thioester bond in C3 (thick over mecha-
nism). Hydrolyzed C3 interacts with complement factor B (CFB) to form C3iB. CFB within
C3iB is cleaved by complement factor D, resulting in C3 convertase (C3iBb), which cleaves
C3 to a small amount of C3b. Cleaved C3b, similar to C3i, interacts with complement factors
B to form C3 convertase (C3bBbBB). If the generation of C3 is not tightly regulated, it can
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be rapidly amplified through a positive feedback pathway (C3b amplification loop), which
results in activation of downstream convertase C5 and MAC formation. Several complement
degradation products, including iC3b, are delivered to the endothelial surfaces, including the
glomeruli. The deposition of complement products in the mesangium and in the subendothe-
lial region triggers glomerular inflammation, leading to GN, often with a MPGN pattern [32].

Complement regulation is achieved by complement activator proteins and regulatory proteins
present in plasma (fluid phase) and on cell surfaces (solid phase). Both regulate complement
activation at different steps and pathways. If complement activator proteins are deficient,
there is too little complement and these patients predispose to infections and autoimmune
diseases. In regulatory protein deficiency, the complement system is upregulated, which
results in impaired regulation and too much complement. Due to spontaneous activation of
the alternative pathway and potency of the C3b amplification loop, both pathways are tightly
regulated by complement factor I (CFI) and complement factor H (CFH) [30, 56].

Fluid phase regulators include factors CFH and CFI, whereas decay accelerating factor (DAF,
CD55), complement receptor 1, CD 59 and membrane cofactor protein (MCP), are cell-bound
regulators that act on cell surfaces [30]. Dysregulation between activating and regulatory fac-
tors in the fluid phase results in permanent activation of C3 convertase and at least partial
activation of downstream complement factors, including C5 convertase and other proteins of
the terminal complement cascade.

6.1. Complement factor I

CFl is a serine protease that cleaves C3b to iC3b and C3. While C3b can form C3 convertase,
iC3b and C3d cannot, so the CFI-mediated cleavage of C3b stops further C3b activation. CFI
can cleave C3b in the presence of cofactors, including CFH, membrane-bound protein (CD 46)
and complement receptor 1 (CR1, CD35). In CFI deficiency, the spontaneous activation of the
AP and, consequently, C3b amplification continue uncontrolled, leading to severe depletion
of C3 in the plasma. Because CFI is crucial for generation of iC3b, iC3b cannot arise in com-
plete CFI deficiency. Mice models have shown that the presence of CFl is crucial for deposits
in the GBM and these deposits might be in the form of iC3b [30].

6.2. Complement factor H

Plasma protein CFH is the major negative regulator of the complement alternative pathway
synthetized predominantly in the liver. It regulates C3 activation in two different compart-
ments: in plasma (fluid phase) and along surfaces (solid phase) [32].

CFH is composed of 20 short consensus repeat (SCR) domains, with two major binding sites.
The first four amino terminal domains represent binding sites for C3 convertase, thus regulat-
ing C3 in the fluid phase. The last two carboxyl terminal domains are involved in C3 activa-
tion along surfaces (solid phase) [30].

In plasma, CFH regulates C3 activation in different ways: it blocks the formation of AP con-
vertase by binding to C3b, in order to inhibit interaction between C3b and factor B. Second,
it accelerates the spontaneous breakdown of AP C3 convertase and is a cofactor for CFI

159



160 Advancesin Nephropathy

mediated inactivation of C3b to iC3b [32]. CFH deficiency results in uncontrolled C3b genera-
tion and secondary C3 depletion, but generation of C3b, iC3b and C3d is possible. In contrast,
in complete CFI deficiency, generation of iC3b and C3d cannot occur.

CFH also regulates C3 activation along surfaces, including the renal endothelium and
GBM. Optimal functioning of CFH requires interaction with C3b and polyanions. Through
the terminal two carboxyl terminal domains, CFH attaches to cell surfaces and extracellular
membranes, adding a protective mechanism to prevent complement activity on cell surfaces.

CFH is therefore involved in both fluid phase and solid phase regulation and mutation on dif-
ferent binding sites of the same regulatory protein may lead to different diseases. Mutations
that selectively affect C3 regulation domains are associated with C3 glomerulopathy, whereas
those affecting surface recognition domains are responsible for aHUS. In aHUS, there is
complement-mediated damage to the renal endothelium, with consequent development of
thrombotic microangiopathy [30, 56, 57].

Mice models provide some insights into the pathogenesis of aHUS and DDD. CFH mutations
in aHUS affect predominantly the carboxyl terminal domains, resulting in impaired surface
regulation, but the ability to regulate plasma C3 convertase is preserved. If the mutation
affects the amino terminal domains, uncontrolled fluid phase C3 convertase activation occurs,
resulting in disease analogous to DDD. Therefore, in DDD, the critical step is activation of
C3 convertase in the fluid phase. In aHUS, the critical step is activation of C5 convertase and
impaired surface regulation at the level of the cell membrane, in the solid phase. This solid
phase dysregulation makes aHUS a more homogeneous disease than C3 glomerulopathy,
with implications for prognosis and response to therapy [57].

6.3. Complement factor H-related proteins 1-5

There are five genes adjacent to the CFH gene, which encode structurally related proteins
complement factor H-related proteins 1-5 (CFHR1-5). There are many regions of sequence
homology across the CFH-CFHR locus that, through recombination, enables structural varia-
tions of CFHR: partial deletion or whole gene deletion or duplication, implying that these
proteins are biologically redundant. Several combined deletions of different CFHR are found
in various frequencies in a healthy population. The most common variant is combined dele-
tion of the CFHR1 and CFHR3 genes, presenting in 5 and 16% of Caucasian and African-
American populations, respectively [50].

Polymorphic variations within the CFH-CFHR gene locus are associated with diverse pathol-
ogies, including age-related macular degeneration (AMD), meningococcal sepsis, thrombotic
and inflammatory kidney diseases such as aHUS and C3 glomerulopathy, and autoimmune
diseases. The significance of homozygous deletion of CFHR1, 3 genes and the mechanisms of
action are poorly understood. It might increase the risk of developing SLE, but is protective to
IgA nephropathy and AMD, pathologies associated with complement deposition in affected
tissues [41, 58, 59]. Based on a protective role for CFHR1, 3 genes deletion in IgA nephropathy,
Malik et al. developed the hypothesis that the presence of CFHR1, 3 proteins impairs comple-
ment processing within the kidney [50].
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6.3.1. The role of CFHRS5 in complement regulation

Previous reports based on in vitro studies have implicated the involvement of CFHR proteins
in complement regulatory activity [60]. According to a recent approach, these proteins have
no direct complement regulatory activity at physiologic concentrations, unlike CFH [32].

The investigators postulated that CFHR5 may compete with CFH for binding to activated
C3b. If CFH binds, C3b is inactivated, preventing further complement activation. Conversely,
if CFHR binds to activated C3b, this prevents CFH binding, therefore enabling C3 convertase
formation and continued complement activation. Since these proteins are devoid of intrinsic
regulatory complement activity, this has been termed CFH deregulation [61].

CFHR1, CFHR?2, and CFHRS5 have recently been shown to form homodimers and heterodi-
mers via common dimerization domains within SCR1 and SCR2 [62]. The dimerization of
CFHR1, CFHR2 and CFHR5 may enhance the avidity of these proteins for ligand in vivo,
thereby preventing CFH binding and thus functioning as complement deregulators [62].

The deregulation hypothesis could also explain the protective effect of CFHRI, 3 genes
deletion in IgA nephropathy. Fewer CFHRs in serum could lead to less CFH deregulation,
enabling tighter control of complement activation and inflammation. Conversely, circulating
CFHR proteins 1 and 5 may correlate with increased disease activity, as shown in a large
cohort of patients with IgA nephropathy [63].

6.4. Membrane cofactor protein

MCP is a surface-bound complement regulatory protein acting as a cofactor for the CFI
mediated cleavage of C3b to iC3b on the cell surface. Polymorphism in the promoter region
may influence MCP expression at the cell surfaces, which may explain the various patterns
of deposits in C3G [2]. The majority of mutations in CD46 are detected in the extracellular
domains of CD46 responsible for C3b and C4b binding.

7. Familiar forms of C3 glomerulopathy

7.1. CFHRS5 nephropathy

Heterozygous mutations in CFHR5 are characteristic findings in complement factor H-related
protein 5 nephropathy (CFHR5 nephropathy) [49, 64]. CFHR5 nephropathy is a subtype of
C3GN, with autosomal dominant inheritance discovered in Cypriot families. A heterozygous
mutation in CFHRS results in duplication of the first two protein subunits, termed short con-
sensus repeat. Affected individuals possess both the wild-type nine-domain CFHRS5 protein
and an abnormally large mutant CFHRS5, with 11 domains [64].

Clinically, patients present with microscopic hematuria, proteinuria and synpharyngitic
macroscopic hematuria similar to IgA nephropathy. There is progression to end-stage renal
disease over the age of 50, particularly in males. Renal biopsies show deposition of C3 in the
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mesangium, and characteristic elongated subendothelial electron dense deposits, and occa-
sional subepithelial deposits. The laboratory profile of patients is normal, without decreased
C3 levels, indicating that the complement activation occurs locally in the kidney and not at
a systemic level. It has been speculated that abnormal CFHR5 in CFHR5 nephropathy may
prevent CFH mediated regulation of C3, leading to increased activation of C3 along the glo-
merular basement membrane [64].

7.2. Other familiar forms of C3 glomerulonephritis

Recently, an abnormal CFHRS protein in a family without Cypriot ancestry, identical to the
aberrant CFHR5 protein found in Cypriot CFHR5 nephropathy, was identified, related to
familial C3 glomerulonephritis. The clinical characteristics of the nephropathy in this pedi-
gree were remarkably similar to Cypriot CFHR5 nephropathy: the typical presentation was
with microscopic and intermittent macroscopic hematuria, and renal disease was more severe
in affected males [65]. The genomic rearrangement was distinct from that seen in Cypriot
CFHRS5 nephropathy, although identical protein was identified.

A duplication of SCR 1-4 of CFHR1 was revealed in another familial form of C3G [66]. In
mutant CFHR1, duplication of the N-terminal domain resulted in the formation of unusu-
ally large multimeric CFHR complexes that exhibited enhanced binding of mutated CFHR1
to ligands C3b, iC3b and C3d, resulting in enhanced competition and replacement of CFH
bound to C3b. Patients usually presented with decreased C3 plasma levels, suggesting fluid
phase complement activation and systemic disease.

8. Genetic and acquired abnormalities of complement associated
with C3 glomerulopathy

C3G is associated with genetic and acquired abnormalities that result in uncontrolled activa-
tion of the complement alternative pathway. With the exception of diacilglicerol kinase epsi-
lon, all genes associated with C3 glomerulopathy encode proteins in the complement system
[67]. Mutations in complement factors and complement regulators are rare, but certain genetic
polymorphisms contributing to fine balancing of complement regulation are more common.

Due to the complexity of the disease, C3 glomerulopathy is rarely inherited in a simple
Mendelian fashion [68]. Rare familial cases of C3 glomerulopathy comprise highly penetrant
heterozygous copy number variants involving CFHR1-5 genes described in Cypriot families,
a family of Irish ancestry and a recently described family of non-Cypriot origin [49, 65, 66].

Most pathogenic variants of the C3 gene affect the proper cleavage of C3 protein by affect-
ing recognition sites for binding of CFH or CFI. Loss-of-function changes in CFH, gain-of-
function changes in C3 and structural changes within the CFH-CFHR gene family have been
identified [69].

Acquired abnormalities include antibodies to complement activating proteins, such as
antibody to C3 convertase, and antibodies which target the inhibitory complement factors
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(CFH or CFI autoantibodies). C3Nef, antibody to C3 convertase, stabilizes C3 convertase of
the alternative pathway by preventing its inactivation and degradation. Recent studies have
shown that some autoantibodies might arise due to underlying genetic abnormalities [68].

In the largest study to date, encompassing 134 patients, Servais et al. analyzed the presence
of C3Nef and other genetic and acquired abnormalities in patients with DDD, C3GN and
primary MPGN type I [2]. C3Nef was identified in 86% of patients with DDD, but it was
also present in 24% of GNC3 patients and even in 53% of patients with primary MPGN type
I. CFH mutations were found in a similar frequency in all three groups of patients. MCP
mutations seem to be very rare, identified in only one patient with C3GN. Another very
interesting report described three patients with known homozygous CFH deficiency, who
presented with different histological patterns, varying from mesangial proliferative to mem-
branoproliferative [70]. Studies from rare cases with known genetic abnormalities indicate
that entities with predominant C3 deposits, DDD and C3GN, as well as immune complex
MPGN, are heterogeneous diseases.

Genetic or acquired complement AP abnormalities have also been identified in association
with immune complex-mediated glomerulonephritis, such as systemic lupus erythematosus,
and particularly frequently in patients with immune complex-mediated MPGN and atypi-
cal post-infectious glomerulonephritis, the latter showing overlapping features with C3 glo-
merulopathy [2, 21]. The question of why some patients present with DDD while others with
ill-defined intramembranous deposits consistent with C3GN remains to be answered. The
processes driving the particular morphologic appearance of glomerular deposits seem to be
very complex, including genetic and environmental factors.

9. Treatment in C3 glomerulopathy

There is no universally effective treatment for C3 glomerulopathy. The only double blind
randomized control trial was performed on 80 children with MPGN types I, II and III in
1992. They received 40 mg/m? of prednisolone on alternate days. Long-term treatment with
prednisolone appeared to improve the outcome of patients with MPGN [71]. Other studies
have suggested some benefit from the use of cyclophosphamide, mycophenolate mofetil and
a combination of aspirin and dipyridamole. Current guidelines suggest treatment with ste-
roids and cytotoxic agents, with or without plasmapheresis, only in patients with progressive
disease with nephrotic range proteinuria and a decline of renal function [72]. Because C3G is
a new diagnostic category, long-term data on renal transplants are lacking, but recurrence is
probably as high as in idiopathic MPGN type I (up to 65% in some series).

Rituximab has emerged in the last decade as a treatment option for patients with various pri-
mary glomerular diseases. Despite data on the use of rituximab in MPGN and C3G being lim-
ited, patients with immunoglobulin-associated and idiopathic MPGN treated with rituximab
showed a partial or complete response in the majority of cases [72]. It can be hypothesized
that, in the presence of autoantibodies such as C3Nef, B-cell depleting therapy may have led
to decreased production of C3Nef and, subsequently, stable renal function [72]. However,
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rituximab was not effective in a few reported cases of C3GN and DDD. Only one patient with
DDD and positive C3Nef treated solely with rituximab showed stable renal function and
improvement of nephrotic syndrome after 30 months of follow-up, but C3Nef remained posi-
tive and C3 levels were always low [73]. In contrast, other cases with DDD and C3G initially
treated with rituximab achieved partial or complete remission on eculizumab [72, 74].

Eculizumab is a humanized monoclonal antibody that binds with high affinity to C5 and
prevents the generation of MAC and release of the very potent inflammatory mediator C5a.
It is the treatment of choice in aHUS and paroxysmal nocturnal hematuria, but it may also
provide an effective targeted treatment for patients with C3GN sharing an abnormality in the
regulation of complement AP [75]. However, it has been suggested that eculizumab might
be effective in some cases of C3GN, and that elevation of sSMAC, lower circulating C3, short
disease duration, acute lesions and limited fibrosis before treatment may predict a favorable
response [24, 31, 76]. Eculizumab seems also to be effective in the treatment of a recurrence of
DDD on renal transplants [76].

In patients with immune complex-mediated MPGN, refractory to conventional immunosup-
pression, the presence of complement AP dysregulation should be considered. When special
laboratory and molecular genetic tests reveal an underlying complement alternative pathway
dysregulation, they might respond to eculizumab treatment. Due to an initial immune com-
plex-mediated mechanism, which can mask an underlying complement alternative pathway
abnormality and subsequently trigger unbalanced excessive complement terminal pathway
activation, supplementary steroids, in addition to eculizumab, may be necessary to achieve
an adequate response [53].

10. Conclusions

C3 glomerulopathy is a heterogeneous disease, recently defined by dominant C3 glomerular
deposits on immunofluorescence suggesting dysregulation of the alternative complement
pathway as the underlying pathogenetic mechanism. It encompasses C3GN and DDD; DDD
is characterized by dense osmiophilic deposits on EM. The appearance on light microscopy is
quite variable, showing membranoproliferative, mesangial proliferative, crescentic, and acute
proliferative and exudative histologic patterns. Genetic or acquired complement AP abnormali-
ties have been identified in up to 40% of patients with C3 glomerulopathy, including mutations
in complement factors or autoantibodies directed against them. Various clinical courses and
histological features among patients with the same genetic defect indicate that other genetic
factors or triggers from the environment contribute to the initiation and progression of comple-
ment mediated diseases. Despite multiple genetic risk factors, glomerular injury due to comple-
ment dysregulation often develops late in life, suggesting that additional triggers are required.
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Abstract

Acute kidney injury (AKI) is a serious public health issue, with an increasing incidence
and significant associated deleterious effects. Several studies have reported the conse-
quences of AKI, including prolonged hospital stay, increased healthcare costs, morbidity,
and mortality. Many factors are known to affect AKI development. Kidney is exposed
to a larger proportion and a higher concentration of drugs and toxins than other organs
through the secretion of ionic drugs by tubular organic ion transporters across the lumi-
nal membranes of renal tubular epithelial cells and through reabsorption of filtered tox-
ins into the lumen of the tubule; these cells are at a greater risk for injury. This section
gives an overview of AKI including the definition, causes, and prognosis.

Keywords: acute kidney injury, drug, prognosis

1. Introduction

1.1. AKI definition

Acute kidney injury (AKI) results in an acute and usually transient decrease in renal function.
AKIT is defined as any of the following (not graded): (1) an increase in serum creatinine (SCr) by
20.3 mg/dl (226.5 mol/l) within 48 h, or (2) an increase in SCr to >1.5 times baseline that is known
or presumed to have occurred within the prior 7 days, or (3) urine volume < 0.5 ml/kg/h for 6 h.

1.2. Clinical stratification of AKI

The RIFLE (Risk of renal dysfunction, Injury to the kidney, Failure of kidney function, Loss
of kidney function and End-stage kidney disease) classification was proposed as a diagnostic

© 2018 The Author(s). Licensee IntechOpen. This chapter is distributed under the terms of the Creative
InteChOpen Commons Attribution License (http://creativecommons.org/licenses/by/3.0), which permits unrestricted use,
distribution, and reproduction in any medium, provided the original work is properly cited. [{cc) ExgNN



174 Advances in Nephropathy

criterion of acute renal failure (ARF) in order to ameliorate the morbidity and mortality of
AREF (Table 1) [1-3]. Under this proposal, AKI has instead been proposed to be called ARF. In
addition, the AKI Network (AKIN) was formed around the attendees of a critical care and
kidney-related conference; the revised version of the RIFLE classification by the AKIN was
proposed as the diagnostic criterion of AKI (Table 2) [4] and the Kidney Disease Improving
Global Outcomes (KDIGO) were used for the diagnosis of AKI, where the clinical conditions
are elevated serum creatinine level and a decreased urine output within 48 h (Table 3) [5].

SCr, serum creatinine; ESKD, end-stage kidney disease.

An abrupt (within 48 h) reduction in kidney function is currently defined as an absolute
increase in serum creatinine of more than or equal to 0.3 mg/dl (>26.4 umol/l), a percentage
increase in serum creatinine of more than or equal to 50% (1.5-fold from baseline), or a reduc-
tion in urine output (documented oliguria of less than 0.5 ml/kg per hour for more than 6 h).
AKl is diagnosed if one of the definitions in 1-3 is met. If a diagnosis is made based solely on
urine output, this diagnostic criterion is used under the condition that body fluid volume is
properly corrected and urinary tract obstruction or readily reversible oliguria are excluded.
SCr, serum creatinine.

Glomerular filtration rate (GFR) Urine output
Risk SCr more than 1.5 times or GFR decrease >25% Less than 0.5 ml/kg/h for more than 6 h
Injury SCr more than 2.0 times or GFR decrease >50% Less than 0.5 ml/kg/h for more than 12 h
Failure SCr more than 3.0 times, or GFR decrease >75%, or SCr Less than 0.3 ml/kg/h for more than 24 h or
20.5 mg/dl with acute elevation SCr >4 mg/dl anuria for more than 12 h
Loss Continued ARF (complete loss of kidney function) for Continued ARF (complete loss of kidney
more than 4 weeks function) for more than 4 weeks

ESKD End-stage kidney disease (dialysis dependency for more  End-stage kidney disease (dialysis dependency
than 3 months) for more than 3 months)

Table 1. RIFLE classification.

Stage  SCr Urine output

Stage1 Increase in SCr of more than or equal to 0.3 mg/dl or increase to more Less than 0.5 ml/kg/h for more
than or equal to 150-200% (1.5- to 2-fold) from baseline than 6 h

Stage2 Increase in SCr to more than 200-300% (>2- to 3-fold) from baseline Less than 0.5 ml/kg/h for more

than12 h

Stage3 Increase in SCr to more than 300% (>3-fold) from baseline or SCr Less than 0.3 ml/kg/h for 24 h or
of more than or equal to 4.0 mg/dl with an acute increase of at least anuria for 12 h
0.5 mg/dl

Table 2. AKIN classification.
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Stage Classification standard by SCr Classification standard by urine
output
1 SCr more than 27 umol/l (0.3 mg/dl) or SCr elevated to 1.5-1.9 times Less than 0.5 ml/kg/h within
normal values 6-12h
2 SCr 2-2.9 times normal values Less than 0.5 ml/kg/h in more
than 12 h
3 SCr elevation to >3 times normal values or SCr > 354 pmol/l (4.0 mg/dl) or Anuria for 12 h

start of renal replacement therapy

Table 3. KDIGO classification.

1.3. Classification of AKI

AKl is classified roughly into prerenal, renal, and postrenal according to the site of onset [6].
Prerenal refers to cases of a decreased blood flow to the kidney as a result of systemic illness.
Renal refers to cases with roots in the kidney. Postrenal refers to cases caused by issues in the
lower urinary tract (urinary duct, bladder, or urethral tube).

2. Drug-induced AKI

2.1. Definition

Drug-induced kidney injury (DKI) is a general term for newly occurring kidney injury or
kidney injury that has been exacerbated by the drugs administered for diagnosis and treat-
ment. Furthermore, DKI can be classified as follows: toxic kidney injury, acute interstitial
nephritis by allergy mechanism (hypersensitivity kidney injury), drug-induced indirect toxic-
ity through electrolyte abnormality and blood flow decrease, drug-induced crystal formation,
and urinary tract obstruction kidney injury for calculus formation.

2.2. Etiology

Because primary urine, largely filtered by the glomeruli, is reabsorbed in the proximal tubules,
drugs and metabolites are easily accumulated in high concentrations in the kidney. For this
reason, the kidney is susceptible to drug-induced injury. Because primary urine becomes
concentrated in the proximal tubules after primary urine is filtered from the glomeruli,
tubular necrosis through direct toxicity occurs with an increased frequency in a dose-related
fashion. Drug-induced kidney injury is defined by a new-onset disorder of the kidney or a
further exacerbation of the existing dysfunction of the kidney by the administration of drugs.
Furthermore, when patients have risk factors, such as older age (elderly), compromised
renal function (chronic kidney failure), dehydration, frequent administration of drugs, and
baseline disease (diabetes mellitus or myeloma), disorder of the kidney tends to take place.
Drugs prone to cause disorder of the kidney may include nonsteroidal anti-inflammatory
drugs (NSAIDs), antibiotics (aminoglycosides, new quinolones), immunomodulatory agents,
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contrasts (iodinated contrast), anticancer drugs (cisplatin), vitamin D and calcium prepara-
tions, and drugs for high blood pressure (RAAS blockade in particular) (Table 4).

2.3. Pathophysiological

The pathogenic mechanism of drug-induced AKI is poorly understood, but the following
are known: the shift of hemodynamic status, the induction of acute interstitial nephritis,
the induction of acute renal tubular injury, drug-induced thrombotic microangiopathy, the
induction of glomerular nephritis, the induction by crystals in the tubular lumen, and others.

2.4. Kidney hemodynamic change

GFR, which is determined by glomerular pressure and filtration coefficients, is reduced by
the inability to maintain glomerular pressure due to renal hemodynamic alterations, which
are dependent on the renin-angiotensin aldosterone system (RAAS), endothelin system,
prostaglandin system, and nitric oxide (NO). In addition, this condition occurs with minimal
change in the vascular smooth muscle of the afferent renal arteriole and the efferent renal
arteriole. Non-steroidal anti-inflammatory drugs (NSAIDs) are well-known offending agents
and are associated with a high proportion of cases. Compared with internal medications,
topical medicines have not been seen as a problem; however, recently, anti-inflammatory

Classification

Prospective drug

Renal hemodynamic alteration

Thrombotic microangiopathy
(TMA)

Acute renal tubular injury

Acute tubulointerstitial nephritis
(AIN)

Intratubular obstruction

(crystalluria)

Glomerulonephritis

Others

NSAIDs, renin-angiotensin system drugs, active vitamin D, calcineurin inhibitors
(ciclosporin and tacrolimus), and diuretics

Angiogenesis inhibitors (VEGF inhibitors), gemcitabine, mitomycin C, interferon,
mTOR inhibitors, thienopyridine (antiplatelet drugs), kinin, oxymorphone
(opioid), oral contraceptives, and calcineurin inhibitors

General chemotherapy (cisplatin, ifosfamide, etc.), antibacterial drugs
(aminoglycosides, amphotericin B, vancomycin, etc.), zoledronic acid, BRAF
inhibitors, ALK inhibitors, iron chelators, heavy metals, and contrasts

NSAIDs, antibacterial drugs (-lactam, sulfa drugs, quinolones), diuretics, and PPI

Crystal deposition-induced renal disease: antiviral drugs (cisplatin, ifosfamide,
etc.), antibacterial drugs (sulfa drugs, ciprofloxacin), methotrexate, triamterene,
ascorbic acid, sodium phosphate (laxative), warfarin

Membranous nephropathy: NSAIDs, platinating agents, bucillamine, and
penicillamine

MCD: NSAIDs, lithium, interferon, pamidronate, vaccines
FSGS: in addition to the above, hormonal agents and heroin

lupus nephritis: methyldopa, hydralazine, procainamide, and quinidine

liquorice root, vitamin D, and antithrombotic agents (Warfarin)

MCD, minimal change disease; FSGS, focal segmental glomerular sclerosis.

Table 4. Causes of drug-induced AKI.
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analgesic plasters containing NSAIDs that achieve comparatively higher blood levels have
been sold; these forms of administration should also be considered. NSAIDs decrease blood
flow in the afferent renal arteriole and GFR by blocking the production of prostaglandins.
COX-2-selective inhibitors have turned out to be a cause of AKI development as well as
COX-2-nonselective inhibitors, so attention should be paid to these inhibitors regardless of
their mechanisms. In addition, RASS inhibitors cause the efferent renal arteriole to dilate and
decrease GFR. These drugs have a protective effect for the kidney in CKD patients in the
mid- and long term; however, our attention to AKI is required under circumstances where it
is easy to reduce renal blood flow.

2.5. Causes of drug-induced thrombotic microangiopathy (drug-induced TMA)

TMA describes a disorder that is thought to be an aftereffect of pathological microvascular
endothelial damage and has the three following features: hemolytic anemia, thrombocytope-
nia, and organ damage. Drugs may induce TMA in some instances, especially angiogenesis
inhibitors such as vascular endothelial growth factor (VEGF) and anticancer drugs such as
bevacizumab, which carry greater risks. It is thought that VEGF produced by glomerular
podocytes is needed to maintain the function of endothelial cells and epidermal cells [7].
A high blood pressure and albuminuria are more problematic in drug-induced TMA; con-
versely, hemolytic anemia is less problematic. Aside from VEGF inhibitors, it is known that
interferon and calcineurin inhibitors could increase drug-induced TMA that shows evidence
of thrombocytopenia and schistocytes and signs in glomerular endothelial cells.

2.6. Causes of tubular damage

Drugs taken up by renal tubular epithelial cells mainly cause necrosis in the proximal tubule
and apoptosis in the distal tubule and then cast formation in the tubular lumen and blockage
by cells that fall behind into the renal tubule lumen, which consequently deteriorate quickly.
The following drugs produce renal tubular injury and acute tubular necrosis (ATN) as symp-
toms progress: antineoplastic drugs such as cisplatin and ifosfamide, antibacterial drugs such
as aminoglycosides, and antifungals such as amphotericin B. As a result of renal tubular injury,
nephrogenic diabetes insipidus (NDI) and Fanconi syndrome are present. In the case of vanco-
mycin, the pathogenesis of kidney injury is thought to occur as a result of increasing oxidant
stress [8] in the proximal kidney tubule, with casts appearing in the kidney tubule [9]. As risk
factors, nephrotoxic drugs (aminoglycosides), in combination with high-dose diuretics (4 g/
day) and a high level of trough (>20 pg/ml), patients in ICU for more than 1 week of treatment
period is known. In addition, calcineurin inhibitors are recommended for therapeutic drug
monitoring (TDM) for concentration-dependent development in the proximal kidney tubule.

2.7. Causes of acute interstitial nephritis

AIN involves drug-induced delayed hypersensitive reactions such as fever, rash, articular
inflammation, or hepatic disorder in combination with declining kidney function, mainly
involving neutrophil, T lymphocyte, and monocyte invasion in the renal stroma. However,
these extrarenal manifestations are not inevitable and furthermore present with symptoms
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of nephrosis with tiny variation at times. Drug-induced AIN occurs with a high frequency.
Often, kidney injury occurs a few days to a few weeks after administration of the offending
drug, especially antibacterial drugs, such as beta-lactam agents, quinolone agents, and rifam-
picin, which are all causes of AIN; however, the cases caused by NSAIDs and proton pump
inhibitors (PPIs) have tended to increase. Immune checkpoint inhibitors (e.g., PD-1 inhibitor),
such as nivolumab, which recently has rapidly been expanded to apply to numerous bacterial
species, have been reported to increase kidney injury, including interstitial nephritis.

2.8. Tubule occlusion by crystals (crystal nephropathy)

The drug concentration in the renal tubule lumen increases in order to acidify urine by urinary
concentration and excretion of H in the distal convoluted tubule. Under these acidic condi-
tions, crystallization of the drug occurs, inducing a nephropathy called crystal nephropathy.
Antiviral drugs such as acyclovir and indinavir and methotrexate are known to cause kidney
disorders due to drug-related crystal deposition in the renal tubules. There are many cases
where casts are lost into the urine. Psychotropic agents and rhabdomyolysis-inducing drugs,
such as statin medications or fibrates, are included in this category because obstruction of the
renal tubule by myoglobin is possible. Excessive use of common supplements such as vitamin
C carries a danger of promoting oxalic acid crystals.

2.9. Causes of glomerulonephritis-related damage

Glomerulonephritis induces functional disorder by blocking resorption in the renal tubule.
The relation between rheumatoid arthritis agents, such as platinating agents or bucilla-
mine and membranous nephropathy and antihypertensive drugs, such as methyldopa or
hydralazine and drug-induced lupus kidney inflammation, has been highlighted for some
time. Interferon used in clinical application for the treatment of hepatitis, however, has been
reported to induce minimal change disease (MCD) or focal segmental glomerular sclerosis
(FSGS) [10]. In addition, a relationship between NSAIDs and membranous nephropathy or
MCD has been indicated.

2.10. Contrast-induced nephropathy (CIN)

CIN is diagnosed in the case of kidney function declines after the administration of contrast in
the absence of other causes (e.g., cholesterol embolus). The mechanism of CIN remains to be
completely elucidated; however, the following factors have been considered: (1) a decrease in
oxygen supply due to blood vessel spasm in the renal medulla, causing direct toxicity to the
renal tubule, (2) a decreased renal perfusion by increased adenosine and endothelin or reduced
carbon monoxide [11]; coexisting risk factors such as kidney function disorder, advanced
age (more than 75 years old), dehydration, cardiac failure, agents (diuretic agents, NSAIDs,
aminoglycoside antibiotics, and vancomycin), diabetes mellitus, and multiple myeloma; in
particular, kidney function disorder is the greatest risk factor. In addition, diabetes mellitus,
which has become recognized as a risk factor, is considered a factor in itself and promotes
a further elevated risk for the development of CIN in CKD patients through its complica-
tions. Gadolinium (Gd) contrast agents, including extracellular liquid Gd contrast agents and
hepatocyte-specific Gd contrast agents, are classified as linear and macrocyclic or as ionic and
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nonionic on the basis of their chelate structure. Gd is a heavy metal element and is highly
poisonous in the case of direct administration. Therefore, Gd is administered as a chelate so
that it is excreted into the urinary tract (and partly into the biliary tract) without metaboliz-
ing inside the body. Adverse events of Gd contrast agents occur in three types: acute adverse
effect, occurring within 1 h after intravenous injection; delayed adverse effect, occurring from
1 h to 1 week after intravenous injection; and super-delayed adverse effect, such as nephro-
genic systemic fibrosis (NSF), which occurs more than 1 week or even several years after intra-
venous injection. Moreover, there is a newly recognized problem that Gd remains in the brain
without causing kidney disorder [12]. Many subsequent studies have reported that residual
Gd in the body is more linear type than macrocyclic type [13, 14] and remains not only in the
brain but also throughout the whole body when the residual volume is increased in the pres-
ence of kidney disorder [15]. Complications caused by residual Gd have not been reported;
however, patients who are frequently exposed to contrast generally have some kind of chronic
disease, so the effects of residual Gd may be obscured or misinterpreted as subjective or objec-
tive evidence of their disease. Notably, in the case of Gd remaining in the brain, Gd deposits
in neuronal nuclei have been observed by electronic microscopy [16]. Gd is not liberated very
well; its thermodynamic stability constant and condition stability constant are high, leading to
a high chelate stability. Its half-life at pH = 1.0 represents the time required to liberate half of
Gd from the chelate under pH = 1.0, but it remains stable much longer under other conditions.
In general, linear type chelates have a lower stability than macrocyclic chelates [17].

2.11. Other etiologies

There are cases that result from electrolyte abnormalities; for example, the abnormal use of
diuretic drugs or glycyrrhiza causes kidney disorder by hypokalemia and excess administra-
tion of vitamin D preparation causes kidney disorder via hypercalcemia. In addition, warfa-
rin, which has been in use as an anticlotting drug for many years, has been reported to easily
cause kidney disorders, particularly when PT-INR exceeds 3; however, the mechanism has
yet to be determined [18]. Among the pathological findings of kidney disorder due to warfa-
rin, red blood cell casts have been observed with high frequency.

2.12. Clinical presentation of drug-induced AKI

Symptoms appear within a few hours or a few years after taking or using the offending agents,
and in some cases, no symptoms appear. Renal tubular injury sometimes presents with the
following symptoms: polyuria, urinary frequency, thirst, fatigue, and anorexia. Skin rash,
joint pain, fever, and hematuria are observed as signs of allergy. In the case of thrombotic
microangiopathy, purple spots and bleeding tendency with thrombopenia appear in the soft
palate and the extremities. In the presence of crystal nephropathy, knock pain is commonly
observed dorsally and bilaterally with postrenal acute renal failure. With progression, acute
or chronic renal failure develops.

2.13. Diagnosis of drug-induced AKI

The size of the kidney isnormal or swollen. The elevation of urinary N-acetyl-f3-glucosaminidase
(NAG) or L-type fatty acid binding protein (L-FABP) is observed with a urine test. In particular,
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the proteinuria is of low grade (less than 1 g/day) and associated with renal tubule dysfunction
(mainly {3,-microglobulin). However, the urinary findings depend on the presence or absence
of glomerular lesions. The detection of urinary eosinophils has been used for the diagnosis of
drug-induced AKI [19], but is weak evidence for clinical judgment, as it has a lower positive-
predictive rate and a higher false-negative rate than other markers. Renal hemodynamic type
is rarely examined, but hyperkalemia is presented in patients receiving drugs related to the
RAA system. Thrombotic microangiopathy is commonly associated with thrombocytopenia,
an appearance of schistocytes, and elevation of lactate dehydrogenase (LDH). In acute tubular
necrosis, muddy brown casts are observed in the urinary sediment. The examination of accu-
mulation enhancement in the kidney by gallium scintigraphy is used for the diagnosis of acute
interstitial nephritis related to antibacterial drug overdose, but this is not a common diagnostic
approach because it is difficult to distinguish between drug accumulation and infection or glo-
merular disease. Then, there is the problem of the low specificity of the drug-induced lympho-
cyte stimulation test (DLST), which is used to examine the patient’s blood in cases of suspected
drug-related AKI. In crystal nephropathies, urinary crystals or high-brightness echo on renal
ultrasonography due to crystals may be observed. Renal biopsy is not essential for diagnosing
drug-induced AKI, and it is considered to produce a hangover of kidney disorder after drug
withdrawal or maintain uric protein in the nephrotic range and glomerular hematuria.

2.14. Treatment of drug-induced AKI

The treatment is essentially discontinuing use of the suspected drugs; treatment also includes
proper maintenance of body fluid volume and blood pressure, and sometimes, the use of
rehydration or diuretics to maintain adequate perfusion of the kidney. We consider using
kidney replacement therapy in cases where the following symptoms are observed: a marked
elevation of BUN or hyperkalemia, pulmonary edema that fails to respond to diuretics, or
uremic symptoms. In the treatment of drug-induced acute interstitial nephritis, we may con-
sider steroid therapy after early withdrawal of drugs (within 2 weeks), when kidney disorder
hangover occurs under the discontinuation of the suspected drug [20]. We use upward of
1 mg/kg/day steroid for a short period, but there are no large-scale studies related to patient
characteristics or symptoms that indicate this therapy. In addition, alkalinization of the urine
with baking soda or acetazolamide treatment is used to promote the solubility of crystals in
the case of kidney disorder caused by the deposition of methotrexate crystals in the renal
tubules. Methotrexate has a low molecular weight of 454.44, its protein binding rate is 50%,
and it is removed rapidly from plasma; because of these factors, a combination of plasma
exchange and hemodialysis with a high-flux membrane is effective. A recombinant enzyme
preparation that directly decomposes methotrexate has already been developed in Europe
and the United States. Contrast nephropathy rarely needs specific treatment to resolve. With
a lower residual renal function or oliguria, treatment is needed for advanced CKD. It is said
that the aggressive introduction of blood purification therapy as well as other AKI avoidance
is helpful to reduce case fatality rate and complications such as progression of kidney disor-
der. Treatments such as diuretics, human atrial natriuretic peptide, and low-dose dopamine
have been considered by now, but these treatments are not recommended, as their usefulness
has not yet been demonstrated. Thus, it is necessary to consider fluid therapy after CIN and
important to carefully select the infusion volume after evaluating body fluid volume because
an excessive increase in fluid could elevate the case fatality rate.
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3. Nondrug-induced AKI

3.1. Heart function and AKI

There are many important factors related to both the heart and the kidney that indicate the
following pathway leading to kidney disorder or cardiac arrest (Figure 1) [21]. Patients who
have suffered acute decompensated heart failure tend to develop AKI during the course of
treatment, which is known to worsen renal function despite the correction of heart function
[22, 23]. Kidney function disorder results in heart function disorder, and this connection has
recently been referred to as cardiorenal syndrome (CRS). Ronco et al. classified clinical condi-
tions into five groups, divided by acute and chronic [24]. In this classification, we give an
outline of types CRS1 and CRS3, related to heart function and AKL

3.2. Hepatorenal syndrome
3.2.1. Pathogenesis of hepatorenal syndrome

The arterial vasodilation theory is universally recognized as underlying hepatorenal syn-
drome [25]. With progression, hepatic cirrhosis and vascular resistance are reduced, and
blood pressure is decreased by vasodepressor factors such as carbon monoxide and can-
nabinoids [26]. At the early stage of hepatic cirrhosis, compensatory mechanisms such as
the elevation of cardiac pumping, the enhancement of renin-angiotensin system, and the
expression of sympathetic nervous system or vasopressin work to balance the change, so
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Figure 1. Correlation between heart function disorder and kidney function disorder.
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blood pressure increases. However, with further progression of hepatic cirrhosis, the so-
called cirrhosis cardiomyopathy occurs, and cardiac output is reduced by the reduction
of myocardial extension ability and abnormality in the impulse conducting system [27]. In
addition, cirrhosis is often associated with the development of comparative adrenal failure
and has the tendency to reduce the blood pressure. To compensate, the renin-angiotensin
system and the secretion of vasopressin are further increased [28]. Disorders in which free
water cannot be drained from the kidney tubule or sodium retention is elevated cause sym-
pathetic hyperactivity; as a result, circulating plasma volume cannot be reduced, leading
to excess fluid accumulation as ascitic fluid or edema and hyponatremia [29]. In addition,
sympathetic hyperactivity and vasopressin are vasoconstrictive, and renal blood flow is
additionally reduced [25]. In other words, compensation, which was useful to maintain
body blood pressure in the early onset of hepatic cirrhosis, reduces renal blood flow and
leads to auto-regulation breakdown, inasmuch as it reduces glomerular filtration. Moreover,
in cases of hepatic cirrhosis, even where there are no obvious infectious diseases, inflamma-
tory cytokines, such as IL-6 or TNF-q, are elevated, and an impact for portal hypertension
and circulation dynamics is considered [30].

3.2.2. Classification of clinical entity in hepatorenal syndrome

In general, hepatorenal syndrome, pathophysiologically, is broadly separated into two cat-
egories by the speed of progress of kidney function disorder. Quick progression (type 1) is
defined as a serum creatinine level that is elevated more than two times within 2 weeks and
elevated to more than 2.5 mg/dl; cases that progress more slowly are type 2. Part of the reason
for classifying in this way is that type 1 is associated with singularly poor prognosis. The
3-month mortality rate of type 1 is almost 70%, while that of type 2 is approximately 10%, and
it is reported that the median survival time after the onset of type 1 is approximately 2 weeks
[31]. Some cases of type 1 involve a natural outbreak that develops into infections, such as
spontaneous bacterial peritonitis, pneumonia, and opportunistic urinary tract infections
[32, 33]. Therefore, early diagnosis and therapeutic intervention are desirable in type 1.

3.2.3. Diagnosis of hepatorenal syndrome

For diagnosis, the criterion of hepatorenal syndrome that has been traditionally propounded
indicates that serum creatinine levels are elevated to more than 1.5 mg/dl [34]. That is, the
condition requires that the serum creatinine level was more than 1.5 mg/dl in hepatorenal
syndrome, regardless of the baseline level of hepatorenal syndrome or elevation degree and
speed. This was viewed with suspicion in distinguishing AKI from CKD [35]. Then, ICA pro-
posed a partial change of the diagnostic criteria for KDIGO, as AKI in hepatorenal syndrome
patients, under the guidelines for AKI, which were announced by KDIGO and universally
recognized. The difference in diagnostic criteria between ICA and KDIGO is the urinary out-
put cut-off. The reason is that regardless of the relative maintenance of GFR, compared to
other AK]I, the potential for oliguria in hepatic cirrhosis patients is not negligible [11]. The
ICA proposed to set the serum creatinine level within 3 months before admission as baseline,
unless serum creatinine had been measured within the previous 7 days [35].
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3.3. External injury and AKI

We give an outline of rhabdomyolysis (crush syndrome) in order to understand AKI due to
external injury. Crush syndrome is a generalized diagnosis of the symptoms caused by skel-
etal muscle damage by external or other mechanical injury. First, regional edema occurs in the
damaged skeletal muscle of the extremity, so that intravascular volume is reduced. Because the
extremity compartment is restricted in space, the inner pressure of the compartment increases
exponentially, and this in turn reduces arterial perfusion to the muscle. On the grounds that
perfusion pressure is defined by the mean arterial blood pressure and compartment inner
pressure, the perfusion pressure is conspicuously reduced under these circumstances, which
means arterial blood pressure is low and compartment inner pressure is high. Skeletal muscle
cells are destroyed by direct external or ischemic injury, and the intracellular components,
including myoglobin, potassium, and urinary acid, are released and circulate at the time of
reperfusion [36]. The mechanism of AKI by rhabdomyolysis remains to be explained; however,
it is thought that it concerns the constriction of renal blood vessels directly, or ischemic renal
tubular injury and tubular obstruction. Many different mechanisms have been related to the
renovascular contraction characteristic of AKI by rhabdomyolysis. First, intravascular volume
reduces in order to move fluid for the damaged skeletal muscle, and the renin-angiotensin
system, vasopressin, or sympathetic nervous system cause hyperactivity, so kidney blood ves-
sels contract. Next, increased levels of vascular mediators such as endothelin-1, thromboxane
A2, TNF-a, and F2-isoprostane are additionally vasoconstrictive. Conversely, vasoactive nitric
oxide (NO) is used to remove myoglobin such that a deficiency develops and renal blood flow
becomes further diminished. Finally, a direct disorder caused by inflammation or oxidation
with vascular endothelial disorder exacerbates these vascular mediators at the same time [37].
AKI by crush syndrome is also linked to the possibility of the same kidney disorder mecha-
nism that occurs in tumor lysis syndrome, in addition to the mechanism of AKI by rhabdomy-
olysis described earlier, that is, a large amount of urinary acid being released from the injured
skeletal muscle [38]. AKI by crush syndrome is more associated with the development of fluid
overload, life-threatening acidosis, and hyperkalemia than AKI of other causes. Notably, an
abrupt increase in potassium level, even if it remains within normal range, is an indication
for dialysis [39, 40]. The dialysis initiation standards for AKI, especially dialysis initiation in
an early period, remain greatly debated even though a large-scale trial has been conducted in
recent years [41]. The evidence supporting renal replacement therapy for AKI caused by crush
syndrome is limited and thus remains inconclusive. However, given that the high dialysis
enforcement rate and clinical indications for fundamental therapy itself do not exist, early
introduction may be useful [42]. Nevertheless, we should consider not only renal replacement
therapy intended for the removal of myoglobin but also early introduction as for AKI [43].

3.4. Sepsis-associated AKI: SA-AKI
3.4.1. Mechanism of development and pathophysiology in SA-AKI

An“inflammation” mechanismisresponsible foralarge part of the occurrence of SA-AKI. When
excessive inflammation is induced, organ damage is caused by hypercytokinemia, called a
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cytokine storm. For example, in endotoxemia caused by Gram-negative bacteria infection,
the signal is released via Toll-like receptor (TLR) 4, mediators such as cytokines are released
via the MyD88-dependent pathway or TRIF-dependent pathway, and factors promoting
adherence to vascular endothelium are produced. Furthermore, in the glomerulus, expand-
ing of the efferent arteriole, changes in tubuloglomerular feedback, and intumescence of the
vascular endothelia are induced and result in a reduction of GFR. Furthermore, impaired
renal tubular reabsorption of solutes or anaerobic metabolism by mitochondria occurs, and
renal tubular dysfunction is caused by hypoxia of the medulla renalis [44]. However, in mice
deficient in TLR4, which recognizes the endotoxin, and administered LPS organ-protection,
action was not exhibited. In mice deficient in MyD88, which lies downstream of TLR4 [45], or
TLRY, which recognizes bacterial DNA, AKI was alleviated [46]. This phenomenon can also
be induced by other Gram-positive bacteria or viruses. Furthermore, when Bellomo et al. [47]
measured renal blood flow in a sheep model with continuous infusion of bacteria, during
hyperdynamic shock, which dilates peripheral blood vessels and increases cardiac output,
renal blood flow increased, but glomerular filtration rate decreased. The cause was thought
to be that the afferent arteriole dilated but the efferent arteriolar dilated without constric-
tion. Progress of clinical condition additionally induces microvascular injury, which in turn
induces afferent arteriole constriction and results in the persistent loss of glomerular filtration.

3.4.2. Risk factors

Risk factors of abnormal balance of tonus in the afferent/efferent, which is recognized in
SA-AK]I, include older age, preexisting chronic kidney disease (CKD) or cardiovascular con-
dition, severe arteriosclerosis (hypertension, diabetes mellitus), and drug use (especially Ras
inhibitors or NSAIDs).

3.4.3. Targeted therapy

Even though life-saving guidelines for sepsis treatment were proposed and practically applied,
the incidence and severity of SA-AKI have not been alleviated [48]. The immediate action for
patients with AKI is emergency response associated with severe kidney injury represented
by severe uremia, hyperkalemia, volume overload (renal failure), or metabolic acidosis. When
sepsis occurs, because of the relative lack of volume flow through the circulation, correcting
volume flow through the circulation and maintaining perfusion rate of the kidney early are
important. On the other hand, because excessive volume administration cannot improve cir-
culatory dynamics and may worsen prognosis, vasoconstricting drugs should be administered
after correcting volume flow through the circulation. With regard to the quality of transfusion,
because artificial colloid solutions such as HES may cause further kidney injury in patients
requiring renal replacement therapy (RRT) compared to extracellular fluids such as saline, their
use should be avoided (VISEP study 2008, 6S trial 2012, CHEST study 2012). In the case that
hyperdynamic shock occurs, to maintain organ perfusion pressure more than 65 mmHg, a
vasoconstrictor drug (noradrenaline: NA) [49] is recommended as the first-line therapy, and
vasopressin (VSP) is recommended as the second-line therapy. Furthermore, the focus of infec-
tion should be managed by drainage and so on. Antibacterial drugs should be administered
as soon as possible, and if possible, injection with broad-spectrum antibiotics should be per-
formed within an hour. At this time, antibiotics should be selected considering renal prognosis.
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4. Prognosis of AKI

Studies on the long-term prognosis of AKI have advanced rapidly since approximately 2010
[50-62]. Consequently, advances in the understanding about the association between AKI and
cardiovascular disturbance have been seen. The absence of consensus on the definition of
recovery from AKI was previously considered problematic [63], and this problem was high-
lighted again by Sawhney’s systematic review [61]. After this systematic review, two large
studies, which were likely to be underpinnings of the consensus on the definition of recovery
from AKI, were published [64, 65]. Accordingly, the importance of considering the time from
the peak of SCr value to recovery and the importance of considering rehospitalization after
recovery from AKI were suggested in order to define recovery from AKI. Although AKI or
recovery from AKI was defined by SCr in all the above studies, it is impossible to capture
changes in the tissues not reflected in kidney function because SCr value is the index of kidney
function, and it is possible that changes in the kidney reflected in urine biomarkers have an
impact on the long-term prognosis of AKI, even if there is no rise of SCr suggested, according
to the article of the TRIBE-AKI study team [66]. It is necessary to think about what we can do
for patients with AKI, and in the Japanese guidelines, it is recommended to assess the presence
of a transition from AKI to CKD according to KDIGO guidelines. However, giving a referral
for follow-up to patients targeted with clinical stratification stage 2 or stage 3, an outpatient
department of a facility in Canada suggested, is because doing for patients with AKI includes
those at clinical stratification stage 1 (in particular, the rise of SCr 0.3 mg/dl) is not realistic [67].
In actuality, in data from a US veteran’s hospital in 2012, the rate of referral, even for patients
at clinical stratification stage 2 or 3, to the department of internal nephrology medicine after
discharge from a hospital is approximately 20%, and room for improvement was suggested
[68]. Among patients with AKI receiving acute renal replacement therapy, there is evidence to
suggest that there is a decreased mortality rate for patients who receive follow-up from a kid-
ney physician [69]; it is possible that this outcome is attributable to the careful management by
doctors whose reasons have not been considered. There is also an example of outcomes being
improved when patients visit a doctor who conducts daily practice, even without a follow-up
by a kidney physician [70]. There are data from the US that hospital physicians did not fully
inform outpatient doctors during hospitalization for AKI onset [71]. It may be the role of the
doctor who diagnosed AKI to inform the outpatient clinician of the risk of CKD onset and
progression and avoiding prescription of drugs with renal toxicity after AKI.
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Abstract

Chronic kidney disease (CKD) and coronary artery disease (CAD) are conditions that,
when present together, is considered a high-risk feature. Despite the high prevalence,
few studies are dedicated to studying CAD specifically in individuals with CKD, and it is
a common exclusion criterion in most trials. This fact leads to gap in the evidence for the
management of CAD, which, sometimes, results in undertreatment of CKD patients. In
this chapter, authors present peculiarities related to CAD among patients with CKD from
physiopathology to diagnostic and therapeutic decisions. An evidence-based approach
was used to explore this high-risk subset of CAD patients.

Keywords: chronic kidney disease, coronary artery disease, atherosclerosis, coronary
artery bypass graft, percutaneous coronary intervention

1. Background

The association between chronic kidney disease (CKD) and coronary artery disease (CAD)
has been the subject of numerous studies recently. Not only because of the frequent associa-
tion between the two entities, but also because of the aggregate risk when both conditions are
present in the same individual.

Despite the high prevalence, few studies are dedicated to studying CAD specifically in indi-
viduals with CKD. In fact, CKD, especially in its final stages, is a common exclusion criterion
in large studies. This fact resulted in a gap in the evidence for the management of CAD,
which, sometimes, results in undertreatment of CKD patients.

This chapter aims to explore the association between CAD and CKD, approaching from
pathophysiology to available evidence for the treatment of these conditions.

© 2018 The Author(s). Licensee IntechOpen. This chapter is distributed under the terms of the Creative
InteChOpen Commons Attribution License (http://creativecommons.org/licenses/by/3.0), which permits unrestricted use,
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2. Coronary atherosclerosis and renal failure

Another scenario where there is a profound interaction between renal failure and the cardio-
vascular system is with regard to coronary atherosclerosis. It is known that chronic kidney
disease adds risk to coronary events. The relationship between renal disease and cardiovas-
cular mortality can be found even in the early stages of disease [1] and increases as kidney
function deteriorates [2] (see Table 1 for the stages of CKD according to the National Kidney
Foundation KDOQI Clinical Practice Guidelines [3]). It is also known that the population with
CAD and CKD has higher mortality regardless of the treatment used for coronary disease [4].

Several epidemiological studies have demonstrated that CKD is an independent risk factor
for cardiovascular events.

The Framingham Heart Study was one of the first to associate chronic kidney disease with
cardiovascular events in the general population. Of the 6233 study participants, stage 2 CKD
was found in 246 men and 270 women. Of these, 81% were not diagnosed with cardiovas-
cular disease at the start of the study. After 15 years of follow-up, there was a tendency for
a higher incidence of cardiovascular events in the male population with stage 2 CKD [5].
Data from the Atherosclerosis Risk in the Communities study also confirm an increase in
the risk of cardiovascular events in this same population [6]. When GFR is considered as a
continuous variable, this study points to a 5-6% increase in cardiovascular risk for each loss
of 10 mL/min/1.73 m? of GFR. Go and colleagues also demonstrated, in a cohort study of
1,120,295 patients, comprised of approximately 9.6% of diabetics and 6.3% of CAD patients,
a risk of death of about 1.2 times higher associated with an GFR 45-59 mL/min/1.73 m? when
compared to those with GFR 260 mL/min/1.73 m? [7]. There was a growing risk as the lowest
GFR was considered, culminating with a relative risk of about 5.9 in those patients with RFG
<15 mL/min/1.73 m?.

There is also a worse prognosis associated with renal failure in populations with established
heart disease. The Valsartan in Acute Myocardial Infarction Trial (VALIANT) looks at the
influence of GFR, even in its early stages, in a population at high risk for cardiovascular

Stages GFR (mL/min/1.73 m?) CKD

0 >90 Risk group for CKD. Absence of renal injury

1 >90 Normal renal function. Presence of kidney damage
2 89-60 Discrete or functional CKD

3 59-30 Moderate or laboratory CKD

4 29-15 Severe or clinical CKD

5 <15 Terminal or pre-dialytic CKD

Table 1. Staging and classification of CKD.
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events [8]. This study accompanied patients after acute myocardial infarction complicated
by systolic ventricular dysfunction or symptoms of congestive heart failure (CHF) who were
randomized to either valsartan, captopril or both. After adjusting for the received treatment
and comorbidities, a risk of 1.14 times greater risk for cardiovascular death was found in
patients with an GFR of 60-74 mL/min/1.73 m? (95% CI 1.02-1.27) and 1.10 times for combined
events (cardiac mortality, re-infarction, CHF and stroke) when compared to the population
with normal renal function. A factor that may have contributed to these findings is that the
CKD population was undertreated when compared to the population with normal renal func-
tion, receiving invasive stratification (27.5% vs. 34.7%) and beta-blockers (71.9% vs. 74.7%) to
a lesser extent than those with preserved renal function.

2.1. Mechanisms of cardiovascular complications in CKD

As previously described, kidney disease, even in its early stages, poses an increased risk of
cardiovascular events. Even initial lesions such as a discrete fall in GFR or microalbuminuria
(including patients with normal GFR) are associated with increased cardiac mortality, AMI
or stroke. The main pathophysiological mechanism involved in this complex relationship
appears to be endothelial dysfunction.

2.1.1. Endothelial dysfunction

Endothelial dysfunction is one of the initial events of the so-called atherosclerotic gait. It is
present in both small and large vessels. Reducing the bioavailability of nitric oxide (NO) is
one of the main mechanisms involved in endothelial dysfunction in patients with GFR. In
this context, it is important to highlight the role of asymmetric dimethyl arginine (ADMA),
which is derived from protein catabolism and competitive inhibitor of NO synthase produced
mainly in the endothelium, the heart and the smooth cells and is clarified by the kidneys.
When in high concentrations, as in individuals with GFR, it blocks the entry of L-arginine at
the cellular level, leading to a reduction in NO synthesis. This leads to increased peripheral
vascular resistance, intimal hyperplasia of the vessels and consequent increase in blood pres-
sure with remodeling of the same. Recent studies have pointed to ADMA as an independent
marker of cardiovascular risk in individuals with CAD [9].

2.1.2. Albuminuria

The correlation between macroalbuminuria and microalbuminuria with endothelial dys-
function measured in peripheral vessels is something that has been demonstrated and is a
consequence of glomerular hyperfiltration. Thus, albuminuria has been identified not only
as a consequence of the renal aggression that precedes the fall of GFR, but also as powerful
marker of cardiovascular risk. Like GFR, albuminuria increases cardiovascular risk even at
minimal levels. This risk increases as the albuminuria level rises, defined as normal albumin
excretion (<30 mg/g), to microalbuminuria (30-300 mg/g) and, finally, with macroalbumin-
uria (>300 mg/g).
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Several studies have demonstrated the role of albuminuria as a marker of cardiovascular risk.
The Irbesartan Diabetic Nephropathy Trial (IDNT) studied 1715 subjects with type 2 DM,
hypertension and macroalbuminuria, randomizing them to receive irbesartan, amlodipine
or placebo. In a post-hoc analysis of Anavekar [10], univariate analysis showed an increase in
cardiovascular risk proportional to the value of albuminuria. Multivariate analysis confirmed
albuminuria as an independent risk factor. The (Reduction of End Points in NIDDM with
Angiotensin Il Antagonist Losartan (RENAAL) study [11] showed similar results, demonstrat-
ing a 1.92-fold higher risk of cardiovascular events in the group with albuminuria >3000 mg/g
when compared to the dose group <1500 mg/g. The HOPE [12] study got a RR of 1.83 for
cardiac death and 1.61 for the combined outcome of AMI or stroke in the population with
albuminuria >17.7 mg/g. In addition, subsequent analyzes of HOPE suggest that albuminuria
as low as 4.4 mg/g already translates into increased cardiovascular risk, suggesting that it
behaves as a continuous variable [13].

2.1.3. Systemic arterial hypertension

Hypertension is present in most patients with CKD and atherosclerotic disease. The activa-
tion of the renin-angiotensin-aldosterone system (RAAS), sympathetic nervous system and
sodium retention plays an important role in the development of hypertension. Recently,
renalase, a regulator of cardiac function and blood pressure produced by the kidney, has
been discovered. This regulator metabolizes catecholamines and has hypotensive action. Its
absence may be responsible for adrenergic hyperreactivity leading to endothelial dysfunction
and cardiac and vascular remodeling [9].

The activation of RAAS occurs in several ways in kidney disease. Angiotensin II stimulates
NAD (P) H oxidase, leading to superoxide anion formation and contributing to endothelial
dysfunction and cardiac remodeling. In addition, when angiotensin II stimulates the AT 1
receptor, there is generation of reactive oxygen species (ROS) with release of inflammatory
mediators, including cytokines, adhesion molecules, PAI-1 (plasminogen activator inhibitor-1),
among others. These events eventually promote the progression of atherosclerosis.

2.1.4. Inflammation

Atherosclerosis has been considered as an inflammatory condition. CKD patients are known
as ‘inflamed patients’ since we have evidence of measurable inflammatory markers such as
C-reactive protein (CRP), fibrinogen, interleukin-6 (IL-6), tumor necrosis factor-alpha (TNF-
alpha), factor VIIc, factor VIIIc, plasmin-antiplasmin complex, D-dimer, E-selectin, VCAM-1
and ICAM]1, as well as the deleterious effects of the inflammatory process in this population
[9]. The poor nutrition of these patients, evidenced by low levels of albumin, pre-albumin and
transferrin, has been suggested as a possible mechanism of activation of the inflammatory
process. In addition, oxidative stress, the accumulation of modified molecules after synthesis,
nonenzymatic glycosylation products or other products normally cleansed by the kidney also
have their role in triggering inflammation [9]. Consequently, we have alterations in the endo-
thelium and lipoproteins leading to accelerated atherosclerosis.
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CRP has been particularly studied in the chronic kidney population, being found at higher
levels in the terminal CKD population than in the normal population. CRP has been shown to
be an excellent marker of cardiovascular risk in this population [14, 15].

The inflammation also seems to be related to the vascular calcification process, so common
in patients with CKD, markedly in those in advanced stages of the disease. Calcification may
be present in the medial layer of vessels, smooth muscle cells, medial muscular arteries and
valvular system. As calcification progress, the capacitance of the arterial vessels is reduced,
promoting the progression of systemic arterial hypertension (SAH) and left ventricular hyper-
trophy (LVH). The mechanisms involved in the CKD calcification process are complex and
include the passive precipitation of Ca and P in the presence of high concentrations of these
ions in the extracellular, in addition to the effect of inducers of osteogenic transformation,
formation of hydroxyapatite and deficiency of calcification inhibitors such as osteoprotegerin
and fetuin-A. In addition, high levels of leptin, common in patients with CKD due to reduced
GFR, can induce calcification via hypothalamic receptors, stimulating osteoblastic beta-adren-
ergic receptors, generating ROS and inducing bone morphogenetic protein-2 (BMP-2). BMPs
are regulators of bone formation, acting on receptors (BMPRs) that modulate gene expression.
BMP-2 and BMP-4 are promoters of calcification, while BMP-7 behaves as an inhibitor of this
process. BMP-7 is expressed mainly in the kidney and its reduction is proportional to the loss
of renal function (Figure 1) [9].
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Figure 1. Atherosclerosis and calcification in renal failure. Extracted from Mizobuchi et al. [35].
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3. Particularities in the diagnosis and treatment of CAD in patients
with renal insufficiency

The incidence of coronary disease in the CKD population is high. Gowdak and colleagues
observed a 47% incidence of angiographically significant CAD among patients with terminal
CKD awaiting renal transplantation [16]. Interestingly, even in the population without tradi-
tional risk factors (SAH, DM, obesity, dyslipidemia and smoking), the observed incidence of
CAD was 26%, and may reach 100% among those with all risk factors mentioned above.

The best method to investigate or stratify CAD in this population is still a matter of dispute.
The presence of endothelial dysfunction, LVH, hypertension and volume overload in chronic
renal patients should be considered when choosing the best method.

Some studies have considered that a more aggressive strategy should be used, since the non-
invasive methods do not have good accuracy in the prediction of events in this population,
especially in those with terminal CKD. In an attempt to validate a strategy for diagnosis of
significant CAD in a population of chronic dialysis patients, a study conducted at the Heart
Institute of the Hospital das Clinicas of the USP Medical School (InCor-HCFMUSP) confirms
that the documented coronary angiography and the presence of DM were good predictors of
cardiovascular events. The sensitivity, specificity and positive and negative predictive values
of myocardial scintigraphy with dipyridamole were 70, 74, 69 and 71%, respectively. It is
worth noting that scintigraphy did not diagnose CAD in a significant number of patients with
CAD confirmed by coronary angiography [16, 17]. These data confirm that the invasive strat-
egy remains the gold standard in the diagnosis and stratification of risk in this population.
It is important to remember that the use of iodinated contrast (especially in the population
with discrete to moderate CRF) may worsen the renal function of these individuals, and the
need for hemodialysis in cases of contrast-induced nephropathy is not uncommon. This, in
addition to being an invasive, more expensive and less available method, does not authorize
us to indicate routine coronary angiography for patients with CKD in the investigation and/
or stratification of CAD. Clinical judgment should weigh the risk factors already mentioned
to select the population that will benefit most from the invasive examination.

The use of new methods for the diagnosis of CAD, such as coronary angiotomography,
calcium score and magnetic resonance imaging has also been studied in this population.
In a recently published study, the calcium score applied to a population of renal transplant
candidates had a good correlation with angiographic CAD for diagnosis, as well as being a
good predictor of cardiovascular events when above 400 Agatston [18]. Magnetic resonance
imaging has its importance mainly in the evaluation of previous infarctions, ischemia and
myocardial viability in this population [19].

4. Treatment of CAD in patients with CKD

Treatment of coronary disease is based on optimized medical therapy associated or not with inter-
ventional procedures (surgical revascularization or angioplasty). The population with CAD and
CKD has peculiarities that should not be forgotten when choosing the best therapeutic strategy.
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The population of chronic renal failure with CAD is certainly a subgroup that benefits as
much as possible from full clinical management because it is a group of patients with multiple
comorbidities and an accelerated atherosclerosis [20]. In spite of this recommendation, the
population with renal dysfunction is frequently undertreated, which surely contributes to the
worse prognosis of this special population [21].

Interventional therapy in patients with chronic kidney disease with CAD seems to be ben-
eficial in some situations, especially when we consider their high atherosclerotic load and
angiographic complexity.

A retrospective study by Reddan, conducted at Duke University, analyzed 4584 patients
with CAD who underwent clinical treatment, percutaneous coronary intervention (PCI) or
myocardial revascularization (CABG), who were stratified according to GFR, followed and
evaluated for cardiovascular events. In this study, a benefit of percutaneous treatment over
clinical treatment was observed in the population with mild to moderate CRF, but not among
those with terminal CKD. When comparing myocardial revascularization surgery with medi-
cal treatment, we observed that, curiously, the benefit of surgery is greater as the severity of
renal failure progresses [4].

In our setting stands out a subanalysis of MASS II [22], conducted by Lopes and collaborators
at InCor - HCFMUSP. In this publication, 611 patients from the original study, randomized to
medical treatment, PCI or CABG, were stratified by GFR in 3 categories (RFG > 90, between
89 and 60 or between 59 and 30 mL/min/1.73 m?) and classified as with normal renal function
(n =112/18%), mild (n = 349/57%) or moderate (n = 150/25%), respectively. The results point
to a higher mortality among the population with moderate CRF, compared to the other two
groups. In addition, it was observed that among patients with mild CRF, patients submitted to
surgery had a higher survival rate free of cardiovascular events and lower mortality in 5 years
compared to the population submitted to angioplasty or in exclusive medical treatment.

Lima and collaborators evaluated in a registry-type study 763 diabetic patients with CAD
of the MASS group stratified according to renal function and followed for about 5 years. Of
note is the high rate of CKD patients when applied clearance estimated by Cockcroft-Gault,
with almost 65% of patients with some degree of CKD having clearance <90 mL/min. Even in
an exclusively diabetic population, the presence of CKD was associated with higher mortal-
ity regardless of the treatment received, with survival rates of 91.1%, 89.6% and 76.2% for
the preserved function, mild and moderate CKD, respectively (p = 0.001). When compared
to the drug treatment, the surgical treatment was associated with lower combined event
rates in the stratum with discrete CKD (86.2% versus 65.7% for CABG and TM respectively,
p <0.001) and additional revascularization in all function strata studied.

4.1. Interventional treatment in patients with end-stage CKD

This is a population where, despite the interventional therapy chosen, there is a higher risk
of morbidity and mortality when compared to the general population. A patient undergoing
CABG has a 4.4-fold greater risk of in-hospital death, a 3.1-fold increase in mediastinitis, and
a 2.6-fold increase in stroke than a nondialysis patient. Some studies point to the safety of
angioplasty in this population, especially in single-vessel patients [23]. However, when we
compare angioplasty with surgical revascularization, it seems to bring greater cardiovascular
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protection to these patients [24]. This can be attributed to a higher rate of restenosis in this
population, which is derived from a close association with diabetes mellitus, accelerated ath-
erosclerosis and vascular calcification [25].

Several studies in chronic coronary disease have evaluated the performance of the subpopula-
tion of chronic renal patients in their trials. In a post-hoc analysis of the ARTS study [26], 142
patients with moderate CKD with multiarterial CAD were randomized to receive surgery
or angioplasty and followed for 5 years. Regardless of the revascularization method chosen,
patients with moderate CRF had more cardiovascular events (death, stroke, nonfatal AMI or
additional revascularization) than the population with mild or normal renal function. When
we compared the strategies, we observed that there was no significant difference in mortality
(RR: 1.18, 95% CI: 0.51-2.72, p = 0.81), but a greater number of events combined in the angio-
plasty group (RR: 1.56, 95% CI: 1.03-2.37, p = 0.04), mainly due to additional revasculariza-
tions (29% vs. 9.6% p = 0.005).

The BARI study [27] evaluated 3608 patients (randomized and from the registry), stratifying
them into two groups: with and without CRF, which was defined as baseline serum creatinine
greater than 1.5 mg/dL. Of the total, 1517 patients were submitted to surgery and 2091 to angio-
plasty. Of these, 76 patients were considered to have chronic renal failure. This population
was older and had a higher proportion of hypertensive and diabetic patients. Among patients
undergoing PCI, chronic kidney disease had a higher incidence of in-hospital mortality and
cardiogenic shock. In addition, this population was more susceptible to the presence of angina,
hospitalizations due to cardiac reasons and less time for additional revascularization compared
to the normal population. In 7 years, the population with CKD had a higher incidence of general
(RR:2.2, p<0.001) and heart (RR: 2.8, p <0.001) than the population with normal renal function.

Although we consider the benefit of pharmacological stents on conventional stents with
regard to the lower incidence of restenosis, recent studies comparing pharmacological stents
with CABG in this population show a greater benefit of the latter, especially at the expense
of lower rate of additional revascularization [28]. A recent study by Marui and colleagues
from the CREDO-Kyoto registry demonstrated that in 388 patients with dialytic CKD, similar
incidences of general and cardiac death were observed when CABG compared with PClin a
long-term follow-up. The latter strategy, however, was associated with higher rates of AMI
and additional revascularization [29].

In the post-hoc analysis of the FREEDOM study [30], comparison of interventional strategies
among diabetic patients with CAD in the presence of renal dysfunction defined by estimated
clearance <60 mL/min did not demonstrate superiority of CABG on PCI with first-generation
pharmacological stent at MACCE rate at 5-year follow-up.

Charytan et al. [31] in a collaborative study including 10 randomized prospective studies of
3993 subjects demonstrated similar survival rates at 5 years when patients with CKD class 3-5
underwent CABG or PCI (HR 0.99, CI1 0.67-1.46). However, AMI-free survival among patients
with CKD class 3-5 was higher among those undergoing surgical treatment (HR: 0.49; CI:
0.29-0.82). Consistent with other studies, CABG was associated with lower rates of additional
revascularization than PCI, regardless of the renal function stratum considered.



Chronic Kidney Disease and Coronary Artery Disease
http://dx.doi.org/10.5772/intechopen.79607

Recently, a meta-analysis by Bundhun’s et al. [32] included 18 studies involving a larger
number of patients (n = 69,456, 29,239 underwent CABG and 40,217 underwent PCI). This
present analysis observed a benefit of CABG in reducing mortality when compared to PCI
in long-term follow-up only (OR: 0.81, 95% CI: 0.70-0.94, p = 0.007 for nondialytic, OR:
0.81, 95% CI: 0.69-096, P = 0.01 for dialytic). It is also worth mentioning a benefit in reduc-
ing additional revascularizations among those submitted to CABG in almost all studies
that included this outcome. Of note, however, is the heterogeneity of the included studies,
with different definitions for CKD, in addition to follow-up times ranging from 1 month
to 8 years.

Off-pump CABG was also evaluated in some studies because of the theoretical benefit of a less
aggressive procedure than on-pump CABG. These studies have demonstrated alower need for
blood products and dialysis in the postoperative period, shorter hospital stay in intensive care
and mechanical ventilation, but with no difference in mortality in the medium term [24, 33].
Consistent with these previous results, recently published data from the Coronary Artery
Bypass Grafting Surgery Off-pump Revascularization Study, comparing on-pump versus
off-pump CABG, showed a reduced risk of perioperative acute renal injury associated with
off-pump CABG. In spite of this, no renal protection was observed at the 1-year follow-up
associated with this surgical strategy [34].

5. Final considerations

CKD has a negative impact on the prognosis of individuals with CAD regardless of the treat-
ment. There are no peculiarities in the indication of revascularization in this population, and
attention must be paid to the greater clinical and angiographic severity of this population.
The drug treatment should be applied considering the potential limitations of the use of some
classes among those with terminal CKD, however, avoiding at all costs under-treatment.
There is still no consensus on the best therapeutic strategy for CAD (e.g. interventional ver-
sus conservative; PCI versus CABG) for those with CKD. The studies are heterogeneous and
almost completeness formed by observational records, post-hoc analyses of large trials or
meta-analyses. In spite of this, some clarity seems to emerge from these publications: (1) the
greater the angiographic severity/severity of CKD, the greater is the benefit of surgical revas-
cularization; (2) in the subpopulations with discrete/moderate CKD, there is no clear evidence
of surgery on the other treatments; and (3) surgery is associated with less need for additional
revascularization independently of the status of renal function, which suggests that this bene-
fit is associated with the revascularization method itself, rather than the patient’s renal status.

We await the results of the ISCHEMIA-CKD study (ClinicalTrials.gov Identifier:
NCT01985360), designed to study patients with documented (at least moderate) ischemia
and severe renal dysfunction (GFR <30 or on dialysis) randomized to an initial strategy of
coronary angiography and interventional treatment plus optical medical therapy or optimal
medical therapy alone. Its results will surely bring answers to pertinent questions not yet
answered in this common clinical scenario.
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