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Die schriftiche parlamentarische Anfrage Nr. 8826/J-NR/2011 betreffend Stoffwechsel-
.Fingerabdruck®, die die Abgeordneten Rupert Doppier, Kolleginnen und Kollegen am 16. Juni
2011 an mich richteten, wird nach Einholung einer Stellungnahme der Medizinischen Universitat
Innsbruck wie folgt beantwortet:

Einleitend ist festzuhalten, dass die Untersuchungen zu Stoffwechselprodukten im Harn ein
hoffnungsvolles Forschungsgebiet sind, da man sich aufgrund der Metabolitenprofile im Harn
erhofft, neue Biomarker zu entdecken, die fGr bestimmte Erkrankungen von diagnostischer
Relevanz sind. Ziel ist dabei eine frithzeitige Diagnostik, sodass rechtzeitig entgegengesteuert
werden kann, lange bevor die Erkrankung unumkehrbar ist. Beispielhaft waren hier vor allem
weit verbreitete Erkrankungen wie Diabetes mellitus und Nierenfunktionseinschrankungen zu
nennen, die in der Haufigkeit mit dem Alter sehr deutlich ansteigen. Daneben ist aber auch die
Kapazitdt der Entgiftungsfunktion durch die Niere zu erwdhnen, die sicherlich durch Gene
beeinflussbar ist. Das Auffinden dieser fir den Stoffwechsel der Niere wichtigen Gene fragt in
erster Linie zum besseren Verstindnis der Funktionsweise der Niere sowie der damit
zusammenhingenden Erkrankungen bei. Aufgrund dieses Versténdnisses wird es dann Uberle-
gungen geben, welche der Metaboliten potentiell als Parameter zur Diagnose und damit
als Biomarker einer dieser Erkrankungen wie Diabetes mellitus oder Nierenfunktionsein-
schrankungen eingesetzt werden ké&énnen. Dies ist zu vergleichen mit ldngst bekannten
Parametern aus dem Blut, die zur Risikoabschatzung far Herzerkrankungen verwendet werden
(z.B. Cholesterin mit seinen Subfraktionen oder natriuretische Peptide wie BNP).

Zu Frage 1;
Dies l4sst sich momentan noch nicht genau absehen, da die gewonnenen Erkenntnisse erst in

groflen Gruppen von Patienten untersucht werden missen. Sicherlich wird es dabei aber um
Erkrankungen wie Diabetes mellitus und Nierenerkrankungen gehen, bei denen die Niere ja
substanziell beteiligt ist. Weiters wird es sich dabei um die zahlreichen Stoffwechsel-
erkrankungen handeln, bei denen die Niere aufgrund ihrer Entgiftungsfunktion mitbeteiligt ist.
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Zu Frage 2:
Die bisherige Forschungs- und Studienergebnisse konzentrieren sich auf die Weiterentwicklung

der Nachweismethode und die Uberprifung der Korrelation zwischen spezifischen Metaboliten
und potentiellen genetischen Markern und erlauben daher noch keine Aussagen Uber die
Risiken fOr bestimmte Erkrankungen. Aufgrund der Neuartigkeit und Vorldufigkeit der
Ergebnisse lassen sich daher auch noch keine Aussagen Uber die Exaktheit der Risiko-
abschatzung machen.

Dies kann erst gesagt werden, wenn ausreichend klinisch-epidemiologische Daten erhoben
worden sind. Dabei steht im Vordergrund, dass diese untersuchten Metaboliten bezOglich der
Vorhersage von Erkrankungen besser sein mlissen wie die bisher bereits bekannten Biomarker
(siehe dazu auch den angeschlossenen Uberblicksartikel ,Emerging risk factors and markers of
chronic kidney disease progression®, in dem es z.B. um neue Biomarker fur das Voranschreiten
von Nierenfunktionseinschrankungen geht).

Zu Frage 3:
An der (Weiter)Entwicklung von labordiagnostischen Methoden arbeitet national und inter-

national eine Vielzahl von Forschungsgruppen, mit dem Ziel, zukUnftig Risiken ftir Erkrankungen
friher und besser abschitzen zu k&nnen. Neuere technische Entwicklungen werden es
ermdglichen, deutlich mehr Metaboliten (aktuell bis zu 300 und mehr) im Hochdurchsatz zu
untersuchen. Dabei wird versucht werden, fir bestimmte schon vorhandene oder sich
abzeichnende Erkrankungen spezifische Metaboliten-Profile zu identifizieren. Aufgrund dieser
Ergebnisse kdnnten sich neue diagnostische Marker (Biomarker) ergeben. Weiters kénnten
durch das bessere Verstandnis der Pathogenese der untersuchten Erkrankungen neue
-drug targets® resultieren, die zur Entwicklung von neuen Medikamenten fiihren.

[
G~

Der Bundesminister:

Beilage
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Emerging risk factors and markers of chronic
kidney disease progression

Florlan Kronenberg

Abstract | Chronlc kidney disease (CKD) is a common condition with an increasing prevalence. A number

of comorbidities are associated with CKD and prognosis Is poor, with many patients experlencing disease
progresslon. Recognizing the factors assoclated with CKD progression enables high-risk patients to be
identified and given more Intensive treatment if necessary. The identificatlon of new predictive markers might
Improve our understanding of the pathogenesls and progression of CKD. This Revlew discusses a number

of emerging factors and markers for which epldemlologlcal evidence from prospective studies indicates

an association with progression of CKD. The followlng factors and markers are discussed: asymmetric
dimethylarginine, factors involved in calclum—phosphate metabolism, adrenomedullin, A-type natruretic
peptide, N-terminal pro-brain natriuretic peptide, liver-type fatty acld binding proteln, kidney Injury molecule 1,
neutrophil gelatinase-associated lipocaln, apolipoprotein AV, adiponectin and some recently identified
genetic polymorphisms, Additional epidemiological and experimental data are requlred before these markers
can be broadly used for the prediction of CKD progresslon and before the risk factors can be consldered as

potential drug targets in clinical interventional trials,

Kronenberg, F. Nat. Rev. Nephrol, B, 677-689 (2009); doi 10 1034
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Learning objectives

Upon completion of this activity, participants should be able to:

1 Specify elements of calcium-phosphate metabolism that are
useful in predicling the progression of CKD.

2 Describe the relationship between fibroblast growth
factor 23 and CKD.

3 Recognize how novel markers may be used 10 predict the
progression of CKD,

4 Idenlify the most discriminalory marker predicting CKD
progression in the Mild to Moderate Kidney Disease study.
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Introduction

In 2003, data from the US populalion-based Third
National Health and Nutrition Examination Survey
(NHANES III) reported that the total prevalence of
chronic kidney disease (CKD) in the US adult popula-
tion was 11%.' When patients were subdivided into the
five stages of CKI} according to the National Kidney
Foundation Kidney Disease Outcomes Quality Initiative
(NKEF-KDOQI) guidelines, the prevalences of stages |
through 5 CKD were 3.3%, 3.0%, 4.3%, 0.2% and 0.2%,
respectively.' In Europe, the prevalence of CKD is very
similar to that in the US,* but the prevalence is higher
in Asia and Australia.’ Disturbingly, the prevalence of
CKD continues to increase, with NHANES data showing
that CKD prevalence increased by 30% between 1950
and 2000.*

The incidence of end-stage renal disease (ESRD) varies
widely between countries, with incidences of 100150 per
millicn population per year in Europe, 300 per million
population per year in the US and Mexico and 400 per
million population per year in Taiwan.’ Many risk factors
and markers for the development and progression of
CKD exist (Figure 1} and these differ markedly between
countries. Cost of treatment for ESRD is a major concern,
particularly in light of the increasing prevalence of CKD.
Although the prevalence of ESRD is only about 0.2%,
ESRD programs now account for 6.7% of total Medicare
expenditure and Medicare costs associated with ESRD
increased by 57% between 1999 and 2004.%

This Review discusses a number of emerging factors
and markers for which epidemiological evidence from
prospective studies in humans and experimental data has
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Key points

= Chronic kidney disease (CKD) is a highly prevalent heaith problem with an
increasing incidence and a strong tendency for progression

» Few studies have searched for emerging risk factors or markers for progresston
of CKD

= Available studies have identified markers related to nitric oxide synthesis,

calcium—phosphate metabolism, natriuretic peptides, apolipoprotein AV,
adiponectin and other parameters

Further epidemiclogical and experimental studies ere required to detarmine
whether these factors are involved in the pathogenesis of CKD progression or
whether they are just markers of the risk for disease progression

» Hypothesis-frée approaches such as genome-wide association studies,
metaboiomic studies and other -omics’ technologies will Identify new risk
factors and markers of CKD progression in well-defined cohorts

istary of CKD
\abetes mellilus
avalic syndrome
yperfiltration state
gh normal urinary albumin ex

Flgure 1 | Risk factors and markers for the Initiatlon and progression of chronic
kidney disease. Traditional factors involved in the initiation and progression of CKD
are discussed elsewhere, ' The present Review discusses emerging risk factors
and markers—such as ADMA, FGF23, ANP and NT-proBNP—that are shown In the
botiom panel and require further study. Abbreviations: ADMA, asymmetric
dimethytarginine; ANR A-type natriuretic peptide; apoA-IV, apollpoprotein A-lV; CKD,
chronic kldney disease; ESRD, end-stage renal disease; FGF23, fibroblast growth
factor 23; GFR, glomerular filtratlon rate; PTH, parathyrold hormene; KIM-1, kidney
Injury molecule 1; L-FABRliver-type fatty acid binding protein; NGAL, neutrophill
gelatinase-associated lipocafin; NT{roBNP; N-terminal pro-brain natriuretic peptide.

shown an association with CKD progression. Two main
reasons exist for the interest in identifying new markers
of CKD progression. Firstly, new markers will improve
prediction of which patients are at risk of experiencing
CKD progression and the associated consequences (for
example, cardiovascular risk, comorbidities, require-
ment for renal replacement therapy, decline in quality
of life and risk of death). Although a measurement of

878 | DECEMBER 2009 | VOLUME 5

baseline kidney function is relatively easy to obtain,
this parameter has limited predictive precision. Some
parameters measured at baseline have a similar area
under the curve (AUC) to kidney function measures
when receiver operating characteristic {ROC) analysis
is performed. This finding suggests that the discrimina-
tion capability of these parameters is similar to that of
kidney function measures, indicating that these para-
meters could be surrogate parameters for kidney func-
tion and could be used to predict CKD progression
alongside baseline glomerular filtration rate (GFR}. The
second main reason for the interest in the field is that
additional markers might lead to a better understanding
of the pathogenesis and progression of CKD, as in some
cases, only small amounts of CKD progression can be
explained after adjustment for baseline GFR.

Al present, it is unclear whether many of the bio-
markers are risk markers or risk faclors for CKD
progression. Risk markers are not causally involved in
CKD progression but as they indicate the probability
of progression, they might be useful diagnostic tools.
Risk factors causally affect disease progression and are,
therefore, inleresting therapeutic targets. Of course,
epidemiologlcal observations do not necessarily prove
causality. Such observations merely generate hypoth-
eses that need 1o be proven in animal models, and might
eventually result in interventional methods that slow or
prevent progression of CKD. Further epldemiological
data and experimental studivs are needed before many
of the emerging risk markers and factors can be used to
predict CKD progression or be considered as potential
drug targets in clinical interventional trials, and many
parameters will not reach clinical application.

Definltion of CKD progression

No clear and uniform definition exists for the progres-
sion of CKD, and the choice of definition is usually influ-
enced by the cohort under observation and the duration
of the prospective observation period (Table 1). Typical
end polols are surrogales of the GFR slope (for example,
doubling of baseline scrum creatinine level and/or the
need for renal replacement therapy, a particular relative
increase from baseline serum creatinine level, yearly
or monthly decline in GFR, GFR reduction to 50% of
baseline, dialysis or kidney transplantation, or graft
loss) or particular indices of renal damage (for example,
worsening of proteinuria, or appearance of albuminuria
in patients with diabetes}. This lack of uniformity is a
well-known limitation when comparing the prognostic
potential of putative risk factors and markers.

Risk factors and markers of CKD progresslon

This Review focuses on possible risk factors and markers
of CKD progression for which at least one prospective
study with a sample size of at least about 100 individuals
has been performed. Rather than describing studies of
classical or established risk factors such as age, gender,
blood pressure, smoking, metabolic syndrome, uric

www.nature.com/nrneph
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Table 1 | Prospective observational studies investigating emerging risk factors and markers for CKD progression*
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Study Study population End points Duration of Parameters assoclated Parameters showing
follow-up with CKD progression no assoclation with
CKD progression
MMKD 177 nondiabetic patients  Doubling of baseline serum Up to 7 years; ADMA, FGF23, Ph, Ca-Ph, Ca
stugy!-#mmaotinz - with primary CKD creatinine and/or renal median PTH, adiponectin (in man),
replacement tharapy {n=65) 53 months apoA-lV, AN adrenomadullin,
NT-proBNP (borderiine)
Hanal et al.'® 225 patients with type 2 Prograssion of diabetic Median ADMA —
diabetes nephropathy (n=37} 5.2 years
EURAGEDIC 397 patlents with type 1 Dialysls or kidney Medlan ADMA —
case—control diabetes with transplantation (n=70}; 11.3 years
study'’ nephropathy yearly deciine of GFR
Ravani et al.*® 131 newly refemred Dialysis treatment or GFR Mean ADMA, —
patients with stages 2-5  reduction to haif of baseline 27 months
CKD (n=29)
Schwarz et al.™ 985 US male velerans Doubling of baseline creatinine  Medlan Pn, Ca—Ph Ca
with stages 1-5 CKD and/or renal replacement 2.1 years
therapy (n=258)
AASKM113 1,094 black patlents Dacline in GFR by elther 50% Madlan Pt Ca—Ph, NT-pro8NP
whh hypertensive or 25ml/min/1.73m2 from 4 years
nephrosclerosts (GFR baseling or cccurrence of
20-65mi/min/1.73m32) ESRD
Voormoten el al.?® 448 patients with Monthly decling In eGFR Median Ph, Ca—Ph Ca
stages 4-5 CKD and GFR 337 days
<20mil/min/1.73m?
Levin et al.? 4,231 individuals Moderate progression: Median Moderate progression: PTH —_
with eGFR <30mi/ 2.3-5.0 ml/min/year (24%) 31 months Rapid progression: PTH, Ph,
min/1.73m? In provinclal  Rapid progression: low Ca
CKD registry >5.0mi/min/year (26%)
EURAGEDIC 198 patients with type 1 Dialysls or kidney Medlan Adiponectin —
case—comrol diabetes with transplantation (n=40) B.1 years
Study™ nephropathy
Finnish Dlabetic 1,330 patlents with Progression to ESRD (83/296  Mean 5 years  Adlponectin in individuals No assaciation In
Nephropatiy type 1 diabetes mellitus patients with macroalbuminuria with macroalbuminuria individuals with
Study®’ progressed) normoatbumtnuria or
microalbuminurla
Ravanl et al. ™ 168 newly referred Dialysis treatment (n =48} Medlan Vitamin D —
patients with stages 2-5 57 months
CKD
Bollgnano et al.® 96 patlents with Doubling of baseline serum Medlan Urlnary and serum NGAL —
stages 2-4 CKD creatinine and/or renal 18.5 months
replacement therapy (n=31)
van Timmeren 145 renal transplant Graft loss (n=31) 4 years {range  Urinary KIM-1 -
et al®? reciplents 3.2-4.5 years)

*Small siudies with sample sises much betow 100 are not included, Abbrmviations: AASK, African Amernican Study of Kidney Dissass and Hypanenson; ADMA. ssymmetric dimethylarginine:
ANE Adype naliiunstic peptide; apoA-v, apolipoprotein A4V; Ca, calcium; Ca—Ph, calcium-phosphate product: CKD. chironic kiiney disease; EURAGEDIC, Eumpean rational approach for the
genelics of diabetic complications; FGF23, fibrobiast growth facior 23; GFH, glomenular filtration rate; KIM-1, kidney injury molecule 1: MMHKD, Midd 1o Moderats Kidnay Oisease: NGAL,
nettrophil gelatinase-associated iipocatin; Ph, phosphate; PTH, parathyroid hormone.

acld, or commonly investigated parameters such as
inflammation and hemostasis, emerging new parameters
are discussed {Ftgure 1). Markers that have only been
investigated in acute kidney injury (AKI) are not con-
sidered, and animal models and interventional studies
are discussed only briefly.

Asymmetric dimethylarginine

Asymmetric dimethylarginine (ADMA) is a naturally
occurring amino acid and an inhibitor of nitric oxide
(NO) synthase. ADMA competes with arginine for

NATURE REVIEWS |NEPHROLOGY

binding sites on NO synthase and leads to decreased
production of NO (Figure 2). Experimental data indicate
that decreased local NO production might be involved in
progressive kidney damage.® ?

ADMA is generated from the degradation of methyl-
ated proteins containing ADMA residues (Figure 2). It
is metabolized mainly by dimethylarginine dimethyl-
aminohydrolase (DDA H)' into dimethylamine and cil-
rulline, and only a small fraction of ADMA is excreted
unchanged by the kidney. As DDAH and NO synthase
are co-localized in glomerular endothelial cells and

VOLUME 5 | DECEMBER 2009 | 679
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Flgure 2 | The role of ADMA In the progresslon of kldney disease. ADMA Is malnly
metabolized by the enzyme DDAH. The activity of DDAH |s strongly impaired in
kidney disease, which leads to increased ADMA levels. These increased ADMA
levels Inhlbit NO synthase, thereby resulting In decreased NO levels, which has
major adverse consequences for the kidney and might lead ta prograssion of CKD.
Abbreviations; ADMA, asymmetrc dimethylarginine; CKD, chronic kidney disease;
DDAH, dimethylarginine dimethylaminchydrolase; NO, nitric oxide.

tubular cells, even mild kidney dysfunction leads to an
increase in ADMA concentration.!' These observations
are in line with findings from metabolic studies demon-
strating that the kidney Is the main site at which ADMA
is removed from the circulation.”

Conditions such as hypercholesterolemia or hyper-
glycemia inhibit DDAH, which results in increased
ADMA levels (Figure 2). As the resulting decrease in
NO production is associated with decreased renal plasma
flow, increased renovascular resistance, hypertension and
endothelial damage, ADMA is an interesting potential
marker for cardiovascular disease."

ADMA levels are markedly elevated in renal impair-
ment.""'"!5 Together with the experimental evidence
showing ADMA to be a CKD progression factor in
animals,*” four prospective studies have found an
association between ADMA level and CKD progres-
sion in humans (Table 1). The Mild to Moderate Kidney
Disease (MMKD) study, which followed 177 patients
with primary nondiabetic CKD for up to 7 years,
showed that each 0.1 pmol/] increase in ADMA level
was assoclated with a 47% Increase in the probability
for progression of CKD {Table 1), after correction for
baseline serum creatinine levels."* Ravani and col-
leagues found that high ADMA levels were associated
with an Increased risk of ESRD and mortality among
131 patients with CKD.'® A study in 397 patients with
type 1 diabetes and overt dlabetic nephropathy showed
thatan ADMA level higher than the median was associ-
ated with a faster yearly decline in GFR and a greater
risk of developing ESRD over a median follow-up of
11.3 years than an ADMA level below the median."”
Adjustment for baseline variables (including GFR)
weakened the association but it remained borderline
significant (P=0.055). A study includiog 225 patients
with type 2 diabetes {183 with normoalbuminuria and
42 wilh microalbuminurla) followed up over 5.2 years
reported progression of diabetic nephropathy to a more

680 | DECEMBER 2009 | VOLUME 5

advanced stage in 37 patlents.'® Patients with ADMA
levels above the median had a 2.7-fold higher risk of
disease progression than patients with ADMA levels
below the median. Together, these studies provide strong
evidence that increased ADMA levels are associated
with progression of CKD.'*"

Experimental data in a rat remnant kidney model indi-
cate a causative role for ADMA as a progression factor for
kidney disease, suggesting Lhal lowering ADMA might
be beneficial.”* Overexpression of DDAH significantly
decreased ADMA levels and prevented the progression
of renal dysfunction by inhibiting the progressive loss of
glomerular and peritubular capillaries, interstitial
fibrosis and urinary protein excretion. Furthermore,
overexpression of DDAH suppressed the enhanced
expression of TGF-B (which might have been a conse-
quence of hypoxic conditions resulting from the loss
of glomerular and tubular capillaries). Similar findings
were reported in a rat model of diabetic nephropathy.”
Administration of DDAH protein or enhancing its activ-
Ity was therefore suggested as a potential therapeullc
strategy for the treatment of CKD. In this context, a long-
term, randomized, controlled trial in obese patients with
CKD is of interest: patients received a low-protein diet
supplemented with either keto-amino aclds or placebo
for 3 years.”? Individuals who received keto-anino acids
experienced pronounced decreases in ADMA levels, vis-
ceral body fat and proteinuria, and a significant delay in
the progression of CKD.

Ca-Ph metabolism, vitamin D and FGF23
Disturbances in calcium-phosphate metabolism affect
not only cardiovascular morbidity and mortality in
patients with CKD, but also influence the progression
of CKD.

Ca, Ph, Ca-Ph product and PTH
Although parameters of calcium~phosphate metabolism
such as calcium, phosphate, calcium-phosphate product
and parathyroid hormone (PTH) are some of the most
comprehensively monitored parameters in patients with
CKD, only a few studles have investigated whether one
or more of these parameters is associated with CKD
progression (Table 1).***" The available studies found
an increasing risk of progression with increasing phos-
phate concentrations.®*” These data are in line with
clinical observations showing that phosphate restric-
tion in patients with CKD who do not yel require renal
replacement therapy might help to preserve residual
kidney function?® and that phosphate binders prevent
progresston of CKD.#*°

Three observational studies found an association
between calcium-phosphate product and the progres-
sion of CKD.***** Four studies showed no clear associa-
tion between calcium concentrations and progression of
CKD,**¥ but two studies found an association between
high PTH coacentrations and CKD progression.”"
Furthermore, a retrospective cohort study examined
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insurance claims from 186 and 517 predialysis adults
with CKD and diabetes, with and without secondary
hyperparathyroidism, and found that individuals with
secondary hyperparathyroidism had an almost sevenfold
increased risk of requiring dialysis treatment during the
6-year follow-up period compared with those without
secondary hyperparathyroidism.!

Early experimental work suggesied that phosphate
restriction has a PTH-independent beneficial effect on
the progression of renal disease in rats.”* These findings
are limited by the fact that rats generally have a physio-
logic hyperphosphatemia. A role for PTH in CKD
progression has been supported by little direct experi-
meantal or clinical evidence,® but experimental studies
have shown that progression of renal failure iy signifi-
cantly attenuated by the administration of calcimimetics
or parathyroidectomy. ™

Vitamin D

In the general population, vitamin D deflciency is
clearly associated with conditlons such as hypertension,
cardiovascular disease, diabetes mellitus, heart fallure
and cancer.* Despite the tremendous influence of
vitamin D on health and even though vitamin D has a
pronounced effect on calcium-phosphate merabolism,
only one study has investigated the association between
vitamin D and the progression of CKD (Table 1).* This
study followed 168 consecutive patients newly referred
to a CKD clinic for an average of 48 months. Durlng
this time, 48 patients started dialysis treatment and 78
patients died. Level of 25-hydroxyvitamin D was an
independent inverse predictor of progression to ESRD
or death even after adjustment for age, estimated GFR
{eGFR), hear! failure, and other variables. An increase of
25 nmol/l {10 ng/ml) in 25-hydroxyvitamin D level was
associated with a 40% decrease in the hazard ratio for
CKD progression.* [nterestingly, 25-hydroxyvitamin D
was a betler predictor of progression to ESRD or death
than was 1,25-dihydroxyvitamin D.

These findings in humans are supported by solid
evidence from animal studies. Although vitamin D
therapy was previously assumed to be nephrotoxic, the
observed nephrotoxic effects were probably a result
of vilamin D-induced hypercalcemia in patlents with
CKD.¥ Recent experimental evidence has clearly shown
that vitamin D and its analogues attenuate progression
of CKD in various animal models. "+

Fibroblast growth factor 23

The MMKD study showed high plasma fibroblast
growth factor 23 (FGF23} concentrations to be one of
the strongest risk factors or markers of CKD progres-
sion (Table 1}.% FGF23 1s a phosphatonin thought to
be Involved in the systemic balance of phosphate levels
through interactions with the intestines, bone and
kidneys.”* [n the clinical setting, elevated levels of
FGE23 have been shown to be associated with hypo-
phosphatemia, low 1,25-dihydroxyvitamin D levels
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and osteomalacia.’’** Experimental administration
of FGF23 to animals produces similar disturbances in
calcium-phosphate metabolism, and inactivation of
the Fgf23 gene in mice resuilts in hyperphosphatemta
and high circulating 1,25-dihydroxyvitamin D levels.***
Under physiological conditions, hyperphosphatemla
owing to a dietary phasphate load stimulates the secre-
tion of FGF23, resulting in phosphaturia and suppres-
slon of the renal production of vitamin D.*¢ in the
presence of renal impairment, the decrease in renal
function is paralleled by increases in FGF23, serum
phosphate and PTH concentrations across a wide range
of GFRs.%%47 [n advanced stages of CKD, disturbances
in this regulatory network result in very high serum
levels of FGF23.** However, the clinical studies could
not determine whether the increased FGF23 levels are
the cause of the increased serum calcium and phos-
phate levels or their consequence. Experimental studies
showed that the increase in FGF23 levels preceded the
decrease in serum 1,25-dlhydroxyvitamin D concentra-
tons, suggesting that FGF23 has an iImportant role in
the development of secondary hyperparathyroidism.*
This idea is supported by results from clinical studies
that found that serum levels of F(GF23 increased in
the early stages of CKD, even before serum phosphate
and calcium concentralions had become abnormal.*
Although it is still not clear whether increased FGI23
levels are a cause or a consequence of disturbances in
mineral metabolism in individuals with CKD, FGF23
Is an excellent indicator of the complex disturbances of
calcium-phosphate metabolism induced by CKD, and
the resulting consequences of the disturbed mineral
metabolism that are accompanied by vascular calcifica-
tion.*' ** Of interest, a study in uremic rats published
in 2009 showed that FGF23 prevented the progression
of kidney disease but aggravaled rcnal osteodystrophy
by decreasing ta-hydroxylase level and thereby low-
ering vitamin D level.™ The authors speculated that if
the FGF23 signaling pathway could be separaled into a
phosphaturic pathway and a ta-hydroxylase pathway,
the phosphaturic pathway would be an ideal drug target.
Interestingly, studies in predlalysis CKD demonstrated
that Increasing FGF23 levels are independently associ-
ated with left ventricular mass index and left ventricu-
lar hypertrophy.*® In patients commencing hemodialysis
treatment, increased FGF23 concentrations were inde-
pendently associated with an increased risk of mortality
during the first year of dialysis treatment.®

Only one prospective observational study in humans
has investigated the assoctatlon between CKD progres-
sion and levels of FGF23 together with levels of other
parameters of calcium-phosphate metabolism.”
Although EGF23, calcium-phosphate product, phos-
phate and PTH levels predicted progression of CKD
as single variables (after adjustment for age, gender,
GFR and proteinurla), the laiter three parameters lost
their predictive value when FGF23 was added to the
prediction model.
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Adiponectin
Adiponectin is a major adipocyte secretory protein
that improves insulin sensitivity and possesses anti-
inflammatory and anti-atherosclerotic propertles.”
Low adiponectin levels are associated with insulin resis-
tance,”** obesily and other features of the metabolic
syndrome®® and also with type 2 diabetes mellitus and
cardiovascular disease.®' %! As insulin reslstance is already
present in individuals who have a mild degree of renal
impalrment and also in patients who have primary CKD
and a normal GFR,* an assoclation between low adipo-
nectin levels and progression of CKD would be expected.
Surprisingly, however, three independent studies have
shown an association between high adiponectin levels
and CKD progression (Table 1).5-* The MMKD study
found that high adiponectin level was an independent
predictor of discase progression in men but not In
women.* Jorsal and colleagues followed 198 patients with
type | diabetes mellitus and diabetic nephropathy foran
average of 8 years.* The 40 patients who reached ESRD
during the observation period had significantly higher
adiponectin levels at baseline than those who did not.
An adiponectin level above the median was associated with
a 2.7-fold higher GFR-adjusted risk of ESRD than a level
below the median. Similar results were observed in a sub-
group of 296 patients with type 1 diabetes mellitus and
macroalbuminuria of the Finnish Diabetic Nephropathy
Study.® Adiponectin levels were significantly higher
among the 83 palients who progressed to ESRD
than among those who did nol progress. Adiponectin
was not significantly predictive of progression to ESRD in
palients with normoalbuminurla or microalbuminuria.
A number of hypotheses for these unexpected find-
ings have been proposed. One suggestion is Lhat the
increased adiponectin level is associated with a change
in the ligand-receptor reactivity (as occurs with other
hormone-receptor systems in renal failure).* Other sug-
gestions include the idea that the increased adiponectin
level in CKD is a result of reduced adiponectin clear-
ance by the kidoey® or that it is a counter-regulatory
response to metabolic derangements in renal faiture.”™
Interestingly, experimental data from 2009 suggest that
elevated plasma adiponectin levels in patients with CKD
might play a compensatory role that aims to counteract
renal dysfunction associated with mesangial cell dis-
orders.”’ Resistance to adiponectin™™ is also a possibility,
elther as a result of adiponectin dysfunction or owing to
the dysfunction or downregulation of adiponectin recep-
tors with a counter-regulatory increase in adiponectin
secretion. Several prospective studies have failed to find
an association between low adiponectin levels and cardio-
vascular outcomes or death, particularly in individuals
who already have severe and chronic discase at base-
line. The Ludwigshafen Risk and Cardiovascular Health
(LURIC) study, which followed almost 2,500 patients
who had coronary artery disease at baseline for more
than 5 years, found that increased adiponeclin levels were
strongly associated with all-cause and cardiovascular
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mortality.” The Medification of Diet in Renal Disease
(MDRD) siudy reported similar findings in patients with
a mean baseline GFR of 33 ml/min/1.73 m*.” Kistorp
et al. reported that high adiponectin levels were predic-
tive of mortality in patients with chronic heart failure,
independently of the severity of their disease.”™ These
studies invite speculation that the upregulation of adipo-
oectin in chronic diseases is a compensatory altempt to
attenuate endothelial and vascular damage.”

Neutrophil gelatinase-associated lipocalfn
Neutrophil gelatinase-associaled lipocalin {NGAL) Is a
small (25kDa) protein that is expressed in renal tubular
cells and released inlo the blood and urine after expo-
sure to harmful stimull such as ischemia or toxicity. The
release of NGAL occurs within hours after the stimulus
and long before an increase ln serum creatinine level
occurs. NGAL level has therefore been proposed to be
real-timc indicator of active kidney damage whereas
creatinine level and GFR are markers of functional
nephron number.”® The role of NGAL as a specific,
sensitive and early predictor of AKI after contrast media
administration, septic shock, kidney transplantation and
cardiac surgery has been investigated exlensively and has
been reviewed elsewhere. ™™

Data indicate that NGAL is not only prediclive for AKI
but alse for the progression of CKD. One study found
that urinary NGAL levels were significantly higher in
individuals with membranous nephropathy than in con-
trols and that patients with high baseline urinary NGAL
levels had a significantly higher risk of worsening residual
renal function than those with low levels.*” Another study
in 96 patlents with nonterminal stage 2-4 CKD found
that both serum and urinary NGAL levels were directly
associated with the progression of CKD over a median
follow-up of 18.5 months, independently of age and GFR
at haseline (Table 1).* A piot study in 78 patienls with
CKD showed that baseline urine NGAL levels correlated
strongly with changes in serum creatinine (coefficlent of
correlation r=0.77) and GFR (r=~0.40) and thal serum
creatinine levels remained stable over an average follow-
up period of 200 days In patients with low baseline urine
NGAL levels.®

Two studies have described the potential of NGAL for
monitoring the status and treatment response for various
renal diseases. One of these showed that patients with
nephrotic syndrome or interstitial nephritis had mark-
edly elevated urinary NGAL levels that decreased in
response to successful treatment.* The other sludy,
in patients with severe proteinuria secondary to idio-
pathic membranous nephropathy, showed that a single
high-dose bolus infusion of immunoglobulin was associ-
ated with a dramatic decrease in serum and urinary
NGAL levels | h after infusion, a result that supports the
anti-inflammatory properties of this intervention.™ It
remains to be seen whether NGAL will become a useful
biomarker to quickly gauge a patient’s response to a
parUcular treatment.

www.nature.com/nrneph
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Livertype fatty acld binding protein

Clinical data on associations between liver-type fatty
acid binding proteln (L-FABP) and kidney disease are
sparse. This proteln is expressed In proximal tubular
cells and increased expression and higher levels are seen
in the urine of patients with kidney disease.*** A large
health screening program in more than 999 Indlviduals
revealed that average urinary levels of L-FABP were
approximately 50% higher in patients with diabetes
mellitus, hypertension or chronic hepatltis than in con-
trols.?” A study investigating L-FABP levels in palients
with type 2 diabetes and different stages of nephro-
pathy showed that urinary L-FABP was associated with
the severity of diabelic nephropathy."® Small studies
in patients with mild kidoey dysfunction suggest that
urinary L-FABP concentrations are increased in patients
whose renal function delerioriates further.®® Large
studies with long-term follow-up are required to confirm
these findings.

Kidney injury molecule 1

Kidney injury molecule 1 (KIM-1), a tubular trans-
membrane molecule with unknown function, is undetect-
able in healthy kidoeys. As a phosphatidylserine receptor,
KIM-1 seems to play an Important role in apoptosis by
recognizing apoptotic cells and directing them to lyso-
somes.* KIM-1 expression is increased in various renal
diseases and is primarily expressed at the luminal side of
dedifferentiated proximal tubules and in areas of fibrosis
and inflammation.* Timmeren ef al. found that [evels
of urinary KIM-1 were significantly elevated in patients
with renal disease and undeteclable in most healthy
controls.”’ A prospective study in 145 renal transplant
reciptents followed for 4 years revealed that individuals
with urinary KIM-1 concentrations in the second and
third tertiles had a 3.6-fold and 5.1-fold increased risk,
respectively, of losing the graft.® These results occurred
independently of creatinine clearance, protelnuria and
age of the graft donor. A post hoc analysis of a trial of
patients with proteinuric kidney disease treated with
various combinations of losartan, sodium restriction and
hydrochlorothiazide to decrease proteinuria showed that
the increased KIM-1 concentratlons decreased in para-
llel with decreases in proteinuria even though kidney
function did not change during the 6-week observation
period.* Whether KIM-1 is just a sensilive biomarker for
acute and chronic kidney disease or whether it is causally
involved in kidney injury is unclear.

Apolipoproteln A-lV

Human apolipoprotein A-IV (apoaA-IV) is a 46kDa
glycoprotein that is synthesized in intestinal entero-
cytes during fat absorption and incorporated into the
surface of nascent chylomicrons (large lipoprotein par-
ticles that transport dletary lipids from the intestines to
other locations in the body).** ApoA-IV has an impor-
tant role in reverse cholesterol transport, which is dis-
turbed in patients with CKD.* ApoA-1V is markedly

NATURE REVIEWS |NEPHROLOGY

elevated in ESRD**" and is also a marker of kidney
impalirment that slarts to increase in the earliest stages
of CKD.® Immunohistochemical studies describing the
immunoreactivity of apoA-IV in kidney tubular cells
and investigations of apoA-IV in urine have shown that
apoA-TV is filtered through the normal glomerulus and
is mostly reabsorbed by proximal tubular cells.™!®

The MMKD study found that high apoA-IV levels are
associated with CKD progression (Table 1). A 10 mg/dl
increase in baseline apoA-IV (as usually occurs in patients
with GFRs within the range 45-90 ml/min/1.73 m*) was
associated with an approximately 60% increased risk
for progression of CKD during the median observation
period of 53 months, independently of baseline GFR,
proteinuria and other lipoprotein parameters.'”

The assoclation of higher apoA-IV concentrations with
CKD progression was unexpected given the physiological
functions of apoA-IV in reverse cholesterol transport
and its reported antioxidative properties.'™ One might
have anticipated that the tncreased apoA-1V levels in
individuals with impaired kidney function would have
resulted in increased removal of cholestero] from mesan-
glal cells and this, together with the antloxidative proper-
tes apoA-TV, would lead to slower progression of CKD.
Whether increased apoA-1V levels reflect an aspect of
renal impairment that does not act in parallel with GFR
or whether apoA-IV is not fully functional in cases of
renal impairment is unclear. The latier hypothesis is an
Intriguing onc, particularly in the light of the associalion
of low apoA-1V levels with cardiovascular disease, "%
However, patients who had already experienced athero-
sclerotic events at the starl of the MMKD study had
lower apoA-1V levels than those without atherosclerotic
complications in each stratum of GFR.*

Natriuretic peptides

Over recent years, the interaction of the heart and the
kidneys became a focus of interest and the term ‘cardio-
renal syndrome’ was coined. However, this term implies
that the falling heart causes secondary impairment of
kidney function. As patients with primary CKD develop
cardiac symptoms in the short or long term, it became
obvious that an interplay between the two organs occurs
rather than a one-way street between the heart and
kidney. This idea has resulted in a proposal for a new
classification of the cardiorenal syndrome that better
considers the functional and pathophysiological aspects,
as thoroughly discussed in another review.'®> Many
markers for cardiac dysfunction are also predictors of
CKD progression. Prime examples are natriuretic pep-
tides such as A-type natriuretic peptide (ANP), adreno-
medullin and B-type natriuretic peptide (BNP). These
peptides are potent hypotensive, diuretic, and natri-
uretic peptides that are involved in maintaining cardio-
vascular and renal homeostasis.'®-'* Increased plasma
levels of ANP and adrenomedullin have been reported in
individuals with cardiovascular disease, left ventricular
dysfunction and in those with kidney disease.'®'"
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E Parameter AUC Gox model
= P value
g —— Adrenamedullin 0.873  0.0000003
w — GFR 0.839 Reference
measured by lchexcl
— FGF23 0.815 0.0000084
- ADMA 0.811  0.0000058
—— ANP 0.811 0.0000014
—— ApoAIV 0.800 0.012
—— NT-proBNP 0.751 0.099

= Referenca line

0.0 0.2 0.4 0.6 0.8 1.0

Specificity
Flgure 3 | Recelver operating curves from the MMKD study for GFR measured by
lohexol, ADMA, FGF23, apoA-IV and the natriuretic peptldes ANR NT-proBNP and
adrenomaduliin to predict progresslon of CKD. Area under the curve values for
each of these parameters are shown as are P vatues for the addition of each of
the particular variables to a Cox reference model adjusted for age, sex. protelnurla
and GFR. Adrenomedullin showed the greatest area under the curve, which
Indicates that it had the best ability to discriminate between patiants who would
and would not experience CKD progresslon, even superior to the abllity of GFR
measured by lohexol. Data are calculated from a number of
references, 15#5101.11LL7 Ahhrevigtions: ADMA, asymmetric dimethylarginine;
ANP A-type natriuretic peptlde; apoA-IV. apolipoprotein A-IV; CKD, chronic kldney
disaase; FGF23, fibroblast growth factor 23; GFR, glomerular filtratlon rate;
NT-praBNP; N-terminal pro-brain natriuretic peptide.

Adrenomedullin, ANP, and N-terminal pro-brain
natriuretic peptide {NT-proBNP} levels were investigated
in the MMKD study and high levels of each were found
to be associated with CKD progression (Table 1).11111
The most pronounced association was found for adreno-
medullin: an increase in this parameter by one standard
deviation was associated with a 2.6-fold increased risk of
disease progression. An increase in ANP by one standard
deviation also more than doubled the risk of progres-
sion.""? Interestingly, an independent and significant con-
tribution of each parameter to the prediction of CKD
progression was found when both parameters were
added to the Cox regression model at the same time.
NT-proBNP was only of borderline significance for pre-
dicting kidney disease progression in the MMKD study.
In the African American Study of Kidney Disease and
Hypertension (AASK), the incidence of renal disease
progression increased with increasing NT-proBNP levels,
but this finding was not significant after adjustment for
kidney function (Table 1).'"* A small prospective study
in 83 patients with CKD without clinical evidence of
heart failure at baseline showed that average NT-proBNP
levels at baseline were higher in patients who expert-
enced progression of CKD than in those who did not.™
However, no adjustment was made for baseline GFR
levels in that study.
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Comparison of parameters in the MMHKD study
Most of the studies discussed above analyzed only one
or few parameters at a time, making it virtually impos-
sible to compare the results. As some of the parameters
show strong correlations with each other, an analysis in
a single Cox regression model must be performed with
caution. Receiver operating curves for GFR, ADMA,
FGF23, apoA-IV, ANP, NT-proBNP and adrenomedullin
from the MMKD study indicate that adrenomedullin was
best able to discriminate between palients with and
without progression of CKD, with even better discrimi-
natory ability than GFR measured by iohexol {Figure 3).
Pvalues for the addition of each of the particular variables
to a Cox regression model adjusted for age, sex, protein-
uria and GFR show that adrenomedullin, FGF23, ADMA,
ANP and apoA-IV significantly contributed to the pre-
diction of CKD progression.'>2*191:11112 The same holds
true for adlponectin, but only in men.” These paramcters
clearly conlribute to the prediction of CKD progression
and the associations of these variables with progres-
sion cannot simply be explained by correlations with
GEFR or proteinuria.

Genetic factors for progression of CKD
The major advantage of using genetic factors for monitor-
ing CKD progression is their stability, as they are inherited
at conception and do not generally change with disease.
If they are found to be associated with a disease, they are
often causally related to the disease in question.

Assoclation studies using genetic poiymorphisms
The perception of association studies of genetic poly-
morphisms has changed dramatically over the past few
years. Previously, genetic variants were assumed to have a
massive influence on complex phenotypes such as cardio-
vascular disease, diabetes mellitus and kidney disease, We
now know, however, that polymorphisms with a relative
risk of 2 or more for these complex phenotypes are very
rare and such results in small studies might be false posi-
tive or chance findings. Genome-wide association studies
and meta-analyses have shown that the genetic risk of
a particular outcome associated with particular genetic
varlants is often only 1.2 or less. For example, about 20
genes with common variants are robustly associated with
type 2 diabetes and show only moderate individual risk
increases of between 1.1 and 1.4 on a per-allele basls.'*
Huge sample sizes are needed to obtain sufficient statistical
power to idenlify disease-causing genetic variants.
Identifying a genetic polymorphism thal is related
to an outcome has the major advantage, however, that
causality is likely. This Is because—according to the
rules of Mendalian randomization—genetic variants are
nol generally susceptible to the confounding that can
distort findings in conventional observational studles,
as long as assumptions such as random mating in the
investigated population are fulfilled and if confounding
by polymorphisms in linkage disequilibrium with the
polymorphism under investigation can be excluded''®

www.nature.com/nmeph
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(Figure 4). This Mendellan randomization concept was
applied in a recent follow-up study that investigated the
association between adiponectin levels and progres-
sion of CKD in the EURAGEDIC study.® Adiponectin
levels were associated with progression of type 1 diabetic
nephropathy but no associations between several single
nudeotide polymorphisms and progression of CKD were
found. Given that only about 8% of the adlponectin level
can be explained by variation within the adiponectin
gene,"” and as adiponectin levels explain only 10% of
CKD progression at best, a very large number of samples
would be required to identify an association of these varl-
ants with CKD progression (Figure 4). If in the future,
a large study shows an assoclation of genetic variants
related to high adiponectin levels and an assoclation of
these vartants with CKD progression, cansality will be
strongly suggested.

Genome-wlde association studies

The introduction of genome-wide association studies
provided a new and powerful approach in the quest for
genes assoctated with complex phenotypes. These studies
investigate hundreds of thousands of genetic variants
across the entire human genome to determine whether
they are associated with the phenotype of interest. In
contrast to the hypothesis-driven approach of candidate
gene studies, genome-wide assoclation studies have the
major advanlage that they are hypothesis free and can
therefore identify new candidate genes without making
any biological assumptions. Owing to the large number
of tests performed in these studies, however, large sample
sizes are required.

A genome-wide association study of population-
based cohorts with information on CKD, creatinine-based
eGFR and cystatin-C-based ¢GFR in 19,877, 18,127 and
12,266 individuals, respectively, has identified several
loct assoclated with kidney function.''® Kottgen ef al.
found that uromodulin (UMOD) was assoclated with
CKD and with creatinine-based ¢GFR. Furthermore,
analysis of data from one of the studies—the prospec-
tive Atherosclerosis Risk in Communities {ARIC)
study—identified a variant in this gene region that was
associated with a decreased relative risk of incident
CKD (hazard ratio 0.81, 95% CI 0.72-0.92, P=0.001),
Rare mutalions in the UMOD gene are known to cause
autosomal dominant diseases such as familial juvenile
hyperuremic nephropathy, glomerulocystic kidney
disease, and medullary cystic kidney disease type 2." '*!
It is very interesting that such rare mutations that cause
monogenic diseases can point to common variants in
the same gene regions that influence disease-related
phenotypes on the popuiation level. Other genes idenui-
fied to be associated with creatinine-based eGFR in the
genome-wide association study reported by Kottgen
et al. were shroom family member 3 (SHRCOM3) on
chromosome 4 and spermatogenesis associated 5-like |
(SPATA5L1) at the GATM-SPATASL! locus on chromo-
some 15.""® In addition. stanniocalcin I (STC1) on
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Flgure 4 | Application of the concept of Mendelian randomization for identifying
parameters causally related to progression of CKD, using adiponectin as an
example. At conceptlon, which of the two alleles Is Inherlted from the mother and
which of the two alleles is inherited from the father Is determined randomily.
Particular genetlc variants within the ADIPOQ gene are associaled with Increased
adlponectin levels; these variants explain about 8% of adiponectin concentration
varlance.'¥ If high concentrations of adlponectin are truly assoclated with CKD
progression, the genetic varlants associated with life-long high adipenectin levels
would be expected to ile more often within the group of patients who experience
CHKD progression. As this association is unilkely 10 be confounded by other factors,
a raverse assoclation can be excluded. Very large sampie sizes are required to
detec! an assoclation between a particular gene and progression of CKD if only
small fractions (for example, below 10%) can explain the association between the
gene and the intermedlate phenotype and the assoclation between the
Intermediate phenotype and CKD progression. This concept Is discussed in more
detall elsewhere. 513 Abbreviations: ADIPOQ, adiponectin gene; CKD, chronic
kidney disease. Figure adapted from references 138 and 139 with kind permisslon
of Springer Science + Business Media @ Kronenberg, F. & Heid, . M. Medizinische
Genetik 19, 304-308 (2007).

chromosome 8 and an intergenic single nucleotide
polymorphism (SNP) between the gene loci for cysta-
tin C {CST3) and cystatin 9 (CST9) on chromosome 20
were found to be associated with cystatin-C-estimated
eGFR. Loci such as GATM-SPATA5L! and genes in the
cystatin superfamily gene cluster (CST3 and CST9) are
involved in creatinine and cystatin synthesis and do not
necessarily reflect susceptibility for CKD or true GFR.
Most of the newly identified genes need further func-
tional characterization and association studies with
further kidaey-related phenotypes and with progres-
sion of CKD. Other gene locl previously thought to be
assocliated with CKD or CKD progression {for example,
apngiotensin-I-converting enzyme, apolipoprotein E,
methylenetetrahydrofolate reductase and transcription
factor 7-like 2'*2-'%%) did not show genome-wide
significance in Kotigen et al’s study.

Kéltgen ef al. found that, together, the genetic loci
identified to be associated with eGFR estimated by
creatinine level explained about 0.7% of the variance
of creatinine-estimated eGFR and that the genetic loci
identified for eGFR estimated by cystatin explained about
3.2% of the cystatin-C-based eGFR variance."'® Despite
the high heritability of GFR, this small percentage Is not
surprising and is in line with findings from studies of
other quantitative traits of similar heritability.'?*'* The
finding indicates that other—not yet identified—genetic
loci exist that influence kidney function and that many
rare variants within the identified genes might explain
the variance further.'” Genome-wide association studies
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Figure B | The systems blalogy approach for identfying contributors to CKD,
prograssion of CKD, cardiovascular outcomes and responses to drug treatment.
Comblning data on genetic variatlon, transcriptomics, proteomics and
metabolomics, and considering various regulatory and modulatory influences as
well as environmental Interactions, will improve our understanding of the
pathomechanlsms of diseases. Abbreviation: CKD, chronic kidney disease.

and meta-analyses with sample sizes approaching
100,000 individuals are in progress and will identify new
genes associated with CKD. Future collaborative studies
will deal with the identification of genes associated with
various forms of primary CKD as well as those assocl-
ated with progression of CKD. Owing to the small size
of studies of patients with primary CKD and prospective
investigations on CKD progression, identifying genes for
these extended phenotypes will be a real challenge.

The future

Several biochemical and genetic factors that have the
potential to be markers of CKD progression or even
factors Involved in this process have been discussed.
However, the findings discussed here are only a prelude.
Various disciplines—many that have the suffix ‘-omics'—
are breaking new ground {Figure 5). Metabolomics is the
rapidly evolving field of measuring all endogenous metab-
olites in a cel! or fluid such as plasma, serum, or urine.'*
Measuring intermediate phenotypes such as the small
molecules that are involved in the pathway of a disease
instead of simply classifying an individual as ‘healthy’ or
‘diseased’ might provide more detail about potentially
affected pathways that relate more directly to the etiol-
ogy of the disease. As all currently known metabolites can
be measured in a single procedure or a few procedures,
many new metabolites directly or indirectly involved in
the developrnent or progression of CKD would be identi-
fied. The same hypothesis-free approach has already been
successfully applied in genome- wide association studies
to identify genes and genetic variants involved in the
development of complex diseases.""*? By combining
genome-wide association studies with metabolomics,
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our group has found associations of common SNPs that
are associated with the altered homeostasis of key metab-
olites in the human body and can explain up to 12% of
the observed variance in levels of these metabolites.'”
When ralios of certain metabolite concentrations were
used as a proxy for enzymatic activity, up to 28% of the
observed variance could be explained. The combined
approach of metabolomics and genome-wide association
studies should provide insight into the pathomechanism
of diseases and, in the future, the additional considera-
tion of gene expression and proteomics in a combined
analysis will substantially improve identificatlon of risk
factors for CKD and CKD progression. This systems
biology approach might bring us closer to a personal-
ized health-care system that will consider the functional
basis for a response to a given drug treatment, nutritional
intervention or environmental challenge.

The systems biology approach, however, will not only
allow the combination of various “-omics’ techniques
but will require researchers 1o work together to obtain
the sample size required for sufficient statistical power.
In genetic epidemiology and genome-wide association
studies, meta-analyses of 10,000 to 100,000 samples are
routinely performed.">!'812¢-1281%4 Similar numbers will
be needed for this systems biology appreach. In addition,
sufficient standardization of analyses and procedures will
be very important. Such standardization is already in place
for genotyping and sequencing and efforts are underway
to standardize creatinine measurements.'** Although
collaboration between study groups, which is necessary
to attain the required sample sizes, was inconceivable a
few years ago, it has now become standard practice in the
field of genome-wide association studies.

Conclusions

The emerging parameters associated with CKD progres-
sion must be studied further to determine whether they
are causally related to progression of CKD or whether
they simply predict the probability of progression. The
parameters might reflect diminished glomerular filtra-
tion, disturbances in tubular function or unknown
contributors to kidney function that are unrelated to
glomerular or tubular function. Seme of the parameters
are well-known markers of chronic heart failure, con-
firming the pronounced crosslinking between CKD and
heart disease.

The evidence is still too sparse for most of these para-
meters Lo be recommended for broad clinical use in the
diagnosis of CKD progression. Many parameters have
only been investigated in a few studies, in small studies
or in studies with differing definiticns of CKD progres-
sion (Table 1). The results from animal models for some
parameters are intriguing but applicaton in humans
needs to be demonstrated. Whether all markers for AKI
will have the same value for diagnosis of CKD or CKD
progression is unclear. Some parameters might be useful
for the monitoring of therapies that influence kidney
function (positively or negatively) and might reveal renal
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changes long before they are identified by conventional
measurements such as changes in GFR or proteinuria.
In the meantime, the usefulness of cohorts from large
population-based studies such as the Framingham Heart
Study, the ARIC study, the Cardiovascular Health Study
and the Rotterdam Study for studying renal phenotypes
has becn demonstrated.!'®!2%125 We await results from
large prospective cohort studies—such as the Chronic
Renal Insufficiency Cohort (CRIC) study'* and the
German Chronic Kidney Disease (GUKD) study—which

Revlew criterla

will focus on kidney function and CKD progression.
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