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Abstract | The accurate definition and staging of chronic kidney disease (CKD) is one of the major
achievements of modern nephrology. Intensive research is now being undertaken to unravel the risk

factors and pathophysiologic underpinnings of this disease. In particular, the relationships between
the kidney and other organs have been comprehensively investigated in experimental and clinical
studies in the last two decades. Owing to technological and analytical limitations, these links have
been studied with a reductionist approach focusing on two organs at a time, such as the heart and
the kidney or the bone and the kidney. Here, we discuss studies that highlight the complex and
systemic nature of CKD. Energy balance, innate immunity and neuroendocrine signalling are highly
integrated biological phenomena. The diseased kidney disrupts such integration and generates a
high-risk phenotype with a clinical profile encompassing inflammation, protein—energy wasting,
altered function of the autonomic and central nervous systems and cardiopulmonary, vascular and
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The definition, classification and evaluation of chronic
kidney disease (CKD) is a major achievement of modern
clinical nephrology’. The widely accepted description of
the disease and the staging system based on measure-
ments of kidney function that can be reliably applied
on a vast scale at reasonable cost, has been a formidable
stimulus for clinical research?. This standardized way of
looking at renal diseases has provided a common vocab-
ulary and a shared approach to these diseases in clinical
practice*’. The natural history of the complications of
CKD is, however, still being established in detail, and the
prevalence and severity of the main metabolic and endo-
crine alterations associated with precise stages of CKD
are currently being investigated®.

CKD has repercussions for other organs. For exam-
ple, reduced renal function leads to hypertension,
which when combined with other conditions can cause
left ventricular hypertrophy and dysfunction, and even-
tually heart failure’. The term crosstalk has become
fashionable to describe the relationships between the
kidney and other organs. On close scrutiny, however,
crosstalk is loosely used in clinical and biological

bone diseases. A systems biology approach to CKD using omics techniques will hopefully enable
in-depth study of the pathophysiology of this systemic disease, and has the potential to unravel
critical pathways that can be targeted for CKD prevention and therapy.

contexts that might not be linked to one another. For
example, in cross-sectional studies, the presence of
renal biomarkers or histopathological changes in the
kidney® has been associated with the presence of endo-
crine factors or markers of distant organ dysfunction or
damage (such as troponin’, B natriuretic peptides®
or other cardiac biomarkers®). In most clinical stud-
ies, crosstalk is used to highlight bivariate associations
such as bone-kidney crosstalk', rather than to describe
complex multiorgan relationships. The lax use of this
term has facilitated the emergence of new syndromic
constructs such as cardiorenal syndrome and CKD-
mineral and bone disorder (CKD-MBD), which has
now gained the status of a syndrome'". In addition, the
studies that described kidney-heart or kidney-bone
relationships have questionable methodological under-
pinnings and largely fail to meet formal criteria for the
definition of syndromes'>*.

The human body is a single biological entity. A reduc-
tionist approach can be valuable for the initial evaluation
of phenomena that seem to be linked", but reduction-
ist constructs that evolve into criteria to identify new
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Key points

e CKD is an inherently systemic disease

* Energy balance, innate immunity and neuroendocrine control of organ function are
highly integrated biological processes; such integration is disrupted by loss of kidney
function, which generates a high risk clinical phenotype

* The clinical profile of chronic kidney disease (CKD) includes inflammation,
malnutrition, altered activity of the autonomic and central nervous systems, and
cardiopulmonary, vascular and bone disease

* The gut and the lung are emerging as critical mediators of the interaction between
the kidney and the environment, and are involved in cardiovascular disease and other
systemic complications of CKD

e Alterations in macrovascular and microvascular function induced by sleep apnoea,
inflammation and oxidative stress increase the risk of brain disease in CKD

* The application of omics sciences will enable in-depth studies of the pathophysiology
and treatment of CKD

syndromes are problematic. Focusing on the relation-
ship between the kidney and one or, at most, two dis-
tant organs'® does not take the unity of organisms into
account and eclipses the systemic nature of chronic
diseases'. The systemic complications of renal diseases
were recognized at the beginning of the nineteenth

Author addresses

century'” and the detrimental systemic consequences
of renal function loss were described in thorough detail
45 years ago'®.

In this Review, we describe the profound effect of
renal function loss on several systems: energy metabo-
lism, inflammation, neuroendocrine signalling, bone
homeostasis, and the gastrointestinal, pulmonary and
nervous systems. We provide examples of high-level
integration of organ function that include the kidney
and discuss how such integration is disrupted in CKD.

CKD disrupts the energy-immunity link

The regulation of energy balance is a fundamental
homeostatic function of the human body that is orches-
trated by diverse neuroendocrine pathways". This
function evolved, in part, to provide adequate energy
levels to sustain short-lived inflammatory episodes,
such as responses to infections or immune surveillance
at the tissue level. Hence, immunity and metabolism are
functionally coupled. The link between energy regula-
tion and the immune system is also evident in daily life
processes, such as the postprandial cytokine response
to meal consumption® or the effects of caloric and fat
restriction on total leukocyte count, and such coupling
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Cholinergic anti-
inflammatory reflex
Anti-inflammatory effect
triggered by the
parasympathetic system in
response to various physical
stressors (for example,
hypotension, haemorrhage
and the presence of
lipopolysaccharides).
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Box 1| Circadian control of the immune and neuroendocrine systems

In the morning, activation of the hypothalamic—pituitary axis, the sympathetic system, the adrenal medulla and glucagon
induces lipolysis, reduces lipogenesis, and triggers -oxidation of fatty acids, glycogenolysis and gluconeogenesis®”.
Mobilization of these energy-rich fuels sustains daily activities and adjustments of the inflammatory-immune system such

as leucocyte redistribution?”!
at the lowest point, whereas melatonin?’?, growth hormone

274

and polyclonal antibody production?2. At midnight, the functioning level of these systems is
and prolactin

7> are secreted after the initiation of the

sleeping phase. This hormonal surge activates the immune system and determines the expansion of antigen-specific

lymphocyte clones, antibody production?’®

and cytokine release?’. On waking, the activity of the hypothalamic—pituitary

and sympathetic systems is again at the zenith. At the same time circulating cytokines, which stimulate sympathetic

activity?’®, reach a peak level?” and the cycle is restarted.

has an approximate circadian periodicity (BOX 1; FIG. 1).
Metabolic alterations (such as diabetes and bone mineral
disorders (hyperparathyroidism) and immune dysfunc-
tion (autoimmune diseases such as lupus) profoundly
affect the kidney and can even cause renal function loss.
Vice versa, renal dysfunction can affect metabolic and
immune balances. Examples of the influence of the kid-
ney on metabolism include the increase in frequency of
insulin resistance that is associated with deterioration
of renal function, and the high levels of innate immunity
biomarkers, such as C-reactive protein (CRP) and IL-6,
that are present in patients with advanced stages of CKD.

Energy storage and immunity

Energy-rich fuels are required to mount and sustain
short-term inflammatory responses to environmen-
tal threats'. Glucose, glutamine and other glucogenic
amino acids, free fatty acids and ketones are indispensa-
ble for the adequate functioning of the immune system.
Cytokines such as IL-7 and IL-4, and hormones such
as insulin and leptin, stimulate the uptake of glucose
in immune cells via upregulation of glucose transport-
ers’»?. When the immune system is activated, muscle
proteins are degraded to supply amino acids for gluco-
neogenesis, a process that is fundamental to guarantee
adequate provision of glucose to the brain.

Several neuroendocrine and inflammatory pathways
control energy balance. The parasympathetic nervous
system and pathways triggered by insulin, insulin-like
growth factor-1 (REF. 15), androgens, estrogens® and
osteocalcin®, facilitate the storage of energy-rich sub-
strates. The parasympathetic system amplifies insulin
sensitivity and secretion and promotes glycogen storage
in the liver®. By contrast, the hypothalamic-pituitary—
adrenal axis, the sympathetic system, thyroid hormones
(such as cortisol”), glucagon® and growth hormone trig-
ger energy mobilization, that is lipolysis, glycogenolysis
and gluconeogenesis'.

In addition to promoting energy storage, the para-
sympathetic system has an important anti-inflamma-
tory effect®, which is central to survival as uncontrolled
inflammation can be life-threatening. The neuronal
acetylcholine receptor subunit a-7, which is expressed
in the nervous and immune systems, is a key regulator of
the inflammatory response® and triggers the cholinergic
anti-inflammatory reflex (REF. 30).

The sympathetic system, which is coupled to metabo-
lism by insulin, a well-recognized sympathoexcitatory
stimulus®, also contributes to the immune response. In

stressful conditions, activation of the sympathetic sys-
tem, which promotes glycogenolysis, gluconeogenesis
and lipolysis via its peripheral nervous fibres and the
adrenal medulla®, helps to fuel the immune system in
order to mount an adequate inflammatory response'.
Conversely, sympathetic denervation ablated the early
inflammatory response in an experimental model
of arthritis®.

Stimulation of the two arms of the autonomic sys-
tem produces opposite effects on energy balance and
activation of the immune system. The parasympathetic
system is geared towards facilitating energy storage and
restraining inflammation, whereas the sympathetic sys-
tem facilitates energy mobilization and consumption
and potentiates inflammation. Overall, the autonomic
system, the immune system and metabolism are tightly
linked to ensure perfect integration of these systems in
homeostasis and life-threatening situations'.

Inflammation

The level of inflammatory mediators increases pro-
gressively as renal function declines*. Among 3,939
patients enrolled in the Chronic Renal Insufficiency
Cohort study, estimated glomerular filtration rate
(eGFR), albuminuria and the levels of cystatin C
strongly correlated with the levels of IL-6, tumour
necrosis factor (TNF), inverse acute phase reactants
such as albumin, and fibrinogen, which mediates the
effect of inflammation on the coagulation system®.
The levels of serum fetuin-A, which is another major
inverse acute phase reactant, the most potent circu-
lating inhibitor of calcium phosphorus precipitation
and an inhibitor of insulin sensitivity, decline as
renal function deteriorates®. Inflammation is multi-
factorial in CKD and this disease is considered to be
a prototypical example of inflammatory disease and
premature ageing® (FIC. 2). Proinflammatory factors
in CKD include reduced cytokine clearance®; infec-
tions™ such as periodontal disease*; oxidative stress*;
senescence-associated muscle cell phenotype*:; hypo-
gonadism®; accumulation of advanced glycation
end-products* and toxins absorbed in the gut®;
sodium overload*®; metabolic acidosis*’; bone mineral
disorders*; accumulation of calciprotein particles®;
autonomic imbalance®; insulin resistance®; intradia-
lytic hypoxaemia®; and genetic® and epigenetic™ fac-
tors. Thyroid hormone, which regulates thermogenesis
by potentiating adrenergic stimulation at the recep-
tor level®, is downregulated in advanced CKD. This
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Figure 1| Circadian changes in energy metabolism and immune responses in CKD.
Metabolic and endocrine responses can be promoted or inhibited in patients with
chronic kidney disease (CKD). During the circadian cycle in these patients sympathetic
activity is markedly increased, whereas the hypothalamic—pituitary axis is dysfunctional.
Cortisol and glucagon levels are elevated mainly as a consequence of reduced renal
clearance of these hormones and circadian changes in cortisol levels are abolished in this
disease. Insulin levels are also high and insulin resistance is a hallmark of CKD. Similarly
levels of growth hormone are substantially raised and this change is accompanied by
marked resistance to its metabolic effects. Melatonin levels are depressed, particularly
during the night, prolactin levels are elevated and the 24 h rhythmicity of these
hormones is disrupted in advanced CKD. Gluconeogenesis is enhanced, whereas
glycogenolysis shows an opposite response and these alterations in glucose
metabolism are accompanied by reduced B-fatty acid oxidation and increased
lipogenesis and lipolysis.

alteration is considered to be a protective mechanism
that limits the energy expenditure of the inflammatory
response®*”’.

The inflammation-autonomic system interface. High
sympathetic activity can trigger and/or modulate
inflammation in CKD through multiple pathways such
as interferon-y, IL-6 and IL-10 (REF. 58). Dysfunction of
the intestinal barrier in CKD can promote the absorp-
tion of inflammatory toxins from the gut*® and can
lead to the release of the sympathetic neurotransmitter,
neuropeptide Y, a fundamental orchestrator of the link
between the gut and the autonomic and central nerv-
ous systems®'. The contribution of the gut to the sys-
temic effects of CKD is discussed further below. High
levels of proinflammatory cytokines including TNF®,
IL-6 (REF. 63), leptin®, and fairly low levels of adiponec-
tin%, regulate insulin sensitivity and energy balance in
patients with CKD.

The autonomic system acts as a powerful orchestra-
tor of inflammation and a modulator of energy balance®.
CKD and high CRP levels are independently associated
with an increased risk of cerebrovascular events, whereas
CKD and high levels of the sympathetic neurotransmit-
ter noradrenaline have a synergistic effect on the risk of
stroke”. Chronic inflammation in CKD maintains a cata-
bolic state that leads to sarcopenia and protein-energy
wasting'>**%. Common complications of CKD, such as
anorexia, cachexia, insulin resistance, dyslipidemia,

hypertension, anaemia and high sympathetic activity, can
be considered to be consequences of disturbed energy
regulation as a result of chronic inflammation®. A para-
sympathetic anti-inflammatory reflex is generated by
cytokines in inflamed organs*?’, whereas sympathetic
activation has a proinflammatory effect®. Persistent
sympathetic activation can trigger cardiac hypertrophy
and fibrosis through activation of the immune system®®.
Accordingly, in patients with stage 3—-5 CKD, concentric
left ventricular hypertrophy is associated with inflam-
mation’®”" and with high levels of noradrenaline’
and neuropeptide Y”°. High levels of these biomarkers
underlie high cardiovascular risk in CKD™*7.

Hypoxia. The inflammatory milieu in CKD and other
chronic diseases is characterized by tissue hypoxia’.
Inflammatory stimuli impair nitric oxide synthesis
and lead to endothelial-to-mesenchymal transition,
which is a key step in capillary rarefaction and ensu-
ing tissue hypoxia in the kidney”. The rarefaction of
peritubular capillaries is a hallmark of tubulointersti-
tial alterations, including macrophage infiltration and
fibrosis, that accompany the decline in GFR in CKD"®.
Tubulointerstitial hypoxia and the ensuing activa-
tion of hypoxia-inducible transcription factors occurs
in the advanced stages of the disease”. An imbalance
between hypoxia-inducible pro-angiogenic compounds
(such as vascular endothelial growth factor (VEGF)
and angiopoietins) and angiogenesis inhibitors (such
as angiostatin and thrombospondin-1) underlies cap-
illary rarefaction in CKD”. The importance of main-
taining a tight balance between pro-angiogenic and
anti-angiogenic factors is highlighted by the observa-
tion that use of angiogenic factors, such as VEGE to
increase oxygenation of the tubule interstitium results
in inflammation and in an increase in vascular perme-
ability and proteinuria, whereas VEGF blockade causes
hypertension® and thrombotic microangiopathy®..

Oxidative stress and accumulation of advanced gly-
cation end-products can lead to inflammation in CKD
and might contribute to adverse renal and cardiovascular
outcomes*. High levels of reactive oxygen species owing
to inflammation have a primary role in the develop-
ment and/or aggravation of cardiovascular and non-
cardiovascular comorbidities in CKD® and in kidney
failure*'. Hypoxia-inducible factor (HIF) (BOX 2) pro-
tects the kidney from renal ischaemia and acute kidney
injury®, but HIF function might be inhibited by oxidative
stress and uraemic toxins*. Indoxyl sulfate accumulates
in CKD and dose-dependently suppresses the transcrip-
tional activity of HIF® and the expression of Klotho®,
a crucial anti-inflammatory and anti-ageing factor”.
Ongoing studies are testing whether activation of HIF
might have a beneficial effect on maintenance of renal
function in models of CKD, such as the remnant kidney
model®”. HIF stabilizers such as prolyl hydroxylase inhib-
itors improve anaemia in CKD®. Inflammation and oxi-
dative stress could be seen as a trade-off of the hormonal
response aimed at countering phosphate accumulation in
CKD¥. The link between bone mineral disorders and the
systemic effects of CKD is discussed below.

4| ADVANCE ONLINE PUBLICATION

www.nature.com/nrneph

© 2017 Macmillan Publishers Limited, part of Springer Nature. All rights reserved.


lucia
Realce


Insulin resistance. Insulin resistance occurs in the
early stages of CKD***! and is present in almost every
patient with end-stage renal disease (ESRD)*%. The
mobilization of energy-rich fuels through activation
of neuroendocrine pathways results in high levels of
free fatty acids, which lead to insulin resistance in the
liver, muscle cells and adipocytes in chronic inflamma-
tory conditions®. Insulin resistance is also common in
other chronic conditions, such as cancer® and rheu-
matoid arthritis®®, and is promoted by altered levels
of cytokines, particularly TNF%, IL-6 (REF. 97), leptin,
adiponectin® and resistin®, which are typically seen in
chronic inflammation.

In contrast to other cell types, immune cells do
not develop insulin resistance. Fairly brief energy-
demanding inflammatory responses are protective, but
in persistent inflammatory states a sustained energy flow
to the immune system disrupts the balanced distribu-
tion of fuels to various stores and organs' and can result
in organ damage, protein depletion, negative caloric
balance and metabolic adaptations (such as insulin
resistance), disease and disability'*".

Sodium, hypertension and inflammation. The risks
of CKD progression'” and cardiovascular events'® in

patients with stage 3-5 CKD are linearly associated with
high levels of sodium, the most abundant electrolyte in
extracellular fluids. Sodium is involved in inflammation
in hypertension and because sodium levels are in part
regulated by the kidney, sodium links the kidney'** to
other systems including the integumentary system'®.

N—

* Reduced renal clearance Genetic
of cytokines background
¢ Sodium and volume expansion
Epigenetic
r modifications
Metabolic acidosis l

Insulin resistance <> |nflammation

Cell senescence
Propensity to infections
¢ Nocturnal hypoxaemia

(sleep apnoea)
e Intradialytic hypoxaemia

Bone mineral disorder

Uraemic toxins
absorbed from the gut

Perlodontal disease

Figure 2 | Proinflammatory mechanisms in CKD. High levels of cytokines, metabolic
acidosis, volume and sodium expansion, the presence of uraemic toxins and sleep
apnoea (owing to sympathetic overactivity) contribute to insulin resistance in chronic
kidney disease (CKD). Proinflammatory mechanisms activated by renal dysfunction
might accelerate progression of CKD. Insulin resistance triggers inflammation and vice
versa. Genetic and epigenetic factors act as modifiers of endogenous and environmental
factors responsible for inflammation in CKD.
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For example, a high-salt diet causes interstitial hyper-
tonic accumulation of sodium in the skin and VEGEF-C
secretion by macrophages. Inhibition of VEGF-C or
mononuclear phagocyte system cell depletion increased
interstitial hypertonic volume retention, reduced expres-
sion of endothelial nitric oxide synthase and caused
hypertension in response to high-salt intake'®.

Metabolism, the bone, the heart and CKD

Bone mass increases dramatically during growth and
preserving skeletal mass during adult life is an abso-
lute functional priority for vertebrates. Phosphate is an
anion that is mainly stored in the bone. Given the key
role of phosphate in energy metabolism and the struc-
tural importance of inorganic phosphate salts in bone,
a complex biological system has evolved to link bone to
other organs and to adjust phosphate balance to chang-
ing physiological requirements and to the availability
of nutrients and energy'””. Phosphate is a fundamental
compound for the myocardium and both low'*® and high
phosphate levels'®” have detrimental effects on the heart.
Fibroblast growth factor 23 (FGF-23), the main bone-
derived hormone that regulates phosphate excretion by
the kidney, is involved in myocardial cell growth and in
left ventricular hypertrophy™°.

CKD uncouples mineral and glucose metabolism
Osteocalcin links bone, the sympathetic system and
energy metabolism. Osteoblasts secrete osteocalcin,
one of the most abundant non-collagen bone proteins.
Osteocalcin regulates bone mineralization and modu-
lates osteoblast and osteoclast function. y-Carboxylation
is essential for osteocalcin biological function and
depends on vitamin K levels. Osteocalcin is also a key
mediator of the coupling between bone and energy
metabolism as it regulates insulin synthesis at the tran-
scriptional level and potently stimulates insulin secre-
tion'"". Osteocalcin-knockout mice have decreased
glucose tolerance, insulin secretion and insulin sen-
sitivity''2. In humans, the concentration of circulating
uncarboxylated forms of osteocalcin depends on vita-
min K status and bone turnover, and vitamin K levels
inversely correlate with GFR'". Of note, in osteoblasts,
sympathetic activation enhances the expression of Esp
(also known as Ptprv), which encodes osteotesticular
protein tyrosine phosphatase, an osteocalcin inhibitor
and an insulin secretagogue''’. These findings highlight
the tight relationship between glucose homeostasis
and the bone'*.

In epidemiological and clinical studies, circulating
levels of osteocalcin inversely correlated with those of
insulin resistance markers (defined according to the
Homeostatic Model Assessment of Insulin Resistance
criteria) in most, but not all, surveys''. Changes in cir-
culating levels of osteocalcin triggered by treatment with
risedronate in 87 patients with osteoporosis were not
associated with changes in glucose or insulin levels'®.
In three large trials that tested the effects of antiresorp-
tive therapy with alendronate, zeledronic acid or denus-
omab in postmenopausal women, the treatment, which
also reduces osteocalcin levels, did not alter insulin and
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Box 2 | The hypoxia-inducible factor pathway

Hypoxia-inducible factor (HIF) regulates over 100 genes involved in erythropoiesis, aerobic and anaerobic metabolism,
metabolic reprogramming, angiogenesis, cell proliferation, vascular tone, inflammation, and matrix and barrier function®,
and is critical for hypoxia-induced responses. HIF prevents pressure overload in chronic heart failure and has a role in
metabolic reprogramming in advanced heart failure. This metabolic shift results in a state in which glucose is used as a
substrate for glycolytic metabolism and fatty acids are converted to lipids instead of being oxidized to generate ATP,
leading to inadequate provision of ATP to sustain cardiac function?. Owing to oxidative stress, hyperglycaemia in patients
with type 1 diabetes mellitus alters the transactivation of HIF and reduces the expression of vascular endothelial growth
factor (VEGF), eventually compromising the potential for neovascularization and tissue repair in this chronic condition?®’.
Also owing to oxidative stress, the HIF pathway is suboptimally activated in experimental renal artery stenosis, where
defective HIF function and VEGF downregulation results in microvascular remodeling and fibrosis?®2.

glucose levels''s. Thus, whether osteocalcin has a mean-
ingful effect on glucose metabolism in humans remains
unresolved. Differences in osteocalcin genetics, levels,
and metabolism between humans and mice could all
account for this discrepancy”’.

In patients with moderate to severe CKD, ostecalcin
carboxylation is disrupted owing to vitamin K defi-
ciency"® (FIC. 3). This metabolic alteration can be cor-
rected by vitamin K1 administration'”. High levels of
uncarboxylated osteocalcin are associated with low levels
of plasma glucose, haemoglobin A, and glycated albu-
minin in patients with CKD'®, suggesting that the lack
of carboxylated forms of osteocalcin might contribute to
the alteration of glucose metabolism in these patients.

FGF-23 bridges multiple organs and systems. In addi-
tion to modulating osteocalcin levels'”, the sympathetic
nervous system regulates the expression of FGF-23 in
the bone'*. FGF-23 regulates energy metabolism (FIC. 3),
induces left ventricular hypertrophy'*'*, and mediates
the relationship between the bone and the vascular sys-
tem. Moreover, FGF-23 is functionally linked to the
renin-angiotensin system (RAS); high levels of FGF-
23 inhibit the expression of angiotensin converting
enzyme 2'* and induce low levels of calcitriol, which
can promote renin production.

High circulating levels of FGF-23 are associated with
insulin resistance in adolescents with obesity'?* and cor-
relate with various measures of adiposity including BMI,
waist circumference and fat mass in elderly individu-
als'?. High levels of this hormone and/or low levels of
its co-receptor Klotho are likely causative factors of car-
diovascular disease'”'** and of progressive loss of renal
function in CKD"¥*-1%2,

FGF-23 (REF. 89) and Klotho'** are highly responsive to
inflammation®. In mouse models of chronic inflamma-
tion, the c-terminal portion of FGF-23 is overexpressed,
leading to elevated circulating levels of the peptide'*.
Accordingly, the levels of inflammation markers and of
C-terminal FGF-23 in the circulation correlate directly in
patients with CKD¥. In wild-type mice, acute inflamma-
tion induced by a single injection of heat-killed Brucella
abortus or IL-1p led to increased FGF-23 cleavage, but
the levels of full-length FGF-23, the biologically active
form of the hormone, were almost unaltered, presum-
ably owing to FGF-23 overexpression'*’. By contrast,
in patients with CKD, the levels of full-length FGF-23
were 50% lower during acute inflammation secondary to

sepsis than after the resolution of this condition, whereas
the levels of C-terminal FGF-23 remained unaltered dur-
ing and after sepsis, potentially owing to suppression of
endogenous inhibitors of proteolytic enzymes such as
furin pro-pro convertase, which cleave full-length FGF-
23 during acute sepsis'*. High levels of FGF-23 irrevers-
ibly compromise neutrophil function and recruitment to
inflamed tissues'*.

FGF-23 is also a powerful inhibitor of nitric oxide
synthesis'”. The downregulation of FGF-23 expression
in acute inflammatory processes might be an ancestral,
life-saving response to acute sepsis. This hypothesis is
supported by the simultaneous declines in the levels of
FGF-23 and asymmetric dimethyl arginine (ADMA),
another potent inhibitor of nitric oxide synthase, that
occur during sepsis'*®. These declines result in increased
synthesis of nitric oxide, which has a strong bactericidal
action. The observation that inhibition of nitric oxide
synthase increases mortality in patients with sepsis fur-
ther supports the hypothesis that unabated nitric oxide
production is fundamental for survival in acute sepsis'®.

Inflammation is profoundly integrated with systems
that control energy balance and is a strong modifier of
bone resistance to parathyroid hormone', which is a
hallmark of ESRD. The inflammatory adipokine leptin
and the anti-inflammatory adipokine adiponectin have
a major influence on bone mass in experimental mod-
els'"" and leptin is associated with low bone-turnover in
kidney failure'**.

Bone morphogenetic proteins (BMPs). BMPs are mem-
bers of the transforming growth factor-f (TGF-p) super-
family that regulate glucose homeostasis and energy
metabolism in the adipose tissue and in the setting of
inflammation'*. BMPs are required for the formation
of brown adipocytes and for the browning of white adi-
pose tissue and the related beneficial effects on energy
expenditure and adiposity'*. Polymorphisms in BMP2
seem to have a critical role in inflammation in patients
with CKD'*. BMP2 stimulates MSX2, which encodes
a protein with a role in regulation of bone mass, and
enhances phosphate uptake in vascular smooth muscle
cells so promotes calcification'*. BMP2 levels are elevated
and might contribute to arterial stiffness in patients with
CKD™® (FIC. 3). Some BMPs (such as BMP1 or BMP3)
induce kidney fibrosis by binding to TGF-{ superfamily
type II receptors, whereas others (such as BMP7) pre-
vent fibrosis'*”!*. The effects of BMP on these receptors
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Figure 3 | Energy metabolism regulation, cardiovascular and bone disease in CKD.
Altered levels of several molecules such as bone morphogenetic protein (BMP),
1,25-dihydroxyvitamin D, parathyroid hormone (PTH), fibroblast growth factor 23
(FGF-23), insulin, uraemic toxins and cardiac natriuretic peptides, as well as dysfunctional
processes such as altered energy balance, adipocyte function, blood pressure and
volume control are key risk factors for chronic kidney disease (CKD), bone disease and
cardiovascular disease.

are modulated by several pathways, including the activin
pathway'*®. The novel activin antagonist RAP-011 is
currently being explored as a new therapeutic strategy
to counter vascular calcification and kidney fibrosis in
CKD, as well as to modulate glucose homeostasis and
energy metabolism of adipose tissue'**.

Cardiac natriuretic peptides. Cardiac natriuretic pep-
tides have a fundamental role in the cardiovascular and
renal response to volume expansion, they participate
in the regulation of energy metabolism'*'®°, they have
anti-inflammatory™' and sympatholytic effects', and
they regulate bone homeostasis. For example, c-type
natriuretic peptide regulates osteoblast autocrin and
paracrine signalling, osteoclast bone resoprtion and
chondrocyte proliferation in vitro**>-'** and transgenic
mice that overexpress brain natriuretic peptide (BNP,
also known as natriuretic peptide B) are characterized
by skeletal overgrowth'**. Patients with stage 5D CKD
have very elevated levels of BNP'¥, which are strongly
associated with left ventricular mass index and predict
mortality in a dose-dependent manner'”’. No evidence
has been yet provided that the plasma levels of this pep-
tide have an effect on bone mineral disorder in CKD.
The effects of altered levels of 1,25-dihydroxyvitamin D
or parathyroid hormone on cardiovascular'*® and bone
disease'”, and on impairment of energy metabolism in
CKD'% are extensively reviewed elsewhere.

Overall, these findings highlight the systemic nature
of CKD as this condition affects bone and the vascular
system through inflammation and hormones that regu-
late energy balance. In turn, these systems contribute to
CKD comorbidities and disease progression.

CKD alters the gut-kidney link

In CKD the gut and the kidney influence each other in
a dual way (FIC. 4). Several uraemic toxins that enter the
body via the intestine, depend on the kidney for their
excretion so accumulate with loss of renal function'.

REVIEWS

Conversely, the uraemic status affects the intestinal
microbiome and the integrity of the intestinal wall,
which in turn influences toxin generation and inflam-
matory status, increasing toxicity and hence, systemic
complications and mortality in CKD'**'*, The poten-
tial importance of the gut-kidney link is highlighted
by the association between constipation and excess risk
of CKD observed in a large cohort of US veterans!*.
Dimethylarginines (ADMA and symmetric dimethy-
larginine)'® and advanced glycation end-products'®®
originate at least in part from food components in the

intestine and have been linked to inflammation*'?’,
CKD progression*'®® and all-cause and cardiovascular
mortality'®'7",

Perhaps the most important role of the intestine in
the generation of toxic compounds that affect the gut—
kidney axis (FIC. 4) can be attributed to the breakdown
of digestive products such as amino acids by the micro-
biota into precursors of uraemic retention products,
especially indoles and phenyl derivatives'’?. Bacteria
that form indole and cresol are predominant in the
intestinal microbiome of patients with ESRD'®?, which
explains the progressive increase in p-cresol levels that
occurs in the late stages of CKD'7>'”%. Thus, the intestine
produces uraemic toxins and this generation increases
as kidney disease progresses. High levels of p-cresol and
indoxyl sulfate have well-recognized effects on several
organs, such as osteoblast dysfunction and low turnover
in the bone'”*'7¢ and proinflammatory effects in the vas-
cular system as a result of increased leucocyte adhesion
and rolling'”’. Furthermore, both molecules have been
linked to cardiovascular diseases and death in ESRD'?%.

CKD can damage the intestinal wall barrier'”,
increasing endotoxin leakage and translocation of intes-
tinal bacteria, which enhance inflammation and cause
cardiovascular and renal damage'®. Heart failure also
increases intestinal leakiness independently of CKD™'.
Among patients with CKD, intestinal p-cresol uptake is
higher in those with cardiovascular disease, independ-
ent of kidney function'®. Moreover, the composition
of the intestinal microbiome influences the severity of
experimental myocardial infarction'®. Cardiovascular
disease might, therefore, impair the function of the intes-
tinal microbiome irrespective of CKD, suggesting that
microbial products might have toxic effects in clinical
conditions other than CKD.

The intestinal microbiome also generates trimethyl-
amine N-oxide (TMAO), a metabolite of dietary phos-
phatidylcholine and choline'®. Plasma levels of TMAO
increase exponentially with decreasing kidney func-
tion'® and are associated with mortality and cardiovas-
cular events in CKD'¢. TMAO could therefore be an
intestinally generated cardiotoxic agent that is present at
high concentrations in patients with kidney disease. The
effects of TMAO might even go beyond the cardiovas-
cular system and extend to bone growth in children'”,
the brain'®, the endocrine system'® and thrombosis'".

A 2014 systematic review identified numerous stud-
ies that reported deleterious effects of indoxyl sulfate
and p-cresyl sulfate, such as cardiovascular disease,
inflammation and progression of kidney failure'”®.
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(FIG. 4), resulting in a vicious circle that can lead to
- complications, hospitalization, and death. As kid-
High levels of . . d
uraemic toxins ney disease progresses, multiorgan damage worsens
exponentially and could at least partly explain the
exponential increase in mortality that is associated with
progression of kidney failure.
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Kidney and lung dysfunction

The lung is constantly exposed to a myriad of changing
environmental stimuli and to toxins such as air pollut-
ants, which are risk factors for both lung and kidney
disease. For example, ultrafine particles can not only
cause lung disease, but also cardiovascular'® and renal
diseases'”’.

Neuroendocrine cells — an evolutionarily con-
served, sparse population of innervated epithelial cells
— are essential mediators of the pulmonary response
to environmental stimuli'®'. They induce a neural reflex
in the lung that regulates cytokine release and modu-
lates inflammation and immune cells function®”. The

Heart failure «<—— Cardiovascular disease

Figure 4 | The gut-kidney axis, inflammation and cardiovascular disease in CKD.
Aswell as causing the retention of uraemic toxins (including toxins generated in the
intestinal system), chronic kidney disease (CKD) alters the integrity of the intestinal
barrier, which leads to translocation of intestinal microbiota into the blood, systemic
inflammation, increased absorption of uraemic toxins from the intestine and
cardiovascular disease. Uraemic toxins are strong proinflammatory stimuli.
Cardiovascular disease also contributes to alter the intestinal barrier via venous
intestinal congestion secondary to heart failure.

These toxins also mediate the crosstalk between leuko-
cytes and the vascular wall, a process that is considered
to be essential for the initiation of atherogenesis'”’. In
a model of acute kidney injury, indoxyl sulfate rap-
idly accumulated in the nervous system, suggesting
that this toxin might be involved in the neural dys-
regulation that is triggered by kidney dysfunction™".
Furthermore, accumulating evidence indicates that the
gut microbiome might exert important effects on
the nervous system through multiple pathways includ-
ing bacterial metabolites, inflammatory cytokines,
and neurotransmitters'*?. Indole acetic acid, which has
proinflammatory and pro-coagulatory properties'*>'*,
and phenyl acetic acid, an inhibitor of inducible nitric
oxide synthase'”, are also generated in the intestine and
have toxic potential.

Symbiotic therapy™* (oral intake of a combination of
high-molecular weight inulin, fructo-oligosaccharides,
galacto-oligosaccharides and a probiotic component
including nine different strains across the Lactobacillus,
Bifidobacteria and Streptococcus genera) or a reduc-
tion in protein intake combined with ketoanalogue
administration'” (a dietary intervention that can have
beneficial effects on renal disease progression and
systemic complications of uraemia'”®) can be used to
mitigate the intestinal generation and uptake of toxic
compounds. However, the use of intestinal sorbents to
adsorb uraemic toxins did not improve hard outcomes
such as progression of kidney failure in patients with
CKD stage 3 or 4'%!81 These findings need to be con-
firmed because toxin concentration was not assessed
in one study' and the other could not demonstrate
the expected decrease in indoxyl sulfate levels with
adsorbent administration'®'.

Overall, the generation and retention of toxic com-
pounds of intestinal origin and the structural changes
associated with uraemic and cardiovascular diseases
can jeopardize renal, intestinal and cardiovascular
integrity by similar pathophysiologic mechanisms

contribution of innervation density and neural reflexes
to pulmonary inflammatory and immune responses is
highlighted by the aggressive alloimmune reaction that
follows lung transplantation®". In addition, neuroendo-
crine lung cells are key players in common lung diseases
such as chronic obstructive pulmonary disease?. Of
note, the number of neuroendocrine (calcitonin®) cells
was considerably increased in the lungs of subtotally
nephrectomized rats, compared with control animals”.
Neuroendocrine cell overpopulation in the lung in
patients with advanced CKD might be a compensatory
phenomenon to mitigate local inflammation.

The effects of CKD on the risk of obstructive and
restrictive lung diseases have received scarce attention
to date. In a representative sample of US adults, GFR
<60 mm/min/1.73 m* was associated with an increased
risk of obstructive lung disease, whereas albuminuria
was associated with obstructive and restrictive lung
diseases; these relationships were independent of other
risk factors®™. The link between albuminuria and pul-
monary disease is most likely multifactorial. Hypoxia
might be a major driver of this association as it is a
potent activator of the sympathetic system and high
sympathetic activity is associated with proteinuria and
reduced GFR in patients with CKD?*. Proteinuria is
more common in people who live at altitudes >2,400 m
than in those who live at sea level®, potentially owing
to constant hypoxia. Similarly, in patients with pulmo-
nary disease, hypoxia might cause inflammation and
oxidative stress®” and thus trigger albuminuria.

In the early stages of acute kidney injury, the lung
undergoes inflammation independent of infection, and
lung dysfunction is detectable within hours after kid-
ney injury*®. In patients with ESRD, chronic inflam-
mation and elevated levels of several cytokines exist*®,
and levels of IL-6 and CRP are very powerful predictors
of the risk of death®®. Patients with ESRD maintained
on dialysis have a high risk of emergency hospitaliza-
tion for pulmonary oedema, and lung congestion in
this population is incompletely accounted for by heart
failure®'’. This increased risk might be in part due to
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chronic inflammation. Indeed, interstitial accumulation
of water in the lung in patients with ESRD is associated
with systemic inflammation as reflected by high serum
levels of CRP*2 Notably, pulmonary hypertension,
another potential consequence of chronic lung inflam-
mation®"?, is much more frequent in patients with stage
3-5CKD?*"*?"* and in patients undergoing dialysis*'¢
than in the general population. As mentioned below,
hypoxic episodes during sleep apnoea — a disease char-
acterized by chronic inflammation®"’, persisting sym-
pathetic overactivity’'® and pulmonary hypertension®?
— are increasingly common as renal function dete-
riorates?”® and evolve to become almost universal
in patients maintained on chronic dialysis**'. Thus,
ample evidence demonstrates that the lung and the
kidney are linked through neuroendocrine-mediated
inflammation and that this relationship is bidirectional.

Neuropathology in CKD

The kidney and the nervous system are linked by multi-
ple inter-related pathways. For example, a close relation-
ship exists between the sympathetic system, critical renal
systems such as the RAS, and the brain*?. The physio-
logical and behavioural adaptations that have evolved to
minimize changes in osmolality also exemplify the inter-
actions between the kidney and the nervous system?®>.
Renal excretion of sodium and water counterbalances
alterations in the circulating volume, and blood tonicity
is maintained in a narrow range by vasopressin (also
known as antidiuretic hormone), which is secreted by
the nervous system and acts on the kidney***. Sensors
of blood osmolality (osmoreceptors) are not restricted

CKD —

ﬁ <«— Hypertension <— RAS activation

Altered central Fluid

respiratory overload

control during )
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Figure 5 | Inter-relationships between sleep apnoea, CKD and brain injury. In chronic
kidney disease (CKD), sleep apnoea is triggered by mechanisms initiated in the central
nervous system and by fluid retention leading to pharyngeal narrowing and airway
obstruction. Conversely, sleep apnoea can cause CKD via hypoxia and inflammation.
Sleep apnoea has major detrimental effects on the cardiovascular system via the
development of hypertension, high sympathetic activity, activation of the RAS and
aldosterone, insulin resistance, endothelial dysfunction and inflammation.

RAS, renin-angiotensin system; SNS, sympathetic nervous system.
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to the brain; they are also present in the liver portal
vein (peripheral osmoreceptors) where they detect the
osmotic effect of foods and fluids entering the gastro-
intestinal system?®. Systemic changes in osmolality are
detected in critical areas of the central nervous system,
including the supraoptic and preoptic nuclei, the subfor-
nical organ, and the organum vasculosum lamina termi-
nalis?®®. Neuronal activity in these areas of the nervous
system modifies vasopressin secretion and hence free
water clearance, and stimulates or inhibits thirst and
sodium appetite?.

Another major function of the nervous system in
mammals is control of the circadian clock*””. The supra-
chiasmatic nucleus in the hypothalamus is the central
system that synchronizes peripheral systems*”’. Central
and peripheral synchronizers share a common molecu-
lar clock that consists of self-sustained transcriptional
and translational feedback loops?®®. The circadian regu-
lation of a variety of processes such as sodium excretion,
blood pressure control, and circadian neuro-endocrine
rhythmicity are notoriously altered in CKD??. The per-
meability of the blood-brain barrier to small solutes
such as sucrose and inulin is enhanced in the advanced
stages of CKD and is associated with increased potas-
sium transport and disturbed sodium transport*’. The
relationship between these dysfunctions and altered
mental function in CKD remains elusive®".

Patients with CKD can have neurological compli-
cations such as cognitive disorders*?, dementia*®,
cerebrovascular diseases?** and peripheral neuropathy.
Conventional risk factors for cardiovascular disease
(such as old age, hypertension, diabetes, dyslipid-
aemia and atrial fibrillation) might induce neurologi-
cal disorders in CKD, mainly through microvascular
disease. Risk factors associated with low eGFR, includ-
ing albuminuria®®, altered NF-kB-TNF and Klotho
signalling®¢ and increased levels of f2-microglobu-
lin*¥’, are independently associated with structural and
functional cerebral changes. In the systemic scenario
of CKD, which is characterized by renal and cerebro-
vascular inflammation, endothelial dysfunction, excess
RAS activation and oxidative stress**, the levels of a
substantial number of neuromediators and endocrine
factors (such as p-endorphin, methionine-enkephalin,
adrenomedullin and neuropeptide Y) are temporally
(circadian rhythms) and quantitatively altered?**%.
These changes are thought to have a role in the high
incidence of neurological complications in CKD, but
this hypothesis remains to be tested.

Sleep apnoea is one of the most common com-
plications in patients with advanced CKD (FIG. 5).
Conversely, sleep apnoea can cause CKD, as clearly
shown by large two community-based studies****. In
the first study, which included 4,674 patients with and
23,370 individuals without sleep apnoea, this condition
was associated with a 94% excess risk of CKD (HR 1.94;
95% CI, 1.52-2.46) and a 120% excess risk of ESRD
(HR 2.2;95% CI, 1.31-3.69; P <0.01)**. In the second
study, which included >3 million US veterans, patients
with untreated sleep apnoea had a 127% (HR 2.27;
95% CI 2.19-2.36) excess risk of ESRD, whereas the
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same risk was 179% higher (HR 2.79, 95% CI 2.48-
3.13) in patients receiving treatment for sleep apnoea
than in patients without sleep apnoea®.

Sleep apnoea has a wide-range of systemic effects
including inflammation, oxidative stress, insulin resist-
ance, pulmonary hypertension, left ventricular dysfunc-
tion and hypertension, which are typically associated
with CKD?*.. The circadian pattern of the blood pressure
profile is often inverted in patients with kidney failure
and nocturnal hypoxaemia*?. Studies in animal mod-
els and clinical studies show that sleep apnoea causes
neurodegeneration via hypoxia, hypertension, vascu-
lar dysfunction, inflammation, and oxidative stress*?.
Moreover, serum amyloid levels are more than doubled in
patients with moderate to severe sleep apnoea compared
with those with mild sleep apnoea or healthy controls**.
Well before the appearance of any neuropsychological
symptoms, patients with sleep apnoea have grey matter
loss in the frontal and temporo-parieto-occipital cortices,
the thalamus, the hippocampal region, some basal gan-
glia and cerebellar regions?*. Brain alterations and grey
matter loss are commonly seen in CKD, particularly in
patients with ESRD**. These alterations are clinically
relevant as they are associated with cognitive impairment
and with a high risk of death in CKD*".

Overall, the kidney has an important influence on
the complex neural network that regulates essential
functions such as thirst and water balance, sodium
appetite and excretion, and circadian rhythms. CKD
alters sodium and water metabolism, cerebrovascular
function and several neurohormonal signalling mech-
anisms, which eventually lead to and/or aggravate

various neurological complications of CKD span-
ning from sleep apnoea to peripheral neuropathy and
dementia.

Next steps: a systems biology approach

A whole body perspective

From a whole-body perspective, the multiple links
between the kidney and other organs generate a complex
set of physiological and pathological interactions that
are difficult to understand through the study of bilateral
interactions between two organs. For example, the links
between the kidney and the lungs in sleep apnoea are
insufficient to explain the multifaceted pathophysiology of
this syndrome, which is characterized by systemic inflam-
mation, nocturnal hypertension, cardiovascular dysfunc-
tion and brain dysfunction. Systems biology approaches
can provide further insights into the systemic nature of
diseases**®. Unraveling multiple pathophysiologic associ-
ations between organs in CKD is now a concrete possi-
bility (TABLE 1). However, integrating the large quantity of
information that will be generated by the systems biology
approach will require technical advances such as those
seen in imaging and network analysis. These tools could
be generated with research efforts such as those deployed
by the United States Brain Research through Advancing

Innovative Neurotechnologies Initiative*®.

A systems biology approach

In the current post-genomic era, systems biology has the
potential to enable in-depth investigation of the nexus
between molecular function at the cellular and subcellu-
lar levels and whole-body integration. Understanding of

Table 1| Examples of the application of a systems biology approach to CKD

Approach* Sample Tool Data analyzed Key finding Potential implications Refs
(species)
Epigenomics Monocytes  NGS Epigenetic changes 68 miRNAs are Potential novel therapeutic targets 250
(human) (histone modifications, differentially expressedin  for cardiovascular complications in
DNA modifications CKD and connectedto47  CKD
that respect the reciprocally differentially
sequence of base pairs, expressed target genes
miRNA presence)
Transcriptomics  Monocytes  NGS,arrays ~ mRNA, non-coding Activation of Molecular basis of CKD-associated 252
(human) RNA (gene expression) CD16*CX3CR1* inflammation
monocytes
Proteomics Plasma MS Proteins or Identification of 13 novel Functional studies that explored the 253
(human) peptides, including biomarkers of vascular causal relationship between vascular
post-translational disease in patients with disease and CKD might identify new
modifications (suchas ~ CKD therapeutic targets
phosphorylation)
Metabolomics  Urine MS, NMR Small molecules, Increased urinary TMAO An altered microbiota might 257
(human) spectroscopy including lipids, sugars in CKD generate TMAO precursors
and amino acids . . L
Plasma Increased oleoylcarnitine  Long-chain acylcarnitine is 256
(human) in CKD associated with cardiovascular
mortality
Metagenomics  Stool(mice) NGS Coecal microbial L-Carnitine L-Carnitine supplementation in CKD 190,
composition in mice supplementation increases might promote TMAO accumulation 258

bacteria taxa that
metabolize L-carnitine to
TMAO precursors

and platelet hyper-reactivity leading
to increased thrombosis risk

*In all approaches, multiple genes or molecules, numbering thousands, might be analysed in a single assay. CKD, chronic kidney disease; miRNA, microRNA; mRNA,
messenger RNA; MS, mass spectrometry; NGS, next generation sequencing; NMR, nuclear magnetic resonance; TMAO, trimethylamine N-oxide.
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how the function of a myriad of proteins translates into
the complex and integrated activity of cells, tissues and
organs systems, and how altered molecular regulation of
these activities by CKD might lead to organ dysfunction,
is now possible.

A systems biology approach enables simultaneous
analysis of the full set of molecular changes occurring at
different levels and in different organs. The epigenome
can provide insights into the effects of uraemia and
the resulting inflammation on heritable modifications
of DNA, histones and microRNAs that modulate gene
expression without modifying the DNA sequence®*.
For example, kidney-injury-associated inflammation
decreases Klotho expression in part through epigenetic
modulation®'. Analyses of the transcriptome enable the
detection of detailed changes in gene expression in CKD
to refine the molecular definition of CKD-associated
inflammation and organ dysfunction®~

Our understanding of uraemic toxicity can also be
furthered by a systems biology approach. At the pro-
teomic level, differential levels of protein expression**
and post-translational protein modifications resulting
from altered gene expression or uraemic toxicity can be
precisely defined, setting the stage for novel therapeutic
approaches. For example, post-translational modifica-
tions that change protein half-life or function, such as
carbamylation, or high levels of methylglyoxal-derived
advanced glycation end-products have been identified
in patients with uraemia®*.

Metabolomics and metagenomics

Changes in the levels of metabolites, such as asymmetric
dimethyl arginine®* or long-chain acylcarnitine*, that
contribute to complications in CKD and are involved
in cardiovascular complications in patients undergoing
dialysis'®?¢ can be reliably measured and are providing
new insights into the pathogenesis of complications asso-
ciated with uraemia**"’. Studies at the metagenomic
level, that is on genetic material from bacterial commu-
nities such as the gut microbiota, provide insights into
the effects of CKD on the microbiome and, conversely,
on the effects of changes in the microbiome on the
manifestations of CKD. Metagenomic studies in mice
have shown that the metabolism of dietary L-carnitine
(which is abundant in red meat) by certain taxa of the
intestinal microbiota generates trimethylamine, which
is processed by the liver into pro-atherogenic and pro-
thrombotic trimethylamine-N-oxide'**. Changes in
the gut flora induced by diet and uraemia-associated
trimethylamine-N-oxide accumulation®® modify the
manifestations of CKD and might underlie the clinical
variability and discrepancy seen in the results of different
studies™®.

Integration of omic sciences

The possibility that the complexity of renal diseases could
be unraveled by studies based on new systems biology
technologies is tantalizing because full understanding of
pathophysiological processes requires the integration
of several omics datasets (from biological fluids or tis-
sues) into a dynamic model of the molecular changes in
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CKD through ‘trans-omic’ analyses™'. In this regard, the
process has started with the application of systems biol-
ogy tools to simple sets of samples (which can be obtained
from plasma, urine, faeces or circulating leukocytes). For
example, one study performed metabolomics analyses in
a group of 41 patients with stage 3-4 CKD**, whereas
another analysed metabolic signatures in urine samples
of a small series of 13 patients with stage 4-5 CKD*".

In the future, the complexity of the samples can be
expected to increase. Indeed, understanding of the effects
of CKD and uraemia on the epigenome, transcriptome,
proteome and metabolome of individual organs such
as the heart will require additional tissue analyses with
techniques such as imaging, which enables visualization
of the heart structure. These analyses will also have to be
integrated with the genetic background of the individual,
which can be studied by exome or whole genome sequen-
cing. Progress in our understanding of the pathogenesis
and the manifestations of CKD and the uraemic syn-
drome is likely to be a slow, decades-long process. The
full development of new informatic and biostatistical
tools to integrate the large amount of biological data gen-
erated by the various omics sciences, from genomics*” to
metabolomics®, will be central for the advancement of
knowledge on CKD.

Personalized renal care

To achieve the ambition of personalized care for patients
with renal diseases, understanding of not only how
renal diseases arise, but also how they affect all organs
at the molecular and individual level would be useful.
Developing such a comprehensive view of renal diseases
and generating practical clinical applications of this
knowledge might take at least 10-15 years**. Such an
undertaking seems worthwhile if one considers the urae-
mic syndrome and CKD with a holistic perspective and
recognizes that many systems are intertwined; unravel-
ling all the links in the network will, therefore, likely lead
to improvements in patient outcomes.

Treatments that target critical integrative pathways
such as inflammation and the autonomic system might
mitigate the systemic effects and progression of CKD. To
date attempts to interfere with these systems have been
disappointing®”, but thorough proteomic and metabo-
lomic analyses might lead to the discovery of novel crit-
ical biological targets for therapy and the development
of innovative drugs with increased efficacy and reduced
adverse effects.

Systems biology tools such as proteomics evolve
rapidly and can be applied to the investigation of the
biology of chronic diseases. Proteomics has proven to
be an effective tool to identify drug targets in cancer, a
chronic condition that involves extensive protein net-
works?®, much like CKD?. In the specific context of
CKD, rich databases that combine findings at various
biological levels have already been created*®. These
databases, which will potentially be fuelled by future
discoveries, will soon provide critical information for
our understanding of the complexity of CKD and its
systemic complications, thereby enabling the discovery
of novel biomarkers and therapeutic targets®.
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Conclusions

Traditionally, medicine aims to isolate the most rele-
vant single factor responsible for a disease: a bacterium
or a virus in an infectious process, a gastroduodenal
ulcer in anaemia due to blood loss, the tumour mass
in cancer®®, Such an approach has been and remains
crucial but, in the context of multifactorial, complex
diseases, failing to capture critical multiorgan infor-
mation is inherently inadequate. Until recently, the
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