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Known worldwide, chronic kidney disease (CKD) is a disease that affects up to 
4% of the population with increasing figures also in the developing countries. Life 

expectancy of patients affected by CKD is shortened compared to the overall 
population, and only a minority of patients reach end-stage renal disease (ESRD) with 

the need for dialysis or renal transplantation; death overtakes dialysis. 

In the 13 chapters, this book sheds light on the different aspects related to 
pathophysiology and clinical aspects of CKD, providing interesting insights into not 

only inflammation and cardiovascular risk but also the interplay of hormones and the 
functional aspects of endothelial function. In addition, chapters dealing with genetic 

aspects of polycystic kidney disease and also the clinical handling of patients with 
CKD and peritoneal dialysis will be beneficial for the open-minded reader.
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Preface

Known worldwide, chronic kidney disease (CKD) is a disease that affects up to 4% of the
population with increasing figures also in the developing countries. Life expectancy of pa‐
tients affected by CKD is shortened compared to the overall population, and only a minority
of patients reach end-stage renal disease (ESRD) with the need for dialysis or renal trans‐
plantation; death overtakes dialysis.

Most of the patients with CKD will die because of cardiovascular complications. Interesting‐
ly, the traditional risk factors for cardiovascular diseases (hypertension, diabetes mellitus,
smoking, etc.) seem to have less influence on the fate of the patients. However, the role of
uremic toxins in the development of cardiovascular complications is not fully understood.

The progression of renal disease and the occurrence of complications are associated with
alterations in inflammation processes. More and more data are added to shed light on the
pathophysiological mechanisms involved in the progression of CKD and development of
complications leading to substantial clinical and socioeconomic effects.

One of the earliest changes related to CKD are the disorders of the phosphorus-calcium me‐
tabolism. There is a well-known link between high serum phosphate levels and the occur‐
rence of cardiovascular complications in patients on dialysis but also in the general
population. New biological markers like fibroblast growth factor 23 (FGF-23) and Klotho
give us insight into the interplay of hormones, functional aspects of the renal tubulus system
and endothelial function.

The interaction of the products of gut microbiota like indoxyl sulphate (IS) and p-cresyl sul‐
phate (PCS) with renal function and cardiovascular risk is very interesting. Both show in‐
creasing serum concentrations in patients with CKD. Therefore, a “gut-kidney-axis” is
postulated, and IS and PCS are seen as therapeutic targets to slow the progression of kidney
disease and improve cardiovascular outcome.

Besides new pathophysiological insights and pharmacologically based therapies, established
dietary restrictions, especially a low-protein diet, have beneficial effects on the progression of
CKD. But also environmental aspects have gained more attention. Organochlorine pesticides
used in farming and agriculture are suspected to increase the incidence and severity of CKD.

All these fascinating aspects of scientific medicine are presented in this book. In addition, chap‐
ters dealing with the genetic aspects of polycystic kidney disease and also the clinical handling
of patients with CKD and peritoneal dialysis will be beneficial for the open-minded reader.

This book comprises a total of 13 chapters from authors and researches from different coun‐
tries and continents, thus reflecting worldwide importance of CKD.
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Abstract

As many as 40–50% of all patients suffering from chronic kidney disease (CKD) die from 
reasons related to cardiovascular disease (CVD). The severity of the illness is directly 
connected to higher mortality caused by cardiovascular factors, with the cause of the 
CKD not as significant for the relationship. This risk of high cardiovascular mortality and 
morbidity is actually so high that it surpasses the risk of the patients reaching end-stage 
renal disease. Within the context of CKD, CVD has certain distinct characteristics. Left 
ventricular hypertrophy (LVH) is commonly used as a predictor of cardiovascular (CV) 
mortality. The striking cardiac interstitial fibrosis, a crucial part of uremic cardiomyopa-
thy, and nonobstructive vascular diseases are highly prevalent CV pathology in CKD 
patients. Traditional risk factors appear to be of less importance in the CKD population 
compared to the general population but have been hypothesized as uremic toxins as a 
risk factor of cardiorenal syndrome. In this chapter, we discuss the importance of renal 
function in the pathophysiology of heart failure. We also elaborate on the novel under-
standing of chronic kidney disease and its role in cardiovascular disease progression.

Keywords: chronic kidney disease, cardiovascular disease risk factors, traditional risk 
factors, nontraditional risk factors, uremia-related risk factors, cardiorenal syndrome, 
renocardiac syndrome

1. Introduction

Patients suffering from chronic kidney disease (CKD) have the higher risk of facing com-
plications or mortality from causes related to cardiovascular disease (CVD) than reaching 
its end-stage renal disease (ESRD) [1]. In fact, 9 out of 10 patients face cardiovascular issues 

© 2018 The Author(s). Licensee InTech. This chapter is distributed under the terms of the Creative Commons
Attribution License (http://creativecommons.org/licenses/by/3.0), which permits unrestricted use,
distribution, and reproduction in any medium, provided the original work is properly cited.
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and/or die due to these causes before they ever progress to ESRD [2]. A number of epide-
miologic studies and research concluded that a strong relationship exists between CKD and 
morbidity and mortality related to CVD. Taking better care of cardiovascular (CV) risk fac-
tors during the past 10 years has led to a drop of 40% in mortality caused by coronary artery 
disease [3]. This, however, has not spilled over to patients suffering from CKD or those that 
have progression to ESRD [4, 5]. This has an effect of increasing issues caused by CVD in 
CKD patients, as well as highlighting further those risk factors that go alongside old age, 
primarily arterial hypertension, vascular calcification, dyslipidemia, oxidative stress and 
inflammation [6]. An aging population and increasing incidence of hypertension, diabetes 
mellitus, obesity and other comorbid factors are associated with an increasing incidence of 
cardiorenal disorders [7]. Risk factors are usually intertwined, making it difficult to separate 
the traditional and newly discovered risk factors, which actually have very strong ties.

2. Main body

2.1. Reverse epidemiology

Reverse epidemiology is the paradoxical observation that the well-documented associations 
in the general population between dyslipidemia, hypertension, obesity and poor outcomes 
does not exist or even may be reversed in dialysis patients. It should be mentioned that this 
phenomenon is not only observed in dialysis patients but also in geriatric populations and 
chronic heart failure (CHF). Studies have suggested that this confounded epidemiology is due 
to the overriding effect of malnutrition and persistent inflammation [8].

CVD in the setting of CKD has its own specific characteristics. First, despite the high inci-
dence of accelerated atherosclerosis and high fatality following myocardial infarction (MI) 
in patients suffering from chronic kidney disease, a very small number of heart disease-
related deaths are caused by ischemic heart disease—between 15 and 25% [9]. CVD-caused 
mortality is predicted by left ventricular hypertrophy (LVH), which is typically used as a 
forecaster. The mortality usually happens in the form of heart failure, myocardial infarction 
and sudden cardiac failure. Regardless of hypertension, a common cardiovascular pathol-
ogy in patients with CKD is striking cardiac interstitial fibrosis, which occurs within uremic 
cardiomyopathy and nonobstructive vascular disease. Most common examples would be 
vascular stiffness, calcification and ossification [10]. These causes are predictive of negative 
cardiovascular events and can be used in explaining why sudden cardiac death and isch-
emic heart disease occur so often when there is no significant atherosclerosis. Importantly, 
traditional risk factors of CVD that we know are not as important in patients suffering from 
CKD as they are in the general population. Primarily, this is in reference to hypertension, 
diabetes mellitus, smoking and hyperlipidemia [9]. This can be seen through a stubbornly 
high CV mortality in CKD patients who control these factors. Evidence appearing right now 
indicates that uremic toxins and abnormal calcium-phosphate metabolism, which belong 
to novel CKD risk factors, directly add to the development and evolution of cardiovascular 
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disease. Chronic kidney disease is already by nature a progressive kind of disease, which is 
further augmented through these factors, which, in turn, increase the risk for the “cardio-
renal syndrome”.

Also, it has been hypothesized that uremic toxins as a risk factor of cardiorenal syndrome. 
Despite tremendous advances in the development of dialysis technology, CV mortality is still 
unacceptably high in dialysis patients. Rates of all-cause mortality for dialysis patients are 
8.2 times greater than the general population. After CVD has started off, the probability of 
survival after a five-year period reduce to 18% and 47% for patients on dialysis and follow-
ing transplantation, respectively. This is quite low compared to 64% survival chance of gen-
eral population. Patients in long-term dialysis must take special care of their left ventricular 
hypertrophy development [11] that develops even if the blood pressure level is normalized 
and is no longer anemic. Three-quarters of patients on dialysis for more than 10 years have 
left ventricular hypertrophy (LVH). Cardiac fibrosis gets worse with time in these patients 
but its effect are reversed after transplantation has been performed [12]. An interesting find-
ing is the negative correlation between duration of renal replacement therapy (RRT) prior 
to the transplantation and the recovery of cardiac functions after a successful procedure. 
Dialysis performed now fails to discard a large quantity of organic matter completely, which 
under normal conditions be excreted by the kidneys. This is because of its high molecular 
size and high protein affinity [12]. Due to pathophysiological actions of this matter, these 
uremic compounds can add to the overall CV risk in patients with chronic renal disease. 
According to their physicochemical determinants, there are three groups of uremic-retention 
compounds: small compounds soluble in water, middle molecules and small protein-bound 
compounds [13]. These uremic-retention solutes with negative biological effects are called 
uremic toxins.

In the past few years, we have reached some understanding to their cardiovascular adverse 
effect, but we still need to reach conclusions regarding the mechanisms through which this 
occurs [13].

2.2. Pathophysiologic mechanisms

It is unclear as to what causes this high risk of cardiovascular disease in CKD patients. Uremia 
and ESRD-related risk factors, some of which are older age, hypertension, dyslipidemia, dia-
betes mellitus and LVH, are highly prevalent in CKD. However, these factors do not fully 
account for the extent of CVD in CKD. Several cross-sectional studies have suggested that 
other factors that are not included in the Framingham risk profile may play an independent 
and important role in promoting vascular disease in these patients. Unique risk factors related 
to ESRD and uremia such as hemodynamic and metabolic alterations, hyperhomocystein-
aemia, oxidative stress, inflammation and anemia have been identified and also likely con-
tribute to the excess CVD risk [14]. Several mechanisms are involved in the pathophysiology 
of CVD in CKD interrelated and complex ways. In CKD, several clinical pathologic entities 
underlie CVD, including endothelial dysfunction, accelerated atherosclerosis, arteriosclero-
sis, and cardiomyopathy [15].

Traditional, Nontraditional, and Uremia-Related Threats for Cardiovascular Disease in Chronic ...
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disease. Chronic kidney disease is already by nature a progressive kind of disease, which is 
further augmented through these factors, which, in turn, increase the risk for the “cardio-
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According to their physicochemical determinants, there are three groups of uremic-retention 
compounds: small compounds soluble in water, middle molecules and small protein-bound 
compounds [13]. These uremic-retention solutes with negative biological effects are called 
uremic toxins.
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effect, but we still need to reach conclusions regarding the mechanisms through which this 
occurs [13].

2.2. Pathophysiologic mechanisms

It is unclear as to what causes this high risk of cardiovascular disease in CKD patients. Uremia 
and ESRD-related risk factors, some of which are older age, hypertension, dyslipidemia, dia-
betes mellitus and LVH, are highly prevalent in CKD. However, these factors do not fully 
account for the extent of CVD in CKD. Several cross-sectional studies have suggested that 
other factors that are not included in the Framingham risk profile may play an independent 
and important role in promoting vascular disease in these patients. Unique risk factors related 
to ESRD and uremia such as hemodynamic and metabolic alterations, hyperhomocystein-
aemia, oxidative stress, inflammation and anemia have been identified and also likely con-
tribute to the excess CVD risk [14]. Several mechanisms are involved in the pathophysiology 
of CVD in CKD interrelated and complex ways. In CKD, several clinical pathologic entities 
underlie CVD, including endothelial dysfunction, accelerated atherosclerosis, arteriosclero-
sis, and cardiomyopathy [15].
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2.3. Neurohumoral activation and hemodynamic alterations

Hemodynamic changes and neurohumoral factors such as renin-angiotensin-aldosterone sys-
tem (RAAS) and sympathetic nervous system (SNS) activation play an important role in the 
interactions between the heart and the kidneys in patients with CKD and CVD (Figure 1). 
RAAS and SNS are both key regulatory systems for the maintenance of cardiovascular and 
renal function. Loss of renal mass in CKD leads to the accumulation of sodium and water 
resulting in hypertension and fluid overload in patients with Cardiorenal syndrome (CRS). 
In the setting of CKD, elevated concentration of angiotensin II increases sodium retention, 
regulates glomerular filtration rate (GFR), potentiates the renal effects of SNS stimulation and 
increases release of arginine vasopressin (AVP) from the posterior pituitary gland and aldo-
sterone from the adrenal cortex [16].

Sympathetic stimulation results in several physiologic changes that under normal circum-
stances serve to maintain cardiac output and vascular integrity. In the setting of heart failure, 
overactivity of SNS worsens cardiac performance. Sympathetic hyperactivity is present in 
early and advanced stages of CKD, with levels that increase with worsening renal func-
tion [17]. Overdrive of renal adrenergic receptors promotes release of renin from juxtaglo-
merular cells and reabsorption of sodium from tubular cells. Angiotensin II and aldosterone 

Figure 1. Neurohumoral activation and hemodynamic alterations in CKD and CHF. Note: CKD, chronic kidney disease; 
CHF, chronic heart failure; SNS, sympathetic nervous system; RAAS, renin-angiotensin-aldosterone system; LV, left 
ventricular; LVH, left ventricular hypertrophy.
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both causes systemic arterial vasoconstriction and directly promote cardiac remodeling. 
AVP exerts its physiologic effects via activation of V1 and V2 receptors. Activation of V1a 
receptors on vascular smooth muscle cells results in vasoconstriction, while activation of 
V2 receptors on the collecting duct increases reabsorption of hypotonic water. Patients with 
CKD and CHF suffer from elevated afterload occurring after an increase in systemic vascu-
lar resistance, which arises from vasoconstriction mediated by the V1a receptor, as well as 
from increased preload due to water retention that occurs following the anti-diuretic effect 
mediated by the V2 receptor. AVP also has direct promoting effect of fibrosis and myocardial 
hypertrophy [18].

Volume overload occurs, due to expansion of extracellular fluid arising from aldosterone, 
which is responsible for the rising reabsorption of sodium and water. Ventricular filling pres-
sures increase, caused by retention of fluids, resulting in symptoms connected with HF such 
as dyspnea, jugular venous distension, hepatic congestion, peripheral edema and orthopnea. 
Preload, or higher ventricular filling pressures, increase the workload of heart and cause dila-
tation of the damaged ventricle. Other conditions along with chronic kidney disease increase 
the cardiac output demand, leading to volume overload; chronic anemia is one among them. 
It is the condition where the oxygen-transporting capacity of blood has gone down. Another 
is when the patient has an arteriovenous fistula for the hemodialysis (HD) access, which 
requires some cardiac output, leaving less to systemic circulation [19].

Regulation of sodium balance is important for the maintenance of appropriate blood pressure 
and body fluid volume. Increased blood pressure resulting from a normal cardiac response to 
increasing fluid volume and pressure natriuresis and which is required for excretion of excess 
sodium and body fluid. Abnormal pressure natriuresis in heart failure due to low cardiac 
output has been described in low-flow theory. In patients with CKD who have insufficient 
sodium excretion because of reduced GFR due to reduced numbers of functional nephrons, 
there is an insufficient pressure natriuresis. Pressure natriuresis is also affected by neuro-
humoral factors such as RAAS and SNS. The combination of pump failure and low cardiac 
output leads to vascular congestion and edema that are worsened through a nonsensical 
renal reaction where water and sodium retention occurs, even though extracellular volume is 
expanded. Vascular congestion and edema become worse, under these conditions [20].

Low cardiac output and arterial underfilling are previously thought to be main causes of 
impaired renal function in heart failure. However, some evidence suggests that renal venous 
hypertension due to venous congestion, rather than arterial underfilling, may cause renal 
dysfunction. Central venous congestion is clinically evident as increased jugular venous 
pressure and peripheral edema. Increased central venous is transmitted downstream to the 
capillary beds of other organ systems including the kidneys. Recent clinical trials showed the 
relationship between increase in central venous pressure and decrease in estimated GFR [21]. 
GFR is considered to decrease in response to reduction in the net filtration pressure caused 
by increased hydrostatic pressure in Bowman’s capsule secondary to increased interstitial 
pressure. These factors suggest that abnormal pressure natriuresis due to decreased GFR, 
exacerbation of venous congestion and worsening of heart failure due to low cardiac output 
create a positive-feedback cycle [16].
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2.4. Uremic cardiomyopathy

In the general population, pathological LVH is connected to poor survival prognosis, the 
development of diastolic dysfunction, arrhythmias and cardiac failure progression. A simi-
lar state is present with predialysis, as well as dialysis patients. Although the terms used 
to describe this condition overlap, uremic cardiomyopathy marks the influence of reduced 
renal function on functional cardiac capability [22]. Epidemiological studies show that the 
primary manifestation of uremic cardiomyopathy is LVH. Reduced renal function in differ-
ent stages of arrest, combined with cardiac diseases, most often causes the development of 
uremic cardiomyopathy. Go et al. in a study on a large number of examinees determined 
that the reduction of GFR by 50%, increases the overall risk of death by five times [23]. The 
treatment of ESRD by kidney transplantation severely reduces the risk of cardiovascular 
death, but with persistence of some mortality risks. The study conducted by Zoccali et al. 
shows that short-term dialysis patients have a better prognosis and survival concerning car-
diovascular diseases post kidney transplantation. The same authors determined that LVH is 
an independent factor of cardiovascular risk, connected to significant survival rate reduction 
[24]. LVH pathogenesis in uremic cardiomyopathy remains uncertain. Taking into account the 
high frequency of hypertension in patients with a difficult chronic renal disease, one of the 
hypotheses is that LVH occurs as a product of blood pressure encumbrance. In patients with 
diabetic nephropathy, blood pressure, as an independent risk factor, leads to the increase of 
left ventricular mass (LVM), as well as the LV mass index (LVMI). The application of blood 
pressure drugs, as well as dialysis treatment successfully reduces ventricular mass [25], and 
so, this treatment is used in normotensive patients. The application of angiotensin-converting 
enzyme (ACE) inhibitors reduces LVM in dialysis patients, previously normotensive. Larsen 
et al. have shown that left ventricular wall size is reduced in patients on intensive, continu-
ous and daily dialysis, over the course of a year, unlike those patients who had intermittent 
dialysis three times a week, despite similar systolic blood pressure values. Another potential 
cause of uremic cardiomyopathy is volume encumbrance, which can cause the development 
of eccentric LVH, by increasing left ventricular end diastolic diameter (LVEDD). The reduc-
tion of interdialytic mass correlates with LVMI reduction, but LVH can persist, irrelevant of 
LVMI normalization. Another hypothesis on the etiology of uremic cardiomyopathy is that 
the accumulation of hypertrophic growth factor, connecter to ESRD, initiates signal activa-
tion independent of mechanical stress, which leads to cardiac pathology progression. Several 
matters can modulate cardiac growth and function, which are accumulated in ESRD patients, 
primarily endothelin-1, parathyroid hormone (PTH), tumor necrosis factor alpha (TNF-α), 
leptin, interleukin1 alpha (IL-1α) and interleukin 6 (IL-6) [26].

2.5. Left ventricular hypertrophy

The prevalence of LVH is high among patients suffering from ESRD. Structural changes 
appear in the early stages of kidney function damage. In prospective research, just prior to 
the start of RRT, 74% of patients had LVH, with a high LVMI, as an independent mortality 
predictor after 2 years of dialysis treatment. Up to 80% of dialysis patients have increased 
LVM [27]. The increase of LVM in ESRD patients can be caused by an increase of LVEDD as 
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a result of volume encumbrance, the increase of LV wall thickening, and the combination of 
characteristics of both eccentric and concentric LVH. The precise distinction of LVH between 
eccentric and concentric is sometimes difficult in hemodialysis patients, because of cycli-
cal variations of extracellular fluid and humoral balance. The internal dimensions of LV are 
under the influence of the volume status, and the decrease of blood volume during dialysis 
reduces LV diameter, causing "acute" changes in the relative thickness of the left ventricular 
wall. In stable patients with compensated hypertrophy, the systolic function remains within 
normal boundaries, while diastolic charging often varies. The LVH is an adaptive response to 
increased heart rate. LVH is both damaging and beneficial at the same time. The benefits are 
tied to the number of sarcomeres and the increase of heart function capability, which allows 
for energy conservation. Such an effect sustains normal systolic function during the initial, 
compensated, or "adaptive" phase of LVH development. Continued stress gradually leads 
to an "inappropriate" hypertrophic response. In this phase of LVH, a loss of balance between 
energy consumption and production occurs in the activated myocardial cells, which eventu-
ally results in chronic energy deficiency and accelerated myocyte death [28]. The increase 
of extracellular matrix and collagen content makes the functional competence of heart con-
tractions sustainable, however, at the expense of weakened diastolic charging. LVH usually 
occurs as a response to initiated mechanical stress. Pressure encumbrance results in the par-
allel addition of new sarcomeres, with a disproportionate increase in LV wall thickness and 
a normal ventricular diameter (concentric hypertrophy). Volume encumbrance primarily 
results in the addition of new sarcomeres in series, and a secondary order of new sarcomeres 
parallel, which again leads to the increase of LV diameter, with an increase of wall thickness 
(eccentric hypertrophy). The development and markings of LVH are under the influence of 
several factors such as age, gender and race, a co-existing disease such as diabetes, systemic 
disease or kidney failure [29] (Figure 3).

2.6. Vascular remodeling and CKD

The changes in the vascular system of uremic patients are attributed to a synergistic effect 
of numerous factors such as dyslipidemia, prothrombotic factors, anemia, hypertension, 
increased oxidative stress, hyperparathyroidism, synthesis disorder homocysteine and nitric 
oxide, endothelial dysfunction as well as LV remodeling, which leads to the modification of 
structural and functional cardiac and vascular characteristics.

Accelerated atherosclerosis and more frequent and generally higher intensity cardiovascular 
events go alongside CKD. Atherosclerosis is an intimal disease where vascular lesions and 
plaques develop. A specific morphology can be noticed in lesions in patients with CKD. They 
can be calcified, with media thickness. In contrast, the atherosclerotic lesions are fibro athero-
matous in the general population.

In CKD, as in the general population, the accumulation of conventional risk factors initiates 
the atherosclerotic process. Among these risk factors, dyslipidemia is a major determinant.

More than one CKD uremia-related factor leads to renal function which is substantially reduced. 
Despite multiple pathobiological factors being involved, vascular disease is aggravated by the 
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a result of volume encumbrance, the increase of LV wall thickening, and the combination of 
characteristics of both eccentric and concentric LVH. The precise distinction of LVH between 
eccentric and concentric is sometimes difficult in hemodialysis patients, because of cycli-
cal variations of extracellular fluid and humoral balance. The internal dimensions of LV are 
under the influence of the volume status, and the decrease of blood volume during dialysis 
reduces LV diameter, causing "acute" changes in the relative thickness of the left ventricular 
wall. In stable patients with compensated hypertrophy, the systolic function remains within 
normal boundaries, while diastolic charging often varies. The LVH is an adaptive response to 
increased heart rate. LVH is both damaging and beneficial at the same time. The benefits are 
tied to the number of sarcomeres and the increase of heart function capability, which allows 
for energy conservation. Such an effect sustains normal systolic function during the initial, 
compensated, or "adaptive" phase of LVH development. Continued stress gradually leads 
to an "inappropriate" hypertrophic response. In this phase of LVH, a loss of balance between 
energy consumption and production occurs in the activated myocardial cells, which eventu-
ally results in chronic energy deficiency and accelerated myocyte death [28]. The increase 
of extracellular matrix and collagen content makes the functional competence of heart con-
tractions sustainable, however, at the expense of weakened diastolic charging. LVH usually 
occurs as a response to initiated mechanical stress. Pressure encumbrance results in the par-
allel addition of new sarcomeres, with a disproportionate increase in LV wall thickness and 
a normal ventricular diameter (concentric hypertrophy). Volume encumbrance primarily 
results in the addition of new sarcomeres in series, and a secondary order of new sarcomeres 
parallel, which again leads to the increase of LV diameter, with an increase of wall thickness 
(eccentric hypertrophy). The development and markings of LVH are under the influence of 
several factors such as age, gender and race, a co-existing disease such as diabetes, systemic 
disease or kidney failure [29] (Figure 3).

2.6. Vascular remodeling and CKD

The changes in the vascular system of uremic patients are attributed to a synergistic effect 
of numerous factors such as dyslipidemia, prothrombotic factors, anemia, hypertension, 
increased oxidative stress, hyperparathyroidism, synthesis disorder homocysteine and nitric 
oxide, endothelial dysfunction as well as LV remodeling, which leads to the modification of 
structural and functional cardiac and vascular characteristics.

Accelerated atherosclerosis and more frequent and generally higher intensity cardiovascular 
events go alongside CKD. Atherosclerosis is an intimal disease where vascular lesions and 
plaques develop. A specific morphology can be noticed in lesions in patients with CKD. They 
can be calcified, with media thickness. In contrast, the atherosclerotic lesions are fibro athero-
matous in the general population.

In CKD, as in the general population, the accumulation of conventional risk factors initiates 
the atherosclerotic process. Among these risk factors, dyslipidemia is a major determinant.

More than one CKD uremia-related factor leads to renal function which is substantially reduced. 
Despite multiple pathobiological factors being involved, vascular disease is aggravated by the 

Traditional, Nontraditional, and Uremia-Related Threats for Cardiovascular Disease in Chronic ...
http://dx.doi.org/10.5772/intechopen.69574

9



Figure 2. Mechanisms left ventricular remodeling.

calcification of the intimal atheromatous lesions and vascular wall media, which are representa-
tions of mineral metabolism disturbances.

Older populations suffering from CKD have a higher prevalence of occlusive atherosclerotic 
disease. Clinically, this is mirrored as ischemic heart disease (myocardial infarction, angina 
and sudden cardiac death), heart failure, peripheral and cerebrovascular vascular disease [30].

Arteriosclerosis must be taken into consideration when discussing CKD patients with CV 
risk. It is a process of remodeling, diffuse and nonocclusive by nature, involving the central 
arteries. Its determinants are an increased luminal diameter, medial calcification, destruction 
of the elastic lamellae, and an extracellular matrix increase. The arterial wall shows signs of 
stiffness due to these changes, meaning it is not as elastic. We still do not exactly know the 
link between this arterial stiffness and CKD. Altered mineral homeostasis is a suspect in this 
connection, due to the high medial calcification. In the ESRD, hyperphosphatemia, a higher 
level of calcium-phosphate product, hyperparathyroidism and lower 1.25-dyhydroxyvitamin 
D levels are characteristics of mineral imbalance metabolism [31].

Diffuse nonocclusive medial calcification and increased arterial stiffnesses are the more domi-
nant forms of vascular pathology in adolescents and young adults with CKD. These morpho-
logic changes are associated with systolic hypertension, wide pulse pressure, LVH, coronary 
hypoperfusion, further renal damage, congestive heart failure and sudden death (Figure 2).

Impaired endothelial function is a characteristic of early stages of chronic kidney disease, 
and multiple possible causes have been identified: (1) reduced clearance of endothelial NO 
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synthase (e-NOS) inhibitor asymmetric dimethylarginine (ADMA), which leads to reduced 
bioavailability of endothelial NO; (2) activation of angiotensin II, which induces oxidative 
stress; (3) high levels of homocysteine; (4) chronic inflammation; (5) dyslipidemia and (6) 
endothelial progenitor cell deficiency [32]. Endothelial dysfunction contributes significantly 
to the initiation and progression of CVD in CKD. It exacerbates arterial luminal narrowing 
and arterial wall stiffening by allowing development of intima-media thickening, medial 
hypertrophy and calcification [30].

2.7. Uremia-related CVD

A significant number of patients with uremia that are in the late stage of their renal disease 
show the following: (1) symptoms of myocardial ischemia without coronary artery disease 
by coronary angiography and (2) difficult or impossible to treat congestive heart failure. 
Functional and morphological characteristics of uremia are to blame for the existence of these 
clinical conditions [33]. As they are expected to enter ESRD, and as their kidney function is 
worsened, patients suffering from uremia generally have hypertension, anemia, hyperactive 
circulation caused by arteriovenous fistulae, increased stiffness of the arteries, and LVH and 
cardiac dilatation caused by overload of pressure and volume and a metabolic profile that 
does not fit normal characteristics. The myocardium structure is also changed due to intra-
myocardial thickening of the coronary artery, reduced density of myocardial capillary and 
higher levels of interstitial myocardial fibrosis. These factors put together lead to cardiomy-
opathy. Chemical anomalies in patients suffering from CKD or ESRD, including hyperkale-
mia, uremia, acidosis and calcium/phosphorus dysregulation, lead to higher rates of cardiac 
arrhythmia [33]. Primary cardiac arrhythmias account for 50% of CV deaths in patients with 
ESRD. Structural heart disease secondary to CKD/ESRD such as LVH, valvular abnormalities, 
conduction system calcification and heart failure can independently worsen the outcome of 
arrhythmias in this population [34].

CVD progression in CKD a higher and burden is undoubtedly connected with the late stages 
of CKD. In comparison with individuals of the same gender and age from the general popu-
lation, ESRD patients face 100 times higher morbidity and mortality rates. Accelerated CVD 
is promoted by chronic kidney disease, which is one of its most significant risk factors. The 
relationship is an exponential one between CKD and CVD. It is already in the first stages of 
kidney damage that the risk starts growing and continues all the way through to the late stage 
disease, where ESRD patients face 20–30 times higher risk than the general population. The 
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Figure 2. Mechanisms left ventricular remodeling.

calcification of the intimal atheromatous lesions and vascular wall media, which are representa-
tions of mineral metabolism disturbances.

Older populations suffering from CKD have a higher prevalence of occlusive atherosclerotic 
disease. Clinically, this is mirrored as ischemic heart disease (myocardial infarction, angina 
and sudden cardiac death), heart failure, peripheral and cerebrovascular vascular disease [30].

Arteriosclerosis must be taken into consideration when discussing CKD patients with CV 
risk. It is a process of remodeling, diffuse and nonocclusive by nature, involving the central 
arteries. Its determinants are an increased luminal diameter, medial calcification, destruction 
of the elastic lamellae, and an extracellular matrix increase. The arterial wall shows signs of 
stiffness due to these changes, meaning it is not as elastic. We still do not exactly know the 
link between this arterial stiffness and CKD. Altered mineral homeostasis is a suspect in this 
connection, due to the high medial calcification. In the ESRD, hyperphosphatemia, a higher 
level of calcium-phosphate product, hyperparathyroidism and lower 1.25-dyhydroxyvitamin 
D levels are characteristics of mineral imbalance metabolism [31].

Diffuse nonocclusive medial calcification and increased arterial stiffnesses are the more domi-
nant forms of vascular pathology in adolescents and young adults with CKD. These morpho-
logic changes are associated with systolic hypertension, wide pulse pressure, LVH, coronary 
hypoperfusion, further renal damage, congestive heart failure and sudden death (Figure 2).

Impaired endothelial function is a characteristic of early stages of chronic kidney disease, 
and multiple possible causes have been identified: (1) reduced clearance of endothelial NO 

Chronic Kidney Disease - from Pathophysiology to Clinical Improvements10
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risk can be seen when eGFR levels are below 50–60 ml/min/1.73 m2, and it becomes extremely 
high once eGFR drops <45 ml/min/1.73 m2 [33].

2.8. CVD in kidney transplant recipients

Although kidney transplant recipients recover adequate renal function, CVD remains an 
important cause of morbidity and mortality: mortality rates are twice as high as in mor-
tality rates are twice as high as in the general population, adjusted for age and gender. 
The most likely explanation is the high prevalence of conventional risk factors such as 
hypertension, diabetes mellitus, LVH, and dyslipidemia, as well as risk factors that do not 
belong to the traditional spectrum, that are connected to transplantation such as the effect 
of immunosuppressive medication or organ rejection. In comparison with the population 
in dialysis, patients that conducted a kidney transplant have a lower rate of CVD mortal-
ity. This is most likely caused by the removal of kidney-specific risk factors following the 
transplantation [35].

3. Traditional risk factors

Hypertension, smoking, hyperlipidemia, obesity and diabetes are all risk factors which are 
connected to CVD in general populations, but also in PD patients, and are categorized into 
so-called traditional risk factors.

3.1. Age and gender

Male gender is another well-known risk factor for CVD in the general population, and the 
frequency of acute myocardial infarction is as much as 2.5 times higher than in the female 
population suffering from CKD, adjusted for age. However, due to menopause caused by 
age or comorbidity, the senior female population will also be at higher risk of CVD. Research 
has shown that about 70% of women on hemodialysis (HD) were menopausal before or after 
starting RRT, and the incidence of Acute Myocardial Infarction (AMI) was 3–5 times higher in 
female patients suffering from chronic kidney disease, compared to the age-adjusted general 
population [36, 37].

3.2. Tobacco smoking

Smoking is not only a risk factor for the development of CVD but is also connected to the risk 
of developing CKD, defined as the reduction GFR at <45 ml/min/1.73 m2. In a large study from 
Norway, long-term smoking of over 20 cigarettes a day is connected to 1.52 times increased 
the relative risk of CKD occurrence [38]. However, it is relatively unknown whether smoking 
increases the risk of CV death in dialysis patients. A small study on diabetic dialysis patients 
found no effects of smoking on the risk of CV death, although a series of studies showed that 
smoking, or a history of smoking, is an independent risk factor for increased morbidity and mor-
tality [39]. These apparent differences can be framed through the presence of other risk factors in 
some populations, which can supersede the effects of smoking in various multivariable analyses.
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3.3. Diabetes mellitus

North-American registry data show that the number of diabetic patients annually admitted 
to RRT more than doubled from 1995 to 2000. Diabetes mellitus has become the single most 
important cause of ESRD. Renal replacement therapy continues showing unsatisfactory results 
for diabetic patients, as survival rates are low. Compared to dialysis patients with other under-
lying kidney conditions, those with diabetes have the lowest chance of survival. The main 
cause of death is coronary heart disease—myocardial infarction (MI), angina, history of bypass 
surgery, PTCA and pathology on coronary angiography. Cardiovascular issues, primarily 
coronary atheroma, add up before the diabetic patient enters renal replacement therapy pro-
grams. Therefore, it is crucial to improving care for the patient with diabetes before he enters 
the end-stage of the disease. Diabetic patients with underlying CKD face an increased cardiac 
risk after developing acute MI, which is mirrored through atrial and ventricular arrhythmia, 
atrioventricular (AV) block, asystole, pulmonary congestion and cardiogenic shock [40].

3.4. Arterial hypertension

Arterial hypertension is very common in CKD patients and is connected to increased risk of 
CV death [41]. Hypertension is often present in dialysis patients. According to the results of an 
Italian multicentric study, 88% of 504 patients treated with RRT suffer from arterial hyperten-
sion, with anti-hypertensive therapy included. Arterial hypertension in dialysis patients is usu-
ally connected to volume encumbrance. In a report by the UK renal registry in 2008, it is stated 
that in a larger number of patients treated with HD the targeted blood pressure was achieved, as 
opposed to peritoneal dialysis (PD) patients (45–33%) [42]. However, unlike the general popula-
tion of dialysis-treated patients, the connection between high blood pressure and mortality is 
not so pronounced. Hypertension strongly correlates with LVH, which is often found in CKD. 
Almost 70% of patients at the beginning of dialysis therapy suffer from an echocardiography 
recognizable LVH. According to research done by Coen et al., LVH is more potent in long-term 
dialysis patients than in HD patients, most likely because of inadequate volume control [43].

Low blood pressure has a negative effect on the rates of survival of dialysis patients. However, 
hypertension is used as a predictor of mortality in patients with CKD before or at the initia-
tion of dialysis. To be able to comprehend this paradox, a separation of blood pressure must 
be made into systolic, diastolic, mean arterial pressure (MAP) and pulse pressure. Isolated 
systolic hypertension combined with a high pulse pressure is the most common anomaly 
regarding blood pressure in patients on dialysis. This occurs due to medial sclerosis of arter-
ies with secondary arterial stiffening. This, in turn, leads to higher pulse-wave velocity, 
creating an increased peak systolic pressure thanks to a pulse wave reflected too early. LV 
dysfunction and congestive heart failure occur as a result. A consequence, afterward, could 
be a lower MAP and diastolic pressure, combined with high CVD risk. Altogether, this points 
to a U-shaped relationship between blood pressure and mortality: isolated systolic hyperten-
sion and increased pulse pressure probably point to high risk, in the long-run, in dialysis 
patients, whereas low mean and diastolic blood pressure predict a high change of early death. 
The danger that is not obvious, when it comes to hypertension, is that a large percentage of 
CKD patients are “nondippers”, that is, do not have their blood pressure levels drop during 
the night. Sleep apnea has been shown to be a condition in CKD which has not attracted as 
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much attention as necessary, considering it is associated with no dipping blood pressure, SNS 
activation and increased CVD risk [44].

3.5. Atherosclerosis

It has been proven that arterial rigidity, which is usually estimated by pulse-wave velocity on 
the aorta, the quantity of common carotid artery (CCA) intima-media thickness (IMT), and 
also by peak systolic velocity in the systole on the CCA, is a useful predictor of CV morbidity 
and mortality in the general population, and as such, in patients suffering from CKD.

Zoccali et al. [38], through their research, have determined that in a large group of patients 
suffering from CKD, the rigidity of large arteries was independently connected with age, 
blood pressure, as well as other risk factors for the development of CVD. The presence of 
vascular calcifications has shown itself to be one of the most prominent factors connected to 
arterial rigidity. However, relevant studies in dialysis patients are relatively small and have 
numerous limitations [45].

3.6. Obesity

Obesity is a risk factor for the development of CV diseases in the general population but is 
also connected to an increased risk factor for the development of CKD. The results of stud-
ies performed on dialysis patients have not been consistent about the influence of obesity on 
survival rates. The results of some studies showed that obesity is connected to better survival 
rates, while other studies have discovered that there is a connection between obesity and 
increased mortality risk. A prospective, time limited analysis in 688 dialysis patients showed 
that only those with a BMI <18.5 have an increased risk of CV death. High BMI had no protec-
tive effective but was also not connected to reduced survival risk [46].

3.7. Dyslipidemia

Dyslipidemia is known as a traditional risk factor for CVD in the general population, as 
well as in dialysis patients. Several observational studies have shown that the values of 
cholesterol and low-density lipoprotein (LDL) are among the most significant indepen-
dent CV morbidity and mortality factors. Patients with damaged renal function suffer from 
significant changes in lipoprotein metabolism, which has a precise role in atherosclerotic 
pathogenesis. This is still controversial [47]. Renal dyslipidemia is characterized by an 
atherogenic apolipoprotein profile. This means there are lower levels of apolipoprotein A 
(apoA)-containing lipoproteins and higher levels of apoB-containing lipoproteins. CKD, as 
a progressive disease, is connected with high levels of apoCIII. Whereas total serum choles-
terol levels, in general, are normal, or even low, high-density lipoprotein (HDL)-cholesterol 
is reduced; and low-density lipoprotein (LDL), intermediate-density lipoprotein (IDL), 
very low-density lipoprotein (VLDL)-cholesterol, plasma triglycerides, and lipoprotein(a) 
(Lp(a)) levels are increased. Compared to HD patients, patients treated with PD more often 
have both hypercholesterolemia and hypertriglyceridemia. Elevated Lp(a) levels have been 
reported to be associated with increased CVD mortality both in HD and PD patients. Two 
randomized controlled trials showed no benefit of statin treatment in dialysis patients [48].
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3.8. Insulin resistance (IR)

A number of issues found in metabolic syndrome patients such as insulin resistance (IR), can be 
found in chronic kidney disease as well, a so-called uremic-metabolic syndrome. The etiology 
of resistance to insulin in CKD is multifactorial, with factors such as fat accumulation, lack of 
vitamin D, metabolic acidosis, inflammation, and uremic toxins accumulation all contributing. 
These factors create adverse changes in the pathway for the insulin receptor signal. Available 
data shows that IR is present in CKD patients starting from the early stages of renal failure. The 
potential of IR to promote blood vessel damage, regardless of the coexistence of other vascular 
risk factors, is large [49]. In several studies, the role of IR in patients on dialysis was analyzed, 
and a connection between IR and a disturbed fatty acid metabolism has been discovered, which 
further contributed to left ventricular dysfunction. Also, more and more evidence points to 
the fact that the application of ACE inhibitors (ACEIs) can modulate IR. In PD, IR of the tissue 
can be worsened by the intake of glucose through dialysis solutions. However, these studies 
are controversial as well: in patients on cycler PD, IR is greater than HD patients, while in PD 
patients, IR is normalized, similar to HD patients. By using icodextrin dialysis solutions, insu-
lin levels in serum could potentially be reduced, and insulin sensitivity increased [50].

4. Nontraditional and/or uremia-specific risk factors

A known risk factor for the genesis of CV disease is GFR < 60 ml/min/1.73 m2. A further drop 
in GFR values, below 45 ml/min/1.73 m2, increases the risk of CV death. Potential factors tied 
to CKD and uremia, as well as the development of CV morbidity, includes inflammation, 
malnutrition, endothelial dysfunction, oxidative stress, vascular calcifications, vitamin D defi-
ciency and hyperhomocysteinemia [51].

4.1. Renal failure per se

Newly acquired evidence points to a strong, independent relationship between low eGFR 
and mortality risk, CV events and hospitalization [52]. The mechanisms behind the process of 
progressive renal function deterioration’s acceleration of the atherogenic process are not well 
known. However, the presence and severity of multiple novel CKD risk factors, including 
inflammation, oxidative stress, vascular calcification and accumulation of advanced glycation 
end products (AGEs) increases. Many other accumulating solutes for uremic retention, for 
example, ADMA, guanidine, homocysteine, indoxyl sulfate and p-cresol, could have a pro-
atherogenic effect. Kidneys may also produce substances like renalase which should control 
and limit CVD, but a renal function deterioration leads to vascular disease through separate 
mechanisms and not retention.

4.2. Inflammation

Chronic inflammation is characterized by the persistent effect of a causative stimulus, destroy-
ing cells and tissue and having a deteriorating effect on the body. In later stages of CKD, the 
systemic concentrations of both pro- and anti-inflammatory cytokines are significantly higher 
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terol levels, in general, are normal, or even low, high-density lipoprotein (HDL)-cholesterol 
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(Lp(a)) levels are increased. Compared to HD patients, patients treated with PD more often 
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reported to be associated with increased CVD mortality both in HD and PD patients. Two 
randomized controlled trials showed no benefit of statin treatment in dialysis patients [48].
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as production has increased, coupled with decreased renal clearance. Aside from this, there 
are plenty of dialysis-related issues (such as membrane biocompatibility and thrombosed AV 
fistula) and nondialysis factors (e.g. infection, comorbidity, poor oral health, failed kidney 
transplants, genetic factors, diet) that may contribute to a continuous inflammation.

Inflammation, the effects of local inflammatory stimuli such as oxidation products, end 
advanced glycosylation products and chronic infective processes modify blood vessels in the 
sense of atherosclerosis development. These changes benefit proatherogenic adhesion mol-
ecule production, for example, intercellular adhesion molecule1 (ICAM-1) and vascular cell 
adhesion molecule 1 (VCAM-1), growth factor, as well as chemokine (such as IL-6, long pen-
traxin 3 (PTX3), S-albumin, TNF and white blood cell count). Such inflammatory intermediates 
encourage the synthesis of acute phase proteins such as C-reactive protein (CRP), reduction of 
albumin synthesis in the liver of dialysis-treated patients [53], which leads to endothelial dys-
function, which is usually defined as reduced vasodilatation capability, which again creates 
early atherosclerosis occurrence predisposition. However, the question, whether inflamma-
tion is a reflection of vascular damage, or actually supports factors that cause vascular injury, 
remains unanswered. The precise link between inflammation, endothelial dysfunction, oxida-
tive stress, CVD and mortality in dialysis patients remains unknown. In a prospective study 
of dialysis patients, CRP level of >6 mg/L was an independent predictive mark of possible 
myocardial infarction. Aside from that, the proinflammatory IL-6 mark is increased in ESRD 
patients but is also an independent mortality predictor in patients on dialysis [54].

However, as many features are known to mediate atherosclerosis such as endothelial dys-
function, vascular calcification, IR, and increased oxidative stress, all are more or less associ-
ated with inflammation biomarkers, the association between chronic inflammation and CVD 
may also be indirect.

4.3. Endothelial dysfunction

In dialysis patients, endothelial function is reduced, the same as in hemodialysis patients, 
most likely because of a reduced bioavailability of NO. In a study conducted in 2009, flow-
mediated vasodilatation is significantly lower in PD patients than in the healthy population, 
which negatively correlates with inflammation markers such as CRP or IL-6 [55]. There is 
evidence that suggests that the endogenic inhibitor of NO, ADMA, has a significant role in 
the origin and occurrence of CVD and mortality in dialysis patients. NO deficit and ADMA 
accumulation promote endothelial dysfunction, vasoconstriction, and arterial thrombosis. 
The remaining factors of endothelial dysfunction such as soluble adhesive molecules are pre-
dictors of all causes of CV in ESRD patients. The levels of VCAM-1 negatively correlate with 
LVH in patients undergoing RRT.

Evidence from newer studies shows that detached circulating endothelial cells (CEC) are suit-
able markers for endothelial damage [56]. They can be used for predicting purposes in order 
to prevent future CV events in HD patients. As a feedback to ischemic insult and cytokine 
stimulation, endothelial progenitor cells (EPC) are mobilized from the bone marrow to act 
as “repair” cells in response to the endothelial injury. As to reduced numbers of and/or a 
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functional impairment of EPC due to inflammation and/or toxic effects of retained uremic 
solutes, there seems to be a disparity between EPC and CEC, which could eventually cause 
endothelial dysfunction in CKD patients.

4.4. Malnutrition and protein-energy wasting (PEW)

A marked connection between malnutrition, increased levels of CRP and atherosclerosis is 
well known, although the precise mechanisms of their synergistic effects on the organism 
are not known. This relationship was first described by Stenvinkel et al. in a study on CKD 
patients [57]. Patients with CRP levels >10 mg/L have significantly lesser values of serum 
albumin and a higher prevalence of atherosclerosis than patients with a lower CKD level. The 
combination of malnutrition, inflammation and atherosclerosis presence has been described 
by Stenvinkel as MIA (Malnutrition Inflammation Atherosclerosis) syndrome. A 2008 study 
has shown that MIA syndrome is connected to increased mortality risks [58]. In a Korean 
study, comorbidity cardiovascular diseases were present in 78% of patients on dialysis with 
signs of malnutrition. These patients have a 3.3 times greater risk of mortality than patients 
suffering from malnutrition with no comorbidity conditions [59]. Taking malnutrition, pro-
tein deficits, and inflammation into account, the recommendation for the description of this 
entity in CKD patients is protein-energy wasting (PEW). PEW is characterized by reduced 
protein and initiation energy accumulation. Several studies have shown that there are two 
types of malnutrition: the first is connected to poor food intake, and the second to inflamma-
tion and present comorbidity. Low levels of serum albumin can only be found in the second 
type of malnutrition, but the exact contribution of malnutrition or inflammation in the devel-
opment of risk of CV mortality in dialysis patients remains uncertain [58]. A large number of 
studies have dealt in hypoalbuminemia and the outcome of treating patients on dialysis. It 
has been determined that serum albumin levels below 40 g/L are combined with 4–20 times 
increased mortality. In addition, 45% of PD patients die during the first year of dialysis treat-
ment in cases where albumin levels drop below 25 g/L. A CANUSA study has shown an 8% 
survival rate increase in cases of serum albumin growth of only 1% [60].

4.5. Oxidative stress

Oxidative stress is defined as the damage of tissue which stems from the disturbed balance 
between excessive oxidation compound production and insufficient anti-oxidant defensive 
function. CKD patients have a deficiency in the anti-oxidant defensive mechanism (because 
of e.g., reduced vitamin levels, or hypoalbuminemia) and increased pro-oxidant com-
pound activity (e.g. accumulation of solvent materials such as AGEs and β2-microglobulin). 
Oxidative stress leads to the production of free radicals, highly reactive compounds that can 
oxidize proteins lipids and nucleic acids. High concentrations of these molecules are present 
in CKD patients. Oxidation products of proteins and oxidized DNA have been discovered in 
leukocytes with residual renal function (RRF). The underlying connection between increased 
levels of oxidation stress and the risk of CV death in ESRD patients is still unknown, even 
though the results of several prospective studies point to the conclusion that oxidation stress 
can be a risk factor for CV morbidity and mortality in ESRD patients [14]. Four pathways of 
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as production has increased, coupled with decreased renal clearance. Aside from this, there 
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4.3. Endothelial dysfunction

In dialysis patients, endothelial function is reduced, the same as in hemodialysis patients, 
most likely because of a reduced bioavailability of NO. In a study conducted in 2009, flow-
mediated vasodilatation is significantly lower in PD patients than in the healthy population, 
which negatively correlates with inflammation markers such as CRP or IL-6 [55]. There is 
evidence that suggests that the endogenic inhibitor of NO, ADMA, has a significant role in 
the origin and occurrence of CVD and mortality in dialysis patients. NO deficit and ADMA 
accumulation promote endothelial dysfunction, vasoconstriction, and arterial thrombosis. 
The remaining factors of endothelial dysfunction such as soluble adhesive molecules are pre-
dictors of all causes of CV in ESRD patients. The levels of VCAM-1 negatively correlate with 
LVH in patients undergoing RRT.

Evidence from newer studies shows that detached circulating endothelial cells (CEC) are suit-
able markers for endothelial damage [56]. They can be used for predicting purposes in order 
to prevent future CV events in HD patients. As a feedback to ischemic insult and cytokine 
stimulation, endothelial progenitor cells (EPC) are mobilized from the bone marrow to act 
as “repair” cells in response to the endothelial injury. As to reduced numbers of and/or a 
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functional impairment of EPC due to inflammation and/or toxic effects of retained uremic 
solutes, there seems to be a disparity between EPC and CEC, which could eventually cause 
endothelial dysfunction in CKD patients.

4.4. Malnutrition and protein-energy wasting (PEW)

A marked connection between malnutrition, increased levels of CRP and atherosclerosis is 
well known, although the precise mechanisms of their synergistic effects on the organism 
are not known. This relationship was first described by Stenvinkel et al. in a study on CKD 
patients [57]. Patients with CRP levels >10 mg/L have significantly lesser values of serum 
albumin and a higher prevalence of atherosclerosis than patients with a lower CKD level. The 
combination of malnutrition, inflammation and atherosclerosis presence has been described 
by Stenvinkel as MIA (Malnutrition Inflammation Atherosclerosis) syndrome. A 2008 study 
has shown that MIA syndrome is connected to increased mortality risks [58]. In a Korean 
study, comorbidity cardiovascular diseases were present in 78% of patients on dialysis with 
signs of malnutrition. These patients have a 3.3 times greater risk of mortality than patients 
suffering from malnutrition with no comorbidity conditions [59]. Taking malnutrition, pro-
tein deficits, and inflammation into account, the recommendation for the description of this 
entity in CKD patients is protein-energy wasting (PEW). PEW is characterized by reduced 
protein and initiation energy accumulation. Several studies have shown that there are two 
types of malnutrition: the first is connected to poor food intake, and the second to inflamma-
tion and present comorbidity. Low levels of serum albumin can only be found in the second 
type of malnutrition, but the exact contribution of malnutrition or inflammation in the devel-
opment of risk of CV mortality in dialysis patients remains uncertain [58]. A large number of 
studies have dealt in hypoalbuminemia and the outcome of treating patients on dialysis. It 
has been determined that serum albumin levels below 40 g/L are combined with 4–20 times 
increased mortality. In addition, 45% of PD patients die during the first year of dialysis treat-
ment in cases where albumin levels drop below 25 g/L. A CANUSA study has shown an 8% 
survival rate increase in cases of serum albumin growth of only 1% [60].

4.5. Oxidative stress

Oxidative stress is defined as the damage of tissue which stems from the disturbed balance 
between excessive oxidation compound production and insufficient anti-oxidant defensive 
function. CKD patients have a deficiency in the anti-oxidant defensive mechanism (because 
of e.g., reduced vitamin levels, or hypoalbuminemia) and increased pro-oxidant com-
pound activity (e.g. accumulation of solvent materials such as AGEs and β2-microglobulin). 
Oxidative stress leads to the production of free radicals, highly reactive compounds that can 
oxidize proteins lipids and nucleic acids. High concentrations of these molecules are present 
in CKD patients. Oxidation products of proteins and oxidized DNA have been discovered in 
leukocytes with residual renal function (RRF). The underlying connection between increased 
levels of oxidation stress and the risk of CV death in ESRD patients is still unknown, even 
though the results of several prospective studies point to the conclusion that oxidation stress 
can be a risk factor for CV morbidity and mortality in ESRD patients [14]. Four pathways of 
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oxidative stress exist in CKD (carbonyl stress, nitrosative stress, chlorinated stress and classi-
cal oxidative stress). Evidence suggests that oxidative stress plays a major role. The relation 
between accumulation of AGE and the cardiovascular disease’s outcome is not as transparent 
and obvious. Studies focusing on Chronic Myelogenous Leukemia (CML) and pentosidine 
found no significant effect on mortality. However, one study pointed to the conclusion that 
skin autofluorescence predicted death in HD patients [61].

One of the most important toxins connected to the uremic environment and connected to 
oxidative stress and inflammation stage and the presence of inflammation biomarkers is 
β2-microglobulin. Increased levels of β2-microglobulin in plasma are a known marker of 
chronic renal function failure and are among the most important toxins tied to uremia. In PD 
patients, the level of β2-microglobulin is primarily tied to amyloidosis. In recent times it has 
been suggested that β2-microglobulin could be a new biomarker of peripheral arterial disease 
and an independent predictor of aortic rigidity in the atherosclerotic process, in both the gen-
eral population and ESRD patients [62]. Additionally, increased levels of β2-microglobulin 
present a new marker for differentiating the levels of acute cardiac arrest creation risk in 
patients with creatinine levels ≤265 μmol/L [54]. All of these results point to an important role 
of β2-microglobulin in CV risk prediction in dialysis patients.

4.6. Hyperparathyroidism

In ESRD patients, the ability of the diseased kidney to produce 1.25-dihydroxycalciferol is 
reduced, which significantly contributes to the development of osteodystrophy, secondary 
hyperparathyroidism and the disturbed metabolism of divalent ions. PTH is considered a 
potent uremic toxin that harmfully affects myocardial cells. The improvement of left ventricu-
lar dysfunction after parathyroidectomy in uremic patients with increased PTH points to a 
connection between left ventricular function and hyperparathyroidism. All this confirms the 
assumption about the role of parathormone as a risk factor in the development of uremic car-
diomyopathy. Significant research results point to the conclusion that a small level of vitamin 
D is connected to CVD in the general population, and that a greater concentration of that vita-
min can have a positive influence on survival. Similar results were discovered in predialysis 
patients. Wang et al. have determined that low concentrations of serum 25-hydroxyvitamin D 
in dialysis patients are connected to increased risk of fatal or nonfatal CV incidents. It seems 
that the effects of vitamin D on the CV system are connected to residual renal function, LVH 
and cardiac dysfunction [54].

4.7. Cardiovascular calcification

The arterial media, atherosclerotic plaques and heart valves are affected through this cardio-
vascular process. One of the main signs of medial calcification is arterial stiffness, which is 
shown clinically through an increased pulse pressure. The pathophysiological role of plaque 
calcification is less clear, as it is mostly soft plaques, which rupture and cause AMI. It is now 
evident that the burden caused by atherosclerotic calcification is a suitable risk marker for car-
diovascular events. In patients in dialysis, valvular calcification leads to a developing stenosis 
and morbidity that goes with it, after targeting and affecting the aortic and mitral valves [63].
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In the general population, coronary artery calcification is infrequently observed in younger 
age groups. It is a phenomenon that increases with age, and the majority of people affected by 
vascular calcification are >65 years. In ESRD patients, on the other hand, extensive vascular 
calcification can be commonly observed in much younger age groups as well. The calcification 
process frequently starts before the initiation of dialysis treatment. The prevalence and extent 
of vascular calcification, arterial media calcification and arterial stiffness have recently been 
shown to be strong predictors of CVD and all-cause mortality in dialysis patients.

Besides diabetes mellitus, CV calcification can, with the presence of uremia, be caused by 
abnormal calcium and phosphate metabolism and an enduring inflammation as it may by 
several mechanisms mediate untimely atherosclerosis and premature CVD.

Fetuin-A, an important inhibitor of vascular calcification, is down-regulated during the 
inflammation process, and low levels are linked to poor survival in dialysis patients. However, 
fetuin-A is certainly not the only modifier of extraosseous calcification. Phosphate, calcium 
and some proinflammatory mediators have the capacity to induce osteogenic differentiation, 
which is a transition of vascular smooth muscle cells toward osteoblast behavior. A system 
of calcification inhibitors (and inducers) is of major importance, as the extracellular calcium 
and phosphate environment must be formally considered as being “supersaturated” regard-
ing the chemical solubility product of these ions in an aqueous solution. Among them, leptin, 
matrix GLA protein, TNF-α, pyrophosphates, bone morphogenetic proteins and osteoprote-
gerin, may be related to a process of accelerated vascular calcification in ESRD [64].

4.8. Hyperhomocysteinemia

Homocysteine (Hcy) is a nonprotein sulfur-containing amino acid that has attracted consider-
able interest by vascular researchers, as it may by several mechanisms mediate premature ath-
erosclerosis and CVD. The prevalence of hyperhomocysteinemia in patients with advanced 
CKD is >90%. In contrast to the well-documented association between total Hcy (tHcy) and 
vascular disease in the general population, the relationship between tHcy and CVD is not that 
clear and strong assuming renal function is reduced, with studies and reports demonstrating 
low levels of tHcy in patients with chronic kidney disease with CVD [13]. Although there are 
several reasons that may explain this paradoxical relationship, one of the most significant 
relationships is the strong association between tHcy and hypoalbuminemia, PEW and inflam-
mation. S-albumin and tHcy have an established strong positive correlation, and hypoalbu-
minemia is an established predictor of adverse outcomes that this relationship may confound 
the impact of tHcy on vascular disease [65].

4.9. Autonomic dysfunction

Decreased baroreflex sensitivity is significant for CKD and one of its main attributes, which 
can, together with inflammation and wasting, lead to an increased risk of sudden death. 
Increased sympathetic nerve activity can be seen in CKD patients quite frequently, and it 
is a predictor of an adverse result [66]. Sympathetic overactivity is probably partial due to 
sleep apnea, which is considered a contributor to the condition in patients with moderate and 
severe-stage CKD.
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In ESRD patients, the ability of the diseased kidney to produce 1.25-dihydroxycalciferol is 
reduced, which significantly contributes to the development of osteodystrophy, secondary 
hyperparathyroidism and the disturbed metabolism of divalent ions. PTH is considered a 
potent uremic toxin that harmfully affects myocardial cells. The improvement of left ventricu-
lar dysfunction after parathyroidectomy in uremic patients with increased PTH points to a 
connection between left ventricular function and hyperparathyroidism. All this confirms the 
assumption about the role of parathormone as a risk factor in the development of uremic car-
diomyopathy. Significant research results point to the conclusion that a small level of vitamin 
D is connected to CVD in the general population, and that a greater concentration of that vita-
min can have a positive influence on survival. Similar results were discovered in predialysis 
patients. Wang et al. have determined that low concentrations of serum 25-hydroxyvitamin D 
in dialysis patients are connected to increased risk of fatal or nonfatal CV incidents. It seems 
that the effects of vitamin D on the CV system are connected to residual renal function, LVH 
and cardiac dysfunction [54].
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The arterial media, atherosclerotic plaques and heart valves are affected through this cardio-
vascular process. One of the main signs of medial calcification is arterial stiffness, which is 
shown clinically through an increased pulse pressure. The pathophysiological role of plaque 
calcification is less clear, as it is mostly soft plaques, which rupture and cause AMI. It is now 
evident that the burden caused by atherosclerotic calcification is a suitable risk marker for car-
diovascular events. In patients in dialysis, valvular calcification leads to a developing stenosis 
and morbidity that goes with it, after targeting and affecting the aortic and mitral valves [63].
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shown to be strong predictors of CVD and all-cause mortality in dialysis patients.

Besides diabetes mellitus, CV calcification can, with the presence of uremia, be caused by 
abnormal calcium and phosphate metabolism and an enduring inflammation as it may by 
several mechanisms mediate untimely atherosclerosis and premature CVD.

Fetuin-A, an important inhibitor of vascular calcification, is down-regulated during the 
inflammation process, and low levels are linked to poor survival in dialysis patients. However, 
fetuin-A is certainly not the only modifier of extraosseous calcification. Phosphate, calcium 
and some proinflammatory mediators have the capacity to induce osteogenic differentiation, 
which is a transition of vascular smooth muscle cells toward osteoblast behavior. A system 
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and phosphate environment must be formally considered as being “supersaturated” regard-
ing the chemical solubility product of these ions in an aqueous solution. Among them, leptin, 
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able interest by vascular researchers, as it may by several mechanisms mediate premature ath-
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CKD is >90%. In contrast to the well-documented association between total Hcy (tHcy) and 
vascular disease in the general population, the relationship between tHcy and CVD is not that 
clear and strong assuming renal function is reduced, with studies and reports demonstrating 
low levels of tHcy in patients with chronic kidney disease with CVD [13]. Although there are 
several reasons that may explain this paradoxical relationship, one of the most significant 
relationships is the strong association between tHcy and hypoalbuminemia, PEW and inflam-
mation. S-albumin and tHcy have an established strong positive correlation, and hypoalbu-
minemia is an established predictor of adverse outcomes that this relationship may confound 
the impact of tHcy on vascular disease [65].

4.9. Autonomic dysfunction

Decreased baroreflex sensitivity is significant for CKD and one of its main attributes, which 
can, together with inflammation and wasting, lead to an increased risk of sudden death. 
Increased sympathetic nerve activity can be seen in CKD patients quite frequently, and it 
is a predictor of an adverse result [66]. Sympathetic overactivity is probably partial due to 
sleep apnea, which is considered a contributor to the condition in patients with moderate and 
severe-stage CKD.
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4.10. Anemia

In ESRD, the condition causes LVH and LV dilatation. Normalizing hemoglobin has not 
shown any CV outcome improvement, despite a partial correction of anemia using erythro-
poietin causing a regression in LVH. The appropriate target hematocrit to minimize LVH or 
other CVD has not been defined. However, briefly summarizing guideline recommendations 
favors target hemoglobin of about 11 g/dl [66].

4.11. Hormonal disorder

The loss of kidney function and the altered metabolic milieu in CKD affects hormone secre-
tion and response of target tissues, causing a number of endocrine dysfunctions that may 
affect both PEW prevalence and future CVD risk. Changes in the GH-IGF-1 axis lead to many 
important CKD complications such as growth retardation, PEW, atherosclerosis and disease 
progression. Other common hormonal disturbances in chronic kidney disease are subclini-
cal hypothyroidism and the low-T3 syndrome, which occurs in one-fifth of CKD patients. 
However, chance of CV events increases in the general population with thyroid changes, 
and thyroid production is substantially reduced by inflammation. Therefore, the hypothesis 
exists saying these factors create a connection between stress caused by inflammation and 
a negative cardiovascular event in CKD patients [66]. Finally, during the chronic kidney 
disease, the sex hormone profile does not stay the same. In as many as 50–70% of males in 
ESRD, male hypogonadism occurs. Testosterone decline occurs for multiple reasons such 
as low synthesis of muscle protein and hemoglobin, as well as atherosclerosis development 
and arterial vasoconstriction and/or hardening. This relationship between male hypogonad-
ism and increased risk of death caused by CV factors in dialysis patients has been brought 
to attention, which will hopefully put some focus on this issue. New studies conducted 
on nonCKD patients using low testosterone dosage showed satisfactory outcomes such as 
muscle gain and improved metabolism (no studies have been conducted regarding interven-
tions targeting the adverse outcomes of CV) [67].

4.12. Residual renal function (RRF)

The residual renal function is important for dialysis patients because it contributes to total 
daily clearance of 20% or more. It is thought that a dialysis patient has preserved RRF if his 
clearance of creatinine is greater than 1.5 mL/min. In PD and HD patients, RRF is connected to 
all causes of mortality, and so it is connected with the risk of CV death. The vital role of RRF in 
the survival of PD patients was determined in large prospective studies such as the CANUSA 
and ADEMEX studies. In the ADEMEX study, by a prospective, randomized examination of 
965 dialysis patients with a weekly diuresis of 10 L/m2, a relative mortality risk drop of 11% 
was noted [68]. These results were also confirmed by the NECOSAD study, where the rate 
of reduction of RRF was a stronger predictor of mortality and technical insufficiency of long-
term PD treatment, in relation to basic RRF [58].

4.13. Volume overload and ultrafiltration insufficiency

Ultrafiltration insufficiency occurs in around a third of dialysis patients and can lead to arte-
rial hypertension and volume encumbrance. Volume overload promoted the development 
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of LVH and leads to increased serum concentrations of natriuretic peptide, because of their 
increased myocardial production. These peptides are used as a prognostic marker for the 
general mortality of ESRD patients [69].

The connection between the lack of peritoneal ultrafiltration and mortality has been proven in 
anuric patients. When fluid intake is not adjusted to peritoneal ultrafiltration, the patient will 
develop volume overload, which increases the risk of CVD.

4.14. Genetic and epigenetic factors

Genetic factors can influence the appearance and frequency of vascular complications in 
dialysis patients. Thus, polymorphism of a single nucleotide in the IL-6 gene is connected to 
increased levels of IL-6 in plasma, and comorbidity in HD patients, greater diastolic pressure 
values and left ventricular mass [70]. Polymorphism of the enzyme, which transforms angio-
tensin I to angiotensin II, can determine the degree of the function of recombined human 
erythropoietin in PD patients, which presents a significant prescreening for the assessment 
of erythropoietin resistance. Polymorphism on the human receptor of vitamin D is combined 
with an increased risk of the development of hypercalcemia, modulation of NO activity via 
the polymorphism of endothelial NOS, as well as functionally relevant polymorphism of the 
IL-6, which together can have a significant effect on basic peritoneal permeability [71]. In the 
future, research in this field could enable a more precise approach for the identification of risk 
groups of patients treated by PD, and the development of personalized treatment strategies.

A new approach in the research of atherosclerosis focuses on the role of epigenetics, which 
change studies in gene expression that are not coded in the DNA sequence itself but are instead 
a consequence of post-translatory changes in the DNA-protein. These epigenetic changes can 
be lost in several sequential cellular generations. Changes in the genome methylation of DNA 
have important regulatory functions in normal and pathological cellular processes. A persis-
tent inflammatory reaction is most likely connected to DNA hypermethylation [72]. Further 
research is necessary to determine whether epigenetic DNA changes are connected to acceler-
ated atherosclerosis in uremia.

5. Chronic cardiorenal and renocardiac syndrome interaction

The interplay between cardiac and renal disease is complex and the term CRS has been intro-
duced recently as an attempt to describe the close interaction between CV and renal systems, 
especially in the chronic disease settings. Division of CRS into five categories is proposed by 
Ronco et al. [73]. This classification is based on etiologic and chronologic factors [74]. The 
temporal relationship between the heart and kidney disease as well as the coexistence of CVD 
and CKD represent important aspects of chronic cardiorenal and renocardiac syndromes defi-
nition. CRS type 2, or chronic cardiorenal syndrome, is characterized by chronic abnormali-
ties in cardiac function leading to kidney injury or dysfunction. CHF causally underlies the 
occurrence and progression of CKD [75]. CRS type 4, or chronic renocardiac syndrome, has 
been defined as “chronic abnormalities in renal function leading to cardiac disease” and rec-
ognizes the extreme burden of CVD in patients with CKD such as chronic glomerular disease 
and autosomal dominant polycystic kidney disease (ADPKD). This is the condition where 
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other CVD has not been defined. However, briefly summarizing guideline recommendations 
favors target hemoglobin of about 11 g/dl [66].
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The loss of kidney function and the altered metabolic milieu in CKD affects hormone secre-
tion and response of target tissues, causing a number of endocrine dysfunctions that may 
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exists saying these factors create a connection between stress caused by inflammation and 
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ism and increased risk of death caused by CV factors in dialysis patients has been brought 
to attention, which will hopefully put some focus on this issue. New studies conducted 
on nonCKD patients using low testosterone dosage showed satisfactory outcomes such as 
muscle gain and improved metabolism (no studies have been conducted regarding interven-
tions targeting the adverse outcomes of CV) [67].

4.12. Residual renal function (RRF)

The residual renal function is important for dialysis patients because it contributes to total 
daily clearance of 20% or more. It is thought that a dialysis patient has preserved RRF if his 
clearance of creatinine is greater than 1.5 mL/min. In PD and HD patients, RRF is connected to 
all causes of mortality, and so it is connected with the risk of CV death. The vital role of RRF in 
the survival of PD patients was determined in large prospective studies such as the CANUSA 
and ADEMEX studies. In the ADEMEX study, by a prospective, randomized examination of 
965 dialysis patients with a weekly diuresis of 10 L/m2, a relative mortality risk drop of 11% 
was noted [68]. These results were also confirmed by the NECOSAD study, where the rate 
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4.13. Volume overload and ultrafiltration insufficiency

Ultrafiltration insufficiency occurs in around a third of dialysis patients and can lead to arte-
rial hypertension and volume encumbrance. Volume overload promoted the development 
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of LVH and leads to increased serum concentrations of natriuretic peptide, because of their 
increased myocardial production. These peptides are used as a prognostic marker for the 
general mortality of ESRD patients [69].

The connection between the lack of peritoneal ultrafiltration and mortality has been proven in 
anuric patients. When fluid intake is not adjusted to peritoneal ultrafiltration, the patient will 
develop volume overload, which increases the risk of CVD.

4.14. Genetic and epigenetic factors

Genetic factors can influence the appearance and frequency of vascular complications in 
dialysis patients. Thus, polymorphism of a single nucleotide in the IL-6 gene is connected to 
increased levels of IL-6 in plasma, and comorbidity in HD patients, greater diastolic pressure 
values and left ventricular mass [70]. Polymorphism of the enzyme, which transforms angio-
tensin I to angiotensin II, can determine the degree of the function of recombined human 
erythropoietin in PD patients, which presents a significant prescreening for the assessment 
of erythropoietin resistance. Polymorphism on the human receptor of vitamin D is combined 
with an increased risk of the development of hypercalcemia, modulation of NO activity via 
the polymorphism of endothelial NOS, as well as functionally relevant polymorphism of the 
IL-6, which together can have a significant effect on basic peritoneal permeability [71]. In the 
future, research in this field could enable a more precise approach for the identification of risk 
groups of patients treated by PD, and the development of personalized treatment strategies.

A new approach in the research of atherosclerosis focuses on the role of epigenetics, which 
change studies in gene expression that are not coded in the DNA sequence itself but are instead 
a consequence of post-translatory changes in the DNA-protein. These epigenetic changes can 
be lost in several sequential cellular generations. Changes in the genome methylation of DNA 
have important regulatory functions in normal and pathological cellular processes. A persis-
tent inflammatory reaction is most likely connected to DNA hypermethylation [72]. Further 
research is necessary to determine whether epigenetic DNA changes are connected to acceler-
ated atherosclerosis in uremia.

5. Chronic cardiorenal and renocardiac syndrome interaction

The interplay between cardiac and renal disease is complex and the term CRS has been intro-
duced recently as an attempt to describe the close interaction between CV and renal systems, 
especially in the chronic disease settings. Division of CRS into five categories is proposed by 
Ronco et al. [73]. This classification is based on etiologic and chronologic factors [74]. The 
temporal relationship between the heart and kidney disease as well as the coexistence of CVD 
and CKD represent important aspects of chronic cardiorenal and renocardiac syndromes defi-
nition. CRS type 2, or chronic cardiorenal syndrome, is characterized by chronic abnormali-
ties in cardiac function leading to kidney injury or dysfunction. CHF causally underlies the 
occurrence and progression of CKD [75]. CRS type 4, or chronic renocardiac syndrome, has 
been defined as “chronic abnormalities in renal function leading to cardiac disease” and rec-
ognizes the extreme burden of CVD in patients with CKD such as chronic glomerular disease 
and autosomal dominant polycystic kidney disease (ADPKD). This is the condition where 
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primary CKD contributes a reduction in cardiac function such as cardiac remodeling, left 
ventricular diastolic dysfunction or hypertrophy, and/or an increased risk for CV events such 
as MI, heart failure or stroke [76].

Coexistence of the chronic heart and kidney disease was clearly described in large observa-
tional studies. However, this type of data cannot establish whether the primary process is the 
kidney disease (CRS type 4) or the heart disease (CRS type 2). For these situations, it has been 
suggested to use term CRS “type 2/4”. For example, large database studies have shown the 
prevalence of CKD of 26–63% in the population of CHF patients. Likewise, retrospective and/
or secondary post hoc analyses from large clinical registries have evaluated the CV event rates 
and outcomes in selected CKD-specific populations [77]. The severity of CKD in those studies 
ranged from near normal kidney function to End stage kidney disease (ESKD). Furthermore, in 
a secondary analysis of the HEMO Study, cardiac disease was found in 80% of ESKD patients 
at enrollment [78]. During 12 months follow-up, 39.8% patients had cardiac-related hospital-
izations with angina and acute myocardial infarction accounting for 42.7% of these hospital-
izations. There were 39.4% of cardiac deaths. Baseline cardiac disease was highly predictive 
of cardiac-related death during follow-up (relative risk 2.57). Moreover, other authors have 
suggested that chronic maintenance hemodialysis induces repetitive myocardial injury and can 
accelerate systolic dysfunction [79].

6. Biomarkers of adverse cardiovascular events in CKD patients

Biomarkers must be determined in situations where we have renal and cardiac issues and 
dysfunctions, as it is crucial to know if any functional and structural damage occurred in the 
beginning stages of the disease. They are then used to separate the patients according to the 
risk level by considering established renal and cardiac parameters, in order to establish indi-
vidual treatment and prognosis. These biomarkers may help with early diagnosis, prognosis, 
treatment and monitoring of CRS. There can be any measurable parameter, like components 
of serum or urine. In patients with CRS, a group of multiple biomarkers, rather than a single 
test, may improve diagnosis and better define prognosis [80].

Recent studies have evaluated the utility of biomarkers in the assessment of the CV risk in 
CKD population. Several cardiac biomarkers such as natriuretic peptides, troponins, CRP, 
homocysteine, plasminogen activator inhibitor 1 (PAI-1), ADMA, adiponectin (APN) and 
AGEs have been demonstrated to correlate with CV outcomes in CKD patients. Renal bio-
markers such as cystatin C, neutrophil gelatinase-associated lipocalin (NGAL), kidney injury 
molecule-1 (KIM-1), N-acetyl-beta-d-glucosaminidase (NAG), fibroblast growth factor-23 
(FGF23), matrix metalloproteinases (MMPs) and interleukin-18 (IL-18) have been recently 
found to be diagnostic and prognostic markers of CV outcomes in CKD (Table 1) [81].

6.1. Cardiac biomarkers

The natriuretic peptides are family of hormones that share a common 17 amino acid ring struc-
ture and have actions targeted to protect the CV system from the effects of volume overload. 
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B-type natiuretic peptide (BNP) produced by ventricular myocardium in response to ventric-
ular stretching, and its inactive fragment N-terminal proBNP (NT-proBNP) are well-known 
diagnostic and prognostic markers in patients with heart failure. BNP and NT-proBNP are 
also useful markers of adverse CV events and overall mortality in CKD patients. They corre-
late with severity of heart failure and left ventricular dysfunction and can be used in guiding 
the management of heart failure in CKD patients. Some evidence suggests that NT-proBNP 
and high-sensitivity CRP (hs-CRP) are independent predictors of overall mortality in a nondi-
alysis CKD population and their role in risk stratification can be useful in this specific patient 
population [82]. Similar results were found in the dialysis-dependent ESKD patients. High 
levels of NT-proBNP and cardiac troponin T showed to be strongly associated with adverse 
CV morbidity and mortality in HD patients [83]. In chronic PD patients, NT-pro-BNP is prog-
nostic marker of congestive heart failure, mortality or combined end point including death 
and other adverse CV outcomes [84].

Plasminogen activator inhibitor 1 (PAI-1), a specific inhibitor of tissue-type and urokinase-
type plasminogen activators (t-PA and u-PA), plays a critical role in regulating the fibrinolysis. 
PAI-1 is classified as an endothelial dysfunction marker. The activated or injured endothelial 
cells synthesize higher rates of PAI-1 and endothelial dysfunction was recognized as an initial 
event of atherosclerosis. Elevated PAI-1 levels are associated with increased CV risk in the 
general population. Plasma levels of PAI-1 are also associated with the occurrence of a first 
AMI in a population with high prevalence of coronary heart disease. In addition, high plasma 
PAI-1 concentration was found to be independent predictor of CV in patients ongoing PD [85].

Adiponectin (APN) is a protein secreted by adipocytes with activities focusing on anti-inflam-
matory and anti-atherogenic goals. It also increases the body’s insulin sensitivity. The way 
it assumed its functions are by suppressing proinflammatory cytokines such as TNF-a and 
IL-6 from being released and promoting the release of anti-inflammatory cytokines such as 
IL-10, as well as through increasing sensitivity to insulin. Through these roles, it controls anti-
atherosclerotic activities. Low levels of APN can be seen in obese patients, those with meta-
bolic syndrome, diabetes mellitus, coronary artery disease and essential hypertension. On 
the other hand, APN plasma levels are three times higher than regular levels in patients with 

Cardiac biomarkers Renal biomarkers

Natriuretic peptides Cystatin C

Troponins Neutrophil gelatinase-associated lipocalin (NGAL)

C-reactive protein (CRP) N-acetyl-beta-d-glucosaminidase (NAG)

Homocysteine Kidney injury molecule-1 (KIM-1)

Plasminogen activator inhibitor 1(PAI-1) Interleukin-18 (IL-18)

Asymmetric dimethylarginine (ADMA) Fibroblast growth factor-23 (FGF23)

Adiponectin (APN) Matrix metalloproteinases (MMPs)

Advanced glycation end products (AGEs)

Table 1. Biomarkers of adverse cardiovascular events in chronic kidney disease.
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primary CKD contributes a reduction in cardiac function such as cardiac remodeling, left 
ventricular diastolic dysfunction or hypertrophy, and/or an increased risk for CV events such 
as MI, heart failure or stroke [76].

Coexistence of the chronic heart and kidney disease was clearly described in large observa-
tional studies. However, this type of data cannot establish whether the primary process is the 
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ranged from near normal kidney function to End stage kidney disease (ESKD). Furthermore, in 
a secondary analysis of the HEMO Study, cardiac disease was found in 80% of ESKD patients 
at enrollment [78]. During 12 months follow-up, 39.8% patients had cardiac-related hospital-
izations with angina and acute myocardial infarction accounting for 42.7% of these hospital-
izations. There were 39.4% of cardiac deaths. Baseline cardiac disease was highly predictive 
of cardiac-related death during follow-up (relative risk 2.57). Moreover, other authors have 
suggested that chronic maintenance hemodialysis induces repetitive myocardial injury and can 
accelerate systolic dysfunction [79].

6. Biomarkers of adverse cardiovascular events in CKD patients

Biomarkers must be determined in situations where we have renal and cardiac issues and 
dysfunctions, as it is crucial to know if any functional and structural damage occurred in the 
beginning stages of the disease. They are then used to separate the patients according to the 
risk level by considering established renal and cardiac parameters, in order to establish indi-
vidual treatment and prognosis. These biomarkers may help with early diagnosis, prognosis, 
treatment and monitoring of CRS. There can be any measurable parameter, like components 
of serum or urine. In patients with CRS, a group of multiple biomarkers, rather than a single 
test, may improve diagnosis and better define prognosis [80].

Recent studies have evaluated the utility of biomarkers in the assessment of the CV risk in 
CKD population. Several cardiac biomarkers such as natriuretic peptides, troponins, CRP, 
homocysteine, plasminogen activator inhibitor 1 (PAI-1), ADMA, adiponectin (APN) and 
AGEs have been demonstrated to correlate with CV outcomes in CKD patients. Renal bio-
markers such as cystatin C, neutrophil gelatinase-associated lipocalin (NGAL), kidney injury 
molecule-1 (KIM-1), N-acetyl-beta-d-glucosaminidase (NAG), fibroblast growth factor-23 
(FGF23), matrix metalloproteinases (MMPs) and interleukin-18 (IL-18) have been recently 
found to be diagnostic and prognostic markers of CV outcomes in CKD (Table 1) [81].

6.1. Cardiac biomarkers

The natriuretic peptides are family of hormones that share a common 17 amino acid ring struc-
ture and have actions targeted to protect the CV system from the effects of volume overload. 
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B-type natiuretic peptide (BNP) produced by ventricular myocardium in response to ventric-
ular stretching, and its inactive fragment N-terminal proBNP (NT-proBNP) are well-known 
diagnostic and prognostic markers in patients with heart failure. BNP and NT-proBNP are 
also useful markers of adverse CV events and overall mortality in CKD patients. They corre-
late with severity of heart failure and left ventricular dysfunction and can be used in guiding 
the management of heart failure in CKD patients. Some evidence suggests that NT-proBNP 
and high-sensitivity CRP (hs-CRP) are independent predictors of overall mortality in a nondi-
alysis CKD population and their role in risk stratification can be useful in this specific patient 
population [82]. Similar results were found in the dialysis-dependent ESKD patients. High 
levels of NT-proBNP and cardiac troponin T showed to be strongly associated with adverse 
CV morbidity and mortality in HD patients [83]. In chronic PD patients, NT-pro-BNP is prog-
nostic marker of congestive heart failure, mortality or combined end point including death 
and other adverse CV outcomes [84].

Plasminogen activator inhibitor 1 (PAI-1), a specific inhibitor of tissue-type and urokinase-
type plasminogen activators (t-PA and u-PA), plays a critical role in regulating the fibrinolysis. 
PAI-1 is classified as an endothelial dysfunction marker. The activated or injured endothelial 
cells synthesize higher rates of PAI-1 and endothelial dysfunction was recognized as an initial 
event of atherosclerosis. Elevated PAI-1 levels are associated with increased CV risk in the 
general population. Plasma levels of PAI-1 are also associated with the occurrence of a first 
AMI in a population with high prevalence of coronary heart disease. In addition, high plasma 
PAI-1 concentration was found to be independent predictor of CV in patients ongoing PD [85].

Adiponectin (APN) is a protein secreted by adipocytes with activities focusing on anti-inflam-
matory and anti-atherogenic goals. It also increases the body’s insulin sensitivity. The way 
it assumed its functions are by suppressing proinflammatory cytokines such as TNF-a and 
IL-6 from being released and promoting the release of anti-inflammatory cytokines such as 
IL-10, as well as through increasing sensitivity to insulin. Through these roles, it controls anti-
atherosclerotic activities. Low levels of APN can be seen in obese patients, those with meta-
bolic syndrome, diabetes mellitus, coronary artery disease and essential hypertension. On 
the other hand, APN plasma levels are three times higher than regular levels in patients with 
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CKD, probably due to catabolism or reduced clearance. Some observational studies linked 
APN to adverse CV outcomes in patients with CKD. Low plasma APN levels were predic-
tive of CV events among nondiabetic patients with mild to moderate CKD. Furthermore, low 
APN levels were found among the dialysis patients who developed CV complications [86].

6.2. Renal biomarkers

Cystatin C is 13-kDa protein synthesized at a constant rate in all nucleated cells. It is freely fil-
tered by the glomerulus and is reabsorbed and catabolized completely in the proximal tubule 
with a lack of tubular secretion. It is considered to be a better marker of early kidney dysfunction 
and more reliable marker of kidney function than serum creatinine. Cystatin C is very useful bio-
marker in CKD and used for CVD assessment. Cystatin C seems to be better predictor of mortal-
ity and CV events than serum creatinine [87]. High cystatin C concentrations predict substantial 
increased risks of all-cause mortality, CV events and incident heart failure [88] and are associ-
ated with increased LVM and a concentric LVH phenotype independent of renal function [89].

Across the CVD spectrum, including peripheral arterial disease, stroke, abdominal aor-
tic aneurysm, heart failure and coronary artery disease, a connection has been established 
between high plasma levels of cystatin C and negative outcomes and risk stratification, 
without any particular explanations behind the mechanisms of the connection. Possible ties 
between negative CV outcomes and high cystatin C levels could stem from deteriorated renal 
function, atherogenesis and inflammatory mediators, myocardial tissue remodeling as well as 
other factors such as genetic determinants, age and aging and social habits [90].

NGAL is 25-kDa protein with 178 amino acids belonging to the lipocalin family [91]. It is 
highly expressed in kidney following ischemic and nephrotoxic injury. Plasma/serum and 
urine NGAL is used as an early marker of acute kidney injury (AKI) in several renal diseases. 
NGAL has also been investigated as a prognostic marker in CKD patients. Plasma and urine 
NGAL levels predict progression of CKD and reflected the severity of renal disease in the 
study performed by Bolignano et al. [92]. However, although urine NGAL was an indepen-
dent risk factor for progression among patients with established CKD of diverse etiology in 
Chronic Renal Insufficiency Cohort (CRIC) study, it did not substantially improve prediction 
of outcome events in this patient population [93]. Nevertheless, NGAL has also shown prom-
ising results as a marker of CV risk in dialysis patients. In the study by Furuya et al., elevated 
levels of serum NGAL were independent risk factors for de novo CVD in HD patients [94]. 
Furthermore, hemodialysis patients with high NGAL levels in combination with high BNP 
levels had the greatest risk of CVD [86].

KIM-1 is a transmembrane glycoprotein with immunoglobulin-like features. Within 24–48 h 
after kidney injury, KIM-1 expression is dramatically increased in proximal tubular epithelial 
cells. It is increased in the urine in AKI. Experimental studies suggest that KIM-1 may be an 
indicator of AKI to CKD transition. In the setting of patients with CHF, urinary KIM-1 outper-
formed NGAL and NAG in predicting a combined CV outcome of death, heart transplanta-
tion, MI, coronary angioplasty or heart failure hospitalization. However, when compared to 
patients with heart failure without CKD, urinary KIM-1 levels were not statistically elevated 
in heart failure patients with CKD [95, 96].
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NAG is an enzyme of hydrolase class that is abundant in the kidney, predominantly in the 
lysosomes of proximal tubular cells. The increased excretion of NAG is thought to be a spe-
cific marker of functional tubular impairment in many renal pathologies. Likewise KIM-1, 
NAG has been a useful marker of acute kidney injury (AKI) [97]. A recent study in type 1 
diabetes mellitus found that lower levels of urinary NAG were associated with the regression 
of microalbuminuria [98]. It has not been assessed longitudinally in CKD [95]. In patients with 
CHF, urinary NAG was associated with an increased risk of death, heart failure hospitaliza-
tions and heart transplantation, independent of GFR [99].

IL-18 is a proinflammatory cytokine that is released by the epithelial cells of the proximal 
tubule within hours of renal injury. It is significantly increased in AKI in comparison to uri-
nary tract infection and nephrotic syndrome [96]. The destabilization of human coronary 
plaques can be connected to IL-18, which was originally thought to be a factor that promotes 
interferon-γ synthesis. In addition, in one study it was confirmed that young and middle-
aged patients with a recent AMI have higher IL-18 concentration in serum than age- and 
sex-matched control subjects, showing that concentration of this cytokine is associated with 
severity of coronary atherosclerosis [100]. In addition, recent evidence suggests that serum 
IL-18 is an important indicator and predictor of CV death in two-year follow-up among non-
diabetic patients suffering from CKD, with history of AMI in the previous year [101].

Fibroblast growth factor-23 (FGF23) is a newly discovered hormone produced in the bone that 
regulates phosphate and vitamin D metabolism by the kidneys. The main physiological func-
tions of FGF23 are mediated by FGF receptors, generally in the presence of Klotho corecep-
tors. Decreased phosphorus excretion triggers FGF23 production, which in turn stimulates 
Klotho coreceptors in the kidneys [102]. CKD progression leads to compensatory elevation of 
FGF23 levels, resulting in typical CKD manifestations such as hyperphosphatemia, second-
ary hyperparathyroidism and bone disease, and progression to ESRD [80]. Elevated FGF23 
has been associated with LVH, and it has been suggested that FGF23 may induce myocardial 
hypertrophy through a direct effect on cardiac myocytes [102]. FGF-23 has been indepen-
dently associated with risk of all-cause death in dialysis and CKD patients, heart failure, CV 
events and death in the general population [86].

Matrix metalloproteinases (MMPs) are a large family of endopeptidases capable of degrading 
all components of the extracellular matrix and are therefore responsible for controlling the 
pathophysiological remodeling of tissues, including CV and renal systems. MMPs are classi-
fied according to their structure and substrate specificity, so MMP-2 and MMP-9 belong to the 
family of gelatinases that can cleave denatured collagen (gelatin), elastin and type IV collagen. 
Traditionally, MMPs were conceived of as exclusively anti-fibrotic tissue components; how-
ever, in the last few years, new paradigms have emerged in which inadequate extracellular 
matrix turnover governed by MMPs is also the hallmark of many pathological and general-
ized states such as inflammation, deleterious remodeling, oxidative stress and apoptosis [103]. 
Previous studies have demonstrated that increase in circulating levels of MMP-2 or MMP-9 
are associated with arterial stiffness, hypertension and kidney disease progression in diabetic 
nephropathy. Recent data have proposed an important role of MMPs as markers of deleterious 
remodeling in the progression of renal disease and CVD [104]. Deleterious remodeling at the 
glomerular basement membrane, governed by pathological MMP activity, could contribute to 

Traditional, Nontraditional, and Uremia-Related Threats for Cardiovascular Disease in Chronic ...
http://dx.doi.org/10.5772/intechopen.69574

25



CKD, probably due to catabolism or reduced clearance. Some observational studies linked 
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APN levels were found among the dialysis patients who developed CV complications [86].
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marker in CKD and used for CVD assessment. Cystatin C seems to be better predictor of mortal-
ity and CV events than serum creatinine [87]. High cystatin C concentrations predict substantial 
increased risks of all-cause mortality, CV events and incident heart failure [88] and are associ-
ated with increased LVM and a concentric LVH phenotype independent of renal function [89].

Across the CVD spectrum, including peripheral arterial disease, stroke, abdominal aor-
tic aneurysm, heart failure and coronary artery disease, a connection has been established 
between high plasma levels of cystatin C and negative outcomes and risk stratification, 
without any particular explanations behind the mechanisms of the connection. Possible ties 
between negative CV outcomes and high cystatin C levels could stem from deteriorated renal 
function, atherogenesis and inflammatory mediators, myocardial tissue remodeling as well as 
other factors such as genetic determinants, age and aging and social habits [90].

NGAL is 25-kDa protein with 178 amino acids belonging to the lipocalin family [91]. It is 
highly expressed in kidney following ischemic and nephrotoxic injury. Plasma/serum and 
urine NGAL is used as an early marker of acute kidney injury (AKI) in several renal diseases. 
NGAL has also been investigated as a prognostic marker in CKD patients. Plasma and urine 
NGAL levels predict progression of CKD and reflected the severity of renal disease in the 
study performed by Bolignano et al. [92]. However, although urine NGAL was an indepen-
dent risk factor for progression among patients with established CKD of diverse etiology in 
Chronic Renal Insufficiency Cohort (CRIC) study, it did not substantially improve prediction 
of outcome events in this patient population [93]. Nevertheless, NGAL has also shown prom-
ising results as a marker of CV risk in dialysis patients. In the study by Furuya et al., elevated 
levels of serum NGAL were independent risk factors for de novo CVD in HD patients [94]. 
Furthermore, hemodialysis patients with high NGAL levels in combination with high BNP 
levels had the greatest risk of CVD [86].

KIM-1 is a transmembrane glycoprotein with immunoglobulin-like features. Within 24–48 h 
after kidney injury, KIM-1 expression is dramatically increased in proximal tubular epithelial 
cells. It is increased in the urine in AKI. Experimental studies suggest that KIM-1 may be an 
indicator of AKI to CKD transition. In the setting of patients with CHF, urinary KIM-1 outper-
formed NGAL and NAG in predicting a combined CV outcome of death, heart transplanta-
tion, MI, coronary angioplasty or heart failure hospitalization. However, when compared to 
patients with heart failure without CKD, urinary KIM-1 levels were not statistically elevated 
in heart failure patients with CKD [95, 96].
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glomerular hyperfiltration, albuminuria and loss of renal function [103]. The vascular changes 
observed in CKD patients not only consist of atherosclerosis but also arteriosclerosis associ-
ated with both medial and intimal vascular calcifications. The degree of arterial stiffening and 
the extent of calcification are closely related, and both of these variables are strong and inde-
pendent prognostic markers of all-cause and CV mortality in patients on HD. Over the last 
few years, matrix metalloproteinases (MMPs) have been increasingly implicated in connective 
tissue remodeling during atherogenesis. MMPs are involved in plaque rupture, which is the 
main pathological cause of myocardial infarction. Interstitial collagenase (MMP-1) is the only 
MMP that can cleave native collagen types I and III, which are major structural components 
of the fibrous plaque cap. MMP-1 might play a significant role in fibrous plaque disruption by 
contributing to the degradation of interstitial collagens and thinning of the fibrous cap [105].

7. Strategies to improve cardiovascular outcome in CKD

7.1. Medical therapies to improve cardiovascular outcome

Risk modification is very important in CKD patient in order to improve outcomes. Strategies 
to reduce CV risk in CKD patients should target traditional, nontraditional and uremia-related 
factors. Recent opinions suggest a potential benefit from a more individualized perspective, 
that takes into account patient-specific trends and distinctive dynamic features of the actual 
clinical situation [106].

Blood pressure management has been advocated for both reducing cardiovascular risk and 
for slowing the renal progression of CKD. In all CKD patients, blood pressure should be 
<140/90 mm Hg and in patients with CKD and diabetes or those with significant protein-
uria, target values should be <130/80 mm Hg. Agents acting via the RAAS, including ACE 
inhibitors (ACEIs) and angiotensin receptor blockers (ARBs), are often recommended as first-
line treatment particularly in patients with diabetes and/or proteinuria. ACEIs have positive 
effects on neurohormonal activity and ventricular remodeling, while ARBs seem to reduce 
oxidative stress and inflammation [107]. In a randomized trial performed on ESKD patients, 
fosinopril was found to reduce CV death, heart failure, myocardial infarction and nonfatal 
stroke. Beta-blockers were found to reduce the cardiac risk in coronary artery disease patients 
with or without CKD in the Bezafibrate Infarction Prevention study. A significant reduction of 
CV mortality and occurrence of sudden death was demonstrated in dialysis patients treated 
with carvedilol. However, new dialysis patients not previously treated with beta-blockers 
were more likely to develop new-onset heart failure [107].

One most neglected aspect is the effect of sodium intake on blood pressure. Only a minority 
of renal patients reduce sodium chloride intake to the recommended target of 7 g/day. Apart 
from reduced salt intake, co-administration of diuretics is mandatory (in early stages, mostly 
thiazides). Loop diuretics are required in advanced stages of CKD.

Anemia is considered to be one of the most important factors along with hypertension for the 
development of LVH in CKD patients. In terms of erythropoiesis-stimulating agents, despite 
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a strong suggestion of benefit to anemia management in observational studies, a number of 
studies in predialysis patients yielded disappointing results. The TREAT study involved dia-
betic CKD patients with moderate anemia treated with darbepoetin alfa [108]. Correction of 
anemia to hemoglobin level of 13 g/dL was associated with increased risk of stroke. Recent 
systematization and meta-analysis of erythropoiesis-stimulating agent therapy showed that 
this type of therapy has 1.5 times higher risk of stroke, as well as promotes hypertension and 
even increases the mortality risk, risk of severe CV events and ESRD with higher hemoglobin 
targets [109]. These studies have not been in vain, as they have led to changes in the usage of 
the medication for the purpose of correction of anemia in CKD patients to a target quantity 
of 11–12 g/dL [107]. Increased homocysteine has been associated with adverse CV outcomes 
CKD population. Folic acid, vitamin B6 and vitamin B12 in combination are an effective and 
inexpensive strategy to decrease homocysteine in most populations. However, trials of mul-
tivitamins in ESRD patients have been disappointing with negative results from a number of 
well-conducted clinical trials. This could be explained partly by the fact that vitamins fail to 
normalize homocysteine in ESRD patients, and toxicity from the vitamins themselves poten-
tially could offset any theoretical benefit [110].

CKD-mineral and bone disorder (CKD-MBD) has been linked to the progression of cardiac 
disease, and investigators have shown a link between even mild degrees of renal injury and 
vascular calcification. Therefore, strategies to control phosphate, control PTH and vitamin 
D analogs have been mainstays of therapy in this regard [111]. In terms of phosphate bind-
ing, a Cochrane systematic review discovered that the effect of sevelamer hydrochloride and 
lanthanum carbonate were not as beneficial as calcium salts for the purpose of phosphate 
control. Some of the studies appeared to show improvements in the surrogate outcome of 
vascular calcification, which subsequently did not add to any reduction in CV morbidity or 
mortality [111].

Statins play a central role in the primary and secondary management of the CVD risk. Results 
of SHARP (Study of Heart and Renal Protection) study showed a significant benefit of the 
combination of simvastatin and ezetimibe in lowering the risk of major atherosclerotic events. 
This study included both ESRD patients and CKD patients not on dialysis. However, the 
subgroup of ESRD patients in SHARP seemed to experience less benefit compared to lesser 
degrees of CKD, and all-cause mortality was unaffected. Consistent with this negative find-
ings, the initiation of treatment with rosuvastatin in the AURORA study had no significant 
effect on the composite primary end point of death from CV causes, nonfatal MI or nonfa-
tal stroke in ESRD patient undergoing HD. It seems that CKD patients could benefit from 
statins but pragmatic approach is to recommend therapy with statins in CKD stages I–IV with 
increased risk of CVD [107].

7.2. Dialytic strategies to improve cardiovascular outcome

Dialytic strategies are used to improve cardiovascular outcome. Dialysis technology improve-
ments should lead to improvements in hemodynamic stability, oxidative and inflammatory 
stress and increase the efficiency of removing low and middle toxins, which leads to ‘car-
dioprotective dialysis’. Both the use of modern machines that fit safety, quality of therapy, 
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with carvedilol. However, new dialysis patients not previously treated with beta-blockers 
were more likely to develop new-onset heart failure [107].
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of renal patients reduce sodium chloride intake to the recommended target of 7 g/day. Apart 
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thiazides). Loop diuretics are required in advanced stages of CKD.
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a strong suggestion of benefit to anemia management in observational studies, a number of 
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tivitamins in ESRD patients have been disappointing with negative results from a number of 
well-conducted clinical trials. This could be explained partly by the fact that vitamins fail to 
normalize homocysteine in ESRD patients, and toxicity from the vitamins themselves poten-
tially could offset any theoretical benefit [110].

CKD-mineral and bone disorder (CKD-MBD) has been linked to the progression of cardiac 
disease, and investigators have shown a link between even mild degrees of renal injury and 
vascular calcification. Therefore, strategies to control phosphate, control PTH and vitamin 
D analogs have been mainstays of therapy in this regard [111]. In terms of phosphate bind-
ing, a Cochrane systematic review discovered that the effect of sevelamer hydrochloride and 
lanthanum carbonate were not as beneficial as calcium salts for the purpose of phosphate 
control. Some of the studies appeared to show improvements in the surrogate outcome of 
vascular calcification, which subsequently did not add to any reduction in CV morbidity or 
mortality [111].

Statins play a central role in the primary and secondary management of the CVD risk. Results 
of SHARP (Study of Heart and Renal Protection) study showed a significant benefit of the 
combination of simvastatin and ezetimibe in lowering the risk of major atherosclerotic events. 
This study included both ESRD patients and CKD patients not on dialysis. However, the 
subgroup of ESRD patients in SHARP seemed to experience less benefit compared to lesser 
degrees of CKD, and all-cause mortality was unaffected. Consistent with this negative find-
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effect on the composite primary end point of death from CV causes, nonfatal MI or nonfa-
tal stroke in ESRD patient undergoing HD. It seems that CKD patients could benefit from 
statins but pragmatic approach is to recommend therapy with statins in CKD stages I–IV with 
increased risk of CVD [107].
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ments should lead to improvements in hemodynamic stability, oxidative and inflammatory 
stress and increase the efficiency of removing low and middle toxins, which leads to ‘car-
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performance and monitoring standards and the use of new biomaterials designed to mitigate 
inflammation and enhance membrane performance represent the application of new technolo-
gies [81]. In HD synthetic membranes are regarded as being more “biocompatible” in that they 
incite less of an immune response than cellulose-based membranes. However, Cochrane meta-
analysis found no evidence of benefit when synthetic (high-flux) membranes were compared 
to cellulose/modified cellulose membranes in terms of reduced mortality in HD patients. This 
meta-analysis also showed that synthetic membranes achieved significantly higher Kt/V values 
when compared to modified cellulose membranes [112]. Results that are shown in the study of 
House et al. were compared the use of high-flux and low-flux hemodialysis on homocysteine 
and lipid profiles. The larger intradialytic effect of high-flux dialysis on homocysteine did not 
significantly affect predialysis levels after 3 months of study [113]. In contrast to this finding, 
high-flux membranes were associated with improved 2-year survival in the study of Chauveau 
et al. [114]. Other authors have reported that ‘hemofiltration’ or ‘hemodiafiltration’ treatment 
was associated with better blood pressure control, lower incidence of intradialytic hypoten-
sion or arrhythmia, better β2-microglobulin, phosphate clearance, reduced inflammation and 
oxidative stress as well as reduced hospitalization rate [81]. Ultrapure dialysate might also 
contribute to improvements in the morbidity and mortality of HD patients. Honda et al. found 
that serum myeloperoxidase and hs-CRP levels were significantly decreased in the patients 
treated with ultrapure dialysate compared to the patients undergoing HD using conventional 
dialysate. Ultrapure dialysate can improve the chronic inflammatory status, oxidative stress, 
and lipid abnormalities, suggesting a possible contribution to reduced CVD risk [115].

PD might circumvent the hemodynamic instability of frequent and rapid ultrafiltration 
associated with conventional HD. Previous randomized controlled trials and many other 
observational studies have produced conflicting results as to which therapy may have a CV 
advantage. Some registry data suggests PD is associated with a lower mortality than HD 
in the first 1–2 years but thereafter may be higher on PD than HD. Other registry data do 
not support this. The decision to undergo either PD or HD is based on many factors which 
include the differential damage the RRT may have on the CV system [116].

8. Post-translational modifications (PTMs) in CKD and CVD

Post-translational modifications (PTMs) of proteins and peptides have recently gained much 
attention, as they are involved in the pathogenesis of CVD and also play a role in the progres-
sion of CKD. PTMs are covalent changes of proteins or peptides that are altered either by 
proteolytic cleavage or by adding moieties to one or more amino acids. The most commonly 
reported PTMs are carbamoylation, glycation and oxidation [117].

8.1. Carbamylation

Carbamylation is a nonenzymatic spontaneous reaction of a primary amine or a free sulf-
hydryl group of proteins with isocyanate. This process is increased during CKD because of 
hyperuricemia, and in other pathologies like atherosclerosis, where isocyanic may be formed 
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from thiocyanate by myeloperoxidase in atheroma plates [118]. As kidney function declines, 
metabolic substances such as urea and its derivates, cyanate and ammonia, dramatically 
increase thus leading to a significant amount of carbamylated proteins. Carbamylation of cae-
ruloplasmin increases oxidative stress by decreasing the ferroxidase activity; carbamylated 
HDL reduces the lecithin-cholesterol acyltransferase thus inducing cholesterol accumulation; 
carbamylated LDL induces endothelial apoptosis and proliferation [76]. Amino acid therapy 
is applicable for reduction of protein carbonylation in CKD patients. The United States Food 
and Drug Administration (FDA) recently approved intravenous amino acid solution for this 
purpose (clinical trials.gov Identifier: NCT01612429). It was reported that uremic patients 
are deficient of free amino acids so that an infusion of free amino acids protects the proteins 
from carbamoylation due to the fact that both free amino acids and proteins compete with 
cyanate [117].

8.2. Glycation

Glycation is a nonenzymatic reaction of reducing sugars with the amino group of amino acids, 
nucleic acids, lipids and proteins. AGEs are considered extremely significant in determining 
the development of CVD in diabetic patients by changing the structure, function and charac-
teristics of tissue through crosslinking inter- and extracellular matrix proteins and modula-
tion of cellular processes through binding to receptors located on the cell’s surface [119]. As 
CKD develops, the kidney is unable to successfully excrete AGE, leading to high concentra-
tions. AGEs can be considered as uremic toxins, as they increase CV morbidity in patients suf-
fering from CKD by altering their vascular matrix, thus increasing arterial stiffening, vascular 
calcifications and left ventricular hypertrophy. The pathophysiological effects of AGEs can be 
blocked by using inhibitors of AGE synthesis (aminoguanidine, pyridoxamine, benfotiamine, 
ALT-946, OBP-9195 and pimagedine); AGE cross-link breakers (alagebrium, N-phenacetyl 
thiazollium, TRC4186 and C-36) and anti-RAGE, which serve as a receptor blocker [120].

8.3. Oxidation/carbonylation

Oxidation generally refers to the loss of electrons or gain of oxygen or loss of hydrogen by a 
molecule. The addition of reactive carbonyl functional groups on proteins is generally termed 
as protein carbonylation. Oxidation mechanism is also involved in carbonylation. There is a 
close relationship between oxidative stress and carbonyl stress and these are enhanced in cor-
relation with the progression of CKD among predialysis CKD patients. Proteins are the major 
targets for these reactive oxygen and nitrogen species, leading to peptide-bound cleavage or 
oxidation of side chains of amino acids resulting in the structural and functional changes of 
oxidized proteins. Almost all amino acids are vulnerable to radical attacks of reactive oxygen 
and nitrogen species. Oxidized forms of phenylalanine and tyrosine, markers for the oxida-
tive damage, are all together termed as advanced oxidation protein products (AOPP). Clinical 
studies revealed that LDL oxidation, AOPP and protein carbonyls can be used as biomark-
ers of oxidative stress in CKD patients. AOPP levels independently predict atherosclerotic 
CV events in patients with CKD in the predialysis phase and might directly contribute to 
the uremia-associated accelerated atherogenesis [117]. Oxidized LDL could be involved in 
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performance and monitoring standards and the use of new biomaterials designed to mitigate 
inflammation and enhance membrane performance represent the application of new technolo-
gies [81]. In HD synthetic membranes are regarded as being more “biocompatible” in that they 
incite less of an immune response than cellulose-based membranes. However, Cochrane meta-
analysis found no evidence of benefit when synthetic (high-flux) membranes were compared 
to cellulose/modified cellulose membranes in terms of reduced mortality in HD patients. This 
meta-analysis also showed that synthetic membranes achieved significantly higher Kt/V values 
when compared to modified cellulose membranes [112]. Results that are shown in the study of 
House et al. were compared the use of high-flux and low-flux hemodialysis on homocysteine 
and lipid profiles. The larger intradialytic effect of high-flux dialysis on homocysteine did not 
significantly affect predialysis levels after 3 months of study [113]. In contrast to this finding, 
high-flux membranes were associated with improved 2-year survival in the study of Chauveau 
et al. [114]. Other authors have reported that ‘hemofiltration’ or ‘hemodiafiltration’ treatment 
was associated with better blood pressure control, lower incidence of intradialytic hypoten-
sion or arrhythmia, better β2-microglobulin, phosphate clearance, reduced inflammation and 
oxidative stress as well as reduced hospitalization rate [81]. Ultrapure dialysate might also 
contribute to improvements in the morbidity and mortality of HD patients. Honda et al. found 
that serum myeloperoxidase and hs-CRP levels were significantly decreased in the patients 
treated with ultrapure dialysate compared to the patients undergoing HD using conventional 
dialysate. Ultrapure dialysate can improve the chronic inflammatory status, oxidative stress, 
and lipid abnormalities, suggesting a possible contribution to reduced CVD risk [115].

PD might circumvent the hemodynamic instability of frequent and rapid ultrafiltration 
associated with conventional HD. Previous randomized controlled trials and many other 
observational studies have produced conflicting results as to which therapy may have a CV 
advantage. Some registry data suggests PD is associated with a lower mortality than HD 
in the first 1–2 years but thereafter may be higher on PD than HD. Other registry data do 
not support this. The decision to undergo either PD or HD is based on many factors which 
include the differential damage the RRT may have on the CV system [116].

8. Post-translational modifications (PTMs) in CKD and CVD

Post-translational modifications (PTMs) of proteins and peptides have recently gained much 
attention, as they are involved in the pathogenesis of CVD and also play a role in the progres-
sion of CKD. PTMs are covalent changes of proteins or peptides that are altered either by 
proteolytic cleavage or by adding moieties to one or more amino acids. The most commonly 
reported PTMs are carbamoylation, glycation and oxidation [117].

8.1. Carbamylation

Carbamylation is a nonenzymatic spontaneous reaction of a primary amine or a free sulf-
hydryl group of proteins with isocyanate. This process is increased during CKD because of 
hyperuricemia, and in other pathologies like atherosclerosis, where isocyanic may be formed 
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from thiocyanate by myeloperoxidase in atheroma plates [118]. As kidney function declines, 
metabolic substances such as urea and its derivates, cyanate and ammonia, dramatically 
increase thus leading to a significant amount of carbamylated proteins. Carbamylation of cae-
ruloplasmin increases oxidative stress by decreasing the ferroxidase activity; carbamylated 
HDL reduces the lecithin-cholesterol acyltransferase thus inducing cholesterol accumulation; 
carbamylated LDL induces endothelial apoptosis and proliferation [76]. Amino acid therapy 
is applicable for reduction of protein carbonylation in CKD patients. The United States Food 
and Drug Administration (FDA) recently approved intravenous amino acid solution for this 
purpose (clinical trials.gov Identifier: NCT01612429). It was reported that uremic patients 
are deficient of free amino acids so that an infusion of free amino acids protects the proteins 
from carbamoylation due to the fact that both free amino acids and proteins compete with 
cyanate [117].

8.2. Glycation

Glycation is a nonenzymatic reaction of reducing sugars with the amino group of amino acids, 
nucleic acids, lipids and proteins. AGEs are considered extremely significant in determining 
the development of CVD in diabetic patients by changing the structure, function and charac-
teristics of tissue through crosslinking inter- and extracellular matrix proteins and modula-
tion of cellular processes through binding to receptors located on the cell’s surface [119]. As 
CKD develops, the kidney is unable to successfully excrete AGE, leading to high concentra-
tions. AGEs can be considered as uremic toxins, as they increase CV morbidity in patients suf-
fering from CKD by altering their vascular matrix, thus increasing arterial stiffening, vascular 
calcifications and left ventricular hypertrophy. The pathophysiological effects of AGEs can be 
blocked by using inhibitors of AGE synthesis (aminoguanidine, pyridoxamine, benfotiamine, 
ALT-946, OBP-9195 and pimagedine); AGE cross-link breakers (alagebrium, N-phenacetyl 
thiazollium, TRC4186 and C-36) and anti-RAGE, which serve as a receptor blocker [120].

8.3. Oxidation/carbonylation

Oxidation generally refers to the loss of electrons or gain of oxygen or loss of hydrogen by a 
molecule. The addition of reactive carbonyl functional groups on proteins is generally termed 
as protein carbonylation. Oxidation mechanism is also involved in carbonylation. There is a 
close relationship between oxidative stress and carbonyl stress and these are enhanced in cor-
relation with the progression of CKD among predialysis CKD patients. Proteins are the major 
targets for these reactive oxygen and nitrogen species, leading to peptide-bound cleavage or 
oxidation of side chains of amino acids resulting in the structural and functional changes of 
oxidized proteins. Almost all amino acids are vulnerable to radical attacks of reactive oxygen 
and nitrogen species. Oxidized forms of phenylalanine and tyrosine, markers for the oxida-
tive damage, are all together termed as advanced oxidation protein products (AOPP). Clinical 
studies revealed that LDL oxidation, AOPP and protein carbonyls can be used as biomark-
ers of oxidative stress in CKD patients. AOPP levels independently predict atherosclerotic 
CV events in patients with CKD in the predialysis phase and might directly contribute to 
the uremia-associated accelerated atherogenesis [117]. Oxidized LDL could be involved in 
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the stiffening of vascular wall which contributes to structural changes in the artery that may 
lead to CVD [121]. Anti-oxidant therapy could be beneficial in uremic patients with oxidative 
stress since the oxidative metabolites accumulate in CKD. Treatment with N-acetylcysteine 
in dialysis patients reduced the levels of oxidized LDL and partly improved anemia [122]. 
Vitamin E and C as well as ACEIs reduce ROS production, thereby decreasing oxidative 
stress in CKD patients [123]. Coenzyme Q10 (CoQ10) administration was effective in protect-
ing against oxidative stress in dialysis patients in a phase IV clinical trial (ClinicalTrials.gov 
Identifier: NCT00307996).
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the stiffening of vascular wall which contributes to structural changes in the artery that may 
lead to CVD [121]. Anti-oxidant therapy could be beneficial in uremic patients with oxidative 
stress since the oxidative metabolites accumulate in CKD. Treatment with N-acetylcysteine 
in dialysis patients reduced the levels of oxidized LDL and partly improved anemia [122]. 
Vitamin E and C as well as ACEIs reduce ROS production, thereby decreasing oxidative 
stress in CKD patients [123]. Coenzyme Q10 (CoQ10) administration was effective in protect-
ing against oxidative stress in dialysis patients in a phase IV clinical trial (ClinicalTrials.gov 
Identifier: NCT00307996).
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Abstract

The chapter discusses the current understanding of the system of mineral and bone 
metabolism regulators—FGF-23, Klotho and sclerostin—disturbances in chronic kidney 
disease (CKD). In the chapter we presented the date, including our own results, which 
allow to suggest the change in the ratio of FGF-23-Klotho-sclerostin in CKD as an early 
biomarker not only for the chronic kidney damage but also for high cardiovascular (CV) 
risk. Results of studies show that disorders in FGF-23-Klotho-sclerostin ratio correlate 
with the frequency and severity of hypertension, vascular calcification, cardiac remodel-
ling, anaemia, malnutrition, inflammation and strong aggravate CV risk in CKD. It was 
found independent from blood pressure (BP) action of increased serum FGF-23 on the 
myocardium as well as the correlation of serum high-sensitive troponin I with increased 
serum FGF-23 and low Klotho levels in CKD patients. At the same time, it was shown 
that renoprotective therapy, including renin-angiotensin blockers, low-protein diet with 
amino/keto acid supplementation and phosphate binders, erythropoiesis stimulators, 
vitamin D metabolites used to get the target levels of BP, serum phosphorus, haemoglo-
bin, parathyroid hormone and nutritional status disorders correction can reduce the risk 
of CV events, as the major cause of death in CKD patients.
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1. Introduction

Chronic kidney disease (CKD) is a global problem that has not only medical but also great 
social and economic importance, due to a significant prevalence in the population (10–15%), 
high mortality rate from cardiovascular complications (CVC), as well as the need for high-cost 
treatment for the end CKD stage (dialysis, transplantation). As compared with general popu-
lation, mortality rate due to CVC in patients with chronic renal failure is 10 times higher, and 
in young people, this risk is higher by 100 or more time. Many patients with CKD die from 
CVC on pre-dialysis stages, not reaching the end stage of CKD [1, 2].

Among cardiovascular damage in CKD, the progressive both cardiac remodelling and vascu-
lar calcification have leading contribution, which together lead to an urgently high cardiovas-
cular mortality in patients with CKD [3, 4]. Understanding of the early mechanisms of arterial 
calcification as well as left ventricular hypertrophy (LVH) is important for the development of 
new therapeutic strategies aimed for cardiovascular morbidity reducing, pre-dialysis period 
prolonging and overall survival of CKD patients improving.

Clarification of CKD progression mechanisms and possible early markers of CVC has led to 
interest in studying of the identified in recent years factors such as morphogenetic proteins—
fibroblast growth factor-23 (FGF-23), Klotho protein and sclerostin glycoprotein—which were 
estimated initially only as bone-mineral metabolism regulators in CKD [5].

Nowadays, the broader functional role of FGF-23, Klotho and sclerostin in organism has 
become understandable, including them significance as humoral factors involved in the pro-
cesses of remodelling and calcification of the heart and vessels in CKD [6, 7]. Furthermore, the 
accumulated recently data allow to consider these factors as a possible therapeutic option for 
reducing mortality in CKD patients, but new randomized trials are still needed to clarify the 
individual mechanisms of their influence on remodelling and calcification of the heart and 
blood vessels as well as the optimal therapeutic modalities for correction of these disturbances.

The aim of the review was to systematize accumulated information and to establish the signif-
icance of the changes in serum levels of morphogenetic proteins (FGF-23, Klotho) and scleros-
tin glycoprotein, based on available literature data, including the results of our own studies, 
to assess renal and cardiac prognosis and possibilities for improving of cardio-renoprotective 
strategy in CKD.

2. FGF-23, Klotho and sclerostin in mineral bone disorders (MBD) 
in CKD

Disorders of phosphorus-calcium metabolism begin to be detected already on the 3A stage 
of CKD, when serum phosphorus starts to increase in serum due to glomerular filtration rate 
(GFR) decreasing [8]. PTH and vitamin D (calcitriol) were considered as main phosphor-reg-
ulating hormones for a long time. However, in recent years, it has been established, including 
our data, that FGF-23 begins to increase in serum in response to phosphorus retention, earlier 
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than PTH [8, 9], that allows to reconsider the traditional concept of secondary hyperparathy-
roidism (SGPT) pathogenesis.

FGF-23, produced by osteocytes, is a phosphaturic hormone that maintains a normal serum 
phosphorus concentration by increasing excretion of phosphorus in the urine and reducing 
its absorption from the gastrointestinal tract by inhibiting synthesis of 1,25-dihydroxyvitamin 
D in kidneys. Physiological stimuli for FGF-23 secretion are both a diet with an excess of phos-
phorus content and an increase in 1,25(OH)2D3 levels in circulation [5, 8]. In the kidneys, FGF-
23 suppresses 1,25(OH)2D3 formation by inhibiting 1α-hydroxylase enzyme activity, which 
converts 25(OH)D3 transition to 1,25(OH)2D3, as well as FGF-23 stimulates the formation of 
24-hydroxylase, which converts 1,25(OH)2D3 into its inactive metabolites. At the same time, 
FGF-23 suppresses the expression of the sodium-phosphorus co-transporters of both types 
(IIa and IIc) located on the apical surface of the epithelial cells of the proximal renal tubules; 
as a result, renal excretion of phosphorus increases [5, 8, 10].

At the same time, a date on the direct blocking effect of FGF-23 on PTH secretion was obtained 
[11]. It was found that FGF-23 stimulates mitogen-activated protein kinase (PKA) pathway, 
and so it inhibits the expression of PTH mRNA and PTH secretion both in vivo in rats and in 
vitro in parathyroid cell culture [11]. Since PTH is the inducer of 1,25(OH)2D3 gene expression, 
the suppression of PTH, caused by FGF-23, reduces the serum level of 1,25(OH)2D3, thereby 
closing the negative feedback of vitamin D homeostasis.

As the renal 1α-hydroxylase is inhibited and secretion of 1,25(OH)2D3 is decreased, hypocal-
caemia occurs, which stimulates PTH overproduction [12]. Thus, normal levels of calcium 
and phosphorus in serum are maintained that is successful at the early CKD stages.

Initially, at the early CKD, the increase in FGF-23 is a compensatory response aimed at nor-
malizing phosphorus serum levels while decreasing the functioning nephron number [8, 12]. 
The serum FGF-23 level increases in parallel with the progressive decrease in kidney function, 
and the serum phosphorus does not increase significantly until GFR falls <30 mL/min/1.73 m2 
[5, 8]. When this stage of CKD is reached, the above compensation mechanism becomes inef-
fective, and constant hyperphosphatemia occurs that stimulates the increasing secretion of 
FGF-23 and PTH [8]. By the time when patients reach the end stage of CKD, FGF-23 level 
exceeds its normal range by 100 or more times [8].

To realize its effects in the kidneys, FGF-23 needs a co-receptor which is a transmembrane 
form of Klotho protein [5, 10]. Klotho was originally identified as an “ageing suppressor” 
[13]. The Klotho gene encodes a transmembrane protein, which is expressed predominantly 
in the epithelial cells of distal tubules in the kidneys, in parathyroid glands (PTG) and in 
the cerebral vascular plexus. Two forms of Klotho protein were found: transmembrane and 
secreted forms, each of which has different functions. The membrane Klotho form acts as an 
obligate co-receptor for FGF-23, inducing the excretion of phosphate in the urine. Secreted 
Klotho form (sKlotho) is detected in human serum and cerebrospinal fluid. It was found that 
it is formed as a result of Klotho protein cleavage from the cell membrane of the distal tubules 
of the kidneys [5, 10]. The decrease of Klotho protein expression in the kidneys due to CKD 
advancement allows to consider it as an early diagnostic marker of kidney damage [5, 14].
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new therapeutic strategies aimed for cardiovascular morbidity reducing, pre-dialysis period 
prolonging and overall survival of CKD patients improving.

Clarification of CKD progression mechanisms and possible early markers of CVC has led to 
interest in studying of the identified in recent years factors such as morphogenetic proteins—
fibroblast growth factor-23 (FGF-23), Klotho protein and sclerostin glycoprotein—which were 
estimated initially only as bone-mineral metabolism regulators in CKD [5].

Nowadays, the broader functional role of FGF-23, Klotho and sclerostin in organism has 
become understandable, including them significance as humoral factors involved in the pro-
cesses of remodelling and calcification of the heart and vessels in CKD [6, 7]. Furthermore, the 
accumulated recently data allow to consider these factors as a possible therapeutic option for 
reducing mortality in CKD patients, but new randomized trials are still needed to clarify the 
individual mechanisms of their influence on remodelling and calcification of the heart and 
blood vessels as well as the optimal therapeutic modalities for correction of these disturbances.

The aim of the review was to systematize accumulated information and to establish the signif-
icance of the changes in serum levels of morphogenetic proteins (FGF-23, Klotho) and scleros-
tin glycoprotein, based on available literature data, including the results of our own studies, 
to assess renal and cardiac prognosis and possibilities for improving of cardio-renoprotective 
strategy in CKD.

2. FGF-23, Klotho and sclerostin in mineral bone disorders (MBD) 
in CKD

Disorders of phosphorus-calcium metabolism begin to be detected already on the 3A stage 
of CKD, when serum phosphorus starts to increase in serum due to glomerular filtration rate 
(GFR) decreasing [8]. PTH and vitamin D (calcitriol) were considered as main phosphor-reg-
ulating hormones for a long time. However, in recent years, it has been established, including 
our data, that FGF-23 begins to increase in serum in response to phosphorus retention, earlier 
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than PTH [8, 9], that allows to reconsider the traditional concept of secondary hyperparathy-
roidism (SGPT) pathogenesis.

FGF-23, produced by osteocytes, is a phosphaturic hormone that maintains a normal serum 
phosphorus concentration by increasing excretion of phosphorus in the urine and reducing 
its absorption from the gastrointestinal tract by inhibiting synthesis of 1,25-dihydroxyvitamin 
D in kidneys. Physiological stimuli for FGF-23 secretion are both a diet with an excess of phos-
phorus content and an increase in 1,25(OH)2D3 levels in circulation [5, 8]. In the kidneys, FGF-
23 suppresses 1,25(OH)2D3 formation by inhibiting 1α-hydroxylase enzyme activity, which 
converts 25(OH)D3 transition to 1,25(OH)2D3, as well as FGF-23 stimulates the formation of 
24-hydroxylase, which converts 1,25(OH)2D3 into its inactive metabolites. At the same time, 
FGF-23 suppresses the expression of the sodium-phosphorus co-transporters of both types 
(IIa and IIc) located on the apical surface of the epithelial cells of the proximal renal tubules; 
as a result, renal excretion of phosphorus increases [5, 8, 10].

At the same time, a date on the direct blocking effect of FGF-23 on PTH secretion was obtained 
[11]. It was found that FGF-23 stimulates mitogen-activated protein kinase (PKA) pathway, 
and so it inhibits the expression of PTH mRNA and PTH secretion both in vivo in rats and in 
vitro in parathyroid cell culture [11]. Since PTH is the inducer of 1,25(OH)2D3 gene expression, 
the suppression of PTH, caused by FGF-23, reduces the serum level of 1,25(OH)2D3, thereby 
closing the negative feedback of vitamin D homeostasis.

As the renal 1α-hydroxylase is inhibited and secretion of 1,25(OH)2D3 is decreased, hypocal-
caemia occurs, which stimulates PTH overproduction [12]. Thus, normal levels of calcium 
and phosphorus in serum are maintained that is successful at the early CKD stages.

Initially, at the early CKD, the increase in FGF-23 is a compensatory response aimed at nor-
malizing phosphorus serum levels while decreasing the functioning nephron number [8, 12]. 
The serum FGF-23 level increases in parallel with the progressive decrease in kidney function, 
and the serum phosphorus does not increase significantly until GFR falls <30 mL/min/1.73 m2 
[5, 8]. When this stage of CKD is reached, the above compensation mechanism becomes inef-
fective, and constant hyperphosphatemia occurs that stimulates the increasing secretion of 
FGF-23 and PTH [8]. By the time when patients reach the end stage of CKD, FGF-23 level 
exceeds its normal range by 100 or more times [8].

To realize its effects in the kidneys, FGF-23 needs a co-receptor which is a transmembrane 
form of Klotho protein [5, 10]. Klotho was originally identified as an “ageing suppressor” 
[13]. The Klotho gene encodes a transmembrane protein, which is expressed predominantly 
in the epithelial cells of distal tubules in the kidneys, in parathyroid glands (PTG) and in 
the cerebral vascular plexus. Two forms of Klotho protein were found: transmembrane and 
secreted forms, each of which has different functions. The membrane Klotho form acts as an 
obligate co-receptor for FGF-23, inducing the excretion of phosphate in the urine. Secreted 
Klotho form (sKlotho) is detected in human serum and cerebrospinal fluid. It was found that 
it is formed as a result of Klotho protein cleavage from the cell membrane of the distal tubules 
of the kidneys [5, 10]. The decrease of Klotho protein expression in the kidneys due to CKD 
advancement allows to consider it as an early diagnostic marker of kidney damage [5, 14].
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Unlike the membrane form, the secreted form of Klotho has systemic effects: it regulates 
endothelial production of NO [15], maintains the integrity and permeability of the endothe-
lium [16] and calcium homeostasis in the kidneys [17] and suppresses intracellular signals 
of insulin and insulin-like growth factor-1 as mechanisms evolutionarily associated with life 
expectancy [18]. The low serum level of sKlotho is associated with an increase of CVC [6] and 
all causes mortality [19].

In recent years, there is increasing evidence that sKlotho decreasing, as CKD advancement, 
occurs early (2–3A stage of CKD) and may be also an important reason for the inducing of 
FGF-23 serum increase. Koh et al. [20], based on the analysis of the kidney biopsy that results 
in ten patients with a histological nephrosclerosis, found a significant decrease in the expres-
sion of Klotho mRNA as well as in sKlotho level and also the role of Klotho deficiency as 
nephrosclerosis advances, in the development of numerous complications of CKD, including 
uncontrolled FGF-23 serum increase.

The reduced expression of Klotho transmembrane form on the surface of parathyroid glands 
(PTGs) cell membranes (Klotho is also a co-receptor for FGF-23 in PTGs) at advanced stages 
of CKD is attributed to the resistance of PTG receptors to FGF-23, even in FGF-23 maximum 
concentrations [10, 12, 21].

In recent years, data on the important role of sclerostin glycoprotein in CKD are accumulat-
ing [22, 23]. Sclerostin, synthesized by osteocytes, blocks Wnt signalling pathway that leads to 
suppression of bone formation, as a result of decreased osteoblast differentiation and prolifer-
ation and osteocyte apoptosis [24]. The level of sclerostin increases as CKD advances [22, 25].

To date, sclerostin is an established regulator of bone mineralization, while its role in the 
pathophysiology of vessels in CKD is actively explored [22, 26]. It is important to determine 
the clinical significance of changes in sclerostin metabolism in CKD, because the relationship 
between adynamic bone disease (ABD) and calcification of the heart and blood vessels in 
patients with CKD is considered proven [27]. At the same time, available-to-date publications 
on the role of sclerostin in ectopic calcification still remain contradictory [22, 23, 25, 26].

It has been shown in experimental studies that in the case of hyperphosphatemia, the function 
of the skeleton as a phosphorus reservoir is blocked, although the need of bone in phospho-
rus, on the contrary, is increased, which stimulates a rising of its level in the blood, and soft 
tissues and vessels become a new reservoir for phosphate deposition [27].

Thus, in patients with end CKD stages, hyperphosphatemia, Klotho’s and 1,25(OH)2D3 defi-
ciency and increased PTH and sclerostin occur, despite a very high level of FGF-23. At the 
same time, the frequency of ABD associated with a relatively low PTH and high sclerostin 
serum levels increases [12, 24, 27]. These changes, together with a decreased calcium excre-
tion, may be responsible for the development of such complications of CKD as renal osteodys-
trophy, cardiovascular calcification following CVC and adverse outcomes in CKD [6, 7, 26].

It is suggested that an increase in sclerostin serum levels leads to a slowdown in osteogenesis 
in CKD. At the same time, there are reasons to believe that this mechanism is blocked in CKD 
and an increase in sclerostin is directed mainly to the inhibition of the extraosteal calcification 
[22, 25]. In addition it is believed that an increase in sclerostin expression by osteocytes in 
CKD causes bone resistance to PTH [24].
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According to the results of recent studies, a disorder of the FGF-23-Klotho-sclerostin ratio in 
CKD is an early biomarker of the degree of chronic renal damage, preceded to the changes in 
other established markers of CKD advancement such as hyperphosphatemia, hyperparathy-
roidism and hypovitaminosis D, considering early as emerging cardiovascular risk factors in 
CKD patients [5, 26]. In addition, in interventional trials, intake of phosphate binders, cinacal-
cet or active vitamin D did not exert a consistently beneficial effect to reduce in cardiovascular 
event rate [28].

2.1. The relation of FGF-23, Klotho and sclerostin with cardiovascular remodelling 
and calcification in CKD

Mineral bone disorders (MBD) in CKD are the main contributor in CVC risk and in general 
prognosis of this patient cohort (Figure 1).

If the increase in FGF-23 serum levels at early CKD stages is adaptive, then the rapid FGF-23 
rising from 3B CKD stage acquires a pathological significance. It was shown that an increase 
in serum FGF-23 level in CKD 3B-5 stages is associated with an endothelium dysfunction, Left 
ventricular hypertrophy (LVH) and an increase in cardiovascular mortality [7, 29–31].

It is also believed that a markedly increased FGF-23 level in CKD leads to a non-selective 
binding of it to FGF receptors in the heart, which are usually activated by local growth factors, 
such as FGF-2 [32]. Thus, an elevated FGF-23 level was directly associated with an increased 
risk of LVH development, which was detected with prolonged exposure with FGF-2 in experi-
ment. In addition, it was found that an increase in left ventricular mass index (LVMI) accom-
panied with increased serum FGF-23 was independent from serum phosphorus level [7, 9].

FGF-23 is an earlier, than phosphorus, marker of CVC in patients with CKD, even when 
a phosphorus serum level is within the normal range [8, 9]. The pathogenetic relationship 

Figure 1. The position of MBD among the main causes of mortality in CKD haemodialysis patients (according to Block 
GA et al. J. Am. Soc. Nephrol. 2004).
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Unlike the membrane form, the secreted form of Klotho has systemic effects: it regulates 
endothelial production of NO [15], maintains the integrity and permeability of the endothe-
lium [16] and calcium homeostasis in the kidneys [17] and suppresses intracellular signals 
of insulin and insulin-like growth factor-1 as mechanisms evolutionarily associated with life 
expectancy [18]. The low serum level of sKlotho is associated with an increase of CVC [6] and 
all causes mortality [19].

In recent years, there is increasing evidence that sKlotho decreasing, as CKD advancement, 
occurs early (2–3A stage of CKD) and may be also an important reason for the inducing of 
FGF-23 serum increase. Koh et al. [20], based on the analysis of the kidney biopsy that results 
in ten patients with a histological nephrosclerosis, found a significant decrease in the expres-
sion of Klotho mRNA as well as in sKlotho level and also the role of Klotho deficiency as 
nephrosclerosis advances, in the development of numerous complications of CKD, including 
uncontrolled FGF-23 serum increase.

The reduced expression of Klotho transmembrane form on the surface of parathyroid glands 
(PTGs) cell membranes (Klotho is also a co-receptor for FGF-23 in PTGs) at advanced stages 
of CKD is attributed to the resistance of PTG receptors to FGF-23, even in FGF-23 maximum 
concentrations [10, 12, 21].

In recent years, data on the important role of sclerostin glycoprotein in CKD are accumulat-
ing [22, 23]. Sclerostin, synthesized by osteocytes, blocks Wnt signalling pathway that leads to 
suppression of bone formation, as a result of decreased osteoblast differentiation and prolifer-
ation and osteocyte apoptosis [24]. The level of sclerostin increases as CKD advances [22, 25].

To date, sclerostin is an established regulator of bone mineralization, while its role in the 
pathophysiology of vessels in CKD is actively explored [22, 26]. It is important to determine 
the clinical significance of changes in sclerostin metabolism in CKD, because the relationship 
between adynamic bone disease (ABD) and calcification of the heart and blood vessels in 
patients with CKD is considered proven [27]. At the same time, available-to-date publications 
on the role of sclerostin in ectopic calcification still remain contradictory [22, 23, 25, 26].

It has been shown in experimental studies that in the case of hyperphosphatemia, the function 
of the skeleton as a phosphorus reservoir is blocked, although the need of bone in phospho-
rus, on the contrary, is increased, which stimulates a rising of its level in the blood, and soft 
tissues and vessels become a new reservoir for phosphate deposition [27].

Thus, in patients with end CKD stages, hyperphosphatemia, Klotho’s and 1,25(OH)2D3 defi-
ciency and increased PTH and sclerostin occur, despite a very high level of FGF-23. At the 
same time, the frequency of ABD associated with a relatively low PTH and high sclerostin 
serum levels increases [12, 24, 27]. These changes, together with a decreased calcium excre-
tion, may be responsible for the development of such complications of CKD as renal osteodys-
trophy, cardiovascular calcification following CVC and adverse outcomes in CKD [6, 7, 26].

It is suggested that an increase in sclerostin serum levels leads to a slowdown in osteogenesis 
in CKD. At the same time, there are reasons to believe that this mechanism is blocked in CKD 
and an increase in sclerostin is directed mainly to the inhibition of the extraosteal calcification 
[22, 25]. In addition it is believed that an increase in sclerostin expression by osteocytes in 
CKD causes bone resistance to PTH [24].
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According to the results of recent studies, a disorder of the FGF-23-Klotho-sclerostin ratio in 
CKD is an early biomarker of the degree of chronic renal damage, preceded to the changes in 
other established markers of CKD advancement such as hyperphosphatemia, hyperparathy-
roidism and hypovitaminosis D, considering early as emerging cardiovascular risk factors in 
CKD patients [5, 26]. In addition, in interventional trials, intake of phosphate binders, cinacal-
cet or active vitamin D did not exert a consistently beneficial effect to reduce in cardiovascular 
event rate [28].

2.1. The relation of FGF-23, Klotho and sclerostin with cardiovascular remodelling 
and calcification in CKD

Mineral bone disorders (MBD) in CKD are the main contributor in CVC risk and in general 
prognosis of this patient cohort (Figure 1).

If the increase in FGF-23 serum levels at early CKD stages is adaptive, then the rapid FGF-23 
rising from 3B CKD stage acquires a pathological significance. It was shown that an increase 
in serum FGF-23 level in CKD 3B-5 stages is associated with an endothelium dysfunction, Left 
ventricular hypertrophy (LVH) and an increase in cardiovascular mortality [7, 29–31].

It is also believed that a markedly increased FGF-23 level in CKD leads to a non-selective 
binding of it to FGF receptors in the heart, which are usually activated by local growth factors, 
such as FGF-2 [32]. Thus, an elevated FGF-23 level was directly associated with an increased 
risk of LVH development, which was detected with prolonged exposure with FGF-2 in experi-
ment. In addition, it was found that an increase in left ventricular mass index (LVMI) accom-
panied with increased serum FGF-23 was independent from serum phosphorus level [7, 9].

FGF-23 is an earlier, than phosphorus, marker of CVC in patients with CKD, even when 
a phosphorus serum level is within the normal range [8, 9]. The pathogenetic relationship 

Figure 1. The position of MBD among the main causes of mortality in CKD haemodialysis patients (according to Block 
GA et al. J. Am. Soc. Nephrol. 2004).
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between FGF-23 serum level and LVH was fully confirmed in the fundamental clinical work 
of Faul and Ansel [7] which showed that an increase in serum FGF-23 levels can directly 
lead to LVH development in CKD patients. The study consists of several stages; at the first 
stage, more than 3000 patients with renal insufficiency were examined for serum FGF-23 and 
echocardiography (EchoCG) at baseline and 1 year later. Each increase in serum FGF-23 on 
1 logarithmic unit was associated with an increase in LVMI on 1.5 g/m2. After 2.9 ± 0.5 years, 
the researchers re-examined 411 patients who had normal EchoCG parameters at the begin-
ning of the study. In 84 (20%) patients with normal blood pressure (BP) levels, LVH was firstly 
detected. At the same time, each increase in FGF23 on 1 logarithmic unit led to an increase in 
the frequency of LVH de novo detection by 4.4 times; and significantly high levels of FGF-23 
caused a sevenfold increase in the frequency of LVH detection, independently of the arterial 
hypertension (AH).

In order to confirm the hypothesis of the direct influence of FGF-23 on cardiomyocytes, 
Kardami [32] conducted the experimental study in which an effect of exogenous FGF-23 on 
the cardiomyocytes of newborn rats was evaluated using immunohistochemical and morpho-
metric analysis. As a result, the hypertrophy of cardiomyocytes was revealed, as well as the 
increase in them, a level of alpha-actinin protein that indicates an increase of sequentially con-
nected sacrometer units in the cardiomyocytes, and an increase in expression of heavy embry-
onic beta-myosin chains and depression of mature alpha-myosin chains. This switching of 
heavy chains from mature to embryonic isoforms indicates on the reactivation of embryonic 
gene programme, which is associated with hypertrophic transformation.

In the work of Di Marco et al. [33], prohypertrophic effect of FGF-23 and FGF-2 on cardiomyo-
cytes was noted, which disappeared after the use of FGF-23 receptor inhibitor, PD173074, that 
authors consider as evidence of direct FGF-23 action, independently of Klotho protein. It is 
important to note that the use of PD173074 prevented the development of LVH in rats, despite 
the presence of hypertension in them.

According to our data [34], an increase in serum FGF-23 levels was associated with a mod-
erately elevated level of troponin I. At the same time, in the patients with increased central 
BP (>120/80 mm Hg) as well as with normal central BP (90–120/60–79 mm Hg), mean levels 
of FGF-23 were about the same [629 ± 118 and 489 ± 85, respectively], indicating, an indepen-
dent from the BP, FGF-23 action on the myocardium. The association of troponins with isch-
aemic heart disease and their role as predictors of an unfavourable cardiovascular outcome is 
known that also allows to suggest FGF-23 as an important prognostic cardiomarker in CKD.

In addition, it was established [35] that an increase in serum FGF-23 levels accelerated the 
development of vascular arteriosclerosis almost by sixfold, with the direct correlation with 
vascular calcification. However, in multivariate analysis, this relationship was statistically 
weak, which may indicate a possible indirect effect of FGF-23 on vascular calcification. 
Further obtained data indicate the effect of FGF-23 on fetuin A level, which is known to 
be synthesized by osteoblasts and is an inhibitor of vascular smooth muscle cell (VSMS) 
calcification [35, 36].

In the prospective cohort ArMORR study [37] involving 10,044 patients, it was shown 
that a high FGF-23 serum level of patients, starting treatment with programmed HD, is an 
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 independent predictor of annual mortality and the patients with high levels of FGF-23 from 
a higher quartile had a sixfold increase in the risk of mortality compared to similar patients 
from the lower quartile according to multidimensional corrected model.

In another prospective the mild to moderate kidney disease (MMKD) study [38] involving 
227 patients with nondiabetic CKD 1–4 stages, the patients were followed up for 53 months to 
assess the progression of the nephropathy. Based on the results, an independent direct rela-
tionship between increased serum FGF-23 level and CKD progression rate was established. 
FGF-23 was recognized as an important independent predictor of adverse renal and cardio-
vascular prognosis, and in addition, in the regression Cox analysis, phosphorus levels lost 
prognostic value after adjustment to serum FGF-23 level.

Accumulating recent data allow to consider FGF-23 as an earlier and important predictor of 
mortality than serum phosphorus and PTH levels in patients with CKD. Elevated serum FGF-
23 level is currently considered as an independent trigger factor in the pathogenesis of uremic 
cardiomyopathy and vascular calcification that served as the basis for suggesting FGF-23 as a 
new uremic toxin, earlier than PTH [39].

At the same time, part of the pathological effects of FGF-23 may be due to Klotho deficiency in 
CKD advancement. It has been shown that kidneys are the main producers of Klotho forms in 
organism [5, 10, 14], so CKD is a state of Klotho deficiency. Deficit of Klotho causes develop-
ment of multiple systemic manifestations (i.e. premature ageing syndrome), an integral part 
of which is severe cardiovascular impairments [6, 13, 15]. According to recent update, it has 
been proved now that Klotho downregulation is not merely an early biomarker for kidney 
damage but also plays a pathogenic independent role in the advancing of CKD as well as in 
principal complications of CKD, important part of which is vascular calcification [6, 9]. As it 
was recently summarized, Klotho’s anti-calcification effect is possibly via at least three mech-
anisms: a phosphaturic hormone, the preservation of GFR and a direct effect on soft tissues 
including the vascular smooth muscle [6, 21]. In experiment Klotho overexpression slowed 
down CKD advancement, improves phosphate metabolism and protects the vasculature from 
calcification [5, 6, 10].

The role of soluble Klotho form in phosphate homeostasis was recognized as soon as Klotho 
was discovered, because Klotho-deficient mouse demonstrates severe hyperphosphatemia 
[10, 13, 18]. This was further confirmed by the fact that there was low serum phosphate in 
Klotho-overexpressing mice [18]. A patient with homozygous missense mutation (H193R) in 
Klotho gene had severe calcinosis, dural and carotid artery calcifications, severe hyperphos-
phatemia, hypercalcemia and high-serum 1,25(OH)2 vitamin D and FGF-23. This mutation 
conceivably destabilizes KL1 domain of Klotho, thereby attenuating production of mem-
brane-bound and sKlotho protein [40]. Therefore, Klotho is now considerable as a novel can-
didate gene for genetic hyperphosphatemia and calcinosis.

It was established that a decrease in Klotho level is also possible due to the inhibition of its 
extrarenal production. In this connection, the results of Takeshita et al. [41] study, indicating 
the presence of Klotho gene expression in sinoatrial node and a high rate of sudden car-
diac death due to arrhythmias caused by dysfunction of sinoatrial node in mice with blocked 
Klotho gene, are interesting.
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cytes was noted, which disappeared after the use of FGF-23 receptor inhibitor, PD173074, that 
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In addition, it was established [35] that an increase in serum FGF-23 levels accelerated the 
development of vascular arteriosclerosis almost by sixfold, with the direct correlation with 
vascular calcification. However, in multivariate analysis, this relationship was statistically 
weak, which may indicate a possible indirect effect of FGF-23 on vascular calcification. 
Further obtained data indicate the effect of FGF-23 on fetuin A level, which is known to 
be synthesized by osteoblasts and is an inhibitor of vascular smooth muscle cell (VSMS) 
calcification [35, 36].

In the prospective cohort ArMORR study [37] involving 10,044 patients, it was shown 
that a high FGF-23 serum level of patients, starting treatment with programmed HD, is an 
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 independent predictor of annual mortality and the patients with high levels of FGF-23 from 
a higher quartile had a sixfold increase in the risk of mortality compared to similar patients 
from the lower quartile according to multidimensional corrected model.

In another prospective the mild to moderate kidney disease (MMKD) study [38] involving 
227 patients with nondiabetic CKD 1–4 stages, the patients were followed up for 53 months to 
assess the progression of the nephropathy. Based on the results, an independent direct rela-
tionship between increased serum FGF-23 level and CKD progression rate was established. 
FGF-23 was recognized as an important independent predictor of adverse renal and cardio-
vascular prognosis, and in addition, in the regression Cox analysis, phosphorus levels lost 
prognostic value after adjustment to serum FGF-23 level.

Accumulating recent data allow to consider FGF-23 as an earlier and important predictor of 
mortality than serum phosphorus and PTH levels in patients with CKD. Elevated serum FGF-
23 level is currently considered as an independent trigger factor in the pathogenesis of uremic 
cardiomyopathy and vascular calcification that served as the basis for suggesting FGF-23 as a 
new uremic toxin, earlier than PTH [39].

At the same time, part of the pathological effects of FGF-23 may be due to Klotho deficiency in 
CKD advancement. It has been shown that kidneys are the main producers of Klotho forms in 
organism [5, 10, 14], so CKD is a state of Klotho deficiency. Deficit of Klotho causes develop-
ment of multiple systemic manifestations (i.e. premature ageing syndrome), an integral part 
of which is severe cardiovascular impairments [6, 13, 15]. According to recent update, it has 
been proved now that Klotho downregulation is not merely an early biomarker for kidney 
damage but also plays a pathogenic independent role in the advancing of CKD as well as in 
principal complications of CKD, important part of which is vascular calcification [6, 9]. As it 
was recently summarized, Klotho’s anti-calcification effect is possibly via at least three mech-
anisms: a phosphaturic hormone, the preservation of GFR and a direct effect on soft tissues 
including the vascular smooth muscle [6, 21]. In experiment Klotho overexpression slowed 
down CKD advancement, improves phosphate metabolism and protects the vasculature from 
calcification [5, 6, 10].

The role of soluble Klotho form in phosphate homeostasis was recognized as soon as Klotho 
was discovered, because Klotho-deficient mouse demonstrates severe hyperphosphatemia 
[10, 13, 18]. This was further confirmed by the fact that there was low serum phosphate in 
Klotho-overexpressing mice [18]. A patient with homozygous missense mutation (H193R) in 
Klotho gene had severe calcinosis, dural and carotid artery calcifications, severe hyperphos-
phatemia, hypercalcemia and high-serum 1,25(OH)2 vitamin D and FGF-23. This mutation 
conceivably destabilizes KL1 domain of Klotho, thereby attenuating production of mem-
brane-bound and sKlotho protein [40]. Therefore, Klotho is now considerable as a novel can-
didate gene for genetic hyperphosphatemia and calcinosis.

It was established that a decrease in Klotho level is also possible due to the inhibition of its 
extrarenal production. In this connection, the results of Takeshita et al. [41] study, indicating 
the presence of Klotho gene expression in sinoatrial node and a high rate of sudden car-
diac death due to arrhythmias caused by dysfunction of sinoatrial node in mice with blocked 
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One of the most important effects of Klotho and sclerostin is its ability to inhibit Wnt sig-
nal pathway and through it to slow down vascular calcification [42]. Reduction of serum 
Klotho levels impairs this protective effect. Besides this, it has been demonstrated that Klotho 
mitigates the increased cell senescence and apoptosis triggered by oxidative stress in endo-
thelial cells [43] and Klotho also suppresses TNF-β-induced expression of intracellular adhe-
sion molecule-1 and vascular cell adhesion molecule-1, attenuates NF-kappaB activation and 
reverses the inhibition of eNOS phosphorylation by TNF-α. Thus Klotho protein also protects 
the vascular endothelium by inhibition of endothelial inflammation [44].

The most definitive study to date of the direct effects of Klotho on the endothelium was con-
ducted by Kusaba et al. [16]. Klotho-deficient mice have increased VEGF-mediated calcium 
influx, downregulation of vascular endothelial cadherin, increased apoptosis and excessive 
permeability of vessels. The KL2 domain of Klotho protein binds directly to VEGF receptor 
2 and endothelial transient-receptor potential Ca2+ channel 1 on the extracellular side and 
promotes their co-internalization, thereby reducing the Ca2+-activated and caspase-mediated 
destruction of catenin and vascular endothelial cadherin on the cell surface. Thus, it may be 
one more effect of soluble Klotho’s protein cardioprotection.

In vitro studies have shown that along with the increase in phosphaturia, stabilization of 
GFR and regulation of vascular endothelial permeability, Klotho suppresses Na-dependent 
capture of phosphorus by the endothelium and vascular smooth muscle cell (VSMC) and 
prevents differentiation of VSMC and mineralization induced by hyperphosphatemia [5, 14].

In our study, an association of increased serum FGF-23 and low Klotho levels with the presence 
of inflammation (as C-reactive protein level increasing) as well as with protein-energy defi-
ciency, and proteinuria, was found [45]. These data are in agreement with the results of other 
authors [44, 46] who consider CKD as a state of chronic inflammation, based on the consider-
ation of elevated C-reactive protein level as a nonspecific marker of inflammation and endothe-
lial dysfunction in CKD patients. Frequent coexistence triad—malnutrition, inflammation and 
atherosclerosis (MIA) syndrome—contributes to the risk of CVC in CKD [2, 3, 47]. The obtained 
data clearly indicate that circulating form of Klotho protein functions as a humoral factor that 
protects the cardiovascular system from the development of inflammatory endothelial changes 
and prevents the progression of atherosclerosis and pathological calcification [5, 14–16].

Less understood is the role of sclerostin in CV calcification processes in CKD. Our data go in 
agreement with the results of authors, who demonstrated a protective effect of sclerostin in 
calcification in CKD [22, 48, 49]. Its inhibitory effect on osteogenesis and negative association 
of sclerostin with level of parathyroid hormone as uremic toxin can attest in favour of this 
date [48, 49].

Viaene et al. [50] showed that in patients on haemodialysis, the serum concentration of 
sclerostin is higher than in general population. In the future, these data will be repeatedly 
confirmed by the results of other studies devoted to identify the role of sclerostin in patients 
on regular haemodialysis [23, 49].

Emerging evidence indicates that Wnt plays a role in vascular biology including vascular cal-
cification, angiogenesis and atherosclerosis [42]. Wnt signalling occurs when the Wnt ligand 
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binds to co-receptors, Frizzled and low-density lipoprotein receptor-related protein (LRP), 
which induces β-catenin translocation to the nucleus to regulate the transcription of Wnt tar-
get genes. The Wnt pathway is involved in many aspects of biology including cell survival, 
stem cell development and cell differentiation, including bone and vascular lineages [24, 42].

Register et al. [25] found that high sclerostin was associated with less calcified carotid plaque 
in diabetic African American men and was not associated with aortic or coronary calcification. 
Authors’ hypothesis to explain this situation is that increased overproduction of sclerostin 
may be a physiological adaptation to increased calcification.

Sclerostin slows the canonical Wnt signalling pathway and inhibits osteoblast activity and 
bone formation by sequestering LRP5 and LRP6 [24, 42]. Retarding the Wnt signalling path-
way by using a dominant-negative LRP has been depicted to significantly reduce VSMC prolif-
eration. In addition to VSMC proliferation, animal models of intimal thickening have revealed 
increased β-catenin levels, which suggest the involvement of the Wnt-β-catenin pathway also 
in VSMC migration. Moreover, Wnt proteins are also known to promote the migration of 
various cell types, including monocytes and endothelial cells. Furthermore, the Wnt pathway 
has been described to play an important role in the regulation of endothelial inflammation, 
vascular calcification and mesenchymal stem cell differentiation. As a result, considering the 
fact that atherosclerosis and calcification are both an actively regulated and progressive pro-
cess, we might speculate that high sclerostin levels might be indicative of a sort of defensive 
mechanism that may attenuate the upregulation of the canonical Wnt pathway and lead to the 
restoration of quiescent Wnt signalling observed under healthy conditions [24, 49].

Sclerostin has been demonstrated to be upregulated in VSMC, which previously transformed 
into osteocytic phenotype under calcifying circumstances [22, 24]. Recently, it has been sug-
gested that increased circulating sclerostin levels might protect dialysis patients from car-
diovascular calcification and that low bone-specific alkaline phosphatase activity may be the 
causal pathway [23, 49]. Sclerostin is a potent inhibitor of alkaline phosphatase activity, which 
inactivates the potent calcification inhibitor, the inorganic pyrophosphate. Accumulating 
data suggest that Wnt signalling pathway inhibitor overexpression in calcifying vasculature 
(advanced carotid plaques and calcified aortas) might be vasculoprotective and anti-calcific 
[25, 49].

PTH increases FGF-23 expression via Wnt and protein kinase (PKA) signalling pathways by 
blocking the inhibitory effect of sclerostin (Figure 2).

According to several authors, the overexpression of sclerostin by osteocytes in patients on 
haemodialysis is associated with a decrease in overall cause’s mortality, including CVC, in 
dialysis patients [49].

In the same time, more research for confirmation of sclerostin role in FGF-23-Klotho-sclerostin 
system as a protector of pathogenic transformation of VSMC, triggered by phosphate and 
FGF-23, is seen as a priority. It is likely that sclerostin confronts effects of low Klotho levels 
and high levels of FGF-23, allowing for some time to maintain a certain compensatory balance 
in the system of FGF-23-Klotho-sclerostin. Increasing levels of sclerostin in CKD are likely 
directed at suppression of processes of calcification, but cannot fully inhibit them, because 
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mechanism that may attenuate the upregulation of the canonical Wnt pathway and lead to the 
restoration of quiescent Wnt signalling observed under healthy conditions [24, 49].
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into osteocytic phenotype under calcifying circumstances [22, 24]. Recently, it has been sug-
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inactivates the potent calcification inhibitor, the inorganic pyrophosphate. Accumulating 
data suggest that Wnt signalling pathway inhibitor overexpression in calcifying vasculature 
(advanced carotid plaques and calcified aortas) might be vasculoprotective and anti-calcific 
[25, 49].

PTH increases FGF-23 expression via Wnt and protein kinase (PKA) signalling pathways by 
blocking the inhibitory effect of sclerostin (Figure 2).

According to several authors, the overexpression of sclerostin by osteocytes in patients on 
haemodialysis is associated with a decrease in overall cause’s mortality, including CVC, in 
dialysis patients [49].
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system as a protector of pathogenic transformation of VSMC, triggered by phosphate and 
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and high levels of FGF-23, allowing for some time to maintain a certain compensatory balance 
in the system of FGF-23-Klotho-sclerostin. Increasing levels of sclerostin in CKD are likely 
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reduction of Klotho may be much more potent stimulus for progression of calcification, and 
increased PTH suppresses sclerostin. Because levels of sclerostin increase as CKD progresses 
and as levels of Klotho at the same time reduce, some authors may mistakenly interpret the 
role of sclerostin as a factor, which potentiates calcification. In reality (the results of the mul-
tivariate analysis), it is likely that dramatic fall of Klotho levels in the course of CKD outbal-
ances and levels down protective effects of sclerostin.

To sum up, we can consider all three factors (FGF-23, Klotho, sclerostin) as a discrete 
system of factors influencing cardiovascular risk. Apparently, such high CV risk is deter-
mined by joint effect of all of these three factors that appear along with early CKD stages 
and connect not only between themselves but also with traditional factors, which snow-
balled quickly following added, potentiate one another as CKD advanced and thereby 
strongly increase the risk of CV mortality. Influence of each group of these factors may 
have different impacts depending on the stage of CKD. Importantly, date indeed sug-
gests that the FGF-23-Klotho-sclerostin axis may be a potential novel target in cardio-renal 
medicine.

3. Possibilities for correction of FGF-23, soluble Klotho and sclerostin 
serum disorders in CKD by traditional renoprotective therapy

The appearance preliminary results of few clinical trials indicate the possibility of influencing 
traditional renoprotective therapy such as early correction of arterial hypertension, anaemia, 

Figure 2. The relationship between PTH, FGF-23 and sclerostin (materials of ISN Nexus Symposium «Bone and the 
Kidney» September 2012, Copenhagen, Denmark).
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hyperphosphatasemia and nutritional status disorders on the maintenance of Klotho protein 
synthesis and FGF-23 overproduction suppression [51–53].

Since the serum FGF-23 level (as more earlier marker of MBD than PTH in CKD) rises before 
serum phosphorus increases as CKD advances, a preventive decrease in phosphorus diet con-
tent in CKD patients with elevated serum FGF-23 levels and the use of phosphate-binding 
drugs (for the control of serum phosphorus levels below 6.5 mg/dL) in CKD advancing are 
becoming an important therapeutic task in CKD patients. It can contribute not only in the 
prevention of SGPT but of CVC in CKD.

In our study [51], in the group of CKD 5D, patients who managed to reach and maintain 
the target level of serum phosphorus (0.9–1.45 mmol/L), compared to the matched group of 
patients with uncorrected hyperphosphatemia (>1.45 mmol/L), lower FGF-23 and PTH (p < 
0.01 and p < 0.05 respectively) in serum were noted, mainly among those patients who used 
phosphate-binding drugs that did not contain calcium (sevelamer hydrochloride) for correc-
tion of hyperphosphatasemia.

Among 17 patients who received low-protein diet (LPD) in combination with phosphate 
binders for at least 12 months before starting HD and who achieved the target level of serum 
phosphorus during the first year of treatment with regular HD, the formation of SGPT was 
noted significantly less (χ2 = 8, 2; p < 0.05) than among those patients who has begun correc-
tion of elevated serum phosphorus simultaneously starting with haemodialysis treatment. In 
these patients, CVC such as worsening of the functional class of angina pectoris, acute coro-
nary syndrome and acute myocardial infarction [51] were also reliably less noted.

In experimental studies, increased Klotho expression was accompanied by a decrease in pro-
teinuria and a significant decrease in angiotensin II in the hypertensive chronic glomerulone-
phritis mice [54, 55].

Data on the role of the asymmetric dimethylarginine complex 17/transforming growth 
factor-α/endothelial growth factor (ADAM17/TGF-α/EGFR) induced both due to renin-
angiotensin system (RAS) activation and calcitriol deficiency, in the restructuring of the PTGs 
and in the decrease of Klotho expression in kidneys, allows to suggest the importance of the 
effective blockade of RAS by renin angiotensin blockers as well as D-hormone deficiency 
correction for the prevention and treatment of SGPT [55]. Our preliminary results [53, 56] 
confirm the experimental studies on the ability of AT II blockers to maintain the renal produc-
tion of sKlotho protein.

It has been reported that angiotensin II and aldosterone, through the initiation of oxidative 
stress, have the ability to low Klotho expression in rat kidneys, even in minimal concentra-
tions, while exogenous sKlotho infusion contributed to the inversion of renal damage caused 
by angiotensin II [55].

In our study in patients with CKD stages 1–5D [56] when comparing the patients with hyper-
tension who were receiving antihypertensive monotherapy, the highest serum levels of Klotho 
protein were observed in those of them whose target BP level was achieved primarily through 
angiotensin II receptor blockers, compared to those who were administered with another drug 
group or have not reached the target blood pressure level (p = 0.008 and p = 0.067 respectively).
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On experimental model of mice with CKD and arterial hypertension (AH), it was established 
that one of the mechanisms of sKlotho cardioprotection is also its ability to block the calcium 
channels in cardiomyocytes (TRPC6) that contributes to more adequate correction of AH and 
slower remodelling of the left ventricular myocardium [57].

A number of studies have shown that hypoxia due to anaemia is an independent factor of 
sKlotho protein production reduction as CKD advances [5, 6, 14]. According to our data, in 
patients with CKD with anaemia who managed to reach the target haemoglobin with the help 
of epoetin and iron and maintain it in this range and, as a result, eliminating the hypoxia of vital 
organs, including the kidneys, the preservation of decreasing of sKlotho protein was noted [58].

According to the results of our study [52], the use of Low Protein Diet (LPD) in combination 
with keto/amino acids, during not less than 12 months, in patients with 3B–4 stages of CKD, 
can prevent the development of nutritional status disorders, as well as stimulate sKlotho 
expression and suppress FGF-23 production. In addition, in these group patients, impair-
ment of vascular damping function (according to the assessment of pulse wave velocity and 
augmentation indices by «SphygmoCor» device) as well as cardiac (by EchoCG, semiquan-
titative scale) and aorta calcification (by Kauppila method), and the formation of LVH, was 
less common.

In addition, according to our data, in patients with CKD 3B–4 stages using of LPD (0.6 g pro-
tein per kg body weight/day) supplemented with calcium salts of keto acids, it was possible 
to achieve and maintain the target level of serum phosphorus and calcium by using lower 
doses of phosphate-binding drugs, compared with the patients who used LPD, but did not 
take keto/amino acids [51, 52].

Maintenance of the phosphorus and calcium target serum levels can be a factor that inhibits 
FGF-23 overproduction and reduces the risk of ectopic mineralization and FGF-23-dependent 
LVH in CKD 3B–4 stages [51].

It is known that sKlotho paracrine functions include the activation of calcium channel recep-
tors (TRPVs), especially TRPV5 and TRPV6 [14, 59]. TRPV5 are located mainly in the distal 
renal tubules and participate in the reabsorption of calcium in the kidneys [14]. TRPV6 is 
expressed in intestinal epithelial cells, where it is involved in the intestinal calcium absorp-
tion [14, 59]. In mice with a defect in Klotho gene expression, an increase in the serum level of 
phosphorus and calcium was revealed [5, 14]. Taking into account the participation of sKlotho 
in providing the constancy of serum calcium concentration by changing its reabsorption in 
the kidneys and intestines, it can be assumed that as a result of the intake of calcium salts of 
keto acids, it is possible to stimulate sKlotho production with its effect on the prevention of 
transient hypercalcaemia episodes in CKD advancement.

4. Conclusion

Understanding of the role of Klotho, FGF-23 and sclerostin in CKD is important, because 
it is known that mortality from cardiovascular complications in 20-year-old patients with 
 terminal kidney disease is comparable with such of 80-year-old subjects in total population 
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[2]. And this very high mortality risk cannot be explained solely by influence of traditional 
CVD risk factors, which are highly prevalent in patients with CKD as well as by traditional 
CKD factors such as phosphorus and PTH, correction of which did not result to enough ben-
eficial effects on cardiovascular survival.

Initial disturbances of mineral bone metabolism begin early, already with 3A stage of CKD, 
with an increase in serum FGF-23 and sclerostin and decrease of Klotho levels. The mani-
festation of these early changes may be as an increase in phosphorus excretion. From this 
moment, cardiovascular risk begins to be pawned, although the levels of phosphorus and 
PTH in serum are usually normal yet.

The accumulated data allow to consider the disturbances in FGF-23-Klotho-sclerostin ratio as 
one of the early markers of CKD advancement, disorders of mineral metabolism developing 
and cardiovascular prognosis. Alteration of the FGF-23/sKlotho/sclerostin ratio in serum as 
CKD advancement is accompanied by the development of vascular calcification, formation of 
cardiac remodelling and increasing risk of death from cardiovascular events, independently 
of the serum phosphorus and PTH levels. Changing the ratio of FGF-23, sKlotho and scleros-
tin can be regarded as independent early marker of cardiovascular and overall prognosis of 
patients with CKD.

In the reduction of Klotho expression in the kidneys, the role of ischemia, oxidative stress, 
intracellular elevation of angiotensin II and inflammation was established. These changes 
require careful correction to maintain Klotho’s production as a potent strong cardio-renopro-
tective factor.

The preliminary results obtained on the positive effects of hypertension and anaemia cor-
rection on sKlotho protein maintenance, as well as the possibility of the FGF-23 overproduc-
tion suppression by correcting hyperphosphatemia, demonstrate the need for a personalized 
approach to the choice of cardio-renoprotective therapy from the early stages of CKD based 
on the degree of morphogenetic proteins and sclerostin system dysfunction as well as open 
prospects for studying of cardio-nephroprotective strategy in the new aspect.
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On experimental model of mice with CKD and arterial hypertension (AH), it was established 
that one of the mechanisms of sKlotho cardioprotection is also its ability to block the calcium 
channels in cardiomyocytes (TRPC6) that contributes to more adequate correction of AH and 
slower remodelling of the left ventricular myocardium [57].

A number of studies have shown that hypoxia due to anaemia is an independent factor of 
sKlotho protein production reduction as CKD advances [5, 6, 14]. According to our data, in 
patients with CKD with anaemia who managed to reach the target haemoglobin with the help 
of epoetin and iron and maintain it in this range and, as a result, eliminating the hypoxia of vital 
organs, including the kidneys, the preservation of decreasing of sKlotho protein was noted [58].

According to the results of our study [52], the use of Low Protein Diet (LPD) in combination 
with keto/amino acids, during not less than 12 months, in patients with 3B–4 stages of CKD, 
can prevent the development of nutritional status disorders, as well as stimulate sKlotho 
expression and suppress FGF-23 production. In addition, in these group patients, impair-
ment of vascular damping function (according to the assessment of pulse wave velocity and 
augmentation indices by «SphygmoCor» device) as well as cardiac (by EchoCG, semiquan-
titative scale) and aorta calcification (by Kauppila method), and the formation of LVH, was 
less common.

In addition, according to our data, in patients with CKD 3B–4 stages using of LPD (0.6 g pro-
tein per kg body weight/day) supplemented with calcium salts of keto acids, it was possible 
to achieve and maintain the target level of serum phosphorus and calcium by using lower 
doses of phosphate-binding drugs, compared with the patients who used LPD, but did not 
take keto/amino acids [51, 52].

Maintenance of the phosphorus and calcium target serum levels can be a factor that inhibits 
FGF-23 overproduction and reduces the risk of ectopic mineralization and FGF-23-dependent 
LVH in CKD 3B–4 stages [51].

It is known that sKlotho paracrine functions include the activation of calcium channel recep-
tors (TRPVs), especially TRPV5 and TRPV6 [14, 59]. TRPV5 are located mainly in the distal 
renal tubules and participate in the reabsorption of calcium in the kidneys [14]. TRPV6 is 
expressed in intestinal epithelial cells, where it is involved in the intestinal calcium absorp-
tion [14, 59]. In mice with a defect in Klotho gene expression, an increase in the serum level of 
phosphorus and calcium was revealed [5, 14]. Taking into account the participation of sKlotho 
in providing the constancy of serum calcium concentration by changing its reabsorption in 
the kidneys and intestines, it can be assumed that as a result of the intake of calcium salts of 
keto acids, it is possible to stimulate sKlotho production with its effect on the prevention of 
transient hypercalcaemia episodes in CKD advancement.

4. Conclusion

Understanding of the role of Klotho, FGF-23 and sclerostin in CKD is important, because 
it is known that mortality from cardiovascular complications in 20-year-old patients with 
 terminal kidney disease is comparable with such of 80-year-old subjects in total population 
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[2]. And this very high mortality risk cannot be explained solely by influence of traditional 
CVD risk factors, which are highly prevalent in patients with CKD as well as by traditional 
CKD factors such as phosphorus and PTH, correction of which did not result to enough ben-
eficial effects on cardiovascular survival.

Initial disturbances of mineral bone metabolism begin early, already with 3A stage of CKD, 
with an increase in serum FGF-23 and sclerostin and decrease of Klotho levels. The mani-
festation of these early changes may be as an increase in phosphorus excretion. From this 
moment, cardiovascular risk begins to be pawned, although the levels of phosphorus and 
PTH in serum are usually normal yet.

The accumulated data allow to consider the disturbances in FGF-23-Klotho-sclerostin ratio as 
one of the early markers of CKD advancement, disorders of mineral metabolism developing 
and cardiovascular prognosis. Alteration of the FGF-23/sKlotho/sclerostin ratio in serum as 
CKD advancement is accompanied by the development of vascular calcification, formation of 
cardiac remodelling and increasing risk of death from cardiovascular events, independently 
of the serum phosphorus and PTH levels. Changing the ratio of FGF-23, sKlotho and scleros-
tin can be regarded as independent early marker of cardiovascular and overall prognosis of 
patients with CKD.

In the reduction of Klotho expression in the kidneys, the role of ischemia, oxidative stress, 
intracellular elevation of angiotensin II and inflammation was established. These changes 
require careful correction to maintain Klotho’s production as a potent strong cardio-renopro-
tective factor.

The preliminary results obtained on the positive effects of hypertension and anaemia cor-
rection on sKlotho protein maintenance, as well as the possibility of the FGF-23 overproduc-
tion suppression by correcting hyperphosphatemia, demonstrate the need for a personalized 
approach to the choice of cardio-renoprotective therapy from the early stages of CKD based 
on the degree of morphogenetic proteins and sclerostin system dysfunction as well as open 
prospects for studying of cardio-nephroprotective strategy in the new aspect.
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Abstract

Chronic kidney disease (CKD), a major public health problem that affects up to 10–13% 
of the general population worldwide, imposes considerable socio-economic burden due 
to both the need for renal replacement therapy and, even more important, the negative 
influence on the overall patients’ health status. Cardiovascular (CV) diseases are the main 
cause of death in CKD patients and are triggered not only by the traditional CV risk 
factors but also by specific, uremia-related, factors. Among these, calcium-phosphate 
and bone metabolism disorders play a central role. Abnormalities of mineral metabo-
lism occur early, evolve silently as the kidney function deteriorates, and are associated 
with CV morbidity and mortality, mainly by the development of valvular and vascular 
calcifications. This chapter aims to summarize the recent knowledge on the types and 
mechanisms of arterial calcifications, as well as their clinical implications, in the setting 
of CKD. The issue is significant for both nephrologists and cardiologists and could be an 
example of the requirement for interdisciplinary collaboration in the medical practice.

Keywords: atherosclerosis and arteriosclerosis, arterial stiffness, calcifications, 
cardiovascular morbidity, chronic kidney disease

1. Introduction

The prevalence of chronic kidney disease (CKD) is constantly growing [1] largely due to the 
shift in age distribution of the population toward individuals older than 60 years, in which 
CKD is more common, accounted for by the combined effect of physiologic decline in glomer-
ular filtration rate (GFR) and systemic atherosclerosis, and also due to increasing prevalence 
of arterial hypertension, diabetes mellitus, and obesity, all risk factors for CKD. Notably, the 
mortality of CKD patients is higher than their non-CKD counterparts, predominantly with 
respect to cardiovascular mortality. Abnormalities of arterial and left ventricular functions, 
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such as arterial stiffness, atherosclerosis and arteriosclerosis, left ventricular hypertrophy, and 
systolic and end-diastolic stiffness, which are common in CKD patients, were incriminated 
[2]. The pathophysiology of cardiovascular disease (CVD) in CKD is complex, with both tra-
ditional and uremia-related risk factors being involved. Among the latter, calcium-phosphate 
metabolism anomalies are more and more debated, and the concept of chronic kidney disease-
mineral and bone disorder (CKD-MBD) has been adopted. It is a broad term that refers to a 
systemic disorder of mineral metabolism due to the kidneys’ failure to maintain homeostasis 
of calcium (Ca), phosphate (PO4), and active vitamin D, which leads to maladaptive altera-
tions in related hormones, namely fibroblast growth factor-23 (FGF23) and parathyroid hor-
mone (PTH), and results in defective bone architecture and extraskeletal calcifications [3, 4]. 
CKD-MBD occurs early in the course of CKD, progresses as kidney function declines, and it 
is manifested by three separate, but interrelated, components that are not necessarily present 
concurrently in all patients, any combination of these component being possible [4]:

1. Changes in biochemistry profile (Ca, PO4, vitamin D, PTH, FGF23, and alkaline phos-
phatase—ALP), which reflect mineral and hormonal abnormalities;

2. Bone abnormalities regarding turnover, mineralization, volume, linear growth, or strength; 
and

3. Soft tissue (vascular, valvular, and periarticular) calcifications.

The vascular calcifications at least partially account for increased cardiovascular (CV) risk in 
CKD patients, so it is worth to draw attention on the mechanisms involved in their development.

2. Types and characteristics of vascular calcification in chronic 
kidney disease

Even at early ages, CKD patients develop vascular calcifications at all the levels (large vessel 
arteries such as the aorta, medium arteries like the coronary arteries, as well as small-caliber 
arteries of the skin), in a much greater proportion than the general population, and the preva-
lence and severity of arterial and valvular calcifications increase as kidney function decreases [5].

The main types of arterial calcifications, both commonly seen in CKD, are distinguished by 
their location in the structure of the arterial wall (Figure 1) and their association with athero-
sclerotic plaque formation:

1. Atherosclerosis consists in the calcification of the intimal layer in association with cellular necro-
sis, inflammation, atherosclerotic plaques, and lipid deposition [6]. This type of calcification 
is related to traditional risk factors such as arterial hypertension and dyslipidemia (Table 1). 
The vessel lumen is eccentrically reduced and deformed due to patchy calcification of the 
atherosclerotic plaques [7]. It produces arterial stenosis which accounts for tissular ischemia 
and infarction and may predispose to plaque rupture generating life-threatening thrombi.

2. Arteriosclerosis, which represents the calcification of the medial layer, occurs in the elastic 
lamina of large-caliber and medium- to small-size arteries. It seems to be independent of 
atherosclerosis, although both can coexist [6, 7]. Medial calcification was known initially as 
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Mönckeberg’s sclerosis, and it has radiographically been described as “railroad tracks” on 
the peripheral arteries of upper and lower limbs [6, 8]. This type of calcification is related 
to non-traditional risk factors such as hyperphosphatemia, excess PTH, and cytokines of 
chronic inflammation (Table 1), and it is more prevalent in patients with CKD and diabe-
tes [6]. The vessel lumen is reduced concentrically due to amorphous mineral that forms 
circumferentially along or within one or more elastic lamellae of the media [7]. It induces 
arterial stiffness, which contributes to increased pulse pressure and, consequently, to left 
ventricular hypertrophy and altered coronary perfusion [9, 10].

Figure 1. Main types of arterial calcifications and their consequences. VSMCs, vascular smooth muscle cells.

Traditional risk factors Non-traditional (CKD-related) risk factors

Arterial hypertension Hyperphosphatemia, high calcium-phosphate product

Dyslipidemia Hyper- or hypoparathyroidism

Diabetes mellitus High dosage of vitamin D metabolites

Smoking Chronic inflammation

Old age Oxidative stress

Family history of premature coronary heart  
disease

Metabolic abnormalities: hypoalbuminemia, hyperhomocysteinemia

Decrease of calcification inhibitors (Fetuin-A)

Anemia

CKD: chronic kidney disease.

Table 1. Risk factors for vascular calcification in chronic kidney disease patients (modified from Román-García et al. [5]).
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These two types of calcifications encountered in CKD also vary based on their localization on 
the arterial tree. Intimal calcifications are found more proximally, while medial ones have a 
predilection for distal sites [10].

Etiologically, vascular calcifications may be categorized as metastatic calcifications, those 
which arise from systemically high calcium and phosphate product, or dystrophic calcifica-
tions, which take place under pathologic conditions of cell death or apoptosis [9]. Metastatic 
calcifications occur when the calcium-phosphate product exceeds its solubility in serum result-
ing in its deposition in healthy, extraskeletal tissue such as the arterial wall, the viscera, the 
conjunctiva, articulations, or tumors [8]. In contrast, dystrophic calcifications result from the de 
novo deposition of calcium and phosphate in diseased or damaged tissue. This occurs when 
cells die as a result of direct injury or apoptosis and release their intracellular calcium contents 
which can serve as a foundation for further calcium deposition [8].

3. Pathogenesis of vascular calcifications in chronic kidney disease

3.1. Overview on the molecular basis of mineralization and vascular calcifications

Although not yet entirely elucidated, the process of vascular calcification was extensively 
studied and the bulk of its steps were unveiled. The common feature to almost all physiologic 
mineralization mechanisms, either inside the bone or in extra-osseous tissues, involves matrix 
vesicles, which form the nidus for hydroxyapatite crystals nucleation [11]. These matrix ves-
icles are membrane-bound particles of 20–200 nm where mineral crystals are arranged by 
interaction with specific regulators, like membrane transporters and enzymes, with crucial 
roles in the influx of calcium and phosphate ions into the vesicles [9]. For example, tissue 
nonspecific alkaline phosphatase hydrolyzes pyrophosphate and generates inorganic phos-
phate, which is further transported through the vesicle membrane by the sodium-phosphate 
cotransporter type III [12]. On the other hand, annexins function as ion channels and provide 
a way for calcium to enter inside the matrix vesicle, where the accumulation of both divalent 
ions induces crystalline nucleation [9, 12].

In the bone, matrix vesicles bud off from the plasma membrane of chondrocytes or osteo-
blasts, at the epiphyseal plate of growing bone and are released into the premineralized 
organic matrix where they serve as a vehicle for the interaction of calcium and phosphate 
ions to form hydroxyapatite and initiate mineralization of the organic substance [11]. 
Hydroxyapatite crystals that are released from vesicles serve as templates for subsequent 
crystal formation, creating the lattice of the bone [9, 13]. Therefore, matrix vesicles have an 
osteogenic role.

Growing body of evidence supports significant resemblance between bone and vascular cal-
cifications, leading to the belief that ectopic calcifications and normal osteogenesis are driven 
alike. Indeed, many cellular and molecular signaling processes are identical in vascular calcifi-
cation and osteogenesis. Among these, matrix vesicle release and expression of mineralization-
regulating proteins by vascular smooth muscle cells (VSMCs) are seen in the vessel wall [14]. 
Consequently, vascular calcification is also considered a regulated biomineralization process.
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The balance among promoters and inhibitors of calcification plays the key role during miner-
alization (Figure 2).

The main known inhibitor molecules involved in both bone and extra-osseous sites calcifica-
tion, are:

1. Matrix GLA protein (MGP, matrix γ-carboxyglutamate protein), an extracellular protein 
has roles in normal bone formation as well as inhibition of vascular calcification [15, 16]. 
The inactive MGP (desphospho-uncarboxylated MGP, dp-ucMGP) needs two subsequent 
modifications (serine phosphorylation and glutamate carboxylation) in order to exert its 
function [17]. Circulating levels of dp-uc MGP are considered a biomarker associated with 
cardiovascular risk and mortality, severity of the vascular damage, and all-cause mortality 
[17]. MGP is able to bind calcium and hydroxyapatite, thanks to its vitamin K-dependent 
γ-carboxylation, inhibiting their precipitation and mineralization [16]. MGP synthesis 
has been detected in cartilage, lung, heart, kidney, arteries, and calcified atherosclerotic 
plaques attesting to MGP’s role in inhibition of soft tissue calcifications [18]. In addition, 
recent works suggested a link between MGP and renal microvasculature, and argued in 
favor of a possible renoprotective action of activated MGP and, consequently, emphasized 
the importance of having adequate vitamin K stores [17].

2. Osteoprotegerin (OPG) is a soluble cytokine and tumor necrosis factor (TNF) receptor-like 
molecule that acts as an inhibitor of osteoclast differentiation by binding the receptor ac-
tivator of nuclear factor κB-ligand (RANKL), thus blocking RANKL-mediated activation 
of osteoclasts [11, 19]. OPG is present in many human tissues: bone (osteoblasts), vessels 
(endothelial and vascular smooth muscle cells), lung, heart, liver, kidney, hypothalamus, 
lymphoid organs and B-cells, bone marrow, articular chondrocytes, and breasts [19, 20]. 
Its expression in bone is regulated by osteoblasts through the same pathway that regulates 
bone formation, indicating RANKL/OPG ratio is a major determinant of bone mass and 
OPG has an osteoprotective role [21]. However, its functions in the vascular system are 
still a matter of debate. While experimental studies sustain an anti-calcification role (due to 

Figure 2. Regulating molecules of the mineralization/calcification processes. RANKL, receptor activator of nuclear 
factor-kB ligand; (+), stimulation; (−), inhibition.
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3. Pathogenesis of vascular calcifications in chronic kidney disease
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Although not yet entirely elucidated, the process of vascular calcification was extensively 
studied and the bulk of its steps were unveiled. The common feature to almost all physiologic 
mineralization mechanisms, either inside the bone or in extra-osseous tissues, involves matrix 
vesicles, which form the nidus for hydroxyapatite crystals nucleation [11]. These matrix ves-
icles are membrane-bound particles of 20–200 nm where mineral crystals are arranged by 
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In the bone, matrix vesicles bud off from the plasma membrane of chondrocytes or osteo-
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Growing body of evidence supports significant resemblance between bone and vascular cal-
cifications, leading to the belief that ectopic calcifications and normal osteogenesis are driven 
alike. Indeed, many cellular and molecular signaling processes are identical in vascular calcifi-
cation and osteogenesis. Among these, matrix vesicle release and expression of mineralization-
regulating proteins by vascular smooth muscle cells (VSMCs) are seen in the vessel wall [14]. 
Consequently, vascular calcification is also considered a regulated biomineralization process.
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The balance among promoters and inhibitors of calcification plays the key role during miner-
alization (Figure 2).

The main known inhibitor molecules involved in both bone and extra-osseous sites calcifica-
tion, are:

1. Matrix GLA protein (MGP, matrix γ-carboxyglutamate protein), an extracellular protein 
has roles in normal bone formation as well as inhibition of vascular calcification [15, 16]. 
The inactive MGP (desphospho-uncarboxylated MGP, dp-ucMGP) needs two subsequent 
modifications (serine phosphorylation and glutamate carboxylation) in order to exert its 
function [17]. Circulating levels of dp-uc MGP are considered a biomarker associated with 
cardiovascular risk and mortality, severity of the vascular damage, and all-cause mortality 
[17]. MGP is able to bind calcium and hydroxyapatite, thanks to its vitamin K-dependent 
γ-carboxylation, inhibiting their precipitation and mineralization [16]. MGP synthesis 
has been detected in cartilage, lung, heart, kidney, arteries, and calcified atherosclerotic 
plaques attesting to MGP’s role in inhibition of soft tissue calcifications [18]. In addition, 
recent works suggested a link between MGP and renal microvasculature, and argued in 
favor of a possible renoprotective action of activated MGP and, consequently, emphasized 
the importance of having adequate vitamin K stores [17].

2. Osteoprotegerin (OPG) is a soluble cytokine and tumor necrosis factor (TNF) receptor-like 
molecule that acts as an inhibitor of osteoclast differentiation by binding the receptor ac-
tivator of nuclear factor κB-ligand (RANKL), thus blocking RANKL-mediated activation 
of osteoclasts [11, 19]. OPG is present in many human tissues: bone (osteoblasts), vessels 
(endothelial and vascular smooth muscle cells), lung, heart, liver, kidney, hypothalamus, 
lymphoid organs and B-cells, bone marrow, articular chondrocytes, and breasts [19, 20]. 
Its expression in bone is regulated by osteoblasts through the same pathway that regulates 
bone formation, indicating RANKL/OPG ratio is a major determinant of bone mass and 
OPG has an osteoprotective role [21]. However, its functions in the vascular system are 
still a matter of debate. While experimental studies sustain an anti-calcification role (due to 

Figure 2. Regulating molecules of the mineralization/calcification processes. RANKL, receptor activator of nuclear 
factor-kB ligand; (+), stimulation; (−), inhibition.
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inhibition of apoptotic passive calcification and the alkaline phosphatase-mediated osteo-
genic differentiation of vascular cells), elevated serum levels of OPG were found in various 
cardiovascular diseases and were hypothesized as a promoter of atherosclerosis progres-
sion [19]. Osteoprotegerin expression was significantly lower and RANKL was identified 
in calcified valves of human aortic stenosis, indicating that in the absence of inhibition by 
OPG, RANKL may promote matrix calcification and induce the expression of osteoblast-
associated genes (bone alkaline phosphatase and osteocalcin) [22].

3. Extracellular pyrophosphate (PPi) is a small molecule made of two phosphate ions linked by 
an ester bond, which regulates cell differentiation and serves as an essential physiologic in-
hibitor of calcification by negatively interfering with hydroxyapatite formation and crystal 
growth [11]. PPi is produced from the hydrolyses of extracellular adenosine-5′-triphosphate 
by the enzyme ectonucleotide pyrophosphatase/phosphodiesterase [23]. On the other hand, 
alkaline phosphatase (ALP) catalyzes the hydrolysis of phospho-monoesters (including 
PPi) with release of inorganic phosphate (Pi) in order to avoid accumulation of this miner-
alization inhibitor, thus ensuring normal bone mineralization [11, 24]. However, through 
this action, ALP also acts as a powerful inducer of vascular calcification partially as a result 
of increased PPi degradation [23].

4. Fetuin-A, a circulating glycoprotein from the cystatin superfamily of proteins, produced 
by the liver, functions as a potent inhibitor of de novo hydroxyapatite formation from 
supersaturated mineral solutions, and it also acts as a negative acute phase reactant, thus 
being downregulated in acute and chronic systemic inflammation [25–27]. In experimental 
and clinical studies, it was shown that serum containing fetuin-A inhibited precipitation 
of calcium salts in a dose-dependent manner, and its serum concentrations were inversely 
correlated to C-reactive protein, calcifications, and cardiovascular and all-cause mortality, 
even when the serum calcium-phosphate product was close to the normal range [26, 28]. 
Hence, it was assumed that a major link between low fetuin-A levels and mortality consists 
of promoting accelerated cardiovascular calcification [26].

Other main factors with essential contribution to the processes of mineralization and calcifica-
tion are those involved in the signaling pathways, like:

1. Bone morphogenetic proteins (BMPs) are cytokines with multiple functions, which modulate 
gene expression through phosphorylation of regulatory Smad transcription factors [16, 
27]. Smad6 and Smad7 proteins act as negative regulators and thus are crucial to limit 
the osteogenic vascular response induced by BMPs [27]. For example, BMP 2—a protein 
that belongs to the transforming growth factor-β (TGF-β) superfamily of cell regulatory 
proteins—is involved in both osteogenic and chondrogenic differentiation of multipotent 
mesenchymal progenitors and drives the formation of cartilage and bone [29]. It also par-
ticipates in vascular calcification probably through inducing osteoblastic differentiation of 
VSMCs. Conversely, BMP 7, primarily expressed in the kidney where it is required for the 
normal development of the organ, was found to restore the bone anabolic balance, reduce 
serum phosphate levels, and reduce vascular calcification [27].

2. Core-binding factor alpha 1 (Cbfa1), also known as runt-related transcription factor 2 (Runx2), 
is a nuclear protein essential for osteoblastic development and skeletal morphogenesis, and it 
is believed to be the switch that turns a mesenchymal cell into an osteoblast [11, 13, 30]. It acts 
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as a scaffold for the interaction of nucleic acids and regulatory factors that are involved in 
the expression of a number of downstream proteins essential for osteoblastic differentiation, 
such as type I collagen, osteocalcin, and osteopontin [13].

3. Type I collagen makes up over 90% of the organic component of bone where it forms the 
framework necessary for mineralization [13, 31]. It was shown that ex vivo cells grown on 
type I collagen were found to mineralize three times faster and incorporate two times more 
calcium than cells grown in plastic media. Moreover, rapidly mineralizing cells generate 
a matrix that contains three times the amount of collagen type I and fibronectin but 70% 
less collagen type IV than their non-mineralizing counterparts. These findings indicate a 
regulatory role of the matrix composition on arterial calcification development [31].

4. Osteocalcin is a protein secreted by active osteoblasts into the extracellular matrix where it 
binds hydroxyapatite via 3 γ-carboxylated glutamic acid residues during bone mineraliza-
tion. For this reason, it is often used as a marker for bone formation [32].

5. Osteopontin, also known as secreted phosphoprotein 1 or bone sialoprotein 1, is an ex-
tracellular structural component of bone (of the non-collagenous organic bone matrix) 
and an important modulator of bone mineralization, which can either promote or inhibit 
hydroxyapatite formation, depending on its post-translational modifications [11, 15]. 
Non-phosphorylated osteopontin shows a stimulatory effect on calcification, while phos-
phorylation of osteopontin converts it into a potent inhibitor of ectopic calcifications, pro-
portional to the number of phosphorylated sites [33]. Overexpression of osteopontin was 
found in human atherosclerotic plaques, in calcified smooth muscle cells, in medial layers 
of arteries of diabetic patient, and calcified heart valves, suggesting it intervenes in the 
development of ectopic calcifications [34].

In conclusion, mineralization and calcification processes are tightly regulated through the com-
plex interactions of various tissular and circulating molecules, many of which suffer profound 
changes in chronic kidney disease.

3.2. How does chronic kidney disease favor vascular calcifications?

3.2.1. Imbalance between pro- and counter-calcification factors

Vascular calcifications in CKD patients are thought to arise due to disruptions in the balance 
between promoters and inhibitors of calcification, leading to osteoblastic transformation of 
vascular smooth muscle cells (VSMCs) [5, 35]. Because VSMCs and osteoblasts derive from a 
similar mesenchymal cell precursor, VSMCs can be induced to differentiate along osteoblas-
tic lines. The process involves an increase in calcification promoters, decrease in calcification 
inhibitors, and formation of calcification vesicles culminating with the induction of a cellular 
phenotypic change from VSMCs to osteoblast-like cells [5].

Concerning promoters of calcification, it is recognized that the osteoblastic differentiation, which 
is the initial step in vascular calcification, is revealed by the expression of pro-calcification 
factors such as Cbfa1 and BMP on vascular cells [13, 15]. In vitro experiments showed that 
changes in serum composition like those that occurred in the course of CKD may upregu-
late expression of Cbfa1, while in vivo studies found higher expression of Cbfa1 in both the 
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inhibition of apoptotic passive calcification and the alkaline phosphatase-mediated osteo-
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in calcified valves of human aortic stenosis, indicating that in the absence of inhibition by 
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associated genes (bone alkaline phosphatase and osteocalcin) [22].

3. Extracellular pyrophosphate (PPi) is a small molecule made of two phosphate ions linked by 
an ester bond, which regulates cell differentiation and serves as an essential physiologic in-
hibitor of calcification by negatively interfering with hydroxyapatite formation and crystal 
growth [11]. PPi is produced from the hydrolyses of extracellular adenosine-5′-triphosphate 
by the enzyme ectonucleotide pyrophosphatase/phosphodiesterase [23]. On the other hand, 
alkaline phosphatase (ALP) catalyzes the hydrolysis of phospho-monoesters (including 
PPi) with release of inorganic phosphate (Pi) in order to avoid accumulation of this miner-
alization inhibitor, thus ensuring normal bone mineralization [11, 24]. However, through 
this action, ALP also acts as a powerful inducer of vascular calcification partially as a result 
of increased PPi degradation [23].

4. Fetuin-A, a circulating glycoprotein from the cystatin superfamily of proteins, produced 
by the liver, functions as a potent inhibitor of de novo hydroxyapatite formation from 
supersaturated mineral solutions, and it also acts as a negative acute phase reactant, thus 
being downregulated in acute and chronic systemic inflammation [25–27]. In experimental 
and clinical studies, it was shown that serum containing fetuin-A inhibited precipitation 
of calcium salts in a dose-dependent manner, and its serum concentrations were inversely 
correlated to C-reactive protein, calcifications, and cardiovascular and all-cause mortality, 
even when the serum calcium-phosphate product was close to the normal range [26, 28]. 
Hence, it was assumed that a major link between low fetuin-A levels and mortality consists 
of promoting accelerated cardiovascular calcification [26].

Other main factors with essential contribution to the processes of mineralization and calcifica-
tion are those involved in the signaling pathways, like:

1. Bone morphogenetic proteins (BMPs) are cytokines with multiple functions, which modulate 
gene expression through phosphorylation of regulatory Smad transcription factors [16, 
27]. Smad6 and Smad7 proteins act as negative regulators and thus are crucial to limit 
the osteogenic vascular response induced by BMPs [27]. For example, BMP 2—a protein 
that belongs to the transforming growth factor-β (TGF-β) superfamily of cell regulatory 
proteins—is involved in both osteogenic and chondrogenic differentiation of multipotent 
mesenchymal progenitors and drives the formation of cartilage and bone [29]. It also par-
ticipates in vascular calcification probably through inducing osteoblastic differentiation of 
VSMCs. Conversely, BMP 7, primarily expressed in the kidney where it is required for the 
normal development of the organ, was found to restore the bone anabolic balance, reduce 
serum phosphate levels, and reduce vascular calcification [27].

2. Core-binding factor alpha 1 (Cbfa1), also known as runt-related transcription factor 2 (Runx2), 
is a nuclear protein essential for osteoblastic development and skeletal morphogenesis, and it 
is believed to be the switch that turns a mesenchymal cell into an osteoblast [11, 13, 30]. It acts 
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as a scaffold for the interaction of nucleic acids and regulatory factors that are involved in 
the expression of a number of downstream proteins essential for osteoblastic differentiation, 
such as type I collagen, osteocalcin, and osteopontin [13].

3. Type I collagen makes up over 90% of the organic component of bone where it forms the 
framework necessary for mineralization [13, 31]. It was shown that ex vivo cells grown on 
type I collagen were found to mineralize three times faster and incorporate two times more 
calcium than cells grown in plastic media. Moreover, rapidly mineralizing cells generate 
a matrix that contains three times the amount of collagen type I and fibronectin but 70% 
less collagen type IV than their non-mineralizing counterparts. These findings indicate a 
regulatory role of the matrix composition on arterial calcification development [31].

4. Osteocalcin is a protein secreted by active osteoblasts into the extracellular matrix where it 
binds hydroxyapatite via 3 γ-carboxylated glutamic acid residues during bone mineraliza-
tion. For this reason, it is often used as a marker for bone formation [32].

5. Osteopontin, also known as secreted phosphoprotein 1 or bone sialoprotein 1, is an ex-
tracellular structural component of bone (of the non-collagenous organic bone matrix) 
and an important modulator of bone mineralization, which can either promote or inhibit 
hydroxyapatite formation, depending on its post-translational modifications [11, 15]. 
Non-phosphorylated osteopontin shows a stimulatory effect on calcification, while phos-
phorylation of osteopontin converts it into a potent inhibitor of ectopic calcifications, pro-
portional to the number of phosphorylated sites [33]. Overexpression of osteopontin was 
found in human atherosclerotic plaques, in calcified smooth muscle cells, in medial layers 
of arteries of diabetic patient, and calcified heart valves, suggesting it intervenes in the 
development of ectopic calcifications [34].

In conclusion, mineralization and calcification processes are tightly regulated through the com-
plex interactions of various tissular and circulating molecules, many of which suffer profound 
changes in chronic kidney disease.

3.2. How does chronic kidney disease favor vascular calcifications?

3.2.1. Imbalance between pro- and counter-calcification factors

Vascular calcifications in CKD patients are thought to arise due to disruptions in the balance 
between promoters and inhibitors of calcification, leading to osteoblastic transformation of 
vascular smooth muscle cells (VSMCs) [5, 35]. Because VSMCs and osteoblasts derive from a 
similar mesenchymal cell precursor, VSMCs can be induced to differentiate along osteoblas-
tic lines. The process involves an increase in calcification promoters, decrease in calcification 
inhibitors, and formation of calcification vesicles culminating with the induction of a cellular 
phenotypic change from VSMCs to osteoblast-like cells [5].

Concerning promoters of calcification, it is recognized that the osteoblastic differentiation, which 
is the initial step in vascular calcification, is revealed by the expression of pro-calcification 
factors such as Cbfa1 and BMP on vascular cells [13, 15]. In vitro experiments showed that 
changes in serum composition like those that occurred in the course of CKD may upregu-
late expression of Cbfa1, while in vivo studies found higher expression of Cbfa1 in both the 
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media and intima of calcified arteries compared to non-calcified arteries of the same patients, 
thus emphasizing the important role of Cbfa1 in vascular calcifications [5, 36]. In addition, 
since positive immunostaining for bone matrix proteins (like osteonectin, osteopontin, bone 
sialoprotein, alkaline phosphatase, and type I collagen) were more common than overt calci-
fications but were proportional with their extent, it appears that the deposition of these pro-
teins precedes calcification [36]. Another modulator of calcification—osteocalcin—has been 
detected in VSMCs where it may potentially regulate their glucose utilization, promoting a 
phenotypic change in these cells [32]. Furthermore, an inverse correlation between osteopon-
tin plasma levels and glomerular filtration rate (GFR) was reported, suggesting that reduced 
renal excretion due to impaired kidney function may lead to increased circulating levels [37]. 
Increased osteopontin and other promoters of calcification in CKD can be accounted for by 
different mechanisms also. For example, in experimental settings, high concentrations of phos-
phorus, uremic serum, oxidized lipids, cytokines, and high glucose (abnormalities commonly 
seen in CKD patients as well) were able to stimulate the VSMCs and vascular pericytes to pro-
duce bone-forming transcription factors and proteins [36]. Taken together, these findings sug-
gest that biochemical changes that occur during the progression of CKD (hyperphosphatemia, 
hypercalcemia, accumulating uremic toxins, cytokines, oxidized lipoproteins, and advanced 
glycation end products) tip the balance in favor of promoters of vascular calcification.

On the other hand, abnormalities of calcification inhibitors can also contribute to the pathogen-
esis of vascular calcifications in CKD. For example, lower levels of matrix Gla protein were 
associated with decreased kidney function, probably because metabolic abnormalities due 
to CKD, such as vitamin D deficiency, may suppress MGP production. Alternatively, MGP 
may be lost from circulation as it binds to hydroxyapatite crystals in vascular calcifications. 
Regardless of the mechanism, reduced plasma MGP has been suggested as a marker for the 
presence and severity of vascular calcifications in patients with CKD [38]. Also, lower levels 
of circulating fetuin-A were described in CKD and were associated with coronary artery cal-
cification, valvular calcifications, and increased mortality in dialysis patients [36].

These changes in the levels of both promoters and inhibitors of vascular calcification, that occur 
in CKD patients, ultimately culminate in the transdifferentiation of VSMCs to an osteoblast phenotype 
through an active, cell-mediated, osteogenic process, with the release of calcium matrix vesicles 
that can nucleate hydroxyapatite and form the first nidus for calcification [11, 30]. The process is 
driven by upregulation of bone-forming transcription factors and proteins on VSMCs, such as 
Cbfa1 and bone morphogenetic protein 2, which control the expression of osteogenic proteins 
(osteocalcin, osteonectin, alkaline phosphatase, collagen type I, and bone sialoprotein). Exposure 
to high levels of calcium, phosphate, cytokines, and so on, along with the deficit of calcifica-
tion inhibitors (such as fetuin-A, matrix Gla protein, pyrophosphate) are required for the cells’ 
phenotypic switch [39]. The transformed cells deposit collagen and non-collagenous proteins in 
the arterial wall and incorporate calcium and phosphorus into matrix vesicles to initiate miner-
alization and crystal growth. The overall positive calcium and phosphorus balance from CKD 
patients supports both the cellular transformation and the generation of matrix vesicles [36].

3.2.2. Mineral metabolism abnormalities and vascular calcifications

Elevated calcium levels have long been implicated in the vascular calcifications observed in CKD 
patients. Early on, these patients are usually hypocalcemic as a result of calcitriol deficiency, 
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but treatment with calcium salts and vitamin D derivatives can induce a positive calcium 
balance or even overt hypercalcemia [30]. In this context, it is possible that in patients with 
advanced kidney disease, calcium that is absorbed from the gastrointestinal tract cannot be 
excreted by the failing kidneys nor can it be deposited in bones with altered turnover (either 
high or low turnover is detrimental) and is therefore deposited at extra-osseous sites, such 
as the vascular bed [5, 6]. Calcium changes in the external milieu have a direct effect on the 
nearby cells. Normally, VSMCs recognize these changes via the membrane such as calcium 
sensing receptor (CaR) and a G-protein-coupled receptor, which was shown to be downregu-
lated in calcified arteries from CKD patients, suggesting that calcium sensing is disrupted in 
these patients [6, 40]. In response to elevated extracellular calcium, VSMCs release calcium-
laden vesicles, as an attempt to prevent intracellular calcium overload. When the vesicles do 
not contain enough calcification inhibitors (as in CKD), this adaptive response in fact promotes 
extracellular matrix calcification by serving as a site of origin for propagated calcification [35].

Besides calcium, hyperphosphatemia that is so common in advanced CKD, has emerged as a 
major culprit of vascular calcifications [41]. Increased serum levels of phosphate induce osteo-
blastic transformation of VSMCs, while the decrease of phosphatemia reduces the expression 
of proteins responsible for active bone mineral deposition in vascular cells [15, 35]. As sug-
gested by in vitro studies, phenotypic transformation of VSMCs in response to hyperphos-
phatemia is mediated by Pit-1 (a type III sodium-phosphate cotransporter), which allow the 
influx of phosphate into VSMCs and predisposes the cells to undergo mineralization. It was 
observed that the first step of vascular calcification requires an increased uptake of calcium 
and phosphate by the VSMCs [42].

In addition to sodium-phosphate cotransport, alkaline phosphatase is necessary for the uptake 
of phosphorus into the cell and the subsequent induction of osteopontin. Moreover, VSMCs 
treated with pooled uremic sera from CKD patients also increased expression of osteopontin 
and mineral deposition, suggesting that uremic serum plays a role in vascular calcifications [43].

Clinical data also support the link between elevated phosphate and vascular calcifications. For 
example, in a population-based cohort without CKD, serum phosphate levels at the upper end 
of normal range were associated with aortic valve sclerosis and mitral annular calcification, inde-
pendent of PTH or calcium values [44]. Moreover, each 1 mg/dL increase in serum phosphate 
appears to predict higher risk for de novo coronary artery calcification (CAC) over time, with 
an impact similar to traditional cardiovascular risk factors, in relatively healthy subjects [45]. As 
in general population, phosphate serum concentration correlated with a greater risk of ectopic 
calcification in patients with moderate CKD (stage 3), as each 1 mg/dL increase in phosphatemia, 
even within normal laboratory ranges, was associated with a 21, 33, 25, and 62% higher preva-
lence of coronary and thoracic arteries, aortic and mitral valves calcifications, respectively [46].

Furthermore, in the presence of increased phosphate, even modest increases in calcium can 
substantially exacerbate calcification, by inducing nucleation of basic calcium-phosphate and, 
consequently, the growth of nascent vesicles that are released from both viable and apoptotic 
VSMCs [47]. The dominant role of phosphate is further supported by experimental studies 
which showed that dietary phosphate restriction in FGF23-null mice (an animal model charac-
terized by hyperphosphatemia, markedly elevated circulating calcitriol levels, extensive vas-
cular calcifications, and early mortality) yielded complete resolution of ectopic calcifications, a 
result which was not obtained with the vitamin D-deficient diet [48].
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phenotypic change in these cells [32]. Furthermore, an inverse correlation between osteopon-
tin plasma levels and glomerular filtration rate (GFR) was reported, suggesting that reduced 
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Regardless of the mechanism, reduced plasma MGP has been suggested as a marker for the 
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through an active, cell-mediated, osteogenic process, with the release of calcium matrix vesicles 
that can nucleate hydroxyapatite and form the first nidus for calcification [11, 30]. The process is 
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tion inhibitors (such as fetuin-A, matrix Gla protein, pyrophosphate) are required for the cells’ 
phenotypic switch [39]. The transformed cells deposit collagen and non-collagenous proteins in 
the arterial wall and incorporate calcium and phosphorus into matrix vesicles to initiate miner-
alization and crystal growth. The overall positive calcium and phosphorus balance from CKD 
patients supports both the cellular transformation and the generation of matrix vesicles [36].

3.2.2. Mineral metabolism abnormalities and vascular calcifications

Elevated calcium levels have long been implicated in the vascular calcifications observed in CKD 
patients. Early on, these patients are usually hypocalcemic as a result of calcitriol deficiency, 
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but treatment with calcium salts and vitamin D derivatives can induce a positive calcium 
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excreted by the failing kidneys nor can it be deposited in bones with altered turnover (either 
high or low turnover is detrimental) and is therefore deposited at extra-osseous sites, such 
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sensing receptor (CaR) and a G-protein-coupled receptor, which was shown to be downregu-
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these patients [6, 40]. In response to elevated extracellular calcium, VSMCs release calcium-
laden vesicles, as an attempt to prevent intracellular calcium overload. When the vesicles do 
not contain enough calcification inhibitors (as in CKD), this adaptive response in fact promotes 
extracellular matrix calcification by serving as a site of origin for propagated calcification [35].

Besides calcium, hyperphosphatemia that is so common in advanced CKD, has emerged as a 
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blastic transformation of VSMCs, while the decrease of phosphatemia reduces the expression 
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phatemia is mediated by Pit-1 (a type III sodium-phosphate cotransporter), which allow the 
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observed that the first step of vascular calcification requires an increased uptake of calcium 
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In addition to sodium-phosphate cotransport, alkaline phosphatase is necessary for the uptake 
of phosphorus into the cell and the subsequent induction of osteopontin. Moreover, VSMCs 
treated with pooled uremic sera from CKD patients also increased expression of osteopontin 
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pendent of PTH or calcium values [44]. Moreover, each 1 mg/dL increase in serum phosphate 
appears to predict higher risk for de novo coronary artery calcification (CAC) over time, with 
an impact similar to traditional cardiovascular risk factors, in relatively healthy subjects [45]. As 
in general population, phosphate serum concentration correlated with a greater risk of ectopic 
calcification in patients with moderate CKD (stage 3), as each 1 mg/dL increase in phosphatemia, 
even within normal laboratory ranges, was associated with a 21, 33, 25, and 62% higher preva-
lence of coronary and thoracic arteries, aortic and mitral valves calcifications, respectively [46].

Furthermore, in the presence of increased phosphate, even modest increases in calcium can 
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consequently, the growth of nascent vesicles that are released from both viable and apoptotic 
VSMCs [47]. The dominant role of phosphate is further supported by experimental studies 
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The relationship between vitamin D and vascular calcification appears to follow a biphasic dose-
response curve, with adverse effects associated with very high and very low calcidiol levels [49]. At 
certain levels, vitamin D promotes bone formation by increasing the expression of critical matrix 
proteins in osteoblasts, leading to the incorporation of calcium into bone, thus taking it away 
from the vasculature. In addition, vitamin D may also prevent vascular calcifications through 
modulation of inflammatory responses [50]. Indeed, in dialysis patients, serum levels of calcidiol 
were inversely correlated with the extent of coronary calcifications [51], and clinical observations 
revealed that vitamin D receptor agonists were associated with decreased deposition of calcium, 
improved therapeutic outcomes, and survival benefits, independent of baseline levels of calcium, 
phosphate, parathyroid hormone, measured comorbidities, and kidney function [6, 15, 52].

However, vitamin D excess was associated with medial calcification and arterial stiffness [49]. 
Indeed, high doses of vitamin D may actually increase the risk of vascular calcification in 
CKD owing to its effects on increasing intestinal calcium and phosphate absorption, as well 
as the mobilization of these minerals from bone, leading to hypercalcemia and hyperphos-
phatemia, especially in patients already taking calcium-based phosphate binders [13, 50, 52]. 
Besides its indirect effects due to interactions with the other major factors involved in osteo-
blastic transformation of VSMCs, vitamin D appears to directly induce the phenotypic switch 
through the vitamin D receptors on VSMCs resulting in upregulation of proteins involved in 
calcium transport and mineralization such as osteopontin and osteocalcin [35, 53].

Taken together, these data suggest that excess calcitriol can promote vascular calcifications 
through several interrelated mechanisms, while moderate physiological or pharmacological 
doses are beneficial (by suppressing the expression of osteoblastic genes in VSMCs). Debate also 
exists concerning the potential differential effects and benefits of native vitamin D as compared 
to active vitamin D receptor agonists, with an assumption that early administration of nutri-
tional supplementation in CKD patients may prevent vascular calcification [54]. However, this 
remains to be proven by future research.

Secondary hyperparathyroidism may also be involved, indirectly, in the osteoblastic trans-
formation of VSMCs since its excessive action on bone resorption results in hypercalcemia 
and hyperphosphatemia [55]. Also, arterial hypertension which may result from persis-
tently increased parathyroid hormone (PTH), through the stimulation of renin-angiotensin-
aldosterone and sympathetic nervous systems, is another indirect pathway to endothelial 
dysfunction and arterial calcification [56]. Despite these pathogenetic links, the exact con-
tribution of PTH on vascular calcification is not known yet. In various clinical trials, thera-
pies directed to decrease PTH (parathyroidectomy and calcimimetics) provided discordant 
results on prevention or regression of vascular calcifications [57–59]. Moreover, both hyper-
parathyroidism (which induce high bone turnover and activation of osteoclasts with calcium 
and phosphorus release into the circulation) and suppressed PTH (which induce adynamic 
bone disease with low bone turnover and reduce uptake of calcium and phosphate into 
the bone) were associated with extensive arterial calcifications [60]. Consequently, it was 
hypothesized that parathyroid hormone does not exert a direct intervention in the pathogen-
esis of vascular calcification in CKD, so its exact role on this matter remains to be elucidated.
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The relationships of Fibroblast growth factor 23 (FGF23) and its receptor—Klotho—with 
calcifications were also investigated, but conflicting results were reported. Some authors 
found an association of increased FGF23 with carotid artery calcification in stages 3 and 4 
CKD patients [61], and with abdominal aortic calcifications in hemodialysis patients [62], 
while others observed contrary findings [63]. To date, it is not clear whether FGF23 can 
directly act on vascular cells to promote or inhibit matrix calcification. It is possible that the 
involvement of FGF23 in vascular calcification would be only indirect, through the related 
calcium-phosphate metabolism disturbances [64]. Alternatively, since FGF23 needs Klotho 
as mandatory co-receptor and Klotho (which controls the dedifferentiation of VSMCs by 
blocking the expression sodium-phosphate cotransporters) decreases from the early stages 
of CKD, the ability of FGF23 to interact with vascular cells is consequently altered [64, 65]. 
Despite the fact that experimental data are congruent to suggest that the effect of Klotho is 
protective against vascular calcifications, it still remains unknown whether or not Klotho 
is expressed in the vessel wall [64]. Thus, no definitive conclusions regarding the direct 
effects of FGF23 or Klotho on VSMCs functions can be drawn based on the current state 
of knowledge.

4. Clinical consequences of vascular calcifications in chronic kidney 
disease

Observational studies point to cardiovascular disease (CVD) as the leading cause of morbidity 
and mortality in CKD patients. The annual 2014 report of the United States Renal Data System 
estimates that, in patients with CKD, the prevalence of CVD is 69.8% compared to 34.8% in 
patients without renal disease, and these numbers increase with decline in kidney function 
[66]. In fact, the risk of any cardiovascular (CV) event seems to increase as estimated glomeru-
lar filtration rate (eGFR) decreases, ranging from a 43% increase in risk with an estimated GFR 
of 45–59 mL/min/1.73 m2 to a 600% increase in cardiovascular (CV) risk at an estimated GFR of 
less than 15 mL/min/1.73 m2 [67].

The burden of CVD in patients with CKD is, at least in part, accounted for by the presence of 
non-traditional risk factors, which are much more prevalent in this group. Among these, min-
eral metabolism abnormalities and vascular calcifications are commonly seen. For example, 
Russo et al. reported that 40% of patients with stage 3 CKD had coronary artery calcification 
compared with only 13% of the control subjects with no renal impairment [68]. Similar data 
were found in our own experience: a cross-sectional, unicentric study that enrolled 110 stable 
CKD patients not on renal replacement therapy, and 34 age- and gender-matched patients 
without CKD showed higher prevalence of coronary artery disease (defined as past myocardial 
infarction, angor pectoris associated with electrocardiographic or ultrasound indices, coronary 
angioplasty or bypass) in CKD (49% vs. 19%, p = 0.001). In addition, more CKD patients than 
Controls had valvular (38% vs. 17%, p = 0.02), and vascular calcification (carotid plaques 60% 
vs. 29%, p = 0.02 and abdominal aorta calcifications 54% vs. 26%, p = 0.003), irrespective of the 
CKD stage [69].
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4.1. Arterial stiffness

Clinical consequences of vascular calcifications in CKD include loss of arterial elasticity with 
resultant rise in arterial stiffness due to reduced compliance of large arteries, lower delivery of 
oxygen to the tissues, and endothelial dysfunction. Arterial stiffness represents the functional 
disturbance of vascular calcification and predominantly results from greater medial calcifica-
tion. The main consequence of arterial stiffness is increased pulse pressure, which contributes 
to left ventricular hypertrophy and impaired coronary perfusion by increasing ventricular 
afterload and reducing coronary blood flow during diastole [70]. In response to higher pres-
sure or flow, the arterial wall undergoes a remodeling process, which consists of either reor-
ganization of cellular and noncellular elements (eutrophic remodeling) or increased muscle 
mass (hypertrophic remodeling), both with significant impact on altered arterial function, 
that is, the reduced ability to buffer pressure, and pulsatile flow oscillations [71].

Aortic pulse wave velocity, an accurate and reproducible parameter of arterial stiffness and a 
marker of cardiovascular dysfunction, is linked to several other CV risk factors such as micro-
albuminuria and proteinuria, vascular calcifications, and left ventricular hypertrophy [72]. 
Wang and coworkers, in a study on 102 non-dialysis CKD patients, found an inverse rela-
tion between pulse wave velocity and estimated glomerular filtration rate, with a significant 
stepwise increase in pulse wave corresponding to the advance in CKD from stage 1 to 5 [73], 
suggesting that arterial stiffness increases with decreased kidney function. Contrary to this 
result, but in line with others which did not detect independent associations between eGFR 
and aortic stiffness [74, 75], in a cross-sectional, single-center study on 135 stable patients (79% 
with CKD), we found increased cardio-ankle vascular index (CAVI, a stiffness marker less 
influenced by blood pressure than pulse wave velocity) in 73% subjects, irrespective of chronic 
kidney disease presence and severity [76].

It is largely accepted that arterial stiffness is a powerful independent predictor of mortality 
and CVD in advanced CKD, as well as in general population [70].

More debatable is the influence of arterial stiffness on kidney function. In theory, besides the 
effects on myocardium, the decreased compliance of the large arteries would be followed by 
the transmission of cyclic blood flow from the aorta to peripheral microcirculations in various 
organs (including the kidneys) because its transformation in the physiological continuous 
capillary flow fails. Consequently, the protective autoregulatory mechanisms of the glomeru-
lar microcirculation are overpassed, and renal tissue becomes more vulnerable to the high 
blood pressure–related damage, favoring the decline in glomerular filtration [71]. Despite 
these pathogenetic explanations, clinical studies yielded conflicting results, as mentioned ear-
lier. The majority of large population-based studies (adult or elderly cohorts) seem to support 
an independent association of aortic stiffness (measured by carotid-femoral pulse wave veloc-
ity) with the risk of incident CKD, but not with the risk of CKD progression (even if, the latter 
is not a unanimously reported result) [71].

The presence of arterial stiffness in CKD patients is important also from the therapeutic point 
of view, since numerous trials investigating the efficacy of anti-hypertensive drugs in cardio-
logic cohorts showed significant differences among various therapeutic regimens with regard 
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to central hemodynamic parameters. Thus, it was found that calcium channel blockers but not 
beta-blockers, lower the central pulse pressure [77], so the presence of arterial stiffness could 
impact the choice of blood-pressure-lowering medication in CKD patients.

4.2. Atherosclerotic cardiovascular disease

Atherosclerotic lesions, which refer to intimal deposition of material with consecutive occlu-
sive consequences, are highly prevalent in CKD patients mainly due to traditional CV risk 
factors. Specific features of atherosclerosis in chronic kidney disease comprise a higher propor-
tion of calcified plaques among atherosclerotic plaques and a greater intervention of inflam-
matory stimuli than in general population [71]. Atherosclerosis represents one link between 
serum calcium and CVD with the content of coronary artery calcium emerging as a predictor 
of coronary heart disease [78]. Indeed, Budoff et al. showed a graded relationship between 
decreased kidney function in CKD patients and higher coronary artery calcification scores [79], 
connecting calcium and kidney function with the development of cardiovascular disease, in 
particular ischemic heart disease.

Even in the general population, lower level of kidney function was associated with increased 
5-year probability of atherosclerotic cardiovascular disease [80]. Many studies found an 
inverse association between the glomerular filtration rate and the risk of occurrence or pro-
gression of atherosclerosis. For example, a cross-sectional retrospective study on almost 450 
subjects with moderate to severe CKD (eGFR below 60 mL/min) and acute coronary syndrome 
suggested that estimated kidney function is an independent risk factor for atherosclerotic mul-
tivessel cardiovascular disease, as the decreased eGFR independently predicted a three-vessel 
coronary stenosis, with a magnitude dependent on the severity of renal impairment. The risk 
was seven times higher in patients with CKD stages 4–5 than in those with stage 1 CKD [81].

However, it should be mentioned that a significant proportion of cardiovascular death among 
CKD patients is not strictly related to atherosclerosis (i.e., it is not due to myocardial infarction, 
stroke, and heart failure), as the main event is sudden cardiac death which has a multifactorial 
causation [82].

Atherosclerotic lesions are usually accompanied by impairment of the endothelium. Endothelial 
function is often abnormal in CKD patients, who have diminished endothelium-dependent 
dilatation compared with controls and increased von Willebrand factor, regardless of the stage 
of renal disease and coexisting risk factors, suggesting that atherosclerosis may develop early 
in the progression of chronic kidney disease [83]. Besides common factors like age, hyper-
tension, diabetes, smoking, dyslipidemia, and atherosclerosis, endothelial dysfunction is also 
accounted for by retention of uremic toxins, fluid overload, anemia, phosphate load, increased 
FGF23, increased homocysteine, enhanced oxidative stress, impaired nitric oxide metabolism 
(accumulation of asymmetrical dimethyl l-arginine), accumulation of advanced glycation end 
products, proinflammatory cytokines, and impaired angiogenesis [84].

Vascular calcifications of the large arteries, like abdominal aorta (assessed by the lumbar aortic 
calcification score—ACS) is not only a predictor of the cardiovascular morbidity and mortal-
ity, but it could also provide an indirect estimation of the intrarenal vascular status, as we 
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found in a cross-sectional study that enrolled 77 stages 2–5 non-dialysis CKD patients, older 
than 50 years, and with known atherosclerotic disease. This study described increased aor-
tic calcification as eGFR declines and found that higher lumbar aortic calcification score was 
independently associated with lower ankle-brachial index and higher intima-media thickness, 
suggesting a relationship of abdominal calcifications with the extension of atherosclerosis in 
other territories [85]. In addition, the novel finding of the study was the ability of an aortic 
calcification score >5 to predict with 65% sensitivity and 68% specificity a pathologic (<0.7) 
renal resistive index (marker of intrarenal atherosclerotic lesions on Doppler ultrasound) [85].

4.3. Calcific uremic arteriolopathy

Previously referred to as calciphylaxis, this is another form of vascular calcification almost exclu-
sive to chronic kidney disease patients with kidney failure, although some cases were scarcely 
reported in non-CKD patients. Female gender, hyperphosphatemia, high alkaline phospha-
tase, and low serum albumin are among the risk factors of calcific uremic arteriolopathy [86]. 
It is typically found in end-stage kidney disease, obese, diabetic females, often associated with 
secondary hyperparathyroidism, hypercalcemia, hyperphosphatemia, malnutrition, chronic 
warfarin therapy, or hypercoagulability [87].

Calcific uremic arteriolopathy involves diffuse medial calcification of small- to medium-sized 
subcutaneous arteries and arterioles of up to 50-μm diameter, with intimal fibroprolifera-
tive occlusions that lead to necrosis. Histological abnormalities include intimal hyperplasia, 
inflammation, obliterative endovascular fibrosis, arteriolar medial calcification, and throm-
botic cutaneous ischemia. The result is dermal, subdermal, and adipose tissue necrosis with 
subsequent skin ulceration. Calciphylaxis occurs independent of osteogenic activity, when 
the physiological calcium phosphate solubility threshold exceeds 60 mg2/dL2 [13, 86].

Overt clinical signs include livedo reticularis advancing to patches of ischemic necrosis and 
painful skin ulcers, especially on the legs, thighs, abdomen, or breasts. Often, the initial pre-
senting complaint is a dull deep dermal pain with periods of neuritic-type dysesthesia associ-
ated with palpable subcutaneous nodules or dermal plaques, which evolve to livedo reticularis 
and then nonhealing ulcerations [7, 88]. These lesions predispose the patients to life-threaten-
ing skin necrosis or acral gangrene susceptible to supra-infectious complications. Dermal fat, 
lung, and mesentery are most commonly affected [7, 86].

Sepsis, which is also the main cause of death due to calcific uremic arteriolopathy, and ampu-
tation are among the severe morbidities associated with this obliterative disease.

5. Conclusions

In chronic kidney disease, even in non-dialysis stages, the prevalence of atherosclerotic lesions, 
vascular calcifications, and arterial stiffness are significantly higher as compared to patients 
of same-age without kidney damage. Because the interplay of multiple factors is responsible 
for the arterial disorders in CKD, the exact mechanism involved is still a matter of debate. 
Therefore, the best therapeutic approach to minimize the adverse impact of CKD-related 
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mineral and bone disorder on the patients’ outcome is not yet known and controversies exist 
especially regarding the influence of intestinal phosphate binders and vitamin D receptor acti-
vators on arterial calcifications.
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chronic kidney disease. Journal of the American Society of Nephrology. 2009;20(7):1453-
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found in a cross-sectional study that enrolled 77 stages 2–5 non-dialysis CKD patients, older 
than 50 years, and with known atherosclerotic disease. This study described increased aor-
tic calcification as eGFR declines and found that higher lumbar aortic calcification score was 
independently associated with lower ankle-brachial index and higher intima-media thickness, 
suggesting a relationship of abdominal calcifications with the extension of atherosclerosis in 
other territories [85]. In addition, the novel finding of the study was the ability of an aortic 
calcification score >5 to predict with 65% sensitivity and 68% specificity a pathologic (<0.7) 
renal resistive index (marker of intrarenal atherosclerotic lesions on Doppler ultrasound) [85].

4.3. Calcific uremic arteriolopathy

Previously referred to as calciphylaxis, this is another form of vascular calcification almost exclu-
sive to chronic kidney disease patients with kidney failure, although some cases were scarcely 
reported in non-CKD patients. Female gender, hyperphosphatemia, high alkaline phospha-
tase, and low serum albumin are among the risk factors of calcific uremic arteriolopathy [86]. 
It is typically found in end-stage kidney disease, obese, diabetic females, often associated with 
secondary hyperparathyroidism, hypercalcemia, hyperphosphatemia, malnutrition, chronic 
warfarin therapy, or hypercoagulability [87].

Calcific uremic arteriolopathy involves diffuse medial calcification of small- to medium-sized 
subcutaneous arteries and arterioles of up to 50-μm diameter, with intimal fibroprolifera-
tive occlusions that lead to necrosis. Histological abnormalities include intimal hyperplasia, 
inflammation, obliterative endovascular fibrosis, arteriolar medial calcification, and throm-
botic cutaneous ischemia. The result is dermal, subdermal, and adipose tissue necrosis with 
subsequent skin ulceration. Calciphylaxis occurs independent of osteogenic activity, when 
the physiological calcium phosphate solubility threshold exceeds 60 mg2/dL2 [13, 86].

Overt clinical signs include livedo reticularis advancing to patches of ischemic necrosis and 
painful skin ulcers, especially on the legs, thighs, abdomen, or breasts. Often, the initial pre-
senting complaint is a dull deep dermal pain with periods of neuritic-type dysesthesia associ-
ated with palpable subcutaneous nodules or dermal plaques, which evolve to livedo reticularis 
and then nonhealing ulcerations [7, 88]. These lesions predispose the patients to life-threaten-
ing skin necrosis or acral gangrene susceptible to supra-infectious complications. Dermal fat, 
lung, and mesentery are most commonly affected [7, 86].

Sepsis, which is also the main cause of death due to calcific uremic arteriolopathy, and ampu-
tation are among the severe morbidities associated with this obliterative disease.

5. Conclusions

In chronic kidney disease, even in non-dialysis stages, the prevalence of atherosclerotic lesions, 
vascular calcifications, and arterial stiffness are significantly higher as compared to patients 
of same-age without kidney damage. Because the interplay of multiple factors is responsible 
for the arterial disorders in CKD, the exact mechanism involved is still a matter of debate. 
Therefore, the best therapeutic approach to minimize the adverse impact of CKD-related 
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mineral and bone disorder on the patients’ outcome is not yet known and controversies exist 
especially regarding the influence of intestinal phosphate binders and vitamin D receptor acti-
vators on arterial calcifications.
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Abstract

Patients with chronic kidney disease (CKD) are particularly susceptible to cardiovascu-
lar complications, and cardiovascular disease (CVD) accounts for more than 50% of all 
deaths in this population. Cardiac diseases are independently associated with a deterio-
ration of renal function and worsening of existing kidney disease. On the other hand, 
chronic kidney disease is an independent risk factor for increased cardiovascular mor-
bidity and mortality. It has a complex pathogenesis, and traditional risk factors are not 
able to fully explain its high incidence and prevalence. Several substances have been 
identified, and they seem to play important roles in different physiological functions. 
This chapter will review traditional risk factors such as hypertension, diabetes, dyslipid-
emia, and left ventricular hypertrophy. The most relevant bibliography will be referred, 
and also interventional studies will be discussed. Other new emerging factors associated 
with the osteomineral metabolism have been described, mainly in advanced stages of 
CKD, and frequently are associated with higher cardiovascular risk, which in turn will 
contribute to the unfavorable prognosis of this population.

Keywords: cardiovascular risk factors, chronic kidney disease, mineral metabolism

1. Introduction

The burden of chronic kidney disease (CKD) throughout the world is steadily increas-
ing. Patients with CKD face a particularly high risk of cardiovascular disease (CVD). 
Cardiovascular events, regardless of the stage of kidney disease, are the leading cause of pre-
mature death in patients with CKD, with the rate of CVD progression being twice as common 
compared with the general population [1–3]. Over the last 30 years, it has become clear that 
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Abstract

Patients with chronic kidney disease (CKD) are particularly susceptible to cardiovascu-
lar complications, and cardiovascular disease (CVD) accounts for more than 50% of all 
deaths in this population. Cardiac diseases are independently associated with a deterio-
ration of renal function and worsening of existing kidney disease. On the other hand, 
chronic kidney disease is an independent risk factor for increased cardiovascular mor-
bidity and mortality. It has a complex pathogenesis, and traditional risk factors are not 
able to fully explain its high incidence and prevalence. Several substances have been 
identified, and they seem to play important roles in different physiological functions. 
This chapter will review traditional risk factors such as hypertension, diabetes, dyslipid-
emia, and left ventricular hypertrophy. The most relevant bibliography will be referred, 
and also interventional studies will be discussed. Other new emerging factors associated 
with the osteomineral metabolism have been described, mainly in advanced stages of 
CKD, and frequently are associated with higher cardiovascular risk, which in turn will 
contribute to the unfavorable prognosis of this population.

Keywords: cardiovascular risk factors, chronic kidney disease, mineral metabolism

1. Introduction

The burden of chronic kidney disease (CKD) throughout the world is steadily increas-
ing. Patients with CKD face a particularly high risk of cardiovascular disease (CVD). 
Cardiovascular events, regardless of the stage of kidney disease, are the leading cause of pre-
mature death in patients with CKD, with the rate of CVD progression being twice as common 
compared with the general population [1–3]. Over the last 30 years, it has become clear that 
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the risk of CVD increases early in the course of progressive kidney disease and that the epi-
demiology, pathophysiology, prevention, and treatment of CVD and CKD are closely related 
and interdependent [4].

In this chapter, we initially describe the epidemiology of CKD and cardiovascular risk in 
CKD. We then discuss the common risk factors for CVD (traditional and nontraditional) and 
key aspects of its pathophysiology.

1.1. CKD epidemiology

Patients with CKD represent an important segment of the population (7–10%) [5], which is 
projected to grow worldwide at a rate of 8% annually, with the fastest growth expected in 
developing nations [4, 6]. The National Health and Nutrition Examination Surveys (NHANES 
III and IV) stated that a moderate degree of renal impairment (glomerular filtration rate (GFR) 
15–59ml/min/1.73m2, as estimated by the Modification of Diet in Renal Disease (MDRD) for-
mula) had 4.2 and 3.7% prevalence, respectively [5, 7]. In the AusDiab study, the prevalence of 
moderate renal failure (GFR<60, >30 ml/min/m2) as assessed by the Cockcroft-Gault method 
was even more alarming, reaching 11% [5, 8]. The PREVEND study showed an incidence rate 
of moderate renal insufficiency of 4.2% in 4 years [9].

In a retrospective cohort study by the Kaiser Permanente Center, only a minority of patients 
(about 1%) with mild-to-moderate renal insufficiency developed ESRD over a 5-year follow-
up [10]. However, as many as 19 and 24% of patients with mild and moderate renal insuffi-
ciency, respectively, died, mostly because of atherosclerotic complications, during the same 
5 years. Thus, the true risk of renal insufficiency is cardiovascular rather renal [5, 10].

1.2. Cardiovascular risk in CKD

The prevalence of CVD, including stroke, peripheral vascular disease, sudden death, coronary 
artery disease (CAD), and congestive heart failure, is about twice of that observed in general 
population and is increased over the entire span of CKD [4]. Coronary artery disease (CAD) is 
a leading cause of death among people with advanced CKD [4]. In addition, the onset of CVD 
frequently is premature when compared to general population [11]. In the last decade, the 
high frequency of renal impairment as an epiphenomenon of cardiovascular damage and/or 
cardiac dysfunction has been fully recognized [5]. The Cardiovascular Health Study analysis 
demonstrated that in every 10 mL/min per 1.73 m2 decrease in glomerular filtration rate (GFR), 
the risk of CVD and all-cause mortality increased by 5 and 6%, respectively [11]. It can be esti-
mated that the (fully adjusted) risk associated with moderate renal insufficiency is about 40% 
higher than normal [10]. The risk increases linearly as renal function deteriorates until the GFR 
<15ml/min. Cardiovascular risk in patients who reach the end-stage phase of renal disease is 
staggering, being 5 times higher than normal in 85- to 95-year-old ESRD patients and 65 and 
500 times higher than normal in those 45–54 years old and 25–35 years old, respectively [12].

On the other hand, in US Medicare patients admitted to the hospital with myocardial infarc-
tion and heart failure, the prevalence of moderate renal failure (creatinine clearance <60 ml/
min/1.73 m2) was very high, 60 and 52%, respectively, and these patients had a high risk of 
renal disease progression [13].
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Traditional risk factors for development of CVD include hypertension, diabetes, dyslip-
idemia, smoking, increased body mass index, older age, male gender, physical inactivity, 
stress, and positive family history [11]. The same traditional risk factors can incite  renal 
dysfunction. As renal function deteriorates, nontraditional risk factors play an increasing 
role both in glomerular filtration rate (GFR) loss and in cardiovascular damage [5]. The 
higher mortality from CVD persists even after adjusting for most of the traditional risk fac-
tors, suggesting the possible contributions of uremia-related, nontraditional risk factors. 
It seems that CVD and CKD can initiate, enhance, and perpetuate each other, eventually 
leading to vicious circle and premature death [11]. This has led to the current understand-
ing that the pathophysiology of CVD in CKD involves a complex interplay of both the 
traditional and nontraditional, uremia-related risk factors [2], sequentially considering 
traditional risk factors as dominant for triggering initial renal damage and cardiovascular 
events in the general population, but with nontraditional risk factors becoming increas-
ingly important as renal function worsens [5].

Mineral metabolism disorders are a part of those uremia-related risk factors mentioned, but 
for their complexity and multiplicity of interplay mechanisms, as for their hidden precocious 
action on cardiovascular balance makes it obligatory to explore more deeply.

2. Traditional risk factors

2.1. Hypertension

Hypertension is simultaneously a cause and a consequence of chronic kidney disease (CKD), 
and this strong relationship has been recognized since the nineteenth century. As the renal 
function declines, the prevalence of hypertension increases, and for that reason, more than 
80% of the patients beginning renal replacement therapy have high blood pressure [14]. The 
physiopathology of hypertension associated with CKD is complex and multifactorial, mainly 
in the late stages of CKD. In addition to the well-known factors such as increased intravas-
cular volume and excessive activity of the RAS, there are new recognized players such as 
increased activity of the sympathetic nervous system, endothelial dysfunction, and altera-
tions of several neural and humoral factors that increase the blood pressure [15]. Although 
hypertension is clearly a risk factor of cardiovascular disease in the general population, when 
we look to the renal population, this association is less evident due to the reverse epidemiol-
ogy phenomenon [15, 16]. In CKD patients, hypertension is associated with ischemic heart 
disease, heart failure, and left ventricular hypertrophy [17–20]. Secondary analysis from ran-
domized controlled trials such as the HOPE, IDNT, and ADVANCE studies demonstrated 
that hypertension treatment in CKD patients can reduce the risk of cardiovascular events 
[21–23]. Recently, the SPRINT study [24] showed that treatment of systolic blood pressure to a 
lower target (120 vs. 140 mmHg) reduced 25% of the composite CV outcome. However, in this 
study, less than 30% of the patients had CKD, and diabetic patients were excluded. There is a 
bulk of evidence that treating patients to lower blood pressure levels increases morbidity and 
mortality, mainly in elderly patients [17, 18, 24, 25]. The real challenge is how far we should 
go when we treat renal patients. The KDIGO guidelines recommend that the blood pressure 
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staggering, being 5 times higher than normal in 85- to 95-year-old ESRD patients and 65 and 
500 times higher than normal in those 45–54 years old and 25–35 years old, respectively [12].

On the other hand, in US Medicare patients admitted to the hospital with myocardial infarc-
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increased activity of the sympathetic nervous system, endothelial dysfunction, and altera-
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that hypertension treatment in CKD patients can reduce the risk of cardiovascular events 
[21–23]. Recently, the SPRINT study [24] showed that treatment of systolic blood pressure to a 
lower target (120 vs. 140 mmHg) reduced 25% of the composite CV outcome. However, in this 
study, less than 30% of the patients had CKD, and diabetic patients were excluded. There is a 
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go when we treat renal patients. The KDIGO guidelines recommend that the blood pressure 
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should be less than 140/90 mmHg in CKD nondiabetic patients and less than 130/80 mmHg 
in CKD diabetic patients and nondiabetic proteinuric patients [26]. Kovesdy et al. proved that 
the optimal blood pressure in patients with CKD seems to be 130 to 159/70 to 89 mm Hg [18], 
and Agarwal [17] pointed out that higher levels of systolic and lower levels of diastolic blood 
pressure are associated with poorer cardiovascular outcomes. We should treat carefully our 
renal patients, lowering their systolic values but paying attention to the diastolic values. This 
concern is especially important in the elderly patients [27]. Regarding dialysis patients, there 
is a suggestion that treating hypertension decreases cardiovascular morbidity and mortality 
[28, 29], but there are no randomized controlled studies addressing the target of the blood 
pressure.

2.2. Diabetes

Diabetes mellitus is a major cause of CKD, and in most Western countries, the proportion of 
incident dialysis patients are between 22 and 44% [30].

Diabetes mellitus is a well-known risk factor of cardiovascular disease since the Framingham 
and other population-based studies. Once the renal population is under an increased risk 
of cardiovascular disease, not unexpectedly in patients with diabetic nephropathy, this risk 
increases exponentially. In fact, the NHANES III showed that the standardized mortality of 
patients with diabetes and CKD was 31.1% compared with a standardized mortality of 11.5% 
in patients with diabetes and of 7.7% in patients without diabetes or CKD [31]. The mech-
anisms of how diabetes increases atherogenesis are multiple, associated to hyperglycemia 
itself (via the polyol pathway, protein kinase C, AGEs, hexosamine pathway) and associated 
to other circumstances such as dyslipidemia, obesity, insulin resistance, and prothrombotic 
and proinflammatory states [32]. In the early stages of diabetic nephropathy, the presence 
of microalbuminuria is a harbinger of an increased cardiovascular risk [33], and this risk 
increases as the nephropathy progresses [34]. Diabetes continues to raise the risk of morbidity 
and mortality throughout the spectrum of kidney disease. Diabetic patients on dialysis main-
tain a poorer prognosis when compared with nondiabetic patients [35–37].

The treatment strategy includes the reduction of the progression of diabetic nephropathy 
with antagonists of the renin-angiotensin system [38, 39], the control of glycemia, and all the 
complex conditions associated.

2.3. Dyslipidemia

The presence of alterations of the lipid profile is frequent in the early stages of renal disease. 
Renal patients have, in general, lower levels of HDL, LDL, and total cholesterol and higher 
levels of triglycerides. There is a clustering of low HDL and elevated Lp(a) and TG-rich apo-
lipoprotein B (ApoB) containing VLDL and LDL [40]. The increased concentration of triglyc-
eride-rich lipoproteins in renal patients is due to delayed catabolism and to the increased 
hepatic production [41]. The severity of hypercholesterolemia is also associated with the level 
of proteinuria in CKD predialysis patients. In HD patients, the serum lipid profile is similar 
of predialysis patients, but PD patients have higher total and LDL cholesterol values and 
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increased concentrations of small-dense LDL and apolipoprotein B [41]. Although dyslip-
idemia is clearly a risk factor of cardiovascular disease in the general population in kidney 
patients, this relationship is not straightforward. Chronic kidney disease is characterized by 
increased oxidative stress and inflammation, and these are the two major players responsible 
for the increased atherosclerosis in this group of patients [42–44]. This fact can explain, in 
part, why there is a solid association between inflammation and cardiovascular disease, and 
patients with low cholesterol may have poorer outcomes [45–47]. This phenomenon is called 
reverse epidemiology [45]. However, Koch et al. also found a positive association between 
cholesterol values and the risk for cardiovascular events in CKD individuals [48].

Regarding therapy, statins improve the lipid profile and exert several pleiotropic effects. 
Nevertheless, concerning the cardiovascular outcomes, the timing of the initiation of the 
therapy is critical. The Prospective Pravastatin Pooling Project that included three studies 
has shown that pravastatin reduced significantly the CV composite outcome only in patients 
with moderate renal insufficiency [49]. We also found in an observational study that statins 
plus vitamin D reduced cardiovascular mortality in predialysis patients [50]. The SHARP 
trial also demonstrated the benefit of simvastatin plus ezetimibe in predialysis but not in 
patients already on dialysis [51]. This data according with the AURORA and 4D studies had 
not shown greater survival in patients on dialysis treated with statins when compared with 
placebo [52, 53]. The lack of benefit of using statins in dialysis patients can have several rea-
sons: high mortality of dialysis patients due to sudden death and cardiomyopathy, existence 
of other pathways contributing to cardiovascular disease, or just because it is too late to inter-
fere with the natural history of atherosclerosis [54]. Regarding prevention of cardiovascular 
disease in renal patients, there is a strong evidence of benefit in using statins only in predi-
alysis patients, but their use is not recommended in dialysis patients [55]. The utilization of 
fibrates is not recommended in patients with advanced renal failure, and other approaches 
such as niacin, ezetimibe, or Ω-3 polyunsaturated fatty acids need randomized controlled 
studies to validate their effectiveness.

2.4. Left ventricular hypertrophy

Left ventricular hypertrophy (LVH) is an established risk factor of cardiovascular morbidity 
and mortality in the general and also in the renal population. Its prevalence increases as the 
renal function deteriorates. It is estimated to be around 25% in the early stages of CKD and 
rises to 75 to 90% at the initiation of renal replacement therapy [56]. There are several factors 
associated to LVH in CKD. As it happens in the general population [57], age, hypertension, 
and existence of previous heart disease increase the risk of LVH in renal patients [58]. In 
these patients, other specific factors related to their condition also influence the left ventricu-
lar mass, such as anemia, disturbances of the mineral metabolism, inflammation, and oxida-
tive stress [59, 60]. Concerning the mineral metabolism, recent studies revealed associations 
between vitamin D, FGF23, and Klotho with LVH [56, 59, 61]. In dialysis patients, the vol-
ume status, the presence of arteriovenous fistula, and the time on renal replacement therapy 
are also relevant aspects [56, 58, 62]. LVH contributes to a greater prevalence of ventricular 
arrhythmias and ischemic heart disease [63], as was demonstrated in the 4D study [52].
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Therefore, it is vital to reduce the left ventricular mass, to control as far as possible the modi-
fiable risk factors, such as the anemia, the mineral metabolism, the blood pressure, and the 
hypervolemia as was shown in quite a few studies [64, 65]. This reduction of the LVH is asso-
ciated with diminution of the cardiac events and death [66].

3. Chronic kidney disease: mineral metabolism and cardiovascular risk

3.1. Phosphorus

In recent years, numerous epidemiological studies have shown a link between high phospho-
rus (Pi) levels and cardiovascular outcomes, in both the chronic renal failure population and 
the population as a whole.

The link between Pi and morbidity and mortality was demonstrated some years ago, initially 
in the CKD population on dialysis in the classic study conducted by Block et al. [67], and was 
later confirmed by several other cohort studies both in individuals with CKD and in indi-
viduals with normal renal function [68–71]. Analysis of the Dialysis Outcomes and Practice 
Patterns Study (DOPPS) showed that serum Pi levels higher than 6.1 mg/dl at the start of the 
study were associated with an increased risk of death from any cause and from cardiovascu-
lar disease compared to Pi levels within the normal reference range [68]. Very low Pi levels 
were also associated with increased mortality, perhaps reflecting the poor nutritional status 
of these patients [68]. It is also known that high concentrations of Pi are associated with the 
presence of vascular, valvular, and soft tissue calcifications in this population [72] even at 
earlier stages of CKD [73]. These observations were later extended to the general popula-
tion, and, surprisingly, even Pi levels at the upper limits of normal were found to be associ-
ated with greater cardiovascular disease (CARE post hoc analysis) [69]. This analysis showed 
that, after 5 years of follow-up, there was a positive, gradual association between baseline 
serum Pi levels and mortality due to any cause, conferring a 27% increase in the risk of death 
for each 1 mg/dL increase in serum Pi. The Framingham Heart Study cohort [74] and the 
Atherosclerosis Risk in Communities Study (ARIC) also showed an increased cardiovascular 
mortality in patients with higher levels of Pi [71]. These last two studies draw attention to the 
fact that the serum Pi levels were still within the normal range. At least two studies showed 
a correlation between Pi and the severity of coronary lesions on angiography [75, 76]. This 
information emphasizes the possibly important role of Pi in the processes of calcification and 
atherogenesis [76]. It is interesting to observe that the authors also demonstrated that Pi was 
a predictor for atherosclerosis in other sites, such as the carotid arteries, [77, 78] as well as 
the left ventricular hypertrophy (LVH) in the general population [79]. The mechanisms by 
which Pi increases mortality and the incidence of cardiovascular events have not yet been 
established, but it seems likely that it contributes directly, as a result of its participation in the 
pathogenesis of vascular calcification and in the atherosclerosis process, [80] and indirectly, 
by raising FGF23 levels [81]. Hyperphosphatemia, by raising parathyroid hormone (PTH) 
levels, can also have, indirectly, a harmful effect on cardiomyocytes [82, 83] and interfere with 
the mechanisms that regulate vascular calcification [84]. This mechanism would also explain 
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the relationship between vascular calcification and serum Pi in the presence of hyperphos-
phatemia, as seen in the CKD population. Vascular calcification is one of the mechanisms 
proposed for Pi-related cardiovascular risk. In vitro studies show that Pi participates actively 
in the vascular calcification process. Smooth muscle cells grown in a Pi-rich medium transdif-
ferentiate into osteoblast-like cells. Pi is able to enter the smooth muscle cell via the type III 
sodium-phosphate cotransporter (PiT-1), activate a nuclear transcription factor called Cbfa-1/
RUNX-2, and stimulate cell transdifferentiation [85, 86]. The smooth muscle cells acquire phe-
notypical characteristics similar to osteoblasts and begin to express osteopontin, osteocalcin, 
alkaline phosphatase, and type I collagen, promoting an authentic “ossification” of the vascu-
lar tissue [87]. Pi overload is also associated with increased production of reactive oxygen spe-
cies [88], changes in angiogenesis, epithelial migration, and survival of endothelial cells [89].

One of the biggest difficulties in interpreting the harmful effects of Pi in vivo is to determine if 
they are the result of their direct action or indirect mechanisms, e.g., via an increase in FGF23 
and PTH. However, there is quite a few data demonstrating that the reduction of Pi levels was 
associated with improvement in endothelial dysfunction, aortic stiffness, and left ventricular 
hypertrophy [90] and slowing of the progression of vascular calcification [91]. Furthermore, 
it was also shown that controlling Pi through dietary restriction or with the use of sevelamer 
was effective in reducing mortality in uremic mice with established vascular calcification [92].

Although experimental studies suggest that a better control of Pi levels is associated with 
a beneficial effect on the cardiovascular system, including mortality, interpretation of these 
findings is still controversial. Nevertheless, such findings are considered a strong evidence 
implicating Pi as a cardiovascular disease-promoting agent and, as such, an important thera-
peutic target.

3.2. Vitamin D and PTH

The role played by vitamin D and PTH in cardiovascular function appears to be much more 
important than was originally thought. The discovery of a protein that binds to calcium, 
which is calcitriol-dependent and which is present in the myocardium, the vascular smooth 
muscle, and the endothelium, offered a clearer view on this subject [93–98].

In an experimental context of vitamin D deficiency, it was observed that calcitriol normalizes 
the contractility of disorganized myocardial areas, promoting regulation of myocyte prolif-
eration and hypertrophy [94]. It also stimulates the production of prostacyclin in the vascular 
smooth muscle tissue, which prevents thrombus formation, cell adhesion, and proliferation of 
smooth muscle tissue [97]. Calcitriol is also known to suppress the synthesis and secretion of 
atrial natriuretic peptide and increase production of the matrix protein carboxyglutamic acid, 
which has a protective effect against arterial calcification [98, 99].

The recent discovery of the 25(OH)D-1 hydroxylase enzyme—whose activity is regulated by 
the action of PTH and by estrogenic compounds—in the vascular smooth muscle cell has also 
contributed to the growing importance of vitamin D in vascular function [93, 96]. Cardiac tis-
sue cells have receptors for both PTH and PTH-related peptides, which affect the physiology 
of the cardiovascular cell in a different way from the action they exert on classic bone tissue 
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Therefore, it is vital to reduce the left ventricular mass, to control as far as possible the modi-
fiable risk factors, such as the anemia, the mineral metabolism, the blood pressure, and the 
hypervolemia as was shown in quite a few studies [64, 65]. This reduction of the LVH is asso-
ciated with diminution of the cardiac events and death [66].

3. Chronic kidney disease: mineral metabolism and cardiovascular risk

3.1. Phosphorus

In recent years, numerous epidemiological studies have shown a link between high phospho-
rus (Pi) levels and cardiovascular outcomes, in both the chronic renal failure population and 
the population as a whole.

The link between Pi and morbidity and mortality was demonstrated some years ago, initially 
in the CKD population on dialysis in the classic study conducted by Block et al. [67], and was 
later confirmed by several other cohort studies both in individuals with CKD and in indi-
viduals with normal renal function [68–71]. Analysis of the Dialysis Outcomes and Practice 
Patterns Study (DOPPS) showed that serum Pi levels higher than 6.1 mg/dl at the start of the 
study were associated with an increased risk of death from any cause and from cardiovascu-
lar disease compared to Pi levels within the normal reference range [68]. Very low Pi levels 
were also associated with increased mortality, perhaps reflecting the poor nutritional status 
of these patients [68]. It is also known that high concentrations of Pi are associated with the 
presence of vascular, valvular, and soft tissue calcifications in this population [72] even at 
earlier stages of CKD [73]. These observations were later extended to the general popula-
tion, and, surprisingly, even Pi levels at the upper limits of normal were found to be associ-
ated with greater cardiovascular disease (CARE post hoc analysis) [69]. This analysis showed 
that, after 5 years of follow-up, there was a positive, gradual association between baseline 
serum Pi levels and mortality due to any cause, conferring a 27% increase in the risk of death 
for each 1 mg/dL increase in serum Pi. The Framingham Heart Study cohort [74] and the 
Atherosclerosis Risk in Communities Study (ARIC) also showed an increased cardiovascular 
mortality in patients with higher levels of Pi [71]. These last two studies draw attention to the 
fact that the serum Pi levels were still within the normal range. At least two studies showed 
a correlation between Pi and the severity of coronary lesions on angiography [75, 76]. This 
information emphasizes the possibly important role of Pi in the processes of calcification and 
atherogenesis [76]. It is interesting to observe that the authors also demonstrated that Pi was 
a predictor for atherosclerosis in other sites, such as the carotid arteries, [77, 78] as well as 
the left ventricular hypertrophy (LVH) in the general population [79]. The mechanisms by 
which Pi increases mortality and the incidence of cardiovascular events have not yet been 
established, but it seems likely that it contributes directly, as a result of its participation in the 
pathogenesis of vascular calcification and in the atherosclerosis process, [80] and indirectly, 
by raising FGF23 levels [81]. Hyperphosphatemia, by raising parathyroid hormone (PTH) 
levels, can also have, indirectly, a harmful effect on cardiomyocytes [82, 83] and interfere with 
the mechanisms that regulate vascular calcification [84]. This mechanism would also explain 
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the relationship between vascular calcification and serum Pi in the presence of hyperphos-
phatemia, as seen in the CKD population. Vascular calcification is one of the mechanisms 
proposed for Pi-related cardiovascular risk. In vitro studies show that Pi participates actively 
in the vascular calcification process. Smooth muscle cells grown in a Pi-rich medium transdif-
ferentiate into osteoblast-like cells. Pi is able to enter the smooth muscle cell via the type III 
sodium-phosphate cotransporter (PiT-1), activate a nuclear transcription factor called Cbfa-1/
RUNX-2, and stimulate cell transdifferentiation [85, 86]. The smooth muscle cells acquire phe-
notypical characteristics similar to osteoblasts and begin to express osteopontin, osteocalcin, 
alkaline phosphatase, and type I collagen, promoting an authentic “ossification” of the vascu-
lar tissue [87]. Pi overload is also associated with increased production of reactive oxygen spe-
cies [88], changes in angiogenesis, epithelial migration, and survival of endothelial cells [89].

One of the biggest difficulties in interpreting the harmful effects of Pi in vivo is to determine if 
they are the result of their direct action or indirect mechanisms, e.g., via an increase in FGF23 
and PTH. However, there is quite a few data demonstrating that the reduction of Pi levels was 
associated with improvement in endothelial dysfunction, aortic stiffness, and left ventricular 
hypertrophy [90] and slowing of the progression of vascular calcification [91]. Furthermore, 
it was also shown that controlling Pi through dietary restriction or with the use of sevelamer 
was effective in reducing mortality in uremic mice with established vascular calcification [92].

Although experimental studies suggest that a better control of Pi levels is associated with 
a beneficial effect on the cardiovascular system, including mortality, interpretation of these 
findings is still controversial. Nevertheless, such findings are considered a strong evidence 
implicating Pi as a cardiovascular disease-promoting agent and, as such, an important thera-
peutic target.

3.2. Vitamin D and PTH

The role played by vitamin D and PTH in cardiovascular function appears to be much more 
important than was originally thought. The discovery of a protein that binds to calcium, 
which is calcitriol-dependent and which is present in the myocardium, the vascular smooth 
muscle, and the endothelium, offered a clearer view on this subject [93–98].

In an experimental context of vitamin D deficiency, it was observed that calcitriol normalizes 
the contractility of disorganized myocardial areas, promoting regulation of myocyte prolif-
eration and hypertrophy [94]. It also stimulates the production of prostacyclin in the vascular 
smooth muscle tissue, which prevents thrombus formation, cell adhesion, and proliferation of 
smooth muscle tissue [97]. Calcitriol is also known to suppress the synthesis and secretion of 
atrial natriuretic peptide and increase production of the matrix protein carboxyglutamic acid, 
which has a protective effect against arterial calcification [98, 99].

The recent discovery of the 25(OH)D-1 hydroxylase enzyme—whose activity is regulated by 
the action of PTH and by estrogenic compounds—in the vascular smooth muscle cell has also 
contributed to the growing importance of vitamin D in vascular function [93, 96]. Cardiac tis-
sue cells have receptors for both PTH and PTH-related peptides, which affect the physiology 
of the cardiovascular cell in a different way from the action they exert on classic bone tissue 
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[100]. PTH-related peptide is produced by the vascular smooth muscle cells, which regulate 
the arterial smooth muscle tissue proliferation rate, producing positive chronotropic and ino-
tropic effects, not attributable to PTH, in isolated cardiomyocytes [96]. PTH is responsible for 
the expression of fetal proteins in the cardiomyocytes and, if present in excess, may be related 
to hypertrophic growth of the myocytes [100]. In animal studies, a relation between PTH 
levels and a permissive role in fibroblast activation and cardiac fibrosis has been observed, 
possibly via transformation of growth factor 1, a promoter of cardiac fibrosis [82, 101, 102].

Zittermann et al. [100] proposed various mechanisms to explain the relation between vita-
min D deficiency and cardiovascular disease. One of these suggests that the matrix Gla pro-
tein—synthesized by the chondrocytes and the vascular smooth muscle and stimulated by 
calcitriol—is an important inhibitor of vascular calcification. They also mention the impor-
tant role that inflammatory processes play in the development of adverse cardiovascular 
effects and the fact that interleukin 6 and tumor necrosis factor (TNF), which are stimulators 
of C-reactive protein, are suppressed by calcitriol, unlike interleukin 10, whose production 
is stimulated. The renin-angiotensin-aldosterone system, which is responsible for regulating 
blood pressure, electrolytes, and volemic status, is regulated by calcitriol via reduction of 
plasma renin activity and the angiotensin II concentration [99, 103].

In addition to these mechanisms, PTH and vitamin D are significantly involved in the osteo-
protegerin/RANKL/RANK pathway, a fact that could make it the connecting link between 
bone tissue and cardiovascular diseases [104, 105]. Calcitriol, on the other hand, reduces 
expression of osteoprotegerin [106, 107].

A link between vitamin D deficiency and cardiovascular disease can be found in a number of 
studies, which demonstrated a 30–50% higher cardiovascular morbidity and mortality associ-
ated with reduced sun exposure caused by changes in season or latitude [108–110]. One fact 
that supports this thesis is that cardiovascular mortality rates are lower in the European coun-
tries with greater sun exposure and higher during the winter months [110].

Despite the negative association between vitamin D deficiency and cardiovascular disease 
described in multiple studies [111–114], clinical trials have failed to convincingly demonstrate 
a benefit of vitamin D supplements on cardiovascular (CV) health. One such study was the 
PRIMO trial, which showed no improvement in ventricular mass index or any other remodel-
ing parameters by administering paricalcitol, a selective activator of vitamin D receptors, to 
patients with chronic renal failure [115]. However, experiments performed in vitro and in 
several animal models of LV pressure overload show that vitamin D supplements attenuate 
LV hypertrophy, reduce cardiac fibrosis, and decrease the expression of collagen, fibronectin, 
and transforming growth factor-β, along with an improvement of the systolic and diastolic 
function [116, 117].

3.3. FGF23

Fibroblast growth factor 23 (FGF23) is a phosphaturic protein and an inhibitor of 1α-hydroxylase, 
the enzyme responsible for calcitriol synthesis. Its discovery has enabled a better understand-
ing of chronic kidney disease-related mineral and bone disorders (CKD-MBD) [118, 119]. 
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Recent experimental and clinical studies have confirmed the role of FGF23 in the physiology of 
MBD and CV disease [120]. FGF23 is produced by osteocytes and osteoblasts, and it acts on the 
kidneys in the proximal tubular cells, increasing renal excretion of phosphorus and decreasing 
1,25-dihydroxivitamin D [1,25(OH)D] [118, 121, 122].

Elevated FGF23 is observed after dietary ingestion due to a resulting increase in intestinal absorp-
tion of phosphorus after administration of PTH in experimental work with CKD [123, 124]. The 
rise in FGF23 associated with the resulting decrease in intestinal absorption of phosphorus, 
mediated by the decrease in calcitriol, contributes to maintaining adequate blood phosphate 
levels in the initial stages of kidney disease [125]. In CKD, there are concomitant increases in the 
levels of phosphorus, PTH, and FGF23, which reflects an increased production and decreased 
degradation, leading to their accumulation to levels much higher than those in the general popu-
lation [126].

The action of FGF23 is obtained only when it is bound to the FGFR1c receptor associated with 
the Klotho cofactor. The Klotho protein is specifically expressed in the distal tubule of the 
normal kidney, but it is produced in many other tissues and organs [118, 127, 128]. The main 
targets of FGF23 are defined by the expression of the FGFR1c-Klotho complex. However, 
important actions of FGF23 on cardiomyocytes occur even in the absence of Klotho, via intra-
cellular mechanisms that are not yet fully understood [129]. Elevated FGF23 levels imply an 
increase in the mortality rate adjusted for classic CV-KD factors and other traditional CKD 
markers [71–73].

This link between elevated serum levels of FGF23 and the occurrence of relevant clinical events 
was initially established in patients with kidney disease who were on hemodialysis [130, 131]. 
Faul et al. in a cohort study of 3000 patients demonstrated that, in the early stages of kidney 
disease, FGF23 is an independent risk factor for LVH [132]. The cardiac hypertrophic effects 
of FGF23 are mediated by FGFR-dependent activation of the calcineurin nuclear factor of the 
activated T-cell (NFAT) signaling cascade, but do not require Klotho as a co-receptor [133].

The available studies that evaluated FGF23 and cardiovascular changes or events in the gen-
eral population have a limitation, because their samples included individuals with CKD. 
Keeping this fact in mind, links were found between FGF23 and LVH, endothelial dysfunc-
tion, and total body atherosclerosis as assessed by magnetic resonance imaging in the com-
munity [134]. Recently, an analysis of the cohort participating in the Heart and Soul Study, 
which included 833 patients with coronary artery disease, established FGF23 as a predictor 
of events in this population [135]. This study included patients with CKD, but the results 
remained the same after adjusting for this variable.

FGF23 is also being linked to severe aortic and coronary artery calcifications and is considered 
a marker of CV disease in patients with CKD [136, 137]. One of the mechanisms may be related 
to a decrease in fetuin-A. Fetuin-A is synthesized by the hepatocytes, is secreted into the blood, 
and accumulates in the skeleton during bone mineralization due to its high affinity for hydroxy-
apatite. It is considered an inhibitor of CV disease and represents the most important inhibitor of 
the formation of circulating hydroxyapatite [138, 139]. Another mechanism that would explain 
the vascular calcifications associated with FGF23 would be through hyperphosphatemia.
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the expression of fetal proteins in the cardiomyocytes and, if present in excess, may be related 
to hypertrophic growth of the myocytes [100]. In animal studies, a relation between PTH 
levels and a permissive role in fibroblast activation and cardiac fibrosis has been observed, 
possibly via transformation of growth factor 1, a promoter of cardiac fibrosis [82, 101, 102].

Zittermann et al. [100] proposed various mechanisms to explain the relation between vita-
min D deficiency and cardiovascular disease. One of these suggests that the matrix Gla pro-
tein—synthesized by the chondrocytes and the vascular smooth muscle and stimulated by 
calcitriol—is an important inhibitor of vascular calcification. They also mention the impor-
tant role that inflammatory processes play in the development of adverse cardiovascular 
effects and the fact that interleukin 6 and tumor necrosis factor (TNF), which are stimulators 
of C-reactive protein, are suppressed by calcitriol, unlike interleukin 10, whose production 
is stimulated. The renin-angiotensin-aldosterone system, which is responsible for regulating 
blood pressure, electrolytes, and volemic status, is regulated by calcitriol via reduction of 
plasma renin activity and the angiotensin II concentration [99, 103].

In addition to these mechanisms, PTH and vitamin D are significantly involved in the osteo-
protegerin/RANKL/RANK pathway, a fact that could make it the connecting link between 
bone tissue and cardiovascular diseases [104, 105]. Calcitriol, on the other hand, reduces 
expression of osteoprotegerin [106, 107].

A link between vitamin D deficiency and cardiovascular disease can be found in a number of 
studies, which demonstrated a 30–50% higher cardiovascular morbidity and mortality associ-
ated with reduced sun exposure caused by changes in season or latitude [108–110]. One fact 
that supports this thesis is that cardiovascular mortality rates are lower in the European coun-
tries with greater sun exposure and higher during the winter months [110].

Despite the negative association between vitamin D deficiency and cardiovascular disease 
described in multiple studies [111–114], clinical trials have failed to convincingly demonstrate 
a benefit of vitamin D supplements on cardiovascular (CV) health. One such study was the 
PRIMO trial, which showed no improvement in ventricular mass index or any other remodel-
ing parameters by administering paricalcitol, a selective activator of vitamin D receptors, to 
patients with chronic renal failure [115]. However, experiments performed in vitro and in 
several animal models of LV pressure overload show that vitamin D supplements attenuate 
LV hypertrophy, reduce cardiac fibrosis, and decrease the expression of collagen, fibronectin, 
and transforming growth factor-β, along with an improvement of the systolic and diastolic 
function [116, 117].

3.3. FGF23

Fibroblast growth factor 23 (FGF23) is a phosphaturic protein and an inhibitor of 1α-hydroxylase, 
the enzyme responsible for calcitriol synthesis. Its discovery has enabled a better understand-
ing of chronic kidney disease-related mineral and bone disorders (CKD-MBD) [118, 119]. 
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rise in FGF23 associated with the resulting decrease in intestinal absorption of phosphorus, 
mediated by the decrease in calcitriol, contributes to maintaining adequate blood phosphate 
levels in the initial stages of kidney disease [125]. In CKD, there are concomitant increases in the 
levels of phosphorus, PTH, and FGF23, which reflects an increased production and decreased 
degradation, leading to their accumulation to levels much higher than those in the general popu-
lation [126].

The action of FGF23 is obtained only when it is bound to the FGFR1c receptor associated with 
the Klotho cofactor. The Klotho protein is specifically expressed in the distal tubule of the 
normal kidney, but it is produced in many other tissues and organs [118, 127, 128]. The main 
targets of FGF23 are defined by the expression of the FGFR1c-Klotho complex. However, 
important actions of FGF23 on cardiomyocytes occur even in the absence of Klotho, via intra-
cellular mechanisms that are not yet fully understood [129]. Elevated FGF23 levels imply an 
increase in the mortality rate adjusted for classic CV-KD factors and other traditional CKD 
markers [71–73].

This link between elevated serum levels of FGF23 and the occurrence of relevant clinical events 
was initially established in patients with kidney disease who were on hemodialysis [130, 131]. 
Faul et al. in a cohort study of 3000 patients demonstrated that, in the early stages of kidney 
disease, FGF23 is an independent risk factor for LVH [132]. The cardiac hypertrophic effects 
of FGF23 are mediated by FGFR-dependent activation of the calcineurin nuclear factor of the 
activated T-cell (NFAT) signaling cascade, but do not require Klotho as a co-receptor [133].

The available studies that evaluated FGF23 and cardiovascular changes or events in the gen-
eral population have a limitation, because their samples included individuals with CKD. 
Keeping this fact in mind, links were found between FGF23 and LVH, endothelial dysfunc-
tion, and total body atherosclerosis as assessed by magnetic resonance imaging in the com-
munity [134]. Recently, an analysis of the cohort participating in the Heart and Soul Study, 
which included 833 patients with coronary artery disease, established FGF23 as a predictor 
of events in this population [135]. This study included patients with CKD, but the results 
remained the same after adjusting for this variable.

FGF23 is also being linked to severe aortic and coronary artery calcifications and is considered 
a marker of CV disease in patients with CKD [136, 137]. One of the mechanisms may be related 
to a decrease in fetuin-A. Fetuin-A is synthesized by the hepatocytes, is secreted into the blood, 
and accumulates in the skeleton during bone mineralization due to its high affinity for hydroxy-
apatite. It is considered an inhibitor of CV disease and represents the most important inhibitor of 
the formation of circulating hydroxyapatite [138, 139]. Another mechanism that would explain 
the vascular calcifications associated with FGF23 would be through hyperphosphatemia.
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Scialla et al. studied the link between FGF23, P, and coronary calcification as measured by 
CT scan of the aorta in 1501 subjects with CKD. They concluded that FGF23 was not directly 
associated with calcification of the aorta and coronary arteries, but rather with phospho-
rus levels. This group found a link between the severity of the calcification and FGF23 and 
concluded that FGF23 may be a marker of surveillance and not of the genesis of vascular 
calcification [140].

3.4. Klotho

The Klotho protein is a potential marker for vascular events. Suppression of the Klotho gene 
in animal models causes extensive aging-like phenotypes, including atherosclerosis, ectopic 
calcification, infertility, skin atrophy, and severe hypoglycemia [141], while its overexpres-
sion increases life span by 20–30%, in animal models [142]. The Klotho protein is present 
mainly in the distal tubules of the kidney and in the cerebral choroid plexus, but it can be 
posttranslationally processed and released into the bloodstream, with the free extracellular 
domain functioning as a hormone [143, 144]. Its presence in vascular tissue is still a topic of 
debate [145].

An important physiological property attributed to circulating Klotho is the start of a pathway 
that inhibits insulin and IGF1 signaling, which contributes to the integrity of the microcircula-
tion and of a healthy endothelium [146, 147].

In chronic kidney disease, serum levels of Klotho are decreased, contributing to increased 
cardiovascular risk in this population. Tests have been carried out in wild-type and transgenic 
mice, where it was observed that KL-/- mice with chronic kidney disease (CKD) showed early 
calcification of the soft tissues compared to wild-type mice (KL+/+) that also had CKD. Mice 
with CKD that overexpress Klotho (preserved levels of Klotho) showed greater phosphaturia 
and, consequently, better renal function and less calcification of tissues compared to wild-
type mice with CKD [148].

The role of Klotho in uremic myocardiopathy is not yet fully understood. However, in ani-
mal models, we know that ventricular hypertrophy is associated with increased expression 
of transient receptor potential canonical (TRPC6) channels, whose expression is regulated 
by different mechanisms. Recently, Xie et al. demonstrated that Klotho can inhibit the car-
diac TRPC6 channels, thereby protecting the myocardium against excessive/pathological 
remodeling [149, 150].

The cardioprotective mechanisms of Klotho and the role of FGF23 in the cardiac fibrosis of 
CKD are not yet fully explained. However, some studies have demonstrated that there are 
several factors responsible for this complex process: (1) cardiac fibrosis and hypertrophy are 
associated with primary genetic Klotho deficiency or secondary deficiency associated with 
aging and CKD; (2) cardiac hypertrophy precedes cardiac fibrosis and is associated with left 
ventricular dysfunction; (3) high levels of phosphate and low serum levels of Klotho correlate 
with more cardiac hypertrophy and fibrosis in all the studied models; (4) even in the absence 
of Klotho, important actions of FGF23 on the cardiomyocytes occur by an intracellular route 
that is not clarified, promoting cardiac hypertrophy [151, 152].
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The role of emerging factors like FGF23 and Klotho in cardiovascular risk in both the early and 
late stages of chronic kidney disease is not entirely perceptible. The entire process involves 
direct and indirect mechanisms that contribute to this high cardiovascular risk.

4. Conclusions

Chronic kidney disease is an independent risk factor for increased cardiovascular morbidity 
and mortality. It has a complex pathogenesis, and traditional risk factors are not able to fully 
explain its high incidence and prevalence. Several substances have been identified, and they 
seem to play important roles in different physiological functions.

The CKD mineral disease is another player in this complex puzzle and is one of the factors respon-
sible for this high cardiovascular risk of this population in the early or late stages of the CKD.
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Scialla et al. studied the link between FGF23, P, and coronary calcification as measured by 
CT scan of the aorta in 1501 subjects with CKD. They concluded that FGF23 was not directly 
associated with calcification of the aorta and coronary arteries, but rather with phospho-
rus levels. This group found a link between the severity of the calcification and FGF23 and 
concluded that FGF23 may be a marker of surveillance and not of the genesis of vascular 
calcification [140].

3.4. Klotho

The Klotho protein is a potential marker for vascular events. Suppression of the Klotho gene 
in animal models causes extensive aging-like phenotypes, including atherosclerosis, ectopic 
calcification, infertility, skin atrophy, and severe hypoglycemia [141], while its overexpres-
sion increases life span by 20–30%, in animal models [142]. The Klotho protein is present 
mainly in the distal tubules of the kidney and in the cerebral choroid plexus, but it can be 
posttranslationally processed and released into the bloodstream, with the free extracellular 
domain functioning as a hormone [143, 144]. Its presence in vascular tissue is still a topic of 
debate [145].

An important physiological property attributed to circulating Klotho is the start of a pathway 
that inhibits insulin and IGF1 signaling, which contributes to the integrity of the microcircula-
tion and of a healthy endothelium [146, 147].

In chronic kidney disease, serum levels of Klotho are decreased, contributing to increased 
cardiovascular risk in this population. Tests have been carried out in wild-type and transgenic 
mice, where it was observed that KL-/- mice with chronic kidney disease (CKD) showed early 
calcification of the soft tissues compared to wild-type mice (KL+/+) that also had CKD. Mice 
with CKD that overexpress Klotho (preserved levels of Klotho) showed greater phosphaturia 
and, consequently, better renal function and less calcification of tissues compared to wild-
type mice with CKD [148].

The role of Klotho in uremic myocardiopathy is not yet fully understood. However, in ani-
mal models, we know that ventricular hypertrophy is associated with increased expression 
of transient receptor potential canonical (TRPC6) channels, whose expression is regulated 
by different mechanisms. Recently, Xie et al. demonstrated that Klotho can inhibit the car-
diac TRPC6 channels, thereby protecting the myocardium against excessive/pathological 
remodeling [149, 150].

The cardioprotective mechanisms of Klotho and the role of FGF23 in the cardiac fibrosis of 
CKD are not yet fully explained. However, some studies have demonstrated that there are 
several factors responsible for this complex process: (1) cardiac fibrosis and hypertrophy are 
associated with primary genetic Klotho deficiency or secondary deficiency associated with 
aging and CKD; (2) cardiac hypertrophy precedes cardiac fibrosis and is associated with left 
ventricular dysfunction; (3) high levels of phosphate and low serum levels of Klotho correlate 
with more cardiac hypertrophy and fibrosis in all the studied models; (4) even in the absence 
of Klotho, important actions of FGF23 on the cardiomyocytes occur by an intracellular route 
that is not clarified, promoting cardiac hypertrophy [151, 152].
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The role of emerging factors like FGF23 and Klotho in cardiovascular risk in both the early and 
late stages of chronic kidney disease is not entirely perceptible. The entire process involves 
direct and indirect mechanisms that contribute to this high cardiovascular risk.

4. Conclusions

Chronic kidney disease is an independent risk factor for increased cardiovascular morbidity 
and mortality. It has a complex pathogenesis, and traditional risk factors are not able to fully 
explain its high incidence and prevalence. Several substances have been identified, and they 
seem to play important roles in different physiological functions.

The CKD mineral disease is another player in this complex puzzle and is one of the factors respon-
sible for this high cardiovascular risk of this population in the early or late stages of the CKD.
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Chronic kidney disease (CKD) is a globally recognized public health concern. Multiple 
studies have shown the association of CKD with cardiovascular mortality that persists 
after adjustment for traditional cardiovascular disease (CVD) risk factors. CKD causes 
accelerated coronary artery disease (CAD). In this chapter, we discuss the pathophysi‐
ological mechanisms that play a role in increasing CVD risk in patients with CKD. 
Further we delve into some commonly encountered challenges related to CVD in 
patients with CKD. These include revascularization challenges, contrasted induced 
nephropathy and alterations in traditional risk factors for CVD in renal transplant 
patients.
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1. Introduction

Chronic kidney disease (CKD) is recognized as a major global public health problem [1]. 
It is estimated that 10–25% of population from Asia, Australia, Europe and United States of 
America (USA) is affected by CKD [2–6].

Multiple studies have shown the association of CKD with cardiovascular mortality that 
 persists after adjustment for traditional cardiovascular disease (CVD) risk factors. These 
include the Atherosclerosis Risk in Communities study (ARIC) and the Cardiovascular 
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Health Study [7–9]. The risk of developing congestive heart failure, atrial fibrillation, stroke, 
coronary artery disease (CAD) and peripheral artery disease (PAD) is increased twofold in 
patients with glomerular filtration rate (eGFR) < 70ml/min/1.73m2 [8, 10]. Furthermore, in two 
separate meta‐analyses of twenty‐one studies from fourteen different countries eGFR and 
albuminuria were found to be independently associated with increased risk of all‐cause and 
cardiovascular mortality [11, 12].

In this chapter we discuss the acute and chronic cardiovascular impact of patients with 
reduced kidney function. We further delve in evaluation of coronary artery disease in patients 
with CKD. We also address the cardiovascular aspects of patient care in renal transplant 
patients including modification of traditional CVD risk factors in patients taking immuno‐
suppressive therapy.

2. Epidemiology

CKD is a globally recognized public health burden [13]. USA alone deals with a population 
of more than 20 million people with CKD [14]. Data from other developed and developing 
nations confirms the rising trend of the disease. Data from China estimates this number to be 
close to 100 million Chinese being affected with CKD [15].

CKD has long shared its associations with CVD. The prevalence of CVD among patients 
with CKD has been known across trials in USA, Japan, Spain, United Kingdom and, recently, 
across China. Highest prevalence was found in U.K., 47.2% followed by Spain, 39.1%, U.S., 
33.4%, Japan, 26.8% and China 9.8% [16–19].

United States Renal Data System (USRDS) reports from 2016 revealed the prevalence of any 
cardiovascular event to be twice among those with CKD compared to those without it, 68.8% 
vs. 34.1% respectively.

2.1. Linear relationship of cardiovascular mortality with EGFR

CKD is an independent risk factor for progression to cardiovascular disease, known to con‐
tribute to cardiovascular morbidity and mortality [20]. Go et al., using longitudinal measure‐
ment of estimated eGFR, demonstrated the inverse relationship between eGFR and mortality 
rate secondary to cardiovascular events, below an eGFR of 60 ml/min per 1.73 m2 [21]. A meta‐
analysis from 2011, comprising a grand total of 266,975 patients reported an exponential rise 
in mortality with eGFR below 60 ml/min per 1.73 m2 [22]. (21,307,840) For cardiovascular mor‐
tality, adjusted hazard ratios at eGFR 60, 45, and 15 ml/min per 1.73 m2 were 1.11 (0.93–1.32), 
1.73 (1.49–2.00), and 3.08 (1.89–5.01), respectively [22].

Manjunath et al., also demonstrated eGFR as an independent risk factor for progression to 
CVD [23]. In a sample population of 4893, subjects with GFR 90 mL/min/1.73 m2 had a 15% risk 
of CVD over 3 years while subjects with GFR 30 mL/min/1.73 m2 had a 40% risk of CVD [23]. 
These findings were independent from traditional risk factors of cardiovascular diseases.
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2.2. Albuminuria a marker of worse cardiovascular outcomes in CKD patients

Abuminuria has been proven to be a significant risk factor for all cause and CVD related mor‐
tality in patients with CKD. Pooled data from Van der Welde et al., demonstrated a significant 
increase in cardiovascular mortality in patients with Albumin‐to‐creatinine ratio of 10 mg/dl 
compared to 5 mg/dl [22]. Similar results demonstrating an association of CVD mortality with 
albuminuria have been reported in other large scale studies [11, 12].

3. Ischemic heart disease in chronic kidney disease

3.1. Background

Cardiovascular (CV) mortality is the leading cause of death in CKD patients and the risk of 
CV mortality increases with decrease in eGFR. Most of the burden of CV mortality in CKD 
patients is secondary to ischemic heart disease or complications associated with it including 
congestive heart failure. The severity and incidence of CAD increases as the kidney function 
declines with the prevalence of multi‐vessel CAD and left main disease being significantly 
higher in the CKD population [24].

Coronary arteries in CKD patients have shown to exhibit more extensive atherosclerosis [25]. 
Multiple studies have shown the association of CKD with cardiovascular mortality that 
persists after adjustment for traditional cardiovascular disease (CVD) risk factors [26, 27]. 
Mineralocorticoid excess, oxidative stress and cellular inflammation are linked to plaque for‐
mation and rupture in CKD patients. Vitamin D deficiency a common sequela of CKD could 
explain the propensity of CKD patients to develop CAD. It has been shown that patients 
with Vitamin D deficiency have higher risk of myocardial infarction (MI). Similarly fibroblast 
growth factor 23 (FGF 23) a hormone usually elevated in CKD patients, to mitigate hyper‐
phosphatemia was associated with increased CVD mortality in patients with CKD [28, 29].

In summation, the pathophysiological basis of increased CVD risk and severity in patients 
with CKD is due to a complex interplay of factors involving hormonal and immune mediated 
responses. However the risk of CAD in CKD has been well established. Hence in 2013 the 
American Heart Association (AHA) issued a statement to classify CKD as an independent risk 
factor for developing CVD [30].

3.2. Revascularization in CKD patients with stable CAD

Management of patients with established CAD and CKD is challenging. Medical manage‐
ment in patients with renal dysfunction has been based on therapy shown to be beneficial in 
patient population without CKD. These medications include aspirin, beta‐blockers, nitrates, 
hydroxymethylglutaryl co‐enzyme A reductase inhibitors (statins) and angiotensin convert‐
ing enzyme inhibitors. However because of routine exclusion of CKD patients from clinical 
trials, the efficacy of these agents in patients with CKD is still unclear.
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No robust evidence is yet available to ascertain whether CKD patients with chronic stable 
angina who undergo revascularization have a definite survival advantage compared to CKD 
patients on medical therapy alone. In the only randomized study of dialysis patients compar‐
ing invasive approach (PCI and coronary artery bypass graft surgery (CABG)) with  medical 
therapy alone, the invasive approach had a clear survival benefit [31]. However medical  
therapy at that time only consisted of calcium channel blockers, and use of other agents 
proven to have survival advantage in patients with cardiovascular disease was not the norm. 
Furthermore, this study only included patients with diabetes mellitus. In another study done 
in 2002, PCI did not significantly improve survival [32].

Multiple studies have found that patients with CKD who undergo revascularization for CAD 
have worst outcomes compared to patients with normal kidney function [32, 33]. Patients 
with CKD have more cardiovascular risk factors at baseline [32]. Furthermore, CKD itself was 
independently associated with worst outcomes including increased all‐cause mortality and 
subsequent cardiac events [32].

In CKD revascularization procedures including percutanous coronary intervention (PCI) and 
coronary artery bypass graft surgery (CABG) are complicated by risk of contrast induced 
nephropathy (CIN) and increased risk of bleeding due to dual antiplatelet therapy. CIN is 
discussed in detail in separate section.

CKD results in complex hemostatic disorder manifested by increased bleeding and thrombo‐
sis. Hence the use of antiplatelet therapy has the potential for both benefit and harm. Reduced 
platelet aggregation, intrinsic platelet dysfunction and abnormalities in platelet‐endothelial 
interactions are found in CKD and may in part account for increased bleeding risk with PCI 
in these patients [34–36].

On the contrary, some studies have suggested the presence of pro‐thrombotic state in CKD 
patients that manifest by an increase in serum fibrinogen, von Willibrand factor and reduc‐
tion in antithrombin 3 [34, 37–39]. Therefore, it is unclear whether dual antiplatelet therapy 
after PCI is beneficial and safe in CKD patients. Furthermore, few studies have evaluated the 
appropriate dosing of antithrombotic agents or anticoagulants in patients with CKD [40].

Although clinical restenosis rates are not higher compared to patients with normal renal func‐
tion, on repeated angiography restenosis rates were found to be as high as 60–81% [41, 42]. 
Thus, absence of symptoms of restenosis in patients with chronic renal insufficiency may lead 
to silent ischemia and contribute to high risk of subsequent cardiac events.

CKD patients have worse outcomes after CABG. One study found in‐hospital mortality rate 
to be 14.6% [43]. Another study that was done on end‐stage renal disease (ESRD) patients 
over course of 10 years found peri‐operative mortality to be about 14% in cardiac surgery 
patients [44]. Even mild renal insufficiency is associated with double in‐hospitality rates in 
one analysis [45]. CAD is more diffuse in patients with renal dysfunction which likely contrib‐
utes higher complication rates and worst outcomes.

Szczech et al. published a study in 2001 that showed survival benefit among patients with ESRD 
undergoing CABG as compared to PCI, while controlling for severity of CAD, LV dysfunction 
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and other comorbid conditions [46]. However in analysis of CREDO‐Hyoto PCI/CABG reg‐
istry Marui A et al. found CABG relative to PCI reduced risk of cardiac death, sudden death, 
myocardial infarction and need for revascularization in patients with left main disease or 
multi‐vessel CAD only [47]. In a study by Banglore et al., revascularization with Everolimus 
eluting stensts was compared to CABG in patients with CKD. The authors concluded that 
CABG was associated with higher short term risk of death, stroke and repeat revasculariza‐
tion, whereas PCI with everolimus‐eluting stent was associated with higher long‐term risk of 
revascularization and perhaps MI [48]. Current American College of Cardiology (ACC) and 
American Heart Association (AHA) guidelines recommend CABG for patients with left main 
or multi‐vessel disease irrespective of renal function.

3.3. Non‐invasive cardiac imaging in patients with CKD

As already mentioned CKD patients are at a higher risk of CVD. Imaging plays a central role 
in risk stratification and assessment of severity of CAD. A range of imaging modalities have 
been developed to assist with diagnosis and risk stratification of CVD in patients with CKD.

Myocardial perfusion imaging (MPI) is widely used for non‐invasive assessment of myocar‐
dial ischemia due to CAD [49]. MPI can be performed using single photon emission computed 
tomography (SPECT) as well as positron emission tomography (PET). SPECT MPI is more 
widely available. It can be performed with a variety of stressors such as exercise or administra‐
tion of vasodilatory agents (adenosine or regadenoson) or dobutamine. SPECT detects areas of 
reduced perfusion by measuring and comparing the distribution of injected radioactive trac‐
ers such as 99 technetium or 201 thallium, when at rest and after stressor/vasodilator agents.

For PET MPI stress perfusion is measured in the same way as SPECT. Various agents can be 
used as radiotracer including H2 15 O, ammonia or rubidium. With PET absolute quantifica‐
tion of myocardial blood flow is possible. Although both SPECT and PET MPI have widely 
been studied for detection of CAD in general population, data regarding their use in CKD 
population in limited.

Echocardiography plays a pivotal role in assessment of cardiac dysfunction in patients with 
or without renal insufficiency. Various cardiac abnormalities including left ventricular hyper‐
trophy (LVH), diastolic or systolic dysfunction are predictive of poor prognosis in CKD 
patients and can be rapidly diagnosed using 2 D trans‐thoracic echocardiogram (TTE). Stress 
echocardiography is an established technique used to investigate myocardial viability and 
ischemia. Patients can be stressed either pharmacologically with dobutamine or with exer‐
cise [50]. However, the sensitivity and specificity of stress echocardiography is modest in 
patients with CKD. In a systemic review by Sharma et al. sensitivity of stress echocardiogra‐
phy was 80% in patients with ESRD [51]. Factors limiting the role of stress echocardiography 
for detecting CAD in patients with CKD include LVH and blunted chronotropic response in 
patients with CKD [52, 53].

CT coronary angiography (CTA) has good sensitivity and specificity for detection of CAD in non‐
CKD population [54]. However, data is limited in patients with CKD. Iodinated contrast agent is 
required that increases the risk of contrast induced nephropathy. (contrast induced nephropathy 
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Although clinical restenosis rates are not higher compared to patients with normal renal func‐
tion, on repeated angiography restenosis rates were found to be as high as 60–81% [41, 42]. 
Thus, absence of symptoms of restenosis in patients with chronic renal insufficiency may lead 
to silent ischemia and contribute to high risk of subsequent cardiac events.

CKD patients have worse outcomes after CABG. One study found in‐hospital mortality rate 
to be 14.6% [43]. Another study that was done on end‐stage renal disease (ESRD) patients 
over course of 10 years found peri‐operative mortality to be about 14% in cardiac surgery 
patients [44]. Even mild renal insufficiency is associated with double in‐hospitality rates in 
one analysis [45]. CAD is more diffuse in patients with renal dysfunction which likely contrib‐
utes higher complication rates and worst outcomes.

Szczech et al. published a study in 2001 that showed survival benefit among patients with ESRD 
undergoing CABG as compared to PCI, while controlling for severity of CAD, LV dysfunction 
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tion, whereas PCI with everolimus‐eluting stent was associated with higher long‐term risk of 
revascularization and perhaps MI [48]. Current American College of Cardiology (ACC) and 
American Heart Association (AHA) guidelines recommend CABG for patients with left main 
or multi‐vessel disease irrespective of renal function.
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in risk stratification and assessment of severity of CAD. A range of imaging modalities have 
been developed to assist with diagnosis and risk stratification of CVD in patients with CKD.

Myocardial perfusion imaging (MPI) is widely used for non‐invasive assessment of myocar‐
dial ischemia due to CAD [49]. MPI can be performed using single photon emission computed 
tomography (SPECT) as well as positron emission tomography (PET). SPECT MPI is more 
widely available. It can be performed with a variety of stressors such as exercise or administra‐
tion of vasodilatory agents (adenosine or regadenoson) or dobutamine. SPECT detects areas of 
reduced perfusion by measuring and comparing the distribution of injected radioactive trac‐
ers such as 99 technetium or 201 thallium, when at rest and after stressor/vasodilator agents.

For PET MPI stress perfusion is measured in the same way as SPECT. Various agents can be 
used as radiotracer including H2 15 O, ammonia or rubidium. With PET absolute quantifica‐
tion of myocardial blood flow is possible. Although both SPECT and PET MPI have widely 
been studied for detection of CAD in general population, data regarding their use in CKD 
population in limited.

Echocardiography plays a pivotal role in assessment of cardiac dysfunction in patients with 
or without renal insufficiency. Various cardiac abnormalities including left ventricular hyper‐
trophy (LVH), diastolic or systolic dysfunction are predictive of poor prognosis in CKD 
patients and can be rapidly diagnosed using 2 D trans‐thoracic echocardiogram (TTE). Stress 
echocardiography is an established technique used to investigate myocardial viability and 
ischemia. Patients can be stressed either pharmacologically with dobutamine or with exer‐
cise [50]. However, the sensitivity and specificity of stress echocardiography is modest in 
patients with CKD. In a systemic review by Sharma et al. sensitivity of stress echocardiogra‐
phy was 80% in patients with ESRD [51]. Factors limiting the role of stress echocardiography 
for detecting CAD in patients with CKD include LVH and blunted chronotropic response in 
patients with CKD [52, 53].

CT coronary angiography (CTA) has good sensitivity and specificity for detection of CAD in non‐
CKD population [54]. However, data is limited in patients with CKD. Iodinated contrast agent is 
required that increases the risk of contrast induced nephropathy. (contrast induced nephropathy 
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is discussed in separate section) Furthermore concerns exist that diffuse calcifications in CKD 
patients might render interpretation of CTA findings difficult. In patients on hemodialysis (HD) 
calcifications can occur in intima, where it contributes to luminal stenosis or medial where it is 
related to vascular stiffness. CTA might not be able to discern the difference. Despite these limi‐
tations some small studies have reported > 90% sensitivity of CTA to detect CAD in patients on 
HD [55]. However, coronary angiography was not used as gold standard in these studies.

Leading authors have advocated for combining functional imaging technique with anatomi‐
cal imaging technique for CAD screening in clinical practice. Although these hybrid tech‐
niques are potentially useful in general population, none have been validated in patients with 
CKD [56, 82]. Role of non‐invasive imaging for pre‐transplant evaluation of CAD is addressed 
in a separate section.

3.4. Contrast Induced Nephropathy

PCI in patients with CKD is challenging due to presence of complex calcified lesions and the 
very high risk of CIN. PCI in patients with advanced CKD is associated with increased risk of 
CIN which is independently associated with major adverse clinical events [57]. Outcomes are 
even worse if renal replacement therapy is required [57].

Pathophysiologically several mechanisms are involved in acute kidney injury caused by 
CIN. Studies have shown evidence of acute tubular necrosis (ATN). Two mechanism of ATN 
have been postulated. Direct nephrotoxicity of contrast agents has been documented [58, 59]. 
Furthermore, it has also been hypothesized that renal vasoconstriction, mediated by endothelin 
and prostaglandins resulting in medullary hypoxia causes ATN [60–62].

Studies have demonstrated a dose‐dependent relationship of acute kidney injury (AKI) caused 
by CIN [63]. The type of contrast alters the risk of CIN. The use of first generation hyperosmo‐
lar ionic agents is associated with a greater risk of CIN [64]. Prevention strategies for CIN that 
have been well established also apply to patients undergoing PCI. These include using minimal 
amount of contrast, avoiding ionic contrast and non‐steroidal anti‐inflammatory drugs (NSAIDs).

Most recently Galougahi et al. have described a case series of a unique approach toward 
revascularization in patients with CKD by sequential diagnostic angiography using ultra‐
low volumes of contrast followed by staged physiology and intravascular ultrasound (IVUS)‐
guided zero contrast PCI in three patients with severely calcified coronary lesions [65]. While 
such strategies have potential for more wider acceptance, at this time they are not practiced 
widely due to technical and procedural limitations.

4. Use of troponin concentration level in patients with chronic kidney 
disease

Troponin proteins are present in both cardiac and skeletal muscle [66]. Cardiac troponin C 
is identicial to troponin C expressed in skeletal muscle. However cardiac troponin TnT and 
TnI are each derived from genes that are specific to the heart [66]. Hence troponin T (cTnT) 
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and Troponin I (cTnI) are considered the preferred biochemical markers to detect myocar‐
dial injury and to diagnose acute myocardial infarction (AMI). Since the introduction of high 
 sensitivity cardiac troponin (hs‐cTn) assays, more accurate detection of low levels of circulat‐
ing cardiac troponins became feasible [67].

However the increase in sensitivity of hs‐cTn for AMI is accompanied by decrease in specific‐
ity [68, 69]. In patients with chronic kidney disease elevated hs‐cTn concentrations are associ‐
ated with reduced renal function.

The interpretation of serum markers for myocardial injury in patients with renal insufficiency 
remains controversial. Large scale trials of patients with acute coronary syndrome (ACS) have 
documented the importance of troponin elevations in risk stratification, prognosis and thera‐
peutic utilization. However most of these studies excluded patients with renal insufficiency.

Cardinaels et al. recently showed that in patients with acute chest discomfort hs‐cTnT and hs‐
cTnI were strongly correlated with eGFR [70]. Although differences were small, the authors 
reported a greater correlation of hs‐cTnT with eGFR compared to hs‐cTnI. Furthermore, the 
association of hs‐cTnT is greater with eGFR as compared to any other cardiac parameters 
including coronary plaque severity, coronary calcium score and left ventricular structure [70]. 
In contrast to hs‐TnT, hs‐TnI has a greater association with LV mass compared to eGFR. Hence 
it is possible that hs‐TnT is more susceptible to renal clearance then hs‐cTnI. However, these 
differences are yet to be completely established.

Furthermore, many investigators have hypothesized uremic‐induced skeletal myopathy 
may be responsible for increased troponins in patients with renal failure [66]. This conclu‐
sion is centered on the notion that uremia may promote re‐expression of cardiac TnT from 
injured or regenerating cardiac muscle fibers. Some anecdotal reports show elevated serum 
TnT levels in patients with skeletal muscle injury or inflammatory myopathies in the absence 
of any obvious myocardial ischemia [71, 72]. In marathon runners without any history of cor‐
onary artery disease cardiac TnT levels were elevated after running a marathon [73]. Hence 
cardiac troponin levels may be elevated in patients with renal insufficiency in the absence 
of AMI due to increased production from skeletal muscles and possible due to decreased 
renal clearance. It is imperative to evaluate troponin concentrations in patients with CKD in 
proper clinical context and utilization of other resources such as Electrocardiogram (EKG) 
to rule out AMI.

5. Cardio‐renal Syndromes

The heart and kidneys work together to manage blood pressure, electrolyte and fluid excre‐
tion, but most importantly extracellular fluid balance [74]. Cardio‐renal syndrome (CRS) is 
defined as a broad spectrum of diseases where both the heart and kidneys are involved in an 
acute or chronic setting [75]

There are five types of CRSs. Type I, or acute CRS, is acute heart failure leading to acute 
 kidney injury [74] Type II, or chronic CRS, occurs in the setting of chronic heart failure which 
leads to kidney injury [75]. Type III or acute nephrocardiac is caused by acute kidney injury 
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related to vascular stiffness. CTA might not be able to discern the difference. Despite these limi‐
tations some small studies have reported > 90% sensitivity of CTA to detect CAD in patients on 
HD [55]. However, coronary angiography was not used as gold standard in these studies.

Leading authors have advocated for combining functional imaging technique with anatomi‐
cal imaging technique for CAD screening in clinical practice. Although these hybrid tech‐
niques are potentially useful in general population, none have been validated in patients with 
CKD [56, 82]. Role of non‐invasive imaging for pre‐transplant evaluation of CAD is addressed 
in a separate section.

3.4. Contrast Induced Nephropathy

PCI in patients with CKD is challenging due to presence of complex calcified lesions and the 
very high risk of CIN. PCI in patients with advanced CKD is associated with increased risk of 
CIN which is independently associated with major adverse clinical events [57]. Outcomes are 
even worse if renal replacement therapy is required [57].

Pathophysiologically several mechanisms are involved in acute kidney injury caused by 
CIN. Studies have shown evidence of acute tubular necrosis (ATN). Two mechanism of ATN 
have been postulated. Direct nephrotoxicity of contrast agents has been documented [58, 59]. 
Furthermore, it has also been hypothesized that renal vasoconstriction, mediated by endothelin 
and prostaglandins resulting in medullary hypoxia causes ATN [60–62].

Studies have demonstrated a dose‐dependent relationship of acute kidney injury (AKI) caused 
by CIN [63]. The type of contrast alters the risk of CIN. The use of first generation hyperosmo‐
lar ionic agents is associated with a greater risk of CIN [64]. Prevention strategies for CIN that 
have been well established also apply to patients undergoing PCI. These include using minimal 
amount of contrast, avoiding ionic contrast and non‐steroidal anti‐inflammatory drugs (NSAIDs).

Most recently Galougahi et al. have described a case series of a unique approach toward 
revascularization in patients with CKD by sequential diagnostic angiography using ultra‐
low volumes of contrast followed by staged physiology and intravascular ultrasound (IVUS)‐
guided zero contrast PCI in three patients with severely calcified coronary lesions [65]. While 
such strategies have potential for more wider acceptance, at this time they are not practiced 
widely due to technical and procedural limitations.

4. Use of troponin concentration level in patients with chronic kidney 
disease

Troponin proteins are present in both cardiac and skeletal muscle [66]. Cardiac troponin C 
is identicial to troponin C expressed in skeletal muscle. However cardiac troponin TnT and 
TnI are each derived from genes that are specific to the heart [66]. Hence troponin T (cTnT) 
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and Troponin I (cTnI) are considered the preferred biochemical markers to detect myocar‐
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 sensitivity cardiac troponin (hs‐cTn) assays, more accurate detection of low levels of circulat‐
ing cardiac troponins became feasible [67].

However the increase in sensitivity of hs‐cTn for AMI is accompanied by decrease in specific‐
ity [68, 69]. In patients with chronic kidney disease elevated hs‐cTn concentrations are associ‐
ated with reduced renal function.

The interpretation of serum markers for myocardial injury in patients with renal insufficiency 
remains controversial. Large scale trials of patients with acute coronary syndrome (ACS) have 
documented the importance of troponin elevations in risk stratification, prognosis and thera‐
peutic utilization. However most of these studies excluded patients with renal insufficiency.

Cardinaels et al. recently showed that in patients with acute chest discomfort hs‐cTnT and hs‐
cTnI were strongly correlated with eGFR [70]. Although differences were small, the authors 
reported a greater correlation of hs‐cTnT with eGFR compared to hs‐cTnI. Furthermore, the 
association of hs‐cTnT is greater with eGFR as compared to any other cardiac parameters 
including coronary plaque severity, coronary calcium score and left ventricular structure [70]. 
In contrast to hs‐TnT, hs‐TnI has a greater association with LV mass compared to eGFR. Hence 
it is possible that hs‐TnT is more susceptible to renal clearance then hs‐cTnI. However, these 
differences are yet to be completely established.

Furthermore, many investigators have hypothesized uremic‐induced skeletal myopathy 
may be responsible for increased troponins in patients with renal failure [66]. This conclu‐
sion is centered on the notion that uremia may promote re‐expression of cardiac TnT from 
injured or regenerating cardiac muscle fibers. Some anecdotal reports show elevated serum 
TnT levels in patients with skeletal muscle injury or inflammatory myopathies in the absence 
of any obvious myocardial ischemia [71, 72]. In marathon runners without any history of cor‐
onary artery disease cardiac TnT levels were elevated after running a marathon [73]. Hence 
cardiac troponin levels may be elevated in patients with renal insufficiency in the absence 
of AMI due to increased production from skeletal muscles and possible due to decreased 
renal clearance. It is imperative to evaluate troponin concentrations in patients with CKD in 
proper clinical context and utilization of other resources such as Electrocardiogram (EKG) 
to rule out AMI.

5. Cardio‐renal Syndromes

The heart and kidneys work together to manage blood pressure, electrolyte and fluid excre‐
tion, but most importantly extracellular fluid balance [74]. Cardio‐renal syndrome (CRS) is 
defined as a broad spectrum of diseases where both the heart and kidneys are involved in an 
acute or chronic setting [75]

There are five types of CRSs. Type I, or acute CRS, is acute heart failure leading to acute 
 kidney injury [74] Type II, or chronic CRS, occurs in the setting of chronic heart failure which 
leads to kidney injury [75]. Type III or acute nephrocardiac is caused by acute kidney injury 
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leading to acute heart failure, example Uremic cardiomyopathy [75]. Type IV, or chronic 
nephrocardiac, occurs with chronic kidney disease which causes heart failure for example 
diastolic heart failure and kidney failure [75]. Lastly, is type V which is secondary to systemic 
disease leading to heart and kidney failure [75]. Table 1 summarizes the five types of CRSs.

Management of patients with acute decompensated heart failure and worsening renal func‐
tion can be challenging. A randomized control trial compared the effect of venovenous ultra‐
filtration with intravenous diuretics on renal function with acute decompensated heart failure 
and worsening renal function [76]. This study found that there was no significant difference 
between diuretics and ultrafiltration in weight loss, mortality or the rate of re‐hospitalization 
for acute decompensated heart failure during a 60 day follow‐up.

6. CAD evaluation before kidney transplant

Cardiovascular disease is the leading cause of morbidity and mortality in patients with 
end‐stage renal disease (ESRD) and in those after kidney transplant [77, 78]. Based on 
Medicare billing claims incidence of myocardial infarction have ranged from 8.7 to 16.7% 
by 3 years after kidney transplant listing and from 4.7 to 11.1% after kidney transplanta‐
tion [79]. Cardiovascular disease accounts for 30% of the overall mortality especially in 
the peri‐transplantation period [80]. So, the preoperative cardiovascular risk assessment 
is of high importance before the kidney transplant surgery as these patients are closely 
followed up for over the 3 years and events are reported to the United Network for Organ 
Sharing (UNOS).

Figure 1 summarizes a clinical approach to preoperative cardiovascular risk assessment 
before kidney transplantation.

Cardiorenal type Inciting event Secondary event Example

Type I Acute heart failure Acute kidney injury Acute coronary syndrome 
leading to decreased cardiac 
output and acute kidney injury

Type II Chronic heart failure Progressive kidney disease Chronic heart failure leading to 
decreased cardiac output

Type III Acute kidney injury Acute cardiac disease (heart 
failure, arrhythmia, pulmonary 
edema)

Acute kidney failure (drug 
induced, glomerulonephritis)

Type IV Chronic kidney disease Decreased cardiac output, 
Increased blood pressure leading 
to cardiac hypertrophy

Chronic kidney disease due 
to chronic hypertension or 
diabetic nephropathy

Type V Systemic disease Both kidney and heart 
dysfunction and disease

diabetes mellitus, sepsis, lupus

Table 1. Classification of cardio‐renal syndromes.
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Figure 1. Pre‐operative cardiovascular risk assessment before kidney transplant.
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Step 1: Assess for presence of active cardiac condition:

Patients with active cardiac condition should be ruled out by detailed history and physical 
examination. Active cardiac conditions include‐ unstable coronary syndromes (e.g., unstable 
angina, severe angina, or recent MI), decompensated heart failure, significant arrhythmias, 
and severe valvular disease. The presence of one or more of these conditions is associated 
with high rates of perioperative cardiovascular morbidity and mortality and may require 
delay or cancellation of surgery.

Step 2: Assess for presence of risk factors

After excluding active cardiac condition, presence of risk factors for CAD should be assessed. 
Traditional Framingham risk score has modest to moderate ability to predict long‐term 
coronary events among kidney transplantation patients. Risk stratification based on 2007 
Lisbon conference [81] strategy improved the sensitivity and specificity for the identifica‐
tion of CAD (sensitivity, 94% vs. 77%; specificity, 33% vs. 24%) when compared to ACC/
AHA recommended CAD risk stratification strategy The risk factors for CAD Aeemed rel‐
evant to transplantation candidates in the Lisbon Conference report include diabetes mellitus, 
prior cardiovascular disease, >1 year on dialysis, left ventricular hypertrophy, age > 60 years, 
 smoking, hypertension, and dyslipidemia.

Currently, the preoperative assessment is done based on the ACC/AHA scientific statement 
[78]. As per this “Noninvasive stress testing may be considered in kidney transplantation 
candidates with no active cardiac conditions based on the presence of multiple coronary 
artery disease (CAD) risk factors regardless of functional status. Relevant risk factors among 
transplantation candidates include diabetes mellitus, prior cardiovascular disease, more than 
1 year on dialysis, left ventricular hypertrophy, age greater than 60 years, smoking, hyperten‐
sion, and dyslipidemia. The specific number of risk factors that should be used to prompt 
testing remains to be determined, but the committee considers 3 or more as reasonable (Class 
IIb; Level of Evidence C).”

Step 3: Non‐invasive testing

Most common non‐invasive stress testing modalities include dobutamine stress echocar‐
diogram (DSE) and MPI. The diagnostic accuracy of these tests varies with sensitivity rang‐
ing from 0.29 to 0.92 (MPI) 0.44–0.89 (DSE) and specificity of around 0.67–0.89 (MPI) and 
0.71–0.94 (DSE) [78]. MPI accuracy can be effected by presence of balanced ischemia result‐
ing in more false negative results. Recently, coronary computed tomography angiography 
(CCTA) was shown to be a reliable test with high sensitivity (93%) and a high negative pre‐
dictive value (97%) for diagnosing obstructive CAD before kidney transplantation. Hybrid 
imaging techniques like combining CCTA and SPECT have a sensitivity and specificity of 
67 and 86% [82]

Step 4: Coronary angiography

Based on the noninvasive testing, coronary angiography is performed as needed to determine 
the presence and extent of obstructive CAD.
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Step 5: Revascularization

Revascularization is done either with PCI with stent or CABG after assessment of extent of 
obstructive CAD and risk factors like diabetes as per the ACC/AHA guidelines for management 
of stable ischemic heart disease.

7. Cardiovascular risk in renal transplant patients

Renal transplant (RT) has dramatically improved the survival and quality of life for success‐
ful recipients. Despite advancements in surgical methods and medical management of RT 
patients, cardiovascular disease (CVD) remains the leading cause of death in patients with 
functional grafts.

The risk of CVD improves after RT when compared to patients with end‐stage renal disease 
(ESRD) awaiting transplantation. However, mortality due to CVD is ten times higher in renal 
transplant recipients than the age and sex‐matched general population [83, 84].

The increased risk of CVD cannot be explained by traditional risk factors alone.Non‐tradi‐
tional risk factors in RT patient population also play a pivotal role [85].

Traditional CVD risk factors include Hypertension, Diabetes Mellitus, Dyslipidemia, Tobacco 
use, and Obesity. In this section the effect of immunosuppressive agents on these traditional 
risk factors will be discussed.

7.1. Non‐traditional risk factors

In addition to traditional CVD risk factors, RT patients develop specific risk factors related to 
ESRD including but not limited to endothelial dysfunction, electrolyte imbalances (calcium 
and phosphorous), anemia and variations in the plasma volume following dialysis.

A retrospective study using database from Données Informatisées et Validées en 
Transplantation (DIVAT) evaluated 244 RT patients post‐transplant for 1 year for ST‐segment 
elevation myocardial infarction (STEMI), non‐ST‐segment elevation myocardial infarction 
(NSTEMI), new onset atrial fibrillation or ventricular fibrillation, and death from cardiovas‐
cular diseases.

The results revealed that a past medical history of cardiovascular disease (Hazard Ratio 
(HR) = 2.06, p = 0.03), left ventricular hypertrophy (HR = 2.04, p = 0.04) and abnormal myo‐
cardial perfusion imaging (HR = 2.18, p = 0.05) were associated with a higher risk of early 
cardiovascular event [86].

7.2. Left ventricle hypertrophy

LVH is a common co‐morbidity observed in chronic kidney disease (CKD) and end‐stage 
renal disease (ESRD) patients [87]. Multiple factors have been implicated as the cause of LVH 
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Step 1: Assess for presence of active cardiac condition:
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Traditional Framingham risk score has modest to moderate ability to predict long‐term 
coronary events among kidney transplantation patients. Risk stratification based on 2007 
Lisbon conference [81] strategy improved the sensitivity and specificity for the identifica‐
tion of CAD (sensitivity, 94% vs. 77%; specificity, 33% vs. 24%) when compared to ACC/
AHA recommended CAD risk stratification strategy The risk factors for CAD Aeemed rel‐
evant to transplantation candidates in the Lisbon Conference report include diabetes mellitus, 
prior cardiovascular disease, >1 year on dialysis, left ventricular hypertrophy, age > 60 years, 
 smoking, hypertension, and dyslipidemia.
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[78]. As per this “Noninvasive stress testing may be considered in kidney transplantation 
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artery disease (CAD) risk factors regardless of functional status. Relevant risk factors among 
transplantation candidates include diabetes mellitus, prior cardiovascular disease, more than 
1 year on dialysis, left ventricular hypertrophy, age greater than 60 years, smoking, hyperten‐
sion, and dyslipidemia. The specific number of risk factors that should be used to prompt 
testing remains to be determined, but the committee considers 3 or more as reasonable (Class 
IIb; Level of Evidence C).”

Step 3: Non‐invasive testing

Most common non‐invasive stress testing modalities include dobutamine stress echocar‐
diogram (DSE) and MPI. The diagnostic accuracy of these tests varies with sensitivity rang‐
ing from 0.29 to 0.92 (MPI) 0.44–0.89 (DSE) and specificity of around 0.67–0.89 (MPI) and 
0.71–0.94 (DSE) [78]. MPI accuracy can be effected by presence of balanced ischemia result‐
ing in more false negative results. Recently, coronary computed tomography angiography 
(CCTA) was shown to be a reliable test with high sensitivity (93%) and a high negative pre‐
dictive value (97%) for diagnosing obstructive CAD before kidney transplantation. Hybrid 
imaging techniques like combining CCTA and SPECT have a sensitivity and specificity of 
67 and 86% [82]

Step 4: Coronary angiography

Based on the noninvasive testing, coronary angiography is performed as needed to determine 
the presence and extent of obstructive CAD.
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Revascularization is done either with PCI with stent or CABG after assessment of extent of 
obstructive CAD and risk factors like diabetes as per the ACC/AHA guidelines for management 
of stable ischemic heart disease.

7. Cardiovascular risk in renal transplant patients

Renal transplant (RT) has dramatically improved the survival and quality of life for success‐
ful recipients. Despite advancements in surgical methods and medical management of RT 
patients, cardiovascular disease (CVD) remains the leading cause of death in patients with 
functional grafts.

The risk of CVD improves after RT when compared to patients with end‐stage renal disease 
(ESRD) awaiting transplantation. However, mortality due to CVD is ten times higher in renal 
transplant recipients than the age and sex‐matched general population [83, 84].

The increased risk of CVD cannot be explained by traditional risk factors alone.Non‐tradi‐
tional risk factors in RT patient population also play a pivotal role [85].

Traditional CVD risk factors include Hypertension, Diabetes Mellitus, Dyslipidemia, Tobacco 
use, and Obesity. In this section the effect of immunosuppressive agents on these traditional 
risk factors will be discussed.

7.1. Non‐traditional risk factors

In addition to traditional CVD risk factors, RT patients develop specific risk factors related to 
ESRD including but not limited to endothelial dysfunction, electrolyte imbalances (calcium 
and phosphorous), anemia and variations in the plasma volume following dialysis.

A retrospective study using database from Données Informatisées et Validées en 
Transplantation (DIVAT) evaluated 244 RT patients post‐transplant for 1 year for ST‐segment 
elevation myocardial infarction (STEMI), non‐ST‐segment elevation myocardial infarction 
(NSTEMI), new onset atrial fibrillation or ventricular fibrillation, and death from cardiovas‐
cular diseases.

The results revealed that a past medical history of cardiovascular disease (Hazard Ratio 
(HR) = 2.06, p = 0.03), left ventricular hypertrophy (HR = 2.04, p = 0.04) and abnormal myo‐
cardial perfusion imaging (HR = 2.18, p = 0.05) were associated with a higher risk of early 
cardiovascular event [86].

7.2. Left ventricle hypertrophy

LVH is a common co‐morbidity observed in chronic kidney disease (CKD) and end‐stage 
renal disease (ESRD) patients [87]. Multiple factors have been implicated as the cause of LVH 
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including over‐activation of the sympathetic nervous system, volume overload, hypertension, 
inhibition of nitric oxide, arterial stiffness, diabetes, dyslipidemia, endothelial dysfunction, 
and anemia of chronic disease. Electrocardiographic (ECG) evidence of LVH in the first year 
after RT was found to be an independent risk factor for death and subsequent congestive 
heart failure [88]. Persistent or de novo LVH is also a strong independent risk factor for death 
after 5 years, confirming the continuing importance of LVH even in the late post‐transplant 
period [88].

The presence of LVH is a important prognostic factor for CVD mortality and morbidity in RT 
patients. Whether a successful renal transplantation can reverse LVH still remains a debatable 
issue [87].

7.3. Over‐activation of the sympathetic nervous system

To entertain the hypothesis that development of LVH may be connected to excessive activa‐
tion of the sympathetic nervous system, the effect of pre‐transplant bilateral native nephrec‐
tomy on left ventricular mass and function has been evaluated. A study group of 32 patients 
who had undergone pre‐transplant bilateral native nephrectomy were compared to 32  control 
group patients and evaluated with echocardiography and/or cardiac magnetic resonance 
(CMR) [89].

After a 90‐month follow‐up, bilateral native nephrectomy before transplantation was associ‐
ated with a lower left ventricular mass index (LVMI; p = 0.001), left atrial volume index (LAVI; 
p = 0.004), and a lower grade (grade I) of left ventricular diastolic dysfunction [89]. In compar‐
ison with controls, the study group had lower systolic blood pressure (p = 0.04) and required 
a fewer number of anti‐hypertensive medications (p = 0.001) [89].

7.4. Inflammatory state

Pro‐inflammatory markers have also been studied in RT patient population. Neopterin is syn‐
thesized by macrophages upon stimulation by interferon‐gamma. Serum neopterin is a marker 
of a pro‐inflammatory state in RT patients. Clinical trial data has revealed that Neopterin is 
associated with cardiovascular events and all‐cause mortality in renal transplant patients.

The Assessment of LEscol in Renal Transplant (ALERT) trial prospectively analyzed RT 
patients with stable graft for an association between serum neopterin and subsequent clinical 
events: graft loss, major cardiovascular events (MACE) and all‐cause mortality.The long‐term 
follow‐up suggests that neopterin‐to‐creatinine ratio is significantly associated with MACE 
(p = 0.009) and all‐cause mortality (p = 0.002) [90].

7.5. Proteinuria

A prospective trial of 90 RT patients with normal graft function in the post‐transplantation 
period (3–5 years) investigated the association between proteinuria and graft/patient survival 
and to determine whether proteinuria may be a predictor for cardiovascular disease. High‐
grade (≥500 mg/24 hours) proteinuria in RT patients is strongly associated with poor graft 
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survival and increased risk of cardiovascular events [91]. These findings were similar to CKD 
patients without transplant as previously described.

7.6. Anemia

According to the follow‐up data from the ALERT study, anemia is a predictor of graft loss 
but not associated with an increased incidence of cardiovascular morbidity and mortality or 
all‐cause mortality in RT patients [92].

7.7. Immunosuppressive therapy

RT patients are usually on a combination of following maintenance medications:

Corticosteroids: Prednisone.

Antiproliferative agents: Mycophenolate Mofetil and Azathioprine.

Calcineurin inhibitors: Tacrolimus and Cyclosporine.

mTOR inhibitors: Sirolimus and Everolimus.

No immunosuppressive drug has been directly associated with cardiovascular events. 
However, immunosuppressive drugs impact the traditional risk factors and play a crucial role.

8. Hypertension

8.1. Corticosteroids

According to the historical literature, corticosteroids were believed to cause elevated blood 
pressure by water and salt retention via an effect on the mineralocorticoid receptor. However, 
recent data points that blockade of NO formation by inhibition of both inducible and endo‐
thelial nitric oxide synthase (eNOS), inhibition of transmembrane arginine transport and 
 inhibition of the synthesis of the NOS cofactor BH4 play a prominent role [93].

8.2. Antiproliferative agents

Anti‐proliferative agents were thought to worsen hypertension in RT patients. However 
recent studies in patients with systemic lupus erythematosus suggests an improved blood 
pressure control with the use of mycophenolate mofetil.

8.3. Calcineurin inhibitors

Cyclosporine monotherapy induces hypertension to the same extent as corticosteroids [94]. 
The mechanism by which cyclosporine and tacrolimus increase blood pressure is complex.  
One proposed mechanism is that cyclosporine stimulates transmembrane influxes of  
calcium, thereby leading to vascular smooth muscle cell contraction and vasoconstriction. 
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a fewer number of anti‐hypertensive medications (p = 0.001) [89].
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thesized by macrophages upon stimulation by interferon‐gamma. Serum neopterin is a marker 
of a pro‐inflammatory state in RT patients. Clinical trial data has revealed that Neopterin is 
associated with cardiovascular events and all‐cause mortality in renal transplant patients.
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patients with stable graft for an association between serum neopterin and subsequent clinical 
events: graft loss, major cardiovascular events (MACE) and all‐cause mortality.The long‐term 
follow‐up suggests that neopterin‐to‐creatinine ratio is significantly associated with MACE 
(p = 0.009) and all‐cause mortality (p = 0.002) [90].

7.5. Proteinuria

A prospective trial of 90 RT patients with normal graft function in the post‐transplantation 
period (3–5 years) investigated the association between proteinuria and graft/patient survival 
and to determine whether proteinuria may be a predictor for cardiovascular disease. High‐
grade (≥500 mg/24 hours) proteinuria in RT patients is strongly associated with poor graft 
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survival and increased risk of cardiovascular events [91]. These findings were similar to CKD 
patients without transplant as previously described.

7.6. Anemia

According to the follow‐up data from the ALERT study, anemia is a predictor of graft loss 
but not associated with an increased incidence of cardiovascular morbidity and mortality or 
all‐cause mortality in RT patients [92].

7.7. Immunosuppressive therapy

RT patients are usually on a combination of following maintenance medications:

Corticosteroids: Prednisone.

Antiproliferative agents: Mycophenolate Mofetil and Azathioprine.

Calcineurin inhibitors: Tacrolimus and Cyclosporine.

mTOR inhibitors: Sirolimus and Everolimus.

No immunosuppressive drug has been directly associated with cardiovascular events. 
However, immunosuppressive drugs impact the traditional risk factors and play a crucial role.

8. Hypertension

8.1. Corticosteroids

According to the historical literature, corticosteroids were believed to cause elevated blood 
pressure by water and salt retention via an effect on the mineralocorticoid receptor. However, 
recent data points that blockade of NO formation by inhibition of both inducible and endo‐
thelial nitric oxide synthase (eNOS), inhibition of transmembrane arginine transport and 
 inhibition of the synthesis of the NOS cofactor BH4 play a prominent role [93].

8.2. Antiproliferative agents

Anti‐proliferative agents were thought to worsen hypertension in RT patients. However 
recent studies in patients with systemic lupus erythematosus suggests an improved blood 
pressure control with the use of mycophenolate mofetil.

8.3. Calcineurin inhibitors

Cyclosporine monotherapy induces hypertension to the same extent as corticosteroids [94]. 
The mechanism by which cyclosporine and tacrolimus increase blood pressure is complex.  
One proposed mechanism is that cyclosporine stimulates transmembrane influxes of  
calcium, thereby leading to vascular smooth muscle cell contraction and vasoconstriction. 
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Other  proposed mechanisms include increased production of endothelin 1 (ET‐1), transform‐
ing growth factor (TGF), renin, and inhibition of NO production by multiple pathways.

Recent data suggests that tacrolimus results in less renal vasoconstriction than cyclosporine. 
RT patients being treated with tacrolimus and equivalent dosages of corticosteroids require 
fewer anti‐hypertensive medications than patients being treated with cyclosporine [95].

9. Dyslipidemia

9.1. Corticosteroids

Corticosteroids increase total cholesterol, low‐density lipoprotein (LDL), high‐ density lipo‐
protein (HDL), and hepatic synthesis of very low‐density lipoprotein (VLDL) [96]. Corti‐
costeroids lead to decreased LDL receptor synthesis and subsequent expression, thereby 
leading to reduced uptake and degradation of LDL [97].

9.2. Calcineurin inhibitors

Cyclosporine increases total cholesterol, LDL, and VLDL but decreases HDL. Cyclosporine 
decreases the activity of lipoprotein lipase (LPL) leading to hypertriglyceridemia. It also 
impairs the clearance of LDL by a similar mechanism to corticosteroids [98].

When comparing patients on tacrolimus versus cyclosporine, tacrolimus‐treated patients 
have lower total cholesterol, LDL, and triglycerides. The levels of HDL are comparable. In 
a randomized, prospective trial evaluating RT patients with conversion from cyclosporine 
to tacrolimus, total cholesterol improved significantly by a mean of 0.5 mmol/L, LDL by 
0.35 mmol/L and triglycerides by 0.4 mmol/L. These results were sustained up to 2 years after 
conversion [99].

9.3. mTOR inhibitors

Sirolimus is notorious for causing hyperlipidemia; increasing VLDL and LDL. One hypothesis is 
that sirolimus increases hepatic production of triglycerides and secretion of VLDL [100]. In clini‐
cal trials evaluating serum lipid profile, the addition of sirolimus 10 milligrams to cyclosporine 
and corticosteroids for 6 weeks increased both total cholesterol and LDL by 50% and triglycer‐
ides by almost 100%. The effects were fully reversible after discontinuation of sirolimus [100].

10. Diabetes mellitus

Post‐transplantation diabetes mellitus (PTDM) has evolved into a concerning challenge in 
RT patients. Approximately one‐third of nondiabetic kidney transplant recipients develop 
persistent impaired glucose metabolism by 6 months post‐transplantation [101]. Risk factors 
for PTDM include age, obesity, African American race and Hispanic ethnicity, family history 
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and impaired glucose tolerance. Additionally, transplant related risk factors also play a role: 
immunosuppressive medications, HLA mismatch, donor gender, type of underlying renal 
disease and viral infections (HCV and CMV) [102].

The implications of PTDM in patient outcomes are not well established, but data from the 
USRDS/UNOS have shown that PTDM increases the risk of post‐transplant myocardial 
infarction [103].

10.1. Corticosteroids

Corticosteroids lead to development of PTDM by enhancing insulin resistance. PTDM is 
reversible by cessation of corticosteroids.

10.2. Antiproliferative agents

There is no data suggesting that mycophenolate mofetil or azathioprine play a role in devel‐
opment of PTDM.

10.3. Calcineurin inhibitors

RT patients receiving calcineurin inhibitors have a higher incidence of PTDM. The etiology is 
impairment in pancreatic beta‐cell secretory function [104]. Dose reduction has been shown to 
reverse diabetes in majority of the affected patients. The incidence of PTDM with tacrolimus 
is postulated to be as high as 20%. The higher incidence of PTDM with tacrolimus versus 
cyclosporine is believed to be due to stronger potency of tacrolimus in calcineurin inhibition 
than cyclosporine [105].

Tacrolimus leads to PTDM in a dose‐dependent manner. It leads to complete reversible inhi‐
bition of the insulin gene transcription with no acute effects on insulin secretion or the glucose 
uptake by insulin. Therefore, in majority of patients, PTDM is reversible after reducing the 
dose of tacrolimus and withdrawing corticosteroids.

10.4. mTOR inhibitors

There is no data suggesting that sirolimus or everolimus plays a role in development of PTDM.

11. Management of immunosuppressive agents in controlling  
risk factors

11.1. Corticosteroids

Corticosteroids negatively impact blood pressure, lipid profile, and glucose metabolism. 
Randomized trials have shown that corticosteroid withdrawal or corticosteroid‐free immu‐
nosuppression improves hypertension, dyslipidemia, and glucose metabolism [106].
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protein (HDL), and hepatic synthesis of very low‐density lipoprotein (VLDL) [96]. Corti‐
costeroids lead to decreased LDL receptor synthesis and subsequent expression, thereby 
leading to reduced uptake and degradation of LDL [97].

9.2. Calcineurin inhibitors

Cyclosporine increases total cholesterol, LDL, and VLDL but decreases HDL. Cyclosporine 
decreases the activity of lipoprotein lipase (LPL) leading to hypertriglyceridemia. It also 
impairs the clearance of LDL by a similar mechanism to corticosteroids [98].

When comparing patients on tacrolimus versus cyclosporine, tacrolimus‐treated patients 
have lower total cholesterol, LDL, and triglycerides. The levels of HDL are comparable. In 
a randomized, prospective trial evaluating RT patients with conversion from cyclosporine 
to tacrolimus, total cholesterol improved significantly by a mean of 0.5 mmol/L, LDL by 
0.35 mmol/L and triglycerides by 0.4 mmol/L. These results were sustained up to 2 years after 
conversion [99].

9.3. mTOR inhibitors

Sirolimus is notorious for causing hyperlipidemia; increasing VLDL and LDL. One hypothesis is 
that sirolimus increases hepatic production of triglycerides and secretion of VLDL [100]. In clini‐
cal trials evaluating serum lipid profile, the addition of sirolimus 10 milligrams to cyclosporine 
and corticosteroids for 6 weeks increased both total cholesterol and LDL by 50% and triglycer‐
ides by almost 100%. The effects were fully reversible after discontinuation of sirolimus [100].

10. Diabetes mellitus

Post‐transplantation diabetes mellitus (PTDM) has evolved into a concerning challenge in 
RT patients. Approximately one‐third of nondiabetic kidney transplant recipients develop 
persistent impaired glucose metabolism by 6 months post‐transplantation [101]. Risk factors 
for PTDM include age, obesity, African American race and Hispanic ethnicity, family history 
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and impaired glucose tolerance. Additionally, transplant related risk factors also play a role: 
immunosuppressive medications, HLA mismatch, donor gender, type of underlying renal 
disease and viral infections (HCV and CMV) [102].

The implications of PTDM in patient outcomes are not well established, but data from the 
USRDS/UNOS have shown that PTDM increases the risk of post‐transplant myocardial 
infarction [103].

10.1. Corticosteroids

Corticosteroids lead to development of PTDM by enhancing insulin resistance. PTDM is 
reversible by cessation of corticosteroids.

10.2. Antiproliferative agents

There is no data suggesting that mycophenolate mofetil or azathioprine play a role in devel‐
opment of PTDM.

10.3. Calcineurin inhibitors

RT patients receiving calcineurin inhibitors have a higher incidence of PTDM. The etiology is 
impairment in pancreatic beta‐cell secretory function [104]. Dose reduction has been shown to 
reverse diabetes in majority of the affected patients. The incidence of PTDM with tacrolimus 
is postulated to be as high as 20%. The higher incidence of PTDM with tacrolimus versus 
cyclosporine is believed to be due to stronger potency of tacrolimus in calcineurin inhibition 
than cyclosporine [105].

Tacrolimus leads to PTDM in a dose‐dependent manner. It leads to complete reversible inhi‐
bition of the insulin gene transcription with no acute effects on insulin secretion or the glucose 
uptake by insulin. Therefore, in majority of patients, PTDM is reversible after reducing the 
dose of tacrolimus and withdrawing corticosteroids.

10.4. mTOR inhibitors

There is no data suggesting that sirolimus or everolimus plays a role in development of PTDM.

11. Management of immunosuppressive agents in controlling  
risk factors

11.1. Corticosteroids

Corticosteroids negatively impact blood pressure, lipid profile, and glucose metabolism. 
Randomized trials have shown that corticosteroid withdrawal or corticosteroid‐free immu‐
nosuppression improves hypertension, dyslipidemia, and glucose metabolism [106].
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11.2. Calcineurin inhibitors

In patients receiving cyclosporine combined with mycophenolate mofetil, a 50% reduction 
in cyclosporine dose or complete cyclosporine withdrawal from a mycophenolate mofetil or 
sirolimus‐based regimen results in fewer anti‐hypertensive medications [106]. Tacrolimus 
increases the risk of PTDM more than cyclosporine, therefore, switching from tacrolimus to 
cyclosporine may lead to improvement in PTDM.

12. Conclusion

Renal transplantation is the single most effective intervention for reducing CV risk in appro‐
priately selected patients with ESRD. Even though renal transplant has significantly improved 
survival for successful recipients, CVD remains the leading cause of death in patients with 
functional grafts [107].

In addition to traditional CVD risk factors, RT patients develop specific risk factors related to 
ESRD including but not limited to left ventricular hypertrophy, over‐activation of the sympa‐
thetic nervous system, pro‐inflammatory state, and proteinuria.

Post‐transplantation, patients are maintained on a regimen of immunosuppressive medica‐
tions. Even though immunosuppressive drugs have not been directly associated with car‐
diovascular events, they play pivotal role in risk associated with traditional risk factors of 
hypertension, dyslipidemia, and diabetes.

Strategies targeting transplant‐specific CV risk factors should include optimization of renal 
function, limiting risk of rejection, avoidance of PTDM and anticipation of CV side effects of 
immunosuppression.
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11.2. Calcineurin inhibitors

In patients receiving cyclosporine combined with mycophenolate mofetil, a 50% reduction 
in cyclosporine dose or complete cyclosporine withdrawal from a mycophenolate mofetil or 
sirolimus‐based regimen results in fewer anti‐hypertensive medications [106]. Tacrolimus 
increases the risk of PTDM more than cyclosporine, therefore, switching from tacrolimus to 
cyclosporine may lead to improvement in PTDM.

12. Conclusion

Renal transplantation is the single most effective intervention for reducing CV risk in appro‐
priately selected patients with ESRD. Even though renal transplant has significantly improved 
survival for successful recipients, CVD remains the leading cause of death in patients with 
functional grafts [107].

In addition to traditional CVD risk factors, RT patients develop specific risk factors related to 
ESRD including but not limited to left ventricular hypertrophy, over‐activation of the sympa‐
thetic nervous system, pro‐inflammatory state, and proteinuria.

Post‐transplantation, patients are maintained on a regimen of immunosuppressive medica‐
tions. Even though immunosuppressive drugs have not been directly associated with car‐
diovascular events, they play pivotal role in risk associated with traditional risk factors of 
hypertension, dyslipidemia, and diabetes.

Strategies targeting transplant‐specific CV risk factors should include optimization of renal 
function, limiting risk of rejection, avoidance of PTDM and anticipation of CV side effects of 
immunosuppression.
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Abstract

Despite being a “silent epidemic” disease, chronic kidney disease (CKD) is considered 
one of the major causes of mortality, together with its main complication, the cardiovas-
cular disease, which contributes to the poor prognosis of these patients. Inflammation 
has been recognized as an essential part of CKD and is closely linked to cardiovas-
cular complications. The identification of novel biomarkers using omics technologies 
is rapidly advancing and could improve the early detection in renal diseases. Omics 
approaches, including proteomics, could provide novel insights into disease mecha-
nisms, identifying at the same time accurate inflammatory biomarker panels with an 
essential role in disease monitoring and follow-up. Recent advances highlight the gut 
microbiota as an important source of inflammation in kidney diseases. An increasing 
body of evidence reveals the cross talk between microbiota and host in CKD; in addi-
tion, gut dysbiosis may represent an underappreciated cause of inflammation and 
subsequently could lead to malnutrition, accelerated cardiovascular disease and CKD 
progression. This chapter discusses the relationship between inflammation and CKD 
and highlights the novel approaches regarding microbiota involvement in CKD pathol-
ogy, as well as their potential to facilitate improving the quality of life.

Keywords: chronic kidney disease, inflammation, gut microbiota, omics

1. Introduction

Chronic kidney disease (CKD) is defined, according to KDIGO 2017 Clinical Practice Guide­
line Update for the Diagnosis, Evaluation, Prevention, and Treatment of Chronic Kidney  
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Disease–Mineral and Bone Disorder (CKD-MBD), as “abnormalities of kidney structure or 
function, present for more than 3 months, with implications for health.” CKD is classified 
based on pathological cause, glomerular filtration rate category (from G1, normal, to G5, kid-
ney failure), and albuminuria category (from A1, <30 mg/g, to A3 > 300 mg/g) [1]. It will 
inexorably lead to end-stage renal disease, unless managed as to address treatment of the 
underlying condition, diagnosing and treating the pathologic manifestations and timely plan-
ning for long­term renal replacement therapy. A recent systematic review and meta­analysis 
of observational studies revealed that CKD has an estimated global prevalence between 11 
and 13%, with the majority of cases in stage 3 [2]. The complexity of CKD pathogenesis is 
underlined by a plethora of risk factors: genetic and epigenetic age [3], low birth weight, 
socioeconomic status, obesity [1], smoking and/or hypoxia [4], and vascular factors, induced 
by atherosclerosis [5], hypertension [6], and diabetes mellitus [7]. Furthermore, the compli-
cations of this disease also impact beyond the kidney, with cardiovascular burden (such as 
coronary artery disease, congestive heart failure, arrhythmias, and sudden cardiac death) as a 
major mark [8]. CKD associates also with enhanced formation of atherosclerotic plaques [9]. 
Other complications include endocrine dysfunctions involving hormones that control calcium 
[10] and phosphate balance [11], vitamin D metabolism, and, consequently, bone mineraliza-
tion defects [12]. Hemodialysis patients are further at risk for cardiovascular complications, 
such as vascular overload leading to arterial stiffness [13] or, apparently paradoxical, isch-
emia induced by repeated episodes of hypovolemic hypoperfusion during hemodialysis [9].

Inflammation has been recognized as an essential part of chronic kidney disease (CKD) since 
the late 1990s and is now considered a well­established risk factor for this pathology [14], as 
well as for other renal pathologies. In fact, inflammation is now considered a key player in dif-
ferent major pathologies such as cardiovascular disease [15], neurodegeneration [16], or cancer 
progression and survival [17]. Chronic systemic inflammation, sometimes referred to as low­
grade chronic inflammation, is characterized by 2–3 fold increase of circulating inflammatory 
mediators (such as interleukins 1, 6 tumor necrosis factor, and their soluble receptors), slow 
developing, persistent and of multifactorial origin, sometimes difficult to identify [18]. Recent 
findings associate chronic systemic inflammation with alteration of gut microbiota, which is 
in permanent cross talk with the immune system. This cross talk is essential for maintenance 
of a tolerant immune response toward commensal flora and elimination of pathogens [19]. 
Intestinal dysbiosis is detrimental for health in ways overpassing the intestinal environment, 
from production of toxic metabolites, overconsumption of energy, and molecular mimicry 
of host proteins [20]. This chapter will present an up­to­date findings relating to chronic sys-
temic inflammation and CKD, with emphasis on gut dysmicrobism involvement and whether 
intervention on gut microbiota could be proven beneficial for the outcome of this fatal disease.

2. Inflammation and its impact on CKD progression: an update

Persistent, low­grade inflammation is considered crucial component of CKD, having a huge 
contribution to the development of all-cause mortality related to renal disease. There has been 
an ascending growth of interest regarding the role of inflammation in CKD and end­stage renal  
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disease (ESRD), which shifts the perception of inflammation as no longer a new, but rather a tra-
ditional risk factor for CKD morbidity and mortality [14, 21]. A challenging theory regarding the 
direct effect of inflammation on the progression of both CKD and cardiovascular disease came out 
with the assumption of association between markers of inflammation, changes in GFR and nutri-
tion habits in elderly individuals. It was found that the deterioration in renal function (alteration of 
GFR, urea and creatinine) was associated with an increasing number of markers of inflammation 
and thrombosis [22]. Regardless of a genetic background, CKD is a condition that accelerates pre-
mature aging through diverse mechanisms in the internal milieu, counting DNA damage, inflam-
mation, low Klotho expression, redox perturbations, toxicity, and local signaling of growth factors 
[23]. It is generally known that there is a heterogeneous distribution of intrarenal vasculature in 
normal conditions, and only medulla is under hypoxic conditions. In order to bypass energy depri-
vation in the deficient pO2 parts of the kidneys, an avalanche of mediators is involved to regulate 
the complex processes, including hormones, autocoids, and vasoactive substances: medullipin, 
prostaglandins, endothelins, nitric oxide, angiotensin II, kinins, and adenosine. A state of sus-
tained inflammation could surely alter the microvascular feedback to its regulators and could acti-
vate the reaction of an array of tubular toxins, including reactive oxygen species (ROS), generating 
further renal failure [24]. The highly reactive ROS could alter different structures and functional 
pathways in cells, and, as a repercussion, a vicious circle arises, in which the inflammatory cells 
are stimulated by cell damage caused by ROS, giving birth to a state of oxidative stress. The com-
mon oxidant “imbalance” theory is remarkably completed with recent advances regarding the 
cross talk between oxidants and antioxidants; the reasoning for antioxidant therapies consists thus 
in repairing the imbalances in the redox environment of cells [25]. The old theory suggesting the 
oxidative stress as a “unifying concept of cardiovascular disease in uremia” [26] is continuously 
enriched, and novel molecules, belonging to the Paraoxonase family, are suggested as potential 
biomarkers. Paraoxonase­1 seems to have a protective effect against lipoprotein oxidation and its 
expression is decreased in CKD patients, being a marker for antioxidant status [27]. The develop-
ment of specific redox proteomic techniques will facilitate the implementation of new preventive 
and therapeutic strategies to fight against atherosclerosis and other metabolic diseases [28].

In comparison with the well­established clinical markers, proteomic biomarkers could offer an 
accurate and earlier detection of renal pathology. Although the “breaking point” could be vari-
ous in different patients, in some populations, the circulating creatinine levels fall into normal 
ranges despite loss of more than 50% of renal function, so supplementary biomarkers of renal 
function are desired. Recent studies conclude that a cross talk between inflammation, bone, 
vasculature, and renal function exists in CKD. In early stage 2 of CKD, an increased expres-
sion of a panel of proteomic biomarkers was observed, including IL­6, TNF­α, osteoprotegerin, 
osteocalcin, osteopontin, and FGF­23, which, at a first glance, highlights the hope of improving 
the management of patients with CKD starting with early stages, which is an area to focus 
research in the near future [29]. Another study evaluating the association between kidney func-
tion, albuminuria, and biomarkers of inflammation in a large cohort of CKD patients showed 
that plasma levels of IL­1β, IL­1RA, IL­6, TNF­α, hs­CRP, and fibrinogen were higher among 
participants with lower levels of estimated glomerular filtration rate (GFR). Moreover, inflam-
mation score was higher among patients with lower estimated GFR and higher urine albumin 
to creatinine ratio (UACR). These results demonstrated that biomarkers of inflammation were 
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ment of specific redox proteomic techniques will facilitate the implementation of new preventive 
and therapeutic strategies to fight against atherosclerosis and other metabolic diseases [28].

In comparison with the well­established clinical markers, proteomic biomarkers could offer an 
accurate and earlier detection of renal pathology. Although the “breaking point” could be vari-
ous in different patients, in some populations, the circulating creatinine levels fall into normal 
ranges despite loss of more than 50% of renal function, so supplementary biomarkers of renal 
function are desired. Recent studies conclude that a cross talk between inflammation, bone, 
vasculature, and renal function exists in CKD. In early stage 2 of CKD, an increased expres-
sion of a panel of proteomic biomarkers was observed, including IL­6, TNF­α, osteoprotegerin, 
osteocalcin, osteopontin, and FGF­23, which, at a first glance, highlights the hope of improving 
the management of patients with CKD starting with early stages, which is an area to focus 
research in the near future [29]. Another study evaluating the association between kidney func-
tion, albuminuria, and biomarkers of inflammation in a large cohort of CKD patients showed 
that plasma levels of IL­1β, IL­1RA, IL­6, TNF­α, hs­CRP, and fibrinogen were higher among 
participants with lower levels of estimated glomerular filtration rate (GFR). Moreover, inflam-
mation score was higher among patients with lower estimated GFR and higher urine albumin 
to creatinine ratio (UACR). These results demonstrated that biomarkers of inflammation were 
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inversely associated with measures of kidney function and positively with albuminuria [30]. 
The erythrocyte sedimentation rate, a nonspecific measure of inflammation, has been shown to 
be predictive of end­stage renal disease in adolescents [31]. The level of pro­inflammatory cyto-
kine IL­2 was elevated in hemodialysis patients with uremic pruritus (a common tormenting 
symptom among these patients) when compared to hemodialysis patient controls without pru-
ritus [32]. The results obtained from several researches suggest that tumor necrosis factor-like 
weak inducer of apoptosis (TWEAK) plays an important role in kidney injury associated with 
inflammation and promotes acute and chronic kidney diseases [33]. There are several studies 
testing different nanoconjugates that could prevent TWEAK­induced cell death and inflam-
matory signaling in different cell types, including renal tubular cells [34]. The results obtained 
from a study investigating hemodialysis patients showed that the group of patients with a 
specific pattern of high pro­inflammatory cytokines (IL­1, IL­6, and TNF­α) had increased mor-
tality when compared to patients with a pattern of high T­cell regulatory or anti­inflammatory 
parameters (IL­2, IL­4, IL­5, IL­12, CH50, and T­cell number) [35].

Availability of omics multiplex technology offered the opportunity of shifting the analy-
sis of single individual marker toward assessing cytokine panels [36]. It was described an 
inflammatory panel, consisting of pro­inflammatory cytokines IL­1, IL­6, and TNF­α with 
anti­inflammatory ones IL­2, IL­4, IL­5, IL­12, CH50, as well, with a significant impact on 
CKD patients’ survival [35]. Recently, significant attention has been granted to the poten-
tial role of adipokines in CKD, such as pro­inflammatory leptin, apelin, omentin, visfatin, 
resistin, and anti­inflammatory adiponectin. Based on the data from the National Health 
and Nutrition Examination Survey (NHANES), it was shown that CKD is correlated with 
increased leptin levels [37]. Moreover, adiponectin expression in ESRD patients was also sig-
nificantly increased compared to healthy individuals [14].

Atherosclerosis is now considered a chronic inflammatory disease and, in turn, cardiovascular 
disease is a major complication of CKD. Thus, a vicious circle is created between inflammation 
and CKD. Atherosclerosis is accelerated in CKD by complex mechanisms involving a cross talk 
between lymphocyte T helper type 1 and subendothelial macrophages as antigen presenting cells. 
The triggers of this cellular response are alteration of lipid metabolism and subendothelial deposit 
of plasma lipoproteins. Locally recruited lymphocytes react to autoantigens from the apolipopro-
tein B100 protein of LDL, generating an inflammatory response [38]. Within the predialysis CKD 
patients, the prevalence of inflammation is increasing and represents a critical indicator of patient 
health and future outcome. In ESRD, the process of hemodialysis itself may contribute to the pro-
inflammatory state, and different types of dialysis membrane could determine an inflammatory 
response. However, hemodialysis does not represent the only source of inflammation, since the 
predialysis CKD patients already manifest a certain inflammatory state [39]. A persistent inflam-
matory state in CKD is not only linked to cardiovascular complications but is also one of the key 
players in the development of malnutrition/protein­energy wasting, having as consequence the 
malnutrition­inflammation­cachexia syndrome in CKD/ESRD patients. It was also described, in 
a cohort of dialysis patients, that circulating levels of IL­1 and IL­6 could suppress the PTH secre-
tion, which, in turn, may reflect the malnutrition­inflammation­cachexia syndrome, rather than 
the low bone turnover disease [40]. The pathophysiology of inflammation could be different with 
regard to different racial, ethnic, or genetic features. Recent studies specify that dietary habits 
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could add a peculiar signature to the gut microbiota composition, and intestinal dysbiosis itself 
could thus interfere with the inflammatory mechanisms in CKD population.

In summary, persistent low­grade inflammation has been recognized as an important compo-
nent of CKD scenario, playing major roles in the pathophysiology of the disease, with a major 
imprint on its complications. Nevertheless, further investigations are necessary to decipher 
the role of inflammation in CKD population, particularly in the early stages.

3. The role of inflammation in the development of cardiovascular 
diseases in CKD

Cardiovascular disease represents one of the main determinants of CKD’s poor prognosis, 
since early stages of CKD are significantly correlated with increased risk of subsequent cor-
onary heart disease [41]. In agreement with several clinical studies, approximately 50% of 
patients with CKD have a rising mortality due to the cardiovascular complications, such as 
advanced calcific arterial and valvular disease; however, the mechanisms that involves the 
accelerated calcification in CKD continue to be questionable, thus no specific therapies have 
emerged to target the disease prevention [42].

The current CKD guidelines are recommending the screening for vascular calcification (VC), for 
the reason that VC represents a cardiovascular risk factor, and it is correlated with an increased 
morbidity and mortality in CKD group, culminating in CKD stage 5. Vascular calcification is now 
considered an active process that involves many proteins, as possible candidate markers [43]. In 
CKD individuals, several studies have highlighted various circulating biomarkers that could 
play important roles in extra­skeletal calcification and mineral metabolism alterations, which 
are considered characteristics of CKD­mineral bone disorder (CKD­MBD) [44]. As a result, these 
findings have revealed that CKD­MBD comprises laboratory and bone abnormalities and vascu-
lar calcification and has deleterious consequences on clinical outcomes; however, these processes 
are interconnected and they have to be studied in association with cardiovascular diseases [1].

Cardiovascular calcification represents though an exceptional marker of chronic inflammatory 
status in CKD, strongly correlated with morbidity and mortality. Curiously, CKD accelerates 
the atherosclerosis evolution and it has been showed that CKD produces increasing vascular 
inflammation and calcification. Recent advances highlighted the potential involvement of matrix 
vesicles (secreted by macrophages), as key molecules in the alternative processes independent of 
osteogenic differentiation [45]. Deciphering the association between these mechanisms and sig-
naling pathways could bring novel insights into the mechanistics of calcification and could pos-
sibly move forward to new therapeutic strategies aiming at cardiovascular disease in CKD [46]. 
These findings are in concordance with the genetics, and it was shown that 40–50% of coronary 
calcification cases could be linked to genetic predisposition, considering that several loci were 
linked to coronary arterial calcification [47]. The involvement of single polymorphisms located 
at 9p21 locus near the cyclin genes was proposed as a genetic mechanism of this pathology; 
the concerned genes could be generally associated with cellular senescence and inflammation, 
although the accurate causative DNA sequences continue to be uncertain [48]. Recent evidence 
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inversely associated with measures of kidney function and positively with albuminuria [30]. 
The erythrocyte sedimentation rate, a nonspecific measure of inflammation, has been shown to 
be predictive of end­stage renal disease in adolescents [31]. The level of pro­inflammatory cyto-
kine IL­2 was elevated in hemodialysis patients with uremic pruritus (a common tormenting 
symptom among these patients) when compared to hemodialysis patient controls without pru-
ritus [32]. The results obtained from several researches suggest that tumor necrosis factor-like 
weak inducer of apoptosis (TWEAK) plays an important role in kidney injury associated with 
inflammation and promotes acute and chronic kidney diseases [33]. There are several studies 
testing different nanoconjugates that could prevent TWEAK­induced cell death and inflam-
matory signaling in different cell types, including renal tubular cells [34]. The results obtained 
from a study investigating hemodialysis patients showed that the group of patients with a 
specific pattern of high pro­inflammatory cytokines (IL­1, IL­6, and TNF­α) had increased mor-
tality when compared to patients with a pattern of high T­cell regulatory or anti­inflammatory 
parameters (IL­2, IL­4, IL­5, IL­12, CH50, and T­cell number) [35].

Availability of omics multiplex technology offered the opportunity of shifting the analy-
sis of single individual marker toward assessing cytokine panels [36]. It was described an 
inflammatory panel, consisting of pro­inflammatory cytokines IL­1, IL­6, and TNF­α with 
anti­inflammatory ones IL­2, IL­4, IL­5, IL­12, CH50, as well, with a significant impact on 
CKD patients’ survival [35]. Recently, significant attention has been granted to the poten-
tial role of adipokines in CKD, such as pro­inflammatory leptin, apelin, omentin, visfatin, 
resistin, and anti­inflammatory adiponectin. Based on the data from the National Health 
and Nutrition Examination Survey (NHANES), it was shown that CKD is correlated with 
increased leptin levels [37]. Moreover, adiponectin expression in ESRD patients was also sig-
nificantly increased compared to healthy individuals [14].

Atherosclerosis is now considered a chronic inflammatory disease and, in turn, cardiovascular 
disease is a major complication of CKD. Thus, a vicious circle is created between inflammation 
and CKD. Atherosclerosis is accelerated in CKD by complex mechanisms involving a cross talk 
between lymphocyte T helper type 1 and subendothelial macrophages as antigen presenting cells. 
The triggers of this cellular response are alteration of lipid metabolism and subendothelial deposit 
of plasma lipoproteins. Locally recruited lymphocytes react to autoantigens from the apolipopro-
tein B100 protein of LDL, generating an inflammatory response [38]. Within the predialysis CKD 
patients, the prevalence of inflammation is increasing and represents a critical indicator of patient 
health and future outcome. In ESRD, the process of hemodialysis itself may contribute to the pro-
inflammatory state, and different types of dialysis membrane could determine an inflammatory 
response. However, hemodialysis does not represent the only source of inflammation, since the 
predialysis CKD patients already manifest a certain inflammatory state [39]. A persistent inflam-
matory state in CKD is not only linked to cardiovascular complications but is also one of the key 
players in the development of malnutrition/protein­energy wasting, having as consequence the 
malnutrition­inflammation­cachexia syndrome in CKD/ESRD patients. It was also described, in 
a cohort of dialysis patients, that circulating levels of IL­1 and IL­6 could suppress the PTH secre-
tion, which, in turn, may reflect the malnutrition­inflammation­cachexia syndrome, rather than 
the low bone turnover disease [40]. The pathophysiology of inflammation could be different with 
regard to different racial, ethnic, or genetic features. Recent studies specify that dietary habits 
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could add a peculiar signature to the gut microbiota composition, and intestinal dysbiosis itself 
could thus interfere with the inflammatory mechanisms in CKD population.

In summary, persistent low­grade inflammation has been recognized as an important compo-
nent of CKD scenario, playing major roles in the pathophysiology of the disease, with a major 
imprint on its complications. Nevertheless, further investigations are necessary to decipher 
the role of inflammation in CKD population, particularly in the early stages.

3. The role of inflammation in the development of cardiovascular 
diseases in CKD

Cardiovascular disease represents one of the main determinants of CKD’s poor prognosis, 
since early stages of CKD are significantly correlated with increased risk of subsequent cor-
onary heart disease [41]. In agreement with several clinical studies, approximately 50% of 
patients with CKD have a rising mortality due to the cardiovascular complications, such as 
advanced calcific arterial and valvular disease; however, the mechanisms that involves the 
accelerated calcification in CKD continue to be questionable, thus no specific therapies have 
emerged to target the disease prevention [42].

The current CKD guidelines are recommending the screening for vascular calcification (VC), for 
the reason that VC represents a cardiovascular risk factor, and it is correlated with an increased 
morbidity and mortality in CKD group, culminating in CKD stage 5. Vascular calcification is now 
considered an active process that involves many proteins, as possible candidate markers [43]. In 
CKD individuals, several studies have highlighted various circulating biomarkers that could 
play important roles in extra­skeletal calcification and mineral metabolism alterations, which 
are considered characteristics of CKD­mineral bone disorder (CKD­MBD) [44]. As a result, these 
findings have revealed that CKD­MBD comprises laboratory and bone abnormalities and vascu-
lar calcification and has deleterious consequences on clinical outcomes; however, these processes 
are interconnected and they have to be studied in association with cardiovascular diseases [1].

Cardiovascular calcification represents though an exceptional marker of chronic inflammatory 
status in CKD, strongly correlated with morbidity and mortality. Curiously, CKD accelerates 
the atherosclerosis evolution and it has been showed that CKD produces increasing vascular 
inflammation and calcification. Recent advances highlighted the potential involvement of matrix 
vesicles (secreted by macrophages), as key molecules in the alternative processes independent of 
osteogenic differentiation [45]. Deciphering the association between these mechanisms and sig-
naling pathways could bring novel insights into the mechanistics of calcification and could pos-
sibly move forward to new therapeutic strategies aiming at cardiovascular disease in CKD [46]. 
These findings are in concordance with the genetics, and it was shown that 40–50% of coronary 
calcification cases could be linked to genetic predisposition, considering that several loci were 
linked to coronary arterial calcification [47]. The involvement of single polymorphisms located 
at 9p21 locus near the cyclin genes was proposed as a genetic mechanism of this pathology; 
the concerned genes could be generally associated with cellular senescence and inflammation, 
although the accurate causative DNA sequences continue to be uncertain [48]. Recent evidence 
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suggests that the overlap between CKD and cardiovascular disease is due, on one hand, to the 
dynamic cross talk between these organs, resulting in cardio-renal syndrome, increasingly rec-
ognized [49] and, on the other hand, it could be linked to the common etiologies of these major 
diseases (hypertension and diabetes mellitus). It has also been investigated as a possible com-
mon disorder of the kidneys and heart whereby acute or chronic dysfunction in one organ may 
induce acute or chronic dysfunction in the other organ; nevertheless, a complete picture of the 
mechanisms implicated in these processes is still missing [49]. The highly reactive oxygen species 
(ROS) present the potential of disrupting different structural and functional pathways in cells. 
Therefore, the inflammatory cells are activated by cell damage produced by ROS; thus, a vicious 
circle of chronic disturbance is constantly perpetuated. The oxidant imbalance theory comprises 
several important pathways and cell metabolism also has been under the surveillance of the 
cross talk between oxidants and antioxidants. The role of oxidative stress in the pathogenesis of 
CKD relies though on the hypothesis that antioxidant therapies could target and reconstruct the 
disturbances in the redox environment of cells [50]. Different therapeutic strategies have been 
considered to decrease oxidative stress (OS) in models of CKD and cardiovascular disease, pro-
posing a low oxidant intake in different dietary approaches. Oxidative stress and inflammation 
increase with aging, and these conditions are related to kidney failure in its early stages, as well. 
There are evidences that a diet supplemented with oxidants could produce increased serum 
levels of OS and inflammatory mediators in both normal aging and in CKD. It is mentioned that 
dietary intervention could offer novel therapeutic strategies by reducing OS and inflammation 
in patients with CKD and in aging population with decreased kidney function [51].

Due to the circulating nature of many inflammatory mediators (cytokines and immune cells), it 
is tempting to hypothesize that the immune system could have crucial roles in organ interactions 
and could mediate the reciprocal dysfunction that is experienced in cardio-renal syndromes.

4. Omics technologies and clinical relevance of proteomic 
biomarkers in renal diseases: rolling proteomics into clinics

Over the last decade, there has been an increasing progression of omics approaches, accompa-
nied by remarkable improvement of methodologies and analytical instruments, based on the 
concept that a thorough characterization of a complex system, providing novel perceptions 
into functional pathways and regulatory networks, could be deciphered in frame of these 
omics. In the light of recent advances in bioinformatics and biostatistics on state-of-the-art 
platforms, the access of scientists in correlating the experimentally observed data regarding 
the fundamental biochemical and pathological mechanisms was facilitated [52, 53]. Proteomic 
biomarkers in kidney disease may represent, along with classical markers serum creatinine 
and urinary albumin, valuable tools in clinical diagnosis due to their accurate potential for 
clinical implementation. Moreover, proteomic biomarkers could also be useful in character-
izing the most suitable therapeutic targets in a given patient or disease setting [54].

The huge step forward was accomplished by coupling liquid chromatography with mass spec-
trometry, enabling untargeted protein identification. Additionally, capillary electrophoresis had 
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also an accelerated development in the last years, being able to rapidly separate analytes in a 
highly reproducible manner [55]. Also, matrix­assisted laser desorption/ionization (MALDI) plat-
form has moved the boundaries above, being able to assess tissue specimens with high resolution 
in order to discriminate individual cells. This approach can provide detailed information related 
to CKD and the potential to detect specific biomarkers. Recent evidence suggests that MALDI 
could generate molecular signatures of primary and secondary kidney injury, with one particu-
lar signal, identified as serine/threonine­protein kinase MRCK gamma, being overexpressed in 
the glomeruli of primary membranous nephropathy (MN). These findings could be potential 
future targets for the further stratification of these patients [56]. Other studies emphasize the role 
of omics technologies, including MALDI to generate molecular signatures capable to distinguish 
between normal kidney and pathological kidney, with specific signals representing potential 
indicators of CKD development [57]. Kidney and Urinary Pathway Knowledge Base (KUPKB) 
represents an open source to explore multi-omics data and to generate new in silico theories using 
a novel approach based on semantic web technologies [58]. Moreover, CKDdb represents the 
most comprehensive molecular information resource in characterizing CKD-related experiments 
and model systems, potentially useful in the design of disease models, thus avoiding the chal-
lenges related with handling and integration of heterogeneous enormous data [59].

The emerging knowledge generated by the application of omics (genomics, proteomics, and 
metabolomics) in major diseases, including CKD, could provide new insights into the patho-
physiology of the disease by identifying novel biomarkers that could improve, in real time, 
the early diagnostics, monitoring, and prognostics; thus, omics will provide a major impact in 
the field of personalized medicine [60].

5. Gut microbiota as a source of inflammation in CKD: 
a bidirectional relationship

Accumulating evidence over the recent years has highlighted that chronic inflammation rep-
resents a nontraditional risk factor in CKD population and was revealed that gastrointestinal 
tract is a major player in systemic inflammation occurring in CKD [61]. The gut microbiota 
preserves the symbiotic relationship with the host in normal conditions and is essential for 
regulation of local and systemic immunity [62], although its imbalance has latterly been related 
with several diseases [63]. Alteration in the functions or signaling pathways of the commensal 
flora contributes to the pathogenesis of diverse diseases, including chronic inflammation and 
renal disorders, as well; gut bacterial DNA fragments have been detected in the blood of both 
predialysis CKD and chronic hemodialysis patients [64]. The decisive role of the biochemical 
milieu in shaping the gut microbiota, in terms of structure, composition, and function, which 
could promote a proinflammatory activity, was also described and it could simultaneously 
restrict the beneficial effects offered by a balanced microbiota. Such conditions could lead 
to an altered status, targeting inflammation, uremic toxicity, and other complications inside 
the CKD patients [65]. The interactions are bidirectional: on the one hand, uremia negatively 
interferes with the microbiota, altering the composition and metabolism and, on the other 
hand, the microbiota dysbiosis releases compounds that are normally excreted by the kidneys 
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suggests that the overlap between CKD and cardiovascular disease is due, on one hand, to the 
dynamic cross talk between these organs, resulting in cardio-renal syndrome, increasingly rec-
ognized [49] and, on the other hand, it could be linked to the common etiologies of these major 
diseases (hypertension and diabetes mellitus). It has also been investigated as a possible com-
mon disorder of the kidneys and heart whereby acute or chronic dysfunction in one organ may 
induce acute or chronic dysfunction in the other organ; nevertheless, a complete picture of the 
mechanisms implicated in these processes is still missing [49]. The highly reactive oxygen species 
(ROS) present the potential of disrupting different structural and functional pathways in cells. 
Therefore, the inflammatory cells are activated by cell damage produced by ROS; thus, a vicious 
circle of chronic disturbance is constantly perpetuated. The oxidant imbalance theory comprises 
several important pathways and cell metabolism also has been under the surveillance of the 
cross talk between oxidants and antioxidants. The role of oxidative stress in the pathogenesis of 
CKD relies though on the hypothesis that antioxidant therapies could target and reconstruct the 
disturbances in the redox environment of cells [50]. Different therapeutic strategies have been 
considered to decrease oxidative stress (OS) in models of CKD and cardiovascular disease, pro-
posing a low oxidant intake in different dietary approaches. Oxidative stress and inflammation 
increase with aging, and these conditions are related to kidney failure in its early stages, as well. 
There are evidences that a diet supplemented with oxidants could produce increased serum 
levels of OS and inflammatory mediators in both normal aging and in CKD. It is mentioned that 
dietary intervention could offer novel therapeutic strategies by reducing OS and inflammation 
in patients with CKD and in aging population with decreased kidney function [51].

Due to the circulating nature of many inflammatory mediators (cytokines and immune cells), it 
is tempting to hypothesize that the immune system could have crucial roles in organ interactions 
and could mediate the reciprocal dysfunction that is experienced in cardio-renal syndromes.

4. Omics technologies and clinical relevance of proteomic 
biomarkers in renal diseases: rolling proteomics into clinics

Over the last decade, there has been an increasing progression of omics approaches, accompa-
nied by remarkable improvement of methodologies and analytical instruments, based on the 
concept that a thorough characterization of a complex system, providing novel perceptions 
into functional pathways and regulatory networks, could be deciphered in frame of these 
omics. In the light of recent advances in bioinformatics and biostatistics on state-of-the-art 
platforms, the access of scientists in correlating the experimentally observed data regarding 
the fundamental biochemical and pathological mechanisms was facilitated [52, 53]. Proteomic 
biomarkers in kidney disease may represent, along with classical markers serum creatinine 
and urinary albumin, valuable tools in clinical diagnosis due to their accurate potential for 
clinical implementation. Moreover, proteomic biomarkers could also be useful in character-
izing the most suitable therapeutic targets in a given patient or disease setting [54].

The huge step forward was accomplished by coupling liquid chromatography with mass spec-
trometry, enabling untargeted protein identification. Additionally, capillary electrophoresis had 
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also an accelerated development in the last years, being able to rapidly separate analytes in a 
highly reproducible manner [55]. Also, matrix­assisted laser desorption/ionization (MALDI) plat-
form has moved the boundaries above, being able to assess tissue specimens with high resolution 
in order to discriminate individual cells. This approach can provide detailed information related 
to CKD and the potential to detect specific biomarkers. Recent evidence suggests that MALDI 
could generate molecular signatures of primary and secondary kidney injury, with one particu-
lar signal, identified as serine/threonine­protein kinase MRCK gamma, being overexpressed in 
the glomeruli of primary membranous nephropathy (MN). These findings could be potential 
future targets for the further stratification of these patients [56]. Other studies emphasize the role 
of omics technologies, including MALDI to generate molecular signatures capable to distinguish 
between normal kidney and pathological kidney, with specific signals representing potential 
indicators of CKD development [57]. Kidney and Urinary Pathway Knowledge Base (KUPKB) 
represents an open source to explore multi-omics data and to generate new in silico theories using 
a novel approach based on semantic web technologies [58]. Moreover, CKDdb represents the 
most comprehensive molecular information resource in characterizing CKD-related experiments 
and model systems, potentially useful in the design of disease models, thus avoiding the chal-
lenges related with handling and integration of heterogeneous enormous data [59].

The emerging knowledge generated by the application of omics (genomics, proteomics, and 
metabolomics) in major diseases, including CKD, could provide new insights into the patho-
physiology of the disease by identifying novel biomarkers that could improve, in real time, 
the early diagnostics, monitoring, and prognostics; thus, omics will provide a major impact in 
the field of personalized medicine [60].

5. Gut microbiota as a source of inflammation in CKD: 
a bidirectional relationship

Accumulating evidence over the recent years has highlighted that chronic inflammation rep-
resents a nontraditional risk factor in CKD population and was revealed that gastrointestinal 
tract is a major player in systemic inflammation occurring in CKD [61]. The gut microbiota 
preserves the symbiotic relationship with the host in normal conditions and is essential for 
regulation of local and systemic immunity [62], although its imbalance has latterly been related 
with several diseases [63]. Alteration in the functions or signaling pathways of the commensal 
flora contributes to the pathogenesis of diverse diseases, including chronic inflammation and 
renal disorders, as well; gut bacterial DNA fragments have been detected in the blood of both 
predialysis CKD and chronic hemodialysis patients [64]. The decisive role of the biochemical 
milieu in shaping the gut microbiota, in terms of structure, composition, and function, which 
could promote a proinflammatory activity, was also described and it could simultaneously 
restrict the beneficial effects offered by a balanced microbiota. Such conditions could lead 
to an altered status, targeting inflammation, uremic toxicity, and other complications inside 
the CKD patients [65]. The interactions are bidirectional: on the one hand, uremia negatively 
interferes with the microbiota, altering the composition and metabolism and, on the other 
hand, the microbiota dysbiosis releases compounds that are normally excreted by the kidneys 
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but could be considered as potential uremic toxins, both conditions further leading to a toxin 
avalanche exposure, due to the disruption of the epithelial barrier with an increased intestinal 
permeability, often referred to as “leaky gut,” a condition that has been reported in CKD [66].

Uremia status seems to impair the intestinal barrier function and promotes inflammation 
throughout the gastrointestinal tract. A prospective, observational study reported the base-
line concentration of indoxyl sulfate, a uremic toxin that could have a predictive power in 
CKD progression [67]. Other uremic toxins, p-cresol sulfate and trimethylamine N-oxide 
(TMAO), were assessed in relation to kidney function (estimated GFR), and the results con-
clude that the elevated expression was associated to an increased risk for all-cause mortality 
in ESRD patients. [68]. Uremia represents a condition that accompanies kidney failure and 
CKD. Uremic toxins originated in, or inserted into, the body via the intestine, such as glyca-
tion metabolites, phenols, indoles, all may play important roles in CKD pathophysiology. 
Consequently, it is biologically plausible, but not well accepted, that a crucial player in the 
toxic scenario of the CKD resides in the gut microbiota [69].

Deciphering the role of gut microbiota in CKD progression needs a complex comprehension 
regarding its composition, function, and homeostasis within each individual. As expected, 
the gut microbiota composition shows great variations, representing a unique signature with 
each individual harboring, consisting mainly of Gram­negative Bacteroidetes and the Gram­
positive low­GC Firmicutes [68]. Gut dysbiosis in CKD was correlated with an increase in 
pathogenic flora compared to symbiotic flora, which, along with enhanced intestinal per-
meability, increases absorption of endotoxins with harmful consequences in the organism. 
The gut-derived uremic toxins, along with an expanded permeability of the intestinal barrier, 
have been correlated with an increased inflammatory state and oxidative stress, which are 
constant features of advanced CKD, with a major impact on its complications [65]. The dys-
biotic intestinal microflora could be correlated to the intestinal wall edema and ischemia, as 
well as to a defective colonic epithelial barrier [65]. Recent evidences suggested that several 
circulating metabolites derived from gut microbiota metabolism could be related to systemic 
immunoinflammatory response and kidney damage. It has been shown that short­chain fatty 
acids (SCFAs), which are metabolites essentially derived from dietary fiber fermentation in 
the gut, are significant players in modulation of immunity, blood pressure, glucose, and lipid 
metabolism. In addition, SCFAs also “modulate different cell signal transduction processes 
via G­protein–coupled receptors and act as epigenetic regulators by the inhibition of histone 
deacetylase and as potential mediators involved in the autophagy pathway.” Though contro-
versial, the SCFAs may be regarded as potential therapeutic targets and seem to represent the 
link between kidney damage and inflammatory response [70]. Gut inflammation is prevalent 
in CKD and is subsequently involved in systemic inflammation by disruption in the epithelial 
tight junction, leading to endotoxin and bacterial translocation; this state is associated with a 
defective Nrf2 pathway. On the basis that Nrf2 represents a protein that regulates the expres-
sion of antioxidant proteins that protect against oxidative damage triggered by injury and 
inflammation, oral administration of Nrf2 activator (study conducted on rats) has reestab-
lished the epithelial tight junction protein expression, alleviating arterial hypertension and 
rehabilitating the markers of kidney function [71].
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In conclusion, accumulating evidence recognizes that dietary fiber may reverse gut dysbiosis 
and abolish microinflammation, being in agreement with epidemiological evidence suggesting 
correlations between higher dietary fiber intake, better kidney function, and lower inflam-
mation, at least in the general population. Many researchers accept that supporting intestinal 
health and restoring the integrity of the gut wall will represent one of the most important 
goals in improving the quality of life within CKD individuals.

6. Restoring microbiota balance: the exploration of novel therapeutic 
avenues in renal diseases

Intestinal inflammation and gut microbiota dysbiosis, as well, are now recognized as impor-
tant contributors in chronic inflammation and other CKD complications, thus explaining the 
gut­therapeutic novel avenues taken into consideration in designing CKD interventions [61] .

The microbiota can be considered as a recently discovered “organ,” being involved in many 
pathological axes, in relation with almost every organ, including kidneys; there are different 
metabolites derived from microbiota dysbiosis engaged in distinct physiology pathways link-
ing to renal dysfunction [72]. The bidirectional relationship between gut microbiota and CKD 
is noted in many studies, and the effect of CKD on gut structure, leading further to dysbio-
sis (Figure 1) is also mentioned. The abundance of specific bacterial groups are dominated 
by Bacteroides, Prevotella, or Ruminococcus in normal individual gut microbiota [73], and 
these enterotypes are markedly correlated with long-term diets, especially the proteins and 

Figure 1. The crosstalk between CKD and inflammation in correlation with microbiota dysbiosis modulation.
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but could be considered as potential uremic toxins, both conditions further leading to a toxin 
avalanche exposure, due to the disruption of the epithelial barrier with an increased intestinal 
permeability, often referred to as “leaky gut,” a condition that has been reported in CKD [66].

Uremia status seems to impair the intestinal barrier function and promotes inflammation 
throughout the gastrointestinal tract. A prospective, observational study reported the base-
line concentration of indoxyl sulfate, a uremic toxin that could have a predictive power in 
CKD progression [67]. Other uremic toxins, p-cresol sulfate and trimethylamine N-oxide 
(TMAO), were assessed in relation to kidney function (estimated GFR), and the results con-
clude that the elevated expression was associated to an increased risk for all-cause mortality 
in ESRD patients. [68]. Uremia represents a condition that accompanies kidney failure and 
CKD. Uremic toxins originated in, or inserted into, the body via the intestine, such as glyca-
tion metabolites, phenols, indoles, all may play important roles in CKD pathophysiology. 
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the gut microbiota composition shows great variations, representing a unique signature with 
each individual harboring, consisting mainly of Gram­negative Bacteroidetes and the Gram­
positive low­GC Firmicutes [68]. Gut dysbiosis in CKD was correlated with an increase in 
pathogenic flora compared to symbiotic flora, which, along with enhanced intestinal per-
meability, increases absorption of endotoxins with harmful consequences in the organism. 
The gut-derived uremic toxins, along with an expanded permeability of the intestinal barrier, 
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the gut, are significant players in modulation of immunity, blood pressure, glucose, and lipid 
metabolism. In addition, SCFAs also “modulate different cell signal transduction processes 
via G­protein–coupled receptors and act as epigenetic regulators by the inhibition of histone 
deacetylase and as potential mediators involved in the autophagy pathway.” Though contro-
versial, the SCFAs may be regarded as potential therapeutic targets and seem to represent the 
link between kidney damage and inflammatory response [70]. Gut inflammation is prevalent 
in CKD and is subsequently involved in systemic inflammation by disruption in the epithelial 
tight junction, leading to endotoxin and bacterial translocation; this state is associated with a 
defective Nrf2 pathway. On the basis that Nrf2 represents a protein that regulates the expres-
sion of antioxidant proteins that protect against oxidative damage triggered by injury and 
inflammation, oral administration of Nrf2 activator (study conducted on rats) has reestab-
lished the epithelial tight junction protein expression, alleviating arterial hypertension and 
rehabilitating the markers of kidney function [71].
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In conclusion, accumulating evidence recognizes that dietary fiber may reverse gut dysbiosis 
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mation, at least in the general population. Many researchers accept that supporting intestinal 
health and restoring the integrity of the gut wall will represent one of the most important 
goals in improving the quality of life within CKD individuals.
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The microbiota can be considered as a recently discovered “organ,” being involved in many 
pathological axes, in relation with almost every organ, including kidneys; there are different 
metabolites derived from microbiota dysbiosis engaged in distinct physiology pathways link-
ing to renal dysfunction [72]. The bidirectional relationship between gut microbiota and CKD 
is noted in many studies, and the effect of CKD on gut structure, leading further to dysbio-
sis (Figure 1) is also mentioned. The abundance of specific bacterial groups are dominated 
by Bacteroides, Prevotella, or Ruminococcus in normal individual gut microbiota [73], and 
these enterotypes are markedly correlated with long-term diets, especially the proteins and 
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animal­fat level (Bacteroides) versus carbohydrates (Prevotella) [74]. On the other side, the gut 
microbiota in CKD patients is altered, particularly with a decreased amount of Lactobacillaceae 
and Prevotellaceae families, and with an increased amount (more than 100 times higher) of 
Enterobacteria and Enterococci, species that are normally found in lower concentrations in 
healthy individuals [65]. The “supplementary organ” has also an important contribution to 
digestion, using two different catabolic pathways: saccharolytic (fermentation), with a high 
prevalence of Bifidobacteria and Lactobacilli, having short­chain fatty acids as end products, 
and the second, proteolytic (putrefaction) pathway, involving some species within Clostridium, 
Bacteroides, Enterobacterium, Bifidobacterium, and Lactobacillus [75] that leads to short or 
branched­chain fatty acids and other cometabolites, considered as microbial uremic toxins [76]. 
Another controversial mechanism linked to microbial dysbiosis in CKD patients involves the 
elevated gastrointestinal urea secretion, leading to important amounts of ammonia, which, in 
turn, contribute to the disturbance in the commensal bacteria [77]; therefore, targeting the gut 
microbiota composition could represent a promising approach in CKD monitoring and follow-
up. Hence, it is considered that a balanced microbiota is mainly saccharolytic and therefore diet 
itself owns a beneficial role in modulating the gut microbiota composition [78].

Key mechanisms to preserve the gut microbiota balance are considered to include special diets, 
such as Mediterranean diet, (detailed in Table 1) enriched in nondigestible carbohydrates, 
subject to fermentation by gut microbiota, with low quantities of proteins or fats [75]. It was 
also revealed that dietary content and their metabolites, such as advanced glycated end prod-
ucts (AGEs), types of uremic toxin resulted in the glycation process, could be closely linked 
to CKD. Promising therapeutic targets based on nutrition approaches include uremic toxin 
absorbents and inhibitors of AGEs or the receptor for AGEs. Also specific types of amino acids 
(d­serine) or fatty acids (palmitate) have been indicated to be related with CKD progression, 
but they are preliminary results and further studies are needed to confirm their efficacy [79]. 
It is worth mentioning that dietary interventions could increase the quality of life in CKD 
patients, though their certain effects on mortality, cardiovascular events, and ESRD remain 
unclear [80]. The significance of a proper diet was settled in large retrospective cohort studies, 
which evidenced that the mortality occurrence in predialysis patients that were under dietitian 
surveillance decreased 19% compared with the patients not under any dietary treat. The con-
clusion that emerged is that a nutritional care in early stages of CKD could have a better prog-
nosis on survival; however, randomized clinical trials are needed to prove this hypothesis [81].

Another area of potential beneficent therapies in CKD patients relies on the administra-
tion of prebiotics and probiotics, and the combination of both therapies into “synbiotic” 
preparations [81].

Probiotics are defined as “live microorganisms that when administered in adequate amounts 
confer a health benefit on the host” [82]. Probiotics consist of living bacteria, which can 
reshape gut microbiota, with impact on the inflammatory status, and are mainly represented 
by Bifidobacteria species, Lactobacilli, and Streptococci. A study on mice revealed that treat-
ment with Lactobacillus acidophilus could have the potential to attenuate the development of 
atherosclerotic lesions in mice by reducing the oxidative stress and the inflammatory response 
[83]. However, the optimal dose of the bacteria essential to obtain an impeccable engraftment 
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and the suspicion whether these bacteria will resist in the uremic habitat remain questionable 
[84]. A multinational trial involving patients with CKD stage 3 and 4 has described that half 
year treatment with proprietary formulation of S. thermophilus, L. acidophilus, and B. longum 
over has induced a significant decline in urea nitrogen circulating levels and has also enhanced 
the quality of life scores in these patients. It still remains unclear whether the described inter-
ventions may alter the integrity of gut tight junction barrier; thus, more studies are needed to 
enlarge the knowledge in this area [85].

Dietary type Diet summary Effects on CKD References

Mediterranean diet Carbohydrates, basically 
unrefined grains, fruits and 
vegetables, nuts, olive oil, fish, 
and a moderate consumption of 
red wine, dairy products, and 
red meats

PROTECTIVE: potentially restoring 
microbiota balance, ameliorating 
CKD conditions, slow down disease 
progression.

[78, 91, 92]

Vegetarian diet Fruits and vegetables, olive oil ADDITIONAL BENEFITS: reduce 
the burden of uremic toxins; 
attention must be paid to serum 
potassium levels.

[93, 94]

Vegan diet Fruits and vegetables, olive oil POSITIVE: the addition of inulin 
modulates microbiota metabolism 
and the high fiber intake of vegan 
diet may have favorable effects on 
intestinal microbiota.

[93]

DASH diet Consistent with a dietary 
approach to hypertension

PROTECTIVE: decreased risk of 
rapid eGFR decline.

[95, 96]

Modern dietary pattern High intake of fruit, soy milk, 
egg, milk, and deep-fried 
products

PROTECTIVE: inversely associated 
with CKD.

[97]

Western diet Excessively rich in protein and 
low in fruit and vegetables, 
grains, and fibers

DETRIMENTAL: increased risk of 
rapid eGFR decline.

[96]

Southern diet Fried foods, organ meats, 
sweetened beverages

Rice, pork, and vegetables, and 
low intake of wheat

DETRIMENTAL: independently 
associated with mortality in persons 
with CKD.

[98]

[97]

Modern dietary pattern, 
with increased cadmium 
intake

High intake of fruit, soy milk, 
egg, milk, and deep-fried 
products, with cadmium 
contamination in parts of the 
food supply

DETRIMENTAL: directly associated 
with CKD.

[97]

DGA diet Diet based on Dietary 
Guidelines for Americans 
(DGA)

DETRIMENTAL: rapid kidney 
function decline.

[99]

DAL diet Diet enriched in dietary acid 
load

DETRIMENTAL: increased risk of 
ESRD and mortality.

[100–103]

Table 1. Different dietary patterns assessed in association with CKD.
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digestion, using two different catabolic pathways: saccharolytic (fermentation), with a high 
prevalence of Bifidobacteria and Lactobacilli, having short­chain fatty acids as end products, 
and the second, proteolytic (putrefaction) pathway, involving some species within Clostridium, 
Bacteroides, Enterobacterium, Bifidobacterium, and Lactobacillus [75] that leads to short or 
branched­chain fatty acids and other cometabolites, considered as microbial uremic toxins [76]. 
Another controversial mechanism linked to microbial dysbiosis in CKD patients involves the 
elevated gastrointestinal urea secretion, leading to important amounts of ammonia, which, in 
turn, contribute to the disturbance in the commensal bacteria [77]; therefore, targeting the gut 
microbiota composition could represent a promising approach in CKD monitoring and follow-
up. Hence, it is considered that a balanced microbiota is mainly saccharolytic and therefore diet 
itself owns a beneficial role in modulating the gut microbiota composition [78].

Key mechanisms to preserve the gut microbiota balance are considered to include special diets, 
such as Mediterranean diet, (detailed in Table 1) enriched in nondigestible carbohydrates, 
subject to fermentation by gut microbiota, with low quantities of proteins or fats [75]. It was 
also revealed that dietary content and their metabolites, such as advanced glycated end prod-
ucts (AGEs), types of uremic toxin resulted in the glycation process, could be closely linked 
to CKD. Promising therapeutic targets based on nutrition approaches include uremic toxin 
absorbents and inhibitors of AGEs or the receptor for AGEs. Also specific types of amino acids 
(d­serine) or fatty acids (palmitate) have been indicated to be related with CKD progression, 
but they are preliminary results and further studies are needed to confirm their efficacy [79]. 
It is worth mentioning that dietary interventions could increase the quality of life in CKD 
patients, though their certain effects on mortality, cardiovascular events, and ESRD remain 
unclear [80]. The significance of a proper diet was settled in large retrospective cohort studies, 
which evidenced that the mortality occurrence in predialysis patients that were under dietitian 
surveillance decreased 19% compared with the patients not under any dietary treat. The con-
clusion that emerged is that a nutritional care in early stages of CKD could have a better prog-
nosis on survival; however, randomized clinical trials are needed to prove this hypothesis [81].

Another area of potential beneficent therapies in CKD patients relies on the administra-
tion of prebiotics and probiotics, and the combination of both therapies into “synbiotic” 
preparations [81].

Probiotics are defined as “live microorganisms that when administered in adequate amounts 
confer a health benefit on the host” [82]. Probiotics consist of living bacteria, which can 
reshape gut microbiota, with impact on the inflammatory status, and are mainly represented 
by Bifidobacteria species, Lactobacilli, and Streptococci. A study on mice revealed that treat-
ment with Lactobacillus acidophilus could have the potential to attenuate the development of 
atherosclerotic lesions in mice by reducing the oxidative stress and the inflammatory response 
[83]. However, the optimal dose of the bacteria essential to obtain an impeccable engraftment 
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and the suspicion whether these bacteria will resist in the uremic habitat remain questionable 
[84]. A multinational trial involving patients with CKD stage 3 and 4 has described that half 
year treatment with proprietary formulation of S. thermophilus, L. acidophilus, and B. longum 
over has induced a significant decline in urea nitrogen circulating levels and has also enhanced 
the quality of life scores in these patients. It still remains unclear whether the described inter-
ventions may alter the integrity of gut tight junction barrier; thus, more studies are needed to 
enlarge the knowledge in this area [85].
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and the high fiber intake of vegan 
diet may have favorable effects on 
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PROTECTIVE: decreased risk of 
rapid eGFR decline.

[95, 96]

Modern dietary pattern High intake of fruit, soy milk, 
egg, milk, and deep-fried 
products

PROTECTIVE: inversely associated 
with CKD.

[97]
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DETRIMENTAL: increased risk of 
rapid eGFR decline.

[96]
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sweetened beverages
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food supply
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Prebiotics, specialized plant fibers that promote the growth of healthy bacteria in the gut, have 
also an important role in preventing CKD progression [84]. The candidate prebiotics comprise 
inulin, fructo-oligosaccharides, galacto-oligosaccharides, soya-oligosaccharides, xylo-oligosac-
charides, and pyrodextrins and have potential in promoting the growth of Bifidobacteria and 
Lactobacilli species [86]. Recent evidence indicates that prebiotic oligofructose-enriched inulin 
(p­inulin) improves metabolic function, reduces inflammation, and mediates also weight loss 
[79]. Other prebiotic studies have described the role of supplements containing fructo-oligo-
saccharides (FOS) and/or inulin and their potential role in modulating the gut microbiota [75]. 
Prebiotic supplementation with FOS was correlated with a decline in proteolytic metabolites; 
thus, potential prebiotics such as AXOS could significantly imbalance the protein/carbohy-
drate fermentation ratio, resulting in alterations in the profile of fermentation metabolites, but 
the modifications related to microbiota composition remain ambiguous [87, 88].

Synbiotics represent the dual approach of combining a probiotic with a prebiotic and were the 
subject of several studies. The Synbiotics Easing Renal Failure by Improving Gut Microbiology 
(SYNERGY) Study was a single­center, double­blind, placebo­controlled, randomized cross­
over trial that tested the effects of synbiotics in CKD patients with moderate to severe stages 
[89]. In this study, preliminary results highlighted that administration of synbiotic therapy did 
result in appreciable decreasing in circulating levels of nephrovascular uremic toxins, being 
accompanied by a significant modulation of the stool microbiome (especially with enhancement 
of Bifidobacterium and deficiency of Ruminococcaceae) in CKD patients, not under antibiotics 
prescription [89]. The gut microbiota alteration in CKD produces the release of indoxyl sulfate 
and p-cresyl sulfate, which represent key uremic nephrovascular toxins. Emerging evidence 
reveals that gut microbiota modulation through diet supplementation with pre­ and/probiotics 
could have an important role in inhibiting the generation of key nephrovascular toxins [90].

Considering the potential of all these preparations in shifting the uremic toxin expression 
and also in delaying the CKD progression, the exploration of these novel therapeutic avenues 
could provide vital insights into this inoffensive nutritional therapy.

7. Conclusions and future endeavors

Persistent, low­grade inflammation has been recently accepted as a potential hallmark of 
CKD, playing an essential role in its pathophysiology and being involved as well in the car-
diovascular complications and all-cause poor prognosis in these patients. There has been an 
ascending growth of interest regarding the role of inflammation in CKD and end­stage renal 
disease, which shifts the perception of inflammation as no longer a new, but rather a tradi-
tional risk factor for CKD morbidity and mortality.

The increasing evidence regarding the tight cross talk between inflammation and kidney 
function became pathophysiologically relevant in patients with CKD, due to the development 
of proteomics, genomics, and other omics, and the advancements in state-of-the-art technolo-
gies for identification of novel biomarkers in renal diseases. The complex mechanisms in CKD 
development and progression would require not a single marker, but assessment of a panel of 
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biomarkers in order to enhance all types of alterations that characterize such a complex and 
insidious disease.

A variety of novel interventions have been recently proposed to target inflammation in CKD, and 
it seems that, in the near future, the conventional biomarkers could be proficiently improved, or 
even replaced with novel ones; however, confirmation of their efficacy, sensitivity, and specific-
ity will definitely require randomized controlled and adequately interventional clinical trials.

Growing evidence indicates that gut microbiota can be considered as a recently discovered 
“organ,” being involved in different pathological axes, in relation with almost every organ, includ-
ing kidneys. Recent advances indicate that gut dysbiosis confers unexpected health risks. The gut-
kidney axis has imposed itself in the renal diseases scenario as a novel therapeutic avenue with 
great potential in the forthcoming future. Emerging evidences highlight the possible correlation 
between dysbiosis and a wide range of diseases. The gut microbiota imbalance represents though 
the plausible missing link between nutrition and health, focusing on CKD. Alterations in gut 
microbiota and a myriad of host responses have been involved in CKD prognosis, high risk of car-
diovascular complications, uremic toxicity, and inflammation. There is a vicious circle in CKD, in 
which, on one hand, toxic gut microbiota metabolites are the major circulating uremic toxins and, 
on the other hand, their aggregation deteriorates gut dysbiosis and promotes CKD progression.

This novel promising field of research could lead, in the near future, to the design of remark-
ably personalized nutritional procedures, in order to design the most convenient dietary 
strategy for each individual.
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Abstract

Regardless of its etiology, chronic kidney disease (CKD) is characterized by proteinuria, 
serum creatinine retention, glomerulosclerosis (GS), and tubulointerstitial damage. 
Notably, the last one has been correlated more closely with the evolution to kidney fail-
ure than the extent of glomerular injury. Tubulointerstitial inflammation comprises the 
activation of tubular epithelial cells, which release inflammatory mediators and chemo-
kines promoting the influx of leukocytes in the renal parenchyma and the activation/pro-
liferation of resident fibroblasts, leading to excessive production of extracellular matrix 
(EM), fibrosis, and renal function loss. Therefore, inflammation exerts a key role in the 
pathogenesis of CKD, although the mechanisms by which this process is activated and 
perpetuated, even when the initial insult is not immune-mediated, such as in the hyper-
tensive nephrosclerosis, in the diabetic nephropathy, and in the crystal-induced renal 
disease, remain unclear. This chapter provides an overview on inflammation and CKD 
development not related to autoimmunity or caused by presence of foreign antigens. 
Cellular and molecular mechanisms involved in different pathways and its potential 
therapeutic targets to detain the progression of inflammation and fibrosis in CKD are 
also presented ahead as a contribution in this book.

Keywords: chronic kidney disease, inflammation, immune system, innate immunity, 
adaptive immunity

1. Introduction

Chronic kidney disease (CKD) is considered a global health problem that motivates life 
science researchers and physicians to investigate the mechanisms beyond its development, 
and to seek for new therapeutic strategies to detain the evolution of renal function loss [1]. 
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serum creatinine retention, glomerulosclerosis (GS), and tubulointerstitial damage. 
Notably, the last one has been correlated more closely with the evolution to kidney fail-
ure than the extent of glomerular injury. Tubulointerstitial inflammation comprises the 
activation of tubular epithelial cells, which release inflammatory mediators and chemo-
kines promoting the influx of leukocytes in the renal parenchyma and the activation/pro-
liferation of resident fibroblasts, leading to excessive production of extracellular matrix 
(EM), fibrosis, and renal function loss. Therefore, inflammation exerts a key role in the 
pathogenesis of CKD, although the mechanisms by which this process is activated and 
perpetuated, even when the initial insult is not immune-mediated, such as in the hyper-
tensive nephrosclerosis, in the diabetic nephropathy, and in the crystal-induced renal 
disease, remain unclear. This chapter provides an overview on inflammation and CKD 
development not related to autoimmunity or caused by presence of foreign antigens. 
Cellular and molecular mechanisms involved in different pathways and its potential 
therapeutic targets to detain the progression of inflammation and fibrosis in CKD are 
also presented ahead as a contribution in this book.

Keywords: chronic kidney disease, inflammation, immune system, innate immunity, 
adaptive immunity

1. Introduction

Chronic kidney disease (CKD) is considered a global health problem that motivates life 
science researchers and physicians to investigate the mechanisms beyond its development, 
and to seek for new therapeutic strategies to detain the evolution of renal function loss [1]. 
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Progressive CKD may be initiated by several conditions of different etiological basis; how-
ever, in almost all cases, renal disease progresses with the development of a chronic and 
self-sustained inflammatory reaction, which involves both innate and adaptive arms of 
immune response and leads to kidney fibrosis. Reasons why inflammation parallels CKD 
progression even when the initial renal injury does not involve autoimmune disorders or 
infection episodes remain unclear [2]. In the following sections, we are going to discuss 
some epidemiological data on CKD in the United States (US) and in the World, as well 
as briefly review the pathophysiological mechanisms involved in CKD development and 
progression, with special attention to the participation of inflammatory components in this 
process.

2. Chronic kidney disease and inflammation: definition and numbers

CKD is a general term used to define a group of heterogeneous disorders that structurally 
compromise the kidneys, resulting in reduction or insufficiency of renal function. CKD is one 
of the major degenerative conditions that lead to progressive disability, and is the ninth cause 
of death in the US [3]. Every year, kidney disease kills more people than breast or prostate 
cancer. According to the National Kidney Foundation, CKD assumed epidemic proportions 
in the last decades and meets all the required criteria to be considered as a major public health 
concern [3–8]. The 2016 Annual Data Report of the US Renal Data System (USRDS) showed 
that around 26 millions of American adults have some degree of kidney disease, of which, 
more than 661,000 have end-stage renal disease (ESRD), defined by the requirement of renal 
replacement therapy (RRT) for life-saving [4, 5]. Accordingly, there were 468,000 Americans 
on dialysis and approximately 193,000 individuals living with a transplanted kidney, in the 
last year [5].

This reality is also true for the other countries around the world. The Bulletin of the World 
Health Organization estimated the global number of patients receiving RRT to be higher than 
1.4 million, with incidence of growing by around 8% annually [6]. This high prevalence and 
mortality, allied to the elevated costs of treating this growing epidemic represents a big burden 
on healthcare systems worldwide, especially in low and middle income countries, where long 
term dialysis is financially unaffordable [7–9]. This dramatic scenario motivates the medical 
community to intensify the efforts in preventing kidney injury and to improve the early detec-
tion of this condition. Moreover, scientific investigation to elucidate the pathophysiological 
mechanisms involved in the evolution of chronic nephropathies is of paramount importance 
to the development of more effective therapeutic strategies to slow or even stop the progres-
sion of CKD.

Gradual renal function deterioration is generally caused by an initial kidney injury, which 
acutely or chronically affects both the glomerular filtration rate (GFR) and/or the tubular reab-
sorption/excretion [2, 10]. The decrease of renal blood flow and the blockage of the urinary 
tract are the main causes of acute kidney injury (AKI). Kidneys’ hypoperfusion can be caused 
by hypovolemia, septic shock, bleeding, hypotension, or due to renal ischemia, caused by 
abnormal vasoconstriction, or by the presence of blood clots, arteriosclerosis or other renal 
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blood flow blocking agents. Bladder and/or ureteral obstruction, in turn, can occur due to 
anatomic alterations, prostate hypertrophy, and cancer, or by the presence of kidney/ureteral 
stones. AKI can be additionally caused by some specific health conditions such as the mul-
tiple myeloma or the tubular necrosis, which can result from the administration of nephro-
toxic drugs and compounds. In general, these conditions reduce the GFR, promoting a sharp 
decrease of renal function, that can be transitory; if the renal blood hypoperfusion or the 
obstruction of the urinary tract is rapidly corrected, or permanent, if the regular renal blood 
flow and the urinary output are not restored. There are actually growing evidence that, even 
when an AKI episode is properly solved, and there is a complete reestablishment of renal 
function, the patients should be closely followed for a long period, since this population is 
more prone to manifest CKD in the future [10, 11].

Although acute renal lesions may lead to the development of progressive kidney insuffi-
ciency, the two main causes of CKD are still diabetes and hypertension [3–6]. Such insidious 
diseases are, together, responsible for up to two-thirds of the cases of CKD in the American 
population [3–5]. If poorly or inefficiently controlled, both diabetes and hypertension may 
cause significant damage to human body, especially when it is exposed to these conditions 
for a long period. Many organs and systems can be affected, such as the blood vessels, the 
central nervous system (CNS), the eyes and, finally, the kidneys [2, 10]. The exact patho-
physiological mechanisms through which sustained high serum glucose concentration and 
blood pressure lead to renal injury have not yet been fully elucidated. Proposed theories and 
mechanisms based on experimental studies, clinical trials, and medical observation will be 
discussed further on.

The third more common cause of CKD in the US is a group of autoimmune disorders, gener-
ally designated by Glomerulonephritis (GN) [3–5]. There are a number of different kinds of 
GN, which differ one from the other by the type of local renal infiltrating cells, by the presence 
and subtyping of autoantibodies, by the accumulation of complement system components, 
by the specific antigens that starts the renal local immune response, and also by some dif-
ferential clinical and laboratorial features, including proteinuria, hematuria, and edema [12]. 
Although GN is an important cause of CKD, the molecular and cellular mechanisms involved 
in their onset and progression are beyond the scope of this revision, since GN is considered 
an immune-mediated kidney condition.

In a less extent, inherited diseases like different forms of polycystic kidney disease (PKD) and 
genetic syndromes, such as Von Hippel-Lindau, Alport’s, and Bartter’s can also lead to CKD, 
as well as congenital malformations of the urinary system and repeated urinary tract infec-
tions (UTI) [3–6, 13].

3. Overview of CKD pathophysiology

Regardless of the nature of the initial renal insult, CKD is characterized by proteinuria, 
serum urea and creatinine retention, blood pressure rising, and imbalance in renal per-
fusion, which lead to the development of glomerular hypertension and hypertrophy, 
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blood flow blocking agents. Bladder and/or ureteral obstruction, in turn, can occur due to 
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decrease of renal function, that can be transitory; if the renal blood hypoperfusion or the 
obstruction of the urinary tract is rapidly corrected, or permanent, if the regular renal blood 
flow and the urinary output are not restored. There are actually growing evidence that, even 
when an AKI episode is properly solved, and there is a complete reestablishment of renal 
function, the patients should be closely followed for a long period, since this population is 
more prone to manifest CKD in the future [10, 11].

Although acute renal lesions may lead to the development of progressive kidney insuffi-
ciency, the two main causes of CKD are still diabetes and hypertension [3–6]. Such insidious 
diseases are, together, responsible for up to two-thirds of the cases of CKD in the American 
population [3–5]. If poorly or inefficiently controlled, both diabetes and hypertension may 
cause significant damage to human body, especially when it is exposed to these conditions 
for a long period. Many organs and systems can be affected, such as the blood vessels, the 
central nervous system (CNS), the eyes and, finally, the kidneys [2, 10]. The exact patho-
physiological mechanisms through which sustained high serum glucose concentration and 
blood pressure lead to renal injury have not yet been fully elucidated. Proposed theories and 
mechanisms based on experimental studies, clinical trials, and medical observation will be 
discussed further on.

The third more common cause of CKD in the US is a group of autoimmune disorders, gener-
ally designated by Glomerulonephritis (GN) [3–5]. There are a number of different kinds of 
GN, which differ one from the other by the type of local renal infiltrating cells, by the presence 
and subtyping of autoantibodies, by the accumulation of complement system components, 
by the specific antigens that starts the renal local immune response, and also by some dif-
ferential clinical and laboratorial features, including proteinuria, hematuria, and edema [12]. 
Although GN is an important cause of CKD, the molecular and cellular mechanisms involved 
in their onset and progression are beyond the scope of this revision, since GN is considered 
an immune-mediated kidney condition.

In a less extent, inherited diseases like different forms of polycystic kidney disease (PKD) and 
genetic syndromes, such as Von Hippel-Lindau, Alport’s, and Bartter’s can also lead to CKD, 
as well as congenital malformations of the urinary system and repeated urinary tract infec-
tions (UTI) [3–6, 13].

3. Overview of CKD pathophysiology

Regardless of the nature of the initial renal insult, CKD is characterized by proteinuria, 
serum urea and creatinine retention, blood pressure rising, and imbalance in renal per-
fusion, which lead to the development of glomerular hypertension and hypertrophy, 
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mesangial cells proliferation, and extracellular matrix (EM) overproduction, culminating 
in irreversible changes in glomerular and tubular architecture that impairs the function of 
the nephron [2, 9]. Notably, the involvement of the tubulointerstitial compartment has been 
correlated more closely with the evolution to kidney failure than the extent of glomerular 
injury per se [2, 9, 14]. The more filtering units are injured, the more overburdened the 
remaining nephrons become, which in turn end up succumbing due to overload in a vicious 
cycle of positive feedback. This process leads to global glomerulosclerosis (GS), tubular 
atrophy (TA), interstitial fibrosis, peritubular capillary rarefaction, and progressive renal 
function loss [2, 9, 14, 15], as illustrated in Figure 1.

The inordinate activation of the renin-angiotensin-aldosterone system (RAAS) is one of 
the major factors that can stimulate CKD progression [9]. Traditionally, RAAS used to 
be considered only as an endocrine system, whose major function was to maintain the 
blood pressure, even in situations of hypovolemia [16]. In the traditional description of 
RAAS, Renin, a hormone synthesized by the renal juxtaglomerular cells, promotes the 
conversion of angiotensinogen, produced in the liver, into angiotensin I (Ang I). This pep-
tide is further cleaved by angiotensin-converting enzyme (ACE) into its active form, the 
Angiotensin II (Ang II), which, in turn, binds to its specific receptors (AT1) in the adre-
nal cortex, resulting in the release of aldosterone. Once released in the blood stream this  

Figure 1. CKD pathophysiology. Different immune and nonimmune conditions may cause the initial renal insult that is 
been influenced by both modifiable and non-modifiable risk factors. This original damage causes several changes on renal 
function reducing the glomerular filtration rate, impairing the renal tubular hydroelectrolytic balance and damaging the 
glomerular filtration barrier. In a forward positive feedback, these events are able to lead to glomerulosclerosis, renal 
fibrosis and progressive loss of function.
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mineralocorticoid steroid promotes renal and systemic vasoconstriction and tubular 
sodium conservation, leading to the elevation of blood pressure [9, 16]. In spite of its first 
description, RAAS became much more complex in the recent years, after the identification 
of many novel components, such as the enzyme chymase, which exerts the same function 
of ACE, the biologically active peptides angiotensin III, IV, 1–9 and 1–7, and a number of 
different Ang II receptors (AT2, AT4, among others) [16]. Moreover, depending on which 
intracellular downstream system is activated by Ang II, different physiological responses 
can be triggered [16, 17].

Ang II has been related to inflammation followed to chronic nephropathy developed by 
the enhancing of the immune response and favoring renal infiltration by leukocyte [18, 19]. 
Additionally, there are growing in vitro and in vivo evidence that Ang II promotes cell pro-
liferation and fibroblast activation, worsening the accumulation of EM and contributing 
to the development of renal fibrosis [18, 20, 21]. Furthermore, a variety of studies showed 
the presence of both Ang II and the receptor AT1 in the renal parenchyma of animals sub-
mitted to experimental models of CKD, leading to the discovery of a complex intrarenal 
pro-inflammatory RAAS that seems to become overactivated under kidney injury [18–22]. 
Accordingly, suppression of RAAS with both ACE inhibitors (ACEi) and/or AT1 receptor 
blockers (ARB) become a mainstay of treatment of progressive nephropathies and, although 
several innovative therapeutic measures have been recently proposed for the treatment of 
CKD, RAAS blockage, associated to diuretics or not, remains the best available resource in 
this regard [9, 16, 23, 24].

In 1984, Schwartz and collaborators demonstrated for the first time an increase in fibroblast 
and the appearance of macrophages and lymphocytes in the renal parenchyma of rabbits 
submitted to a sterile model of renal ischemia/reperfusion [25]. This was one of the first stud-
ies suggesting that the inflammatory process, including mononuclear cell infiltration and 
fibroblast proliferation was a final pathway common to different forms of renal injury, inde-
pendent of its etiology. We currently know that inflammation exerts a key role in the patho-
genesis of CKD, although the mechanisms by which this process is activated and perpetuated, 
even when the initial insult is not immune-mediated, remain unclear.

There is growing evidence that the activation of both cellular and humoral immunity is 
related to the progression of renal insufficiency and a worse prognosis in nonimmune-
mediated CKD. Renal infiltration by macrophages has been demonstrated in a variety of 
human nonimmune-mediated renal diseases, such as diabetic nephropathy (DN) [26] and 
hypertensive nephrosclerosis (HN) [27]. Moreover, this phenomenon was also observed 
in different experimental models of CKD over the last years. Accordingly, the number of 
inflammatory cells in the renal interstitium closely correlates with the severity of nephropa-
thy and with glomerular and tubulointerstitial lesions in these experimental models [28–30]. 
The increase of dendritic cells (DCs) in the renal parenchyma, in turns, is believed to indi-
cate the spreading of inflammation from glomerular to the tubulointerstitial compartment, 
playing a pivotal role in the progression of both AKI and CKD [31, 32]. Finally, cortical 

Inflammation in Nonimmune-Mediated Chronic Kidney Disease
http://dx.doi.org/10.5772/intechopen.70611

157



mesangial cells proliferation, and extracellular matrix (EM) overproduction, culminating 
in irreversible changes in glomerular and tubular architecture that impairs the function of 
the nephron [2, 9]. Notably, the involvement of the tubulointerstitial compartment has been 
correlated more closely with the evolution to kidney failure than the extent of glomerular 
injury per se [2, 9, 14]. The more filtering units are injured, the more overburdened the 
remaining nephrons become, which in turn end up succumbing due to overload in a vicious 
cycle of positive feedback. This process leads to global glomerulosclerosis (GS), tubular 
atrophy (TA), interstitial fibrosis, peritubular capillary rarefaction, and progressive renal 
function loss [2, 9, 14, 15], as illustrated in Figure 1.

The inordinate activation of the renin-angiotensin-aldosterone system (RAAS) is one of 
the major factors that can stimulate CKD progression [9]. Traditionally, RAAS used to 
be considered only as an endocrine system, whose major function was to maintain the 
blood pressure, even in situations of hypovolemia [16]. In the traditional description of 
RAAS, Renin, a hormone synthesized by the renal juxtaglomerular cells, promotes the 
conversion of angiotensinogen, produced in the liver, into angiotensin I (Ang I). This pep-
tide is further cleaved by angiotensin-converting enzyme (ACE) into its active form, the 
Angiotensin II (Ang II), which, in turn, binds to its specific receptors (AT1) in the adre-
nal cortex, resulting in the release of aldosterone. Once released in the blood stream this  

Figure 1. CKD pathophysiology. Different immune and nonimmune conditions may cause the initial renal insult that is 
been influenced by both modifiable and non-modifiable risk factors. This original damage causes several changes on renal 
function reducing the glomerular filtration rate, impairing the renal tubular hydroelectrolytic balance and damaging the 
glomerular filtration barrier. In a forward positive feedback, these events are able to lead to glomerulosclerosis, renal 
fibrosis and progressive loss of function.

Chronic Kidney Disease - from Pathophysiology to Clinical Improvements156
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several innovative therapeutic measures have been recently proposed for the treatment of 
CKD, RAAS blockage, associated to diuretics or not, remains the best available resource in 
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In 1984, Schwartz and collaborators demonstrated for the first time an increase in fibroblast 
and the appearance of macrophages and lymphocytes in the renal parenchyma of rabbits 
submitted to a sterile model of renal ischemia/reperfusion [25]. This was one of the first stud-
ies suggesting that the inflammatory process, including mononuclear cell infiltration and 
fibroblast proliferation was a final pathway common to different forms of renal injury, inde-
pendent of its etiology. We currently know that inflammation exerts a key role in the patho-
genesis of CKD, although the mechanisms by which this process is activated and perpetuated, 
even when the initial insult is not immune-mediated, remain unclear.

There is growing evidence that the activation of both cellular and humoral immunity is 
related to the progression of renal insufficiency and a worse prognosis in nonimmune-
mediated CKD. Renal infiltration by macrophages has been demonstrated in a variety of 
human nonimmune-mediated renal diseases, such as diabetic nephropathy (DN) [26] and 
hypertensive nephrosclerosis (HN) [27]. Moreover, this phenomenon was also observed 
in different experimental models of CKD over the last years. Accordingly, the number of 
inflammatory cells in the renal interstitium closely correlates with the severity of nephropa-
thy and with glomerular and tubulointerstitial lesions in these experimental models [28–30]. 
The increase of dendritic cells (DCs) in the renal parenchyma, in turns, is believed to indi-
cate the spreading of inflammation from glomerular to the tubulointerstitial compartment, 
playing a pivotal role in the progression of both AKI and CKD [31, 32]. Finally, cortical 
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T-lymphocyte infiltration is a common finding in both genetic [33] and pharmacologically 
induced [34] DN in rodents. Moreover, it has also been described in the 5/6 renal ablation 
model (NX) [35] and in the chronic inhibition of nitric oxide synthase model (L-NAME) [29], 
among others [19]. In most of these studies, the amount of T-cells in the renal interstitium 
correlates positively with the progression of albuminuria, creatinine retention, and renal 
structural damage, as shown in Table 1 [36–43]. Corroborating these findings, a number 
of experimental studies showing significant evidence that anti-inflammatory treatment, as 
well as the knockout (KO) of specific pro-inflammatory genes can be effective to detain the 
evolution of nephropathy in different animal models of CKD, have been recently published, 
as shown in Table 2 [44–52].

Although the exact sequence of the inflammatory events in progressive CKD has not been 
completely elucidated yet, we are currently aware that, the activation of tubular epithelial 
cells, inordinate production of cytokines, activation of resident phagocytes and fibroblasts, 
as well as the transdifferentiation of these last into pro-fibrotic myofibroblasts, parallels renal 
leukocyte infiltration, from the early beginning of renal disease. Furthermore, these processes 
follow the evolution of CKD, becoming autonomic and leading to excessive production of EM 
and fibrosis [9, 14, 32, 53].

Authors (first, last) and year Ref. Species CKD studied Molecules/cells studied

Gong W, Zhang A. 2016 [36] Mouse 5/6 nephrectomy (NX) NLRP3

Souza AC, Star RA. 2015 [37] Mouse 5/6 nephrectomy (NX) TLR4

D’Apolito M, Giardino I. 2015 [38] Mouse 5/6 nephrectomy (NX) Urea as a DAMP

Lehners A, Wenzel UO. 2014 [39] Mouse 5/6 nephrectomy (NX) Myeloperoxidase 
(MPO)

Correa-Costa, Camara NOS. 
2011

[40] Mouse Adenine-induced tubule interstitial 
nephritis

TLR2, TLR4, MYD88, 
ASC, CASP1

Fanelli C, Zatz R. 2011 [19] Rat CKD caused by AT1 blockade during 
nephrogenesis

T-lymphocytes

Vilaysane A, Muruve DA. 
2010

[41] Mouse Unilateral ureteral obstruction (UUO) NLRP3

Rodriguez-Iturbe, Vaziri ND. 
2004

[42] Rat Spontaneously hypertensive rats (SHR) NFKB system, T-cells

Utimura R, Zatz R. 2003 [28] Rat ST-induced DN T-lymphocytes

Fujihara CK, Zatz R. 2001 [29] Rat L-NAME-induced nitric oxide synthase 
inhibition

T-lymphocytes

Donadelli R, Zoja C. 2000 [43] Rat 5/6 nephrectomy (NX) NFKB system

Fujihara CK, Noronha IL. 
1998

[35] Rat 5/6 nephrectomy (NX) T-lymphocytes

Table 1. Evidences of innate and adaptive immunity activation in nonimmune-mediated CKD.
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Authors (first, 
last) and year

Ref. Species CKD studied Target cell/molecule Drug/compound Related improvements

Ludwig-
Portugall I, 
Kurts C. 2016

[44] Mouse Adenine/
oxalate-
induced 
nephritis

NLRP3 CP-456,773 CP-456,773 prevented 
kidney fibrosis in a 
murine model of crystal 
nephropathy induced 
by diets rich in oxalate 
or adenine.

Okabe C, 
Fujihara CK. 
2013

[45] Rat Adenine-
induced 
nephritis

NFKB system PDTC PDTC prevented p65 
nuclear translocation, 
limited formation of 
renal interstitial foreign 
body granulomas, 
reduced the expression 
of Ifng, Il6, Fsp1, Mcp1 
genes, and strongly 
attenuated interstitial 
fibrosis/inflammation

Kim JE, Cha 
DR. 2013

[46] Mouse db/db 
genetically-
induced DN

NFKB system Celastrol Celastrol not 
only improved 
insulin resistance, 
glycemic, control, 
and oxidative stress, 
but also improved 
renal functional and 
structural changes 
through both metabolic 
and anti-inflammatory 
effects in the kidney

Gilbert RE, 
Kelly DJ. 2012

[47] Rat 5/6 
nephrectomy 
(NX) and 
ST-induced 
DN

TGFβ FT011 FT011 attenuated 
hypertension, GS, and 
renal macrophage 
infiltration in Nx, 
as well as reduced 
albuminuria, GS, renal 
interstitial fibrosis, and 
inflammation in ST-DN

Ding W, Gu Y. 
2012

[48] Rat Aldosterone/
salt-induced 
renal injury

NFKB system PDTC PDTC significantly 
decreased the 
percentage of CTGF+ 
cells, the mRNA for 
TGF-β, CTGF, TGF-β, 
ICAM-1 and collagen 
IV, and protein levels of 
CTGF and ICAM-1

Kaneyama T, 
Ehara T. 2010

[49] Rat Unilateral 
ureteral 
obstruction 
(UUO)

TGFβ Tranilast Fibrosis and tubular 
injuries were attenuated 
in UUO rats treated with 
tranilast compared with 
untreated UUO animals

Fujihara CK, 
Zatz R. 2007

[50] Rat 5/6 
nephrectomy 
(NX)

NFKB system PDTC PDTC attenuated 
renal injury and 
inflammation, as well 
as the density of cells 
staining positively for 
the phospho p65 subunit
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as well as the transdifferentiation of these last into pro-fibrotic myofibroblasts, parallels renal 
leukocyte infiltration, from the early beginning of renal disease. Furthermore, these processes 
follow the evolution of CKD, becoming autonomic and leading to excessive production of EM 
and fibrosis [9, 14, 32, 53].

Authors (first, last) and year Ref. Species CKD studied Molecules/cells studied

Gong W, Zhang A. 2016 [36] Mouse 5/6 nephrectomy (NX) NLRP3

Souza AC, Star RA. 2015 [37] Mouse 5/6 nephrectomy (NX) TLR4

D’Apolito M, Giardino I. 2015 [38] Mouse 5/6 nephrectomy (NX) Urea as a DAMP

Lehners A, Wenzel UO. 2014 [39] Mouse 5/6 nephrectomy (NX) Myeloperoxidase 
(MPO)

Correa-Costa, Camara NOS. 
2011

[40] Mouse Adenine-induced tubule interstitial 
nephritis

TLR2, TLR4, MYD88, 
ASC, CASP1

Fanelli C, Zatz R. 2011 [19] Rat CKD caused by AT1 blockade during 
nephrogenesis

T-lymphocytes

Vilaysane A, Muruve DA. 
2010

[41] Mouse Unilateral ureteral obstruction (UUO) NLRP3

Rodriguez-Iturbe, Vaziri ND. 
2004

[42] Rat Spontaneously hypertensive rats (SHR) NFKB system, T-cells

Utimura R, Zatz R. 2003 [28] Rat ST-induced DN T-lymphocytes

Fujihara CK, Zatz R. 2001 [29] Rat L-NAME-induced nitric oxide synthase 
inhibition

T-lymphocytes

Donadelli R, Zoja C. 2000 [43] Rat 5/6 nephrectomy (NX) NFKB system

Fujihara CK, Noronha IL. 
1998

[35] Rat 5/6 nephrectomy (NX) T-lymphocytes

Table 1. Evidences of innate and adaptive immunity activation in nonimmune-mediated CKD.
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Authors (first, 
last) and year

Ref. Species CKD studied Target cell/molecule Drug/compound Related improvements

Ludwig-
Portugall I, 
Kurts C. 2016

[44] Mouse Adenine/
oxalate-
induced 
nephritis

NLRP3 CP-456,773 CP-456,773 prevented 
kidney fibrosis in a 
murine model of crystal 
nephropathy induced 
by diets rich in oxalate 
or adenine.

Okabe C, 
Fujihara CK. 
2013

[45] Rat Adenine-
induced 
nephritis

NFKB system PDTC PDTC prevented p65 
nuclear translocation, 
limited formation of 
renal interstitial foreign 
body granulomas, 
reduced the expression 
of Ifng, Il6, Fsp1, Mcp1 
genes, and strongly 
attenuated interstitial 
fibrosis/inflammation

Kim JE, Cha 
DR. 2013

[46] Mouse db/db 
genetically-
induced DN

NFKB system Celastrol Celastrol not 
only improved 
insulin resistance, 
glycemic, control, 
and oxidative stress, 
but also improved 
renal functional and 
structural changes 
through both metabolic 
and anti-inflammatory 
effects in the kidney

Gilbert RE, 
Kelly DJ. 2012

[47] Rat 5/6 
nephrectomy 
(NX) and 
ST-induced 
DN

TGFβ FT011 FT011 attenuated 
hypertension, GS, and 
renal macrophage 
infiltration in Nx, 
as well as reduced 
albuminuria, GS, renal 
interstitial fibrosis, and 
inflammation in ST-DN

Ding W, Gu Y. 
2012

[48] Rat Aldosterone/
salt-induced 
renal injury

NFKB system PDTC PDTC significantly 
decreased the 
percentage of CTGF+ 
cells, the mRNA for 
TGF-β, CTGF, TGF-β, 
ICAM-1 and collagen 
IV, and protein levels of 
CTGF and ICAM-1

Kaneyama T, 
Ehara T. 2010

[49] Rat Unilateral 
ureteral 
obstruction 
(UUO)

TGFβ Tranilast Fibrosis and tubular 
injuries were attenuated 
in UUO rats treated with 
tranilast compared with 
untreated UUO animals

Fujihara CK, 
Zatz R. 2007

[50] Rat 5/6 
nephrectomy 
(NX)

NFKB system PDTC PDTC attenuated 
renal injury and 
inflammation, as well 
as the density of cells 
staining positively for 
the phospho p65 subunit

Inflammation in Nonimmune-Mediated Chronic Kidney Disease
http://dx.doi.org/10.5772/intechopen.70611

159



4. The immune system and kidney disease

The immune system (IS) is composed by a set of structures, cells, and processes that together 
enable an organism to recognize their self-elements from the foreign and potentially patho-
genic ones, producing then, a physiological response consistent with the nature of the rec-
ognized element, which can be either a self-harmless protein or a dangerous bacterium [54]. 
As part of these systems, there are the so-called nonimmunological physical, chemical, and 
biological barriers and the immunological components itself, represented by innate and adap-
tive mechanisms of cellular and humoral immune response [54, 55].

In a simplistic way, the IS is responsible for four different body functions. The first one is the 
immune tolerance, the property that allows the body to recognize self-cells, proteins, and 

Authors (first, 
last) and year

Ref. Species CKD studied Target cell/molecule Drug/compound Related improvements

Utimura R, 
Zatz R. 2003

[28] Rat ST-induced 
DN

T-lymphocytes MMF MMF prevented 
albuminuria, GS, and 
renal cortical macrophage 
infiltration in DN

Shihab FS, 
Andoh Tf. 2002

[51] Human Human DN TGFβ, TNFa Pirfenidone Treatment with 
pirfenidone, which 
has been shown to 
inhibit renal fibrosis in 
experimental models, 
prolonged the period of 
conservative treatment 
of CKD in patients with 
ND, delaying the need 
for dialysis

Fujihara CK, 
Zatz R. 2001

[29] Rat L-NAME-
induced NO 
inhibition

T-lymphocytes MMF MMF significantly 
reduced 
glomerulosclerosis, 
renal interstitial 
expansion, macrophage 
and lymphocyte 
infiltration

Romero F, 
Tapia E. 1999

[52] Rat 5/6 
nephrectomy 
(NX)

T-lymphocytes MMF Segmental sclerosis, 
interstitial fibrosis, 
and renal infiltration 
by CD43+ and ED1+ 
cells were significantly 
reduced with MMF

Fujihara CK, 
Noronha IL. 
1998

[35] Rat 5/6 
nephrectomy 
(NX)

T-lymphocytes MMF MMF significantly 
prevented GS and 
interstitial expansion in 
NX rats

Table 2. Studies using experimental CKD development and its renoprotective effects.
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other constitutive elements, producing a response of tolerance and preventing autoimmune 
reactions. This particular state of IS unresponsiveness is also essential to ensure the regular 
fetal development during pregnancy and to allow the colonization of human skin, digestive 
tract, and vagina by beneficial microorganisms referred as microbiota [56, 57].

The second and most well-known function of IS is the immunity itself. It is the ability to 
recognize foreign proteins and molecules, which may indicate the presence of invading 
microorganisms, such as bacteria or other parasites, and respond to these foreign elements 
with both cellular and humoral defenses, protecting the organism against infection [54]. 
Additionally, through its third property, immune surveillance, the IS patrols the body to 
recognize and destroy self-cells infected by virus or even constitutive cells that become can-
cerous or suffer phenotype alterations due to genetic mutations [54, 55]. For immune sur-
veillance to work, cancer and/or mutated cells must express specific antigens that are not 
frequently found on normal cells, otherwise the IS would recognize them as “self” and be 
tolerant of them [58, 59].

Finally, the last property of IS is the ability of self-controlling the immune response. 
Through a complex mechanism of feedback and cell-to-cell communication, involving a 
number of cytokines and cell-cytokine receptors, IS modulates its response, which can be 
either tolerance or immunity, according to the specific stimulus to which the organism 
is subjected to [54]. This property is known as immunoregulation and is of paramount 
importance, not only for the kidneys but also for the whole organism. Failures on the 
immunoregulation may lead either to the development of autoimmune diseases that can 
impair renal function, such as systemic lupus erythematosus (SLE), whose renal involve-
ment is a severe type of GN called lupus nephritis or to the vulnerability to opportunistic 
infections, leading to repeated episodes of pyelonephritis and/or immune-mediated GN 
due to the accumulation of antigen-antibody complexes in the glomerular filtration barrier 
(GFB) [12].

The integrity of the epithelial tissue can be listed as one of the most important nonimmuno-
logical physical barriers against infection. The skin represents the largest organ of the human 
body and its main function is to delimit the organism, separating it and protecting it from the 
environment that surrounds it. Of course, it is not an insurmountable insulation, since this 
would be incompatible with the maintenance of life: water, atmospheric gases, and ions are 
able to cross the epithelial barrier simply due to passive processes such as osmosis and diffu-
sion or through active transmembrane transport.

However, macromolecules, such as high-weight proteins or even whole cells are not able to 
transpose the barrier formed by epithelial tissue in a normal physiological situation, making 
the area covered by the intact epithelium protected from invasive pathogens. Accordingly, 
epithelial injury and/or scarification provide the invasive parasites a chance to enter into 
their future host [54, 55]. Some virulent microorganisms can produce elements capable of 
puncturing or injuring the epithelial tissue, opening a gateway to the host organism. Certain 
strains of uropathogenic Escherichia coli (UPEC), for instance, produce proteolytic enzymes, 
cytotoxic necrotizing factors, and numerous adhesive molecules (adhesins) as part of their 
invasion arsenal [60].
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other constitutive elements, producing a response of tolerance and preventing autoimmune 
reactions. This particular state of IS unresponsiveness is also essential to ensure the regular 
fetal development during pregnancy and to allow the colonization of human skin, digestive 
tract, and vagina by beneficial microorganisms referred as microbiota [56, 57].

The second and most well-known function of IS is the immunity itself. It is the ability to 
recognize foreign proteins and molecules, which may indicate the presence of invading 
microorganisms, such as bacteria or other parasites, and respond to these foreign elements 
with both cellular and humoral defenses, protecting the organism against infection [54]. 
Additionally, through its third property, immune surveillance, the IS patrols the body to 
recognize and destroy self-cells infected by virus or even constitutive cells that become can-
cerous or suffer phenotype alterations due to genetic mutations [54, 55]. For immune sur-
veillance to work, cancer and/or mutated cells must express specific antigens that are not 
frequently found on normal cells, otherwise the IS would recognize them as “self” and be 
tolerant of them [58, 59].

Finally, the last property of IS is the ability of self-controlling the immune response. 
Through a complex mechanism of feedback and cell-to-cell communication, involving a 
number of cytokines and cell-cytokine receptors, IS modulates its response, which can be 
either tolerance or immunity, according to the specific stimulus to which the organism 
is subjected to [54]. This property is known as immunoregulation and is of paramount 
importance, not only for the kidneys but also for the whole organism. Failures on the 
immunoregulation may lead either to the development of autoimmune diseases that can 
impair renal function, such as systemic lupus erythematosus (SLE), whose renal involve-
ment is a severe type of GN called lupus nephritis or to the vulnerability to opportunistic 
infections, leading to repeated episodes of pyelonephritis and/or immune-mediated GN 
due to the accumulation of antigen-antibody complexes in the glomerular filtration barrier 
(GFB) [12].

The integrity of the epithelial tissue can be listed as one of the most important nonimmuno-
logical physical barriers against infection. The skin represents the largest organ of the human 
body and its main function is to delimit the organism, separating it and protecting it from the 
environment that surrounds it. Of course, it is not an insurmountable insulation, since this 
would be incompatible with the maintenance of life: water, atmospheric gases, and ions are 
able to cross the epithelial barrier simply due to passive processes such as osmosis and diffu-
sion or through active transmembrane transport.

However, macromolecules, such as high-weight proteins or even whole cells are not able to 
transpose the barrier formed by epithelial tissue in a normal physiological situation, making 
the area covered by the intact epithelium protected from invasive pathogens. Accordingly, 
epithelial injury and/or scarification provide the invasive parasites a chance to enter into 
their future host [54, 55]. Some virulent microorganisms can produce elements capable of 
puncturing or injuring the epithelial tissue, opening a gateway to the host organism. Certain 
strains of uropathogenic Escherichia coli (UPEC), for instance, produce proteolytic enzymes, 
cytotoxic necrotizing factors, and numerous adhesive molecules (adhesins) as part of their 
invasion arsenal [60].
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UTI is a worldwide health problem that affects over 13 million of people each year in the US. It 
is currently the most common infection in adult females and, in nearly all cases, it is caused 
by a few strains of UPEC. Although the symptoms of an uncomplicated UTI can be relatively 
mild, it can progress to pyelonephritis, leading to fever, nausea, vomiting, and, in about 30% 
of cases, bacteremia and risk of sepsis. Moreover, recurrent UTI may contribute to additional 
problems, including renal scarring, CKD, and an increased risk for developing bladder cancer 
[60]. Besides the presence of UPEC and the toxins produced by them in the urinary tract, there 
are evidence that proteinuria can itself cause injury to the renal and urinary epithelium. Since 
proteins are expected to be retained in the GFB, increased protein concentration in the urinary 
fluid is considered an irritating and pro-inflammatory factor for the tubular, ureteral, and 
bladder epithelium, leading to enhanced protein reabsorption by the tubular epithelial cells, 
overload of their catabolic capacity, leukocytes infiltration, and corruption of the integrity of 
the urinary epithelial barrier [54].

The intestinal and ureteral peristaltic movement and the flow of fluids like vomiting, diar-
rheal, or the urinary stream itself are also important physical barriers against infection, pre-
venting the onset and permanence of microorganisms in the digestive system and in the 
lower urinary tract. In addition to these physical barriers, the maintenance of low pH in 
some body fluids is one of the chemical physiological strategies of greater prominence to 
avoid infections. Accordingly, low stomach and urinary pH can destroy most of the para-
sitic organisms which, by chance, succeed in penetrating these systems [55]. The last, but 
not least, of the “nonimmunological” barriers that protect our body from infection is the 
biological barrier, represented by the normal microbiota, a complete ecosystem composed 
by harmless microorganisms that live in balance with our body. The benefits of having the 
intestines, skin, and vagina occupied by specific strains of innocuous bacteria were once 
thought to be limited to the reduction of pathological colonization, due to the competition 
among the invaders and the resident flora. Nowadays, we know that the microbiota lives in 
fact in a mutualistic symbiosis with our body, benefiting themselves and the host [54, 55, 61].

The integrity of our intestinal microbiota, for instance, is essential to the digestion of a num-
ber of food components, making the absorption of important nutrients easier. Moreover, the 
anaerobic bacilli that inhabit the vaginal cavity are responsible for the maintenance of acid 
pH in that region, since they produce lactic acid as an anaerobic respiration metabolite, keep-
ing the vagina free of fungal colonization. It is of note that the resident microbiota lives in a 
delicate balance with our IS. Its growth is controlled and limited by phagocytic cells and other 
elements of the IS, and the occurrence of imbalances in the property of immunoregulation, 
such as immunity reduction due to illness, immunosuppression, stress, or malnutrition, may 
lead to an exacerbated growth of microbiota population, which is potentially harmful for the 
human organism and should be controlled [54, 61].

5. Inflammation and innate immune response

When the above mentioned nonimmunological natural barriers are overcome by pathogens or 
other irritative elements, the immune response is initiated through the inflammatory reaction, 
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as an attempt to restore tissue integrity. In case of infection, for instance, the elimination of 
invading microorganisms becomes a necessary condition for tissue repair. Inflammatory reac-
tion depends on the action of specific blood cells called leucocytes. Under normal physiologi-
cal conditions, there are around 5000 and 10,000 leukocytes per blood microliter, but these 
numbers significantly rise in the presence of an infection. Mature leukocytes can be classified 
both according to their original lineage (myeloid or lymphoid cells) and/or to the number of 
cellular nuclei they appear to have under light microscopy (mononuclear or polymorpho-
nuclear cells), as illustrated in Figure 2 [32, 54].

Mononuclear cells represent 35% of the total peripheral blood leukocytes. This broadest cat-
egory is composed by monocytes: phagocytic cells that give rise to both macrophages and 
dendritic cells; mast cells, which are mainly responsible for vasodilation on inflammatory 
processes; lymphocytes, the effectors of our specific immune response, and finally, the natural 
killer cells (NK). The remaining 65% of blood leukocytes are represented by the polymorpho-
nuclear cells, which are didactically subdivided into three different groups, according to their 
affinity with acid (eosinophils), alkaline (basophils) or both (neutrophils) histological dyes; 
these last being the first cell type to reach an injured area of the organism and initiating the 
inflammatory response. Leukocytes whose cytoplasm is rich in granules of enzymes and cyto-
toxic substances, such as reactive oxygen species, are generally called granulocytes. Basophils, 
eosinophils, and neutrophils can be called granulocytes. Macrophages and dendritic cells also 
have a considerable amount of granules in their cytoplasm; however, they are described as 
phagocytes, due to their ability to phagocyte invading microorganisms. All leukocytes are 
capable of producing a broad range of chemical mediators involved in the immune response 
(generally called cytokines) in response to lesions or to the presence of microorganisms. In 
addition to being responsible for the synthesis of these cytokines, leukocytes are also respon-
sive to the action of these mediators, which promote, among other biological effects, leuko-
cyte chemotaxis toward the inflammatory focus as well as its activation [32, 54, 55]. Cytokines 
are soluble glycoproteins, which may have autocrine, paracrine, or endocrine action. A frac-
tion of these mediators have been at least partially described, however, there is still an almost 
infinite range of little known pro-inflammatory cellular signaling molecules, whose activity 
has not yet been fully established.

As far as we currently know, once the nonimmune body barriers are overcome by a patho-
gen or a dangerous substance, a microscopic battle begins in the injured tissue. The first 
line of defense of our immune system is the innate immunity, which comprises a group 
of cells, intracellular mechanisms, and chemical mediators, extremely conserved evolution-
arily. Long before vertebrates first appeared on Earth, their primitive ancestors already had 
effective systems of immune cells recruitment, production of cytokines, activation of the 
complement cascade, identification of foreign elements through transmembrane and intra-
cellular molecular pattern recognition receptors (MPRR), inactivation of pathogens through 
the production of reactive oxygen species (ROS), antimicrobial peptides and lytic enzymes, 
and, finally, removal of invader microorganisms through phagocytosis. Although innate 
immune system is a nonspecific evolutionarily older defense strategy, it is a fast mechanism 
that comes into play immediately or within hours of the appearance of a foreign element in 
the body, initiating the inflammatory process [32, 37–42, 54].
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venting the onset and permanence of microorganisms in the digestive system and in the 
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as an attempt to restore tissue integrity. In case of infection, for instance, the elimination of 
invading microorganisms becomes a necessary condition for tissue repair. Inflammatory reac-
tion depends on the action of specific blood cells called leucocytes. Under normal physiologi-
cal conditions, there are around 5000 and 10,000 leukocytes per blood microliter, but these 
numbers significantly rise in the presence of an infection. Mature leukocytes can be classified 
both according to their original lineage (myeloid or lymphoid cells) and/or to the number of 
cellular nuclei they appear to have under light microscopy (mononuclear or polymorpho-
nuclear cells), as illustrated in Figure 2 [32, 54].

Mononuclear cells represent 35% of the total peripheral blood leukocytes. This broadest cat-
egory is composed by monocytes: phagocytic cells that give rise to both macrophages and 
dendritic cells; mast cells, which are mainly responsible for vasodilation on inflammatory 
processes; lymphocytes, the effectors of our specific immune response, and finally, the natural 
killer cells (NK). The remaining 65% of blood leukocytes are represented by the polymorpho-
nuclear cells, which are didactically subdivided into three different groups, according to their 
affinity with acid (eosinophils), alkaline (basophils) or both (neutrophils) histological dyes; 
these last being the first cell type to reach an injured area of the organism and initiating the 
inflammatory response. Leukocytes whose cytoplasm is rich in granules of enzymes and cyto-
toxic substances, such as reactive oxygen species, are generally called granulocytes. Basophils, 
eosinophils, and neutrophils can be called granulocytes. Macrophages and dendritic cells also 
have a considerable amount of granules in their cytoplasm; however, they are described as 
phagocytes, due to their ability to phagocyte invading microorganisms. All leukocytes are 
capable of producing a broad range of chemical mediators involved in the immune response 
(generally called cytokines) in response to lesions or to the presence of microorganisms. In 
addition to being responsible for the synthesis of these cytokines, leukocytes are also respon-
sive to the action of these mediators, which promote, among other biological effects, leuko-
cyte chemotaxis toward the inflammatory focus as well as its activation [32, 54, 55]. Cytokines 
are soluble glycoproteins, which may have autocrine, paracrine, or endocrine action. A frac-
tion of these mediators have been at least partially described, however, there is still an almost 
infinite range of little known pro-inflammatory cellular signaling molecules, whose activity 
has not yet been fully established.

As far as we currently know, once the nonimmune body barriers are overcome by a patho-
gen or a dangerous substance, a microscopic battle begins in the injured tissue. The first 
line of defense of our immune system is the innate immunity, which comprises a group 
of cells, intracellular mechanisms, and chemical mediators, extremely conserved evolution-
arily. Long before vertebrates first appeared on Earth, their primitive ancestors already had 
effective systems of immune cells recruitment, production of cytokines, activation of the 
complement cascade, identification of foreign elements through transmembrane and intra-
cellular molecular pattern recognition receptors (MPRR), inactivation of pathogens through 
the production of reactive oxygen species (ROS), antimicrobial peptides and lytic enzymes, 
and, finally, removal of invader microorganisms through phagocytosis. Although innate 
immune system is a nonspecific evolutionarily older defense strategy, it is a fast mechanism 
that comes into play immediately or within hours of the appearance of a foreign element in 
the body, initiating the inflammatory process [32, 37–42, 54].

Inflammation in Nonimmune-Mediated Chronic Kidney Disease
http://dx.doi.org/10.5772/intechopen.70611

163



Right after tissue aggression, the MPRRs of injured cells, which may be epithelial, endothelial, or 
mesangial cells, as well as resident phagocytes and fibroblasts, recognize pathogen- associated 
molecular patterns (PAMPs) that may indicate the presence of invading microorganisms 
and damage-associated molecular patterns (DAMPs), released by self-cells under cellular 

Figure 2. Leukocyte classification. Leukocytes can be classified as myeloid or lymphoid cells, according to their 
hematopoietic origin, or as mononuclear or polymorphonuclear cells, according to the number of cellular nuclei and 
cytoplasmic granules they appear to have, in their mature circulating form, under light microscopy.
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 suffering. Bacterial lipopolysaccharide (LPS), flagellin, peptidoglycans, glycolipids, zymosan, 
and profilin, as well as single-stranded DNA (ssDNA) and double-stranded RNA are exam-
ples of PAMPs. In turn, Interleukines IL-1β and IL-18, extracellular HMGB1, ATP, and DNA, 
as well as uric acid crystals can be considered DAMPs [37–42].

After this first identification, local cells synthesize and release vasoactive mediators that 
promote vasodilatation and increase the local blood supply, causing heat and flushing; 
common features of inflammation. The concomitant activation of resident innate immune 
cells also takes part in the process. Under physiological conditions, the most common 
kidney resident immune cells are tissue macrophages and dendritic cells. It is of note that 
these last acts as sentinels in homeostasis, local injury, and infection, rapidly producing 
neutrophil-recruiting chemokines. In a less extent, mast cells are also seen in renal tis-
sue and have been pointed out as local renal producers of RAAS components [14, 18]. 
Once activated, in addition to increasing the renal production of Ang II, mast cells release 
the content of their cytoplasmic granules of histamine; a biogenic amine that promotes 
increased vascular permeability by distancing endothelial cells (enlargement of endothe-
lial fenestrae) near the injured region. As a result, there is a blood plasma extravasation 
from local blood vessels to the injured region, diluting eventual toxins produced by invad-
ing microorganisms, and bringing the proteins of complement system to the inflammation 
site [54, 55]. This interstitial accumulation of plasma promotes both edema and local pain, 
due to the compression of nerve endings. The next step is the diapedesis, or transendo-
thelial migration, which is the leukocyte outflow from the bloodstream toward the focus 
of inflammation. This process is only possible due to a complex chemical communication 
system between the injured local tissue, the endothelial cells and the leukocytes itself, as 
illustrated in Figure 3.

The first cell types to reach the inflammatory focus are neutrophils, followed by circulat-
ing monocytes, which upon reaching the tissues become macrophages. Phagocytes also 
are able to reach the inflammatory spot and recognize PAMPs and DAMPs through two 
potential strategies: (1) phagocytosis followed by digestion of the microorganism and (2) 
production and excretion of anti-microbial compounds, as nitric oxide (NO), and ROS 
such as superoxide anion (O2

−) and hydrogen peroxide (H2O2). The acute phase of inflam-
mation can promote systemic effects. Activated macrophages, for example, release IL-1β 
and tumor necrosis factor (TNFα), cytokines that bind to our thermoregulatory recep-
tors causing body temperature rising (fever), and stimulate the hypothalamic-pituitary-
adrenal axis, leading to increased production of corticoid hormones, including renin, by 
the adrenal gland [54, 55]. Moreover, TNFα acts on the bone marrow, accelerating leuko-
cyte proliferation. At this initial nonspecific phase of inflammatory response, the phago-
cytic capacity of neutrophils, monocytes, and macrophages does not depend on specific 
antigenic recognition, on neither the immune memory nor the presence of antibodies. 
Resistant microorganisms, as well as remaining phagocytes, are then drained through the 
lymphatic vessels to the nearest lymph node, where the antigens will be presented to the 
lymphocytes, initiating a more complex and long-lasting reaction, the adaptive immune 
response [32, 54, 55].
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Right after tissue aggression, the MPRRs of injured cells, which may be epithelial, endothelial, or 
mesangial cells, as well as resident phagocytes and fibroblasts, recognize pathogen- associated 
molecular patterns (PAMPs) that may indicate the presence of invading microorganisms 
and damage-associated molecular patterns (DAMPs), released by self-cells under cellular 

Figure 2. Leukocyte classification. Leukocytes can be classified as myeloid or lymphoid cells, according to their 
hematopoietic origin, or as mononuclear or polymorphonuclear cells, according to the number of cellular nuclei and 
cytoplasmic granules they appear to have, in their mature circulating form, under light microscopy.
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6. Innate immune response and nonimmune-mediated CKD

In the past years, renal activation of innate immune mechanisms by sterile elements has been 
demonstrated in nonimmune-mediated human nephropathies. Moreover, such activation 
of innate immunity seems to be positively correlated with the progression of renal injury in 
a variety of experimental models of CKD (Table 1). Our understanding of the mechanisms 
underlying the triggering of sterile inflammation was largely enhanced after the discov-
ery of specific MPRRs: the toll-like receptors’ (TLRs) and the NOD-like receptors’ (NLRs) 
families; primarily found in leukocytes, but also present in epithelial and endothelial cells. 
Once activated, transmembrane and cytoplasmic TLRs trigger multiple intracellular events, 
involving adaptor proteins, such as MyD88, Mal/TIRAP, and TRAM, leading to nuclear 
translocation of transcription factors such as IRF3, IRF7, and NFΚB, known to induce a 
variety of pro-inflammatory genes [32, 40]. On the other hand, NLRs are another class of 
intracellular MPRRs, very responsive to the presence of DAMPs. Their activation promotes 
the assembly of molecular complexes known as inflammasomes, such as the NOD2, NLRP1, 
NLRP3, NLRC4, etc. Inflammasomes assembly also promotes NFKB and MAPK activation, 
as well as the conversion of the inactive Pro-caspase 1 into the pro-inflammatory enzyme 
Caspase 1 (CASP1), which in turn, promotes the maturation of interleukins IL1β and IL18, 
thus amplifying the inflammatory response [36–41]. As mentioned above, the activation of 
these two main families of MPRRs, as well as, the components related to their intracellular 
signaling pathway were already described to be present in both human and experimental 
CKD. A proposed mechanism for sterile activation of immune response in nonimmune-
mediated CKD is illustrated in Figure 4.

Figure 3. Diapedesis. Inflammatory response initiates right after the recognition of a foreign element by the MPRRs of 
host cells, particularly the toll-like (TLRs) and NOD-like receptors (NLRs). Damaged cells release specific chemokines 
(CCL-2, -3, -4, -5, -11, -20 and CXCL10), which attract the circulating leukocytes, guiding their migration through a 
gradient of concentration in the bloodstream toward the inflamed area. When these cells reach the blood vessels with the 
highest concentration of chemokines, they firmly adhere to the endothelium and initiate a rolling process, getting closer 
to the inflamed region. Once near from the inflammation site, leukocytes stop rolling, change their shape by spreading 
on the endothelium, and finally pass through the enlarged endothelial fenestrae, reaching the potentially infected 
tissue. This process is called diapedesis and it is only possible due to the chemical affinity between the constitutive 
integrins, present on the surface of leukocyte cellular membrane, and some specific endothelial adhesion molecules, 
such as selectins E and P, which stimulate leukocyte rolling, vascular cell adhesion molecule 1 (VCAM-1), intercellular 
adhesion molecule 1 (ECAM-1) and platelet and endothelial cell adhesion molecule 1 (PECAM-1), which contribute to 
the attachment of leukocytes to the endothelial membrane and to their transmigration through the endothelial barrier.
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Accordingly, experimental studies have been shown that chemical blockage of inflamma-
some NLRP3, NFKB system, and IL1β, limits blood pressure rising, albuminuria, creatinine 
retention, and renal histological alterations in different murine CKD models. Moreover, Tlr2, 
Tlr4, and Nod2 knockout (KO) mice develop less tubulointerstitial nephritis and renal fibrosis 
when submitted to kidney injury [40]. The activation of innate immunity pathways in nonim-
mune-mediated CKD may represent an important link between nonspecific insults; such as 
glomerular wall stretching, due to glomerular hypertension and hypertrophy, tubular expo-
sure to high protein, glucose or uremic toxins concentration, tissue damage by the presence 
of crystals; and late events, such as GS and interstitial fibrosis. Innate immune intracellular 
mechanisms are represented in detail in Figure 5 [2, 18, 21, 54]. Since cell damage may further 
stimulate innate immunity, a positive feedback may establish, leading to the engagement of 
adaptive immunity, perpetuating inflammation, and culminating in the establishment of end-
stage renal disease (ESRD).

Figure 4. Renal sterile inflammation. Beyond to be activated by pathogens, MPRRs are also sensible to molecules 
currently related to cell damage (DAMPs). These sterile stimuli may represent the link between the initial features 
of nonimmune renal aggression and the establishment of chronic kidney inflammation. It is currently known that 
different renal cells present the intracellular machinery necessary to activate innate immune response, from endothelial 
to resident dendritic cells. TLRs and NLRs are stimulated in tubular epithelial cell exposed to DAMPs starting an 
intracellular intricate response that leads to the release of pro-inflammatory interleukins and chemokines (A). These 
intercellular signaling compounds are capable of recruiting circulating leukocytes to the renal parenchyma, as well as 
to activate resident interstitial macrophages, dendritic and mast cells, similarly to what occurs in an infection episode 
(B). Moreover pro-inflammatory interleukins released by both epithelial cells and renal immune sentinels can activate 
resident fibroblasts leading to their transdifferentiation into profibrotic myofibroblasts; cells specialized in producing 
large amounts of EM proteins and further pro-inflammatory signaling molecules. Additionally, glomerular sterile 
damage can also trigger leukocyte recruitment through the activation of innate immunity pathways. Endothelial 
cells of glomerular capillaries potentially react to mechanical stress caused by tissue stretching due to glomerular 
hypertension and hypertrophy by releasing DAMPs. This possible event promotes mesangial cells proliferation 
and EM overproduction, which may lead to glomerulosclerosis and the activation of further pro-inflammatory 
mechanisms (C).
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7. Adaptive immune response

As previously mentioned, in the presence of an infection the microorganisms, which were not 
eliminated by the innate immune response, are drained together with remaining  phagocytes 

Figure 5. Some intracellular mechanisms of sterile innate immune reaction. Many different sterile stimuli can be 
identified as DAMPs by epithelial, endothelial, mesangial cells and also by renal resident leukocytes. Once a DAMP 
is recognized by a TLR, for instance, it leads to the activation of NFΚB system, one of the most important intracellular 
pro-inflammatory pathways. The NFΚB system is composed by the subunits p50 and p65, which in physiological 
conditions are maintained in their inactive form in the cytoplasm due to binding to the inhibitory protein IKB. Under 
stimulation, IKB is degraded, releasing the p50/p65 heterodimer, which penetrates into the cell nucleus to bind to 
DNA and act as a transcription factor, promoting the synthesis of a bunch of pro-inflammatory proteins, including 
the immature interleukins pro-IL1β and pro-IL18 and the active IL-6, VCAM, PAI-1, MCP-1 and IFNγ. It is of note that 
the NFΚB system is not exclusively activated by TLRs signaling, but also by oxidative stress, Ang II and other pro-
inflammatory mediators. On the other hand, the identification of intracellular DAMPs by a NLR, such as the NLRP3 
for instance, promote the assembly of a molecular complex known as NLRP3 inflammasome, that also promotes NFΚB 
system activation, as well as the conversion of the inactive pro-caspase 1 into the pro-inflammatory Caspase 1 (CASP1), 
promoting IL1β and IL18 maturation, thus amplifying the inflammatory response.
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through the lymphatic vessels to the nearest lymph node, where a most specific and long 
lasting reaction begins: the adaptive immune response. It is important to emphasize that 
macrophages, dendritic cells, and other innate phagocytes represent the link between the 
nonspecific and the specific immune response. These leukocytes are designated as antigen 
presenting cells (APCs), since they have the ability of presenting foreign molecules to the 
lymphocytes in the lymph nodes, thereby activating and stimulating these specific cells. 
Lymphocytes are mononuclear leukocytes involved with the specific immune response. 
They originate from a lymphoid progenitor cell in the bone marrow, and may undergo dif-
ferentiation in the bone marrow itself, been called B-lymphocytes or simply B-cells, or in 
the thymus, called T-lymphocytes or T-cells [54, 55]. Once the APCs phagocyte an invading 
microorganisms, they digest their proteins (antigen processing) and migrate to the lymph 
nodes, where they expose small peptide portions of the invader in the surface of their cel-
lular membrane, associated with their molecules of the major histocompatibility complex 
of class II (MHC II). Both types of lymphocytes are able to recognize processed antigens 
associated with molecules of the MHC II of APCs through their membrane receptors (TCR 
of T-lymphocytes or BCR of B-lymphocytes). Unstimulated B or T lymphocytes, also called 
“naive” cells are generally small and present scarce cytoplasm. However, once stimulated, 
they became “effector lymphocytes,” increase in size, have the cytoplasm hypertrophied 
and suffer mitosis, promoting clonal amplification, thus increasing the number of cells that 
would be sensitive to that specific activating antigen [32, 54].

In an extremely simplified view, when an antigen is recognized by the TCR of a naive T-cell, 
this leukocyte is activated, initiating the cellular adaptive response. First of all, the effector 
t-cell give rise to two different cell types through cell division: the T-Helper lymphocyte, 
that have the CD4 glycoprotein on the surface of their cell membrane (CD4+ T-cell), and the 
Cytotoxic T lymphocyte, characterized by the presence of CD8 in its membrane (CD8+ T-cell). 
Both CD4+ and CD8+ T-cell will be sensitive to the same antigen that promoted the activa-
tion of the T-Helper cells migrate to the inflamed area and, according to the type of stimulus 
they receive, these cells differentiate into one of the five known phenotypes: Th1, Th2, Th17, 
Tfh, and Treg [55]. Most of these subtypes of T-cells produce pro-inflammatory cytokines that 
acts especially upon macrophages, attracting them close to the target antigen, giving them 
increased membrane mobility and increasing their phagocytic and microbicidal potential. 
Only the Treg phenotype is described to release anti-inflammatory mediators, thus contribut-
ing to immunotolerance.

Cytotoxic T lymphocytes, in turn, can directly lysate bacteria, virus-infected cells, as well as 
self-cells that have suffered genetic mutation. Once the cytotoxic T-lymphocyte gets in touch 
with the target microorganism or antigen, a series of granzymes, perforins, and other cytotoxic 
molecules are released from within their cytoplasmic granules directly into the extracellular 
medium. Perforins are molecules that promote the formation of pores in the plasma membrane 
of target cells, causing abrupt entry of liquid, due to osmotic pressure, into the cytoplasm of 
these cells, leading to its apoptosis. Furthermore, both T-Helper and Cytotoxic lymphocytes give 
rise to memory CD4+ and CD8+ cells, respectively. This process is illustrated in Figure 6. Unlike 
the other populations of T-lymphocytes, memory T-cells may be inactive for years in the blood-
stream, generating copies of themselves; thus, maintaining the memory of the recognition of the 
antigen that caused the activation of its precursor. Such cells are readily activated in the presence 
of a reinfection, being extremely important to defend our body from recurrent infections.
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On the other hand, when a foreign antigen is recognized by the BCR of a naive B cell, the 
humoral branch of adaptive immune response sets in motion. Activated B lymphocytes, or 
plasmocytes, synthesize specific antibodies against the invading microorganism. The anti-
bodies produced by plasma cells may remain adhered to the cellular membrane of B-cells, 
promoting the binding of the cell as a whole to the parasite antigen, or be released to the 
bloodstream. In both cases, binding of the specific antibody to the antigen of invading micro-
organism promotes opsonization of its phagocytosis by neutrophils, macrophages, mono-
cytes, and dendritic cells, besides promoting the neutralization of microbial toxins. Activated 
B-cells also produce memory B-cells, important to generate an accelerated and more robust 
antibody-mediated immune response in the case of re-infection by the same antigen [54].

8. Adaptive immune response in nonimmune-mediated CKD

Similar to the innate arm of immune response, adaptive immunity seems to be activated in both 
human and experimental CKD, even when the initial renal injury is not caused by infection or by 
any autoimmune condition. Moreover, the recruitment of lymphocytes to the renal parenchyma 

Figure 6. Presentation of antigens to lymphocytes and the onset of adaptive immune response. Mechanisms that link 
innate and adaptive immunity and the onset of the activation of lymphocytes.
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often correlates positively with worsening of renal function loss. T-lymphocytes are commonly 
seen in the kidneys of rats submitted to NX, streptozotocin-induced (ST) DN, chronic nitric oxide 
inhibition, among others. Accordingly, the treatment of these animals with mycophenolate mofetil 
(MMF), a lymphocytic inhibitor, was shown to reduce albuminuria, hypertension, glomerular, 
and interstitial damage. Although the exact mechanisms by which adaptive response is triggered 
in such “sterile” conditions are presently unclear, some hypotheses have gained strength with the 
development of experimental studies over the last decades [28, 29, 35, 52].

One of these hypotheses points to Ang II as a pivotal element to stimulate the activation of 
specific cellular immunity in nonimmune-mediated nephropathies. The role of Ang II in the 
activation of adaptive immunocompetent cells in vivo is increasingly recognized by the benefi-
cial effects of ARBs and ACE is in several models of immune-mediated diseases and even as 
an adjuvant in avoiding allograft rejection after kidney transplantation. It was widely demon-
strated that experimental venal infusion of Ang II in rodents induces T lymphocyte migration 
to specific target organs, such as the kidneys and the spleen. Moreover, these infiltrating lym-
phocytes assume mainly Th1 and Th17 pro-inflammatory phenotypes, increasing the release of 
IFN-γ and decreasing IL4 concentration in these organs, thus participating in the mechanism 
that drives to inflammation and hypertension. Accordingly, in vitro studies showed Ang II to 
act as an “antigen” upon cultured mouse spleen lymphocytes, promoting their activation and 
further clonal proliferation. T-cells have been shown to be also activated in the murine model 
of DOCA-salt hypertension, supposedly a nonimmune-mediated condition, in which Ang II 
plays an important role. In this model, pharmacological inhibition of the T-lymphocyte CD28 
receptor and of its co-stimulatory protein CD80 prevented the development of hypertension 
and consequent renal injury. Corroborating these findings, further studies showed that Cd80 
KO mice are renoprotected when submitted to the Ang II-induced hypertension model [35, 52].

Curiously, Ang II was shown to be released by activated T cells during the blood-stage of plas-
modium infection in an experimental model of malaria. Once T-cells are described to have the 
complete intracellular machinery to synthesize all RAAS components, including transmem-
brane AT1 receptors, Ang II produced by the infected cells may promote the recruitment and 
activation of further naive lymphocytes. According to this study, Ang II binding to the AT1 
receptors of cultured T-cells leads to: upregulation of CD69 and CD25, increased cellular adhe-
sion, and migration due to overexpression of CCR2 and CCR5 chemokine receptors and LFA-1 
adhesion molecule, as well as T-cell differentiation, observed by the increased production of 
IL17 and IFN-γ and by the presence of cell perforins. However, the reasons why intracellular 
RAAS seems to be overactivated in T-cells exposed to inflammation, remains unknown.

Besides Ang II, advanced glycation end products (AGEs), represent another possible sterile 
“antigen” which may activate adaptive immunity in nonimmune-mediated CKD. AGEs are 
proteins or lipids that become glycated as a result of exposure to high glucose levels. Under 
some pathologic conditions, such as DM, sustained hyperglycemia and ROS production lead 
to increased AGE formation. Excessive AGE production is involved with the development 
and worsening of many degenerative diseases; including DN. Human AGE receptor (RAGE) 
is a multiligand cell surface MPRR that also binds Hmgb1, S100, and other DAMPs. Highly 
expressed in macrophages, T-, and B lymphocytes, RAGE contributes to inflammatory 
mechanisms, including the differentiation of Th0 in Th1 cells. RAGE-mediated leukocyte 
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Figure 6. Presentation of antigens to lymphocytes and the onset of adaptive immune response. Mechanisms that link 
innate and adaptive immunity and the onset of the activation of lymphocytes.
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brane AT1 receptors, Ang II produced by the infected cells may promote the recruitment and 
activation of further naive lymphocytes. According to this study, Ang II binding to the AT1 
receptors of cultured T-cells leads to: upregulation of CD69 and CD25, increased cellular adhe-
sion, and migration due to overexpression of CCR2 and CCR5 chemokine receptors and LFA-1 
adhesion molecule, as well as T-cell differentiation, observed by the increased production of 
IL17 and IFN-γ and by the presence of cell perforins. However, the reasons why intracellular 
RAAS seems to be overactivated in T-cells exposed to inflammation, remains unknown.

Besides Ang II, advanced glycation end products (AGEs), represent another possible sterile 
“antigen” which may activate adaptive immunity in nonimmune-mediated CKD. AGEs are 
proteins or lipids that become glycated as a result of exposure to high glucose levels. Under 
some pathologic conditions, such as DM, sustained hyperglycemia and ROS production lead 
to increased AGE formation. Excessive AGE production is involved with the development 
and worsening of many degenerative diseases; including DN. Human AGE receptor (RAGE) 
is a multiligand cell surface MPRR that also binds Hmgb1, S100, and other DAMPs. Highly 
expressed in macrophages, T-, and B lymphocytes, RAGE contributes to inflammatory 
mechanisms, including the differentiation of Th0 in Th1 cells. RAGE-mediated leukocyte 
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Figure 7. Some mechanisms of adaptive T-cell sterile activation. Through the binding of processed antigens to the 
T-lymphocyte receptors TCR, CD4, CD8 and CD28, an intracellular mechanism is set in motion, leading to the activation 
of NFKB system, with further production of immature interleukins pro-IL1β and pro-IL18 among other mediators. 
Such sterile antigens particles are believed to be originated from phagocyted DAMPs, recognized by the innate immune 
APCs, as previously described. Ang II also exerts a pivotal role in the activation of T cells. Although the mechanism that 
leads activated T cells to overproduce intracellular RAAS components remains unclear, it is well known that, in addition 
to enhance Ang II production, when subjected to inflammatory stimuli, T cells also expose more AT1 receptors, making 
themselves more responsive to Ang II produced by other leukocytes or by the cells of injured tissue. Through the binding 
of Ang II to its AT1 receptor, T-cells become more active, thus expressing a greater number of CCR2 and CCR5 chemokine 
receptors. Finally, T-lymphocytes have constitutively high expression of the advanced glycation end products receptor 
(RAGE). Once it binds to its specific ligand (AGE), or to other DAMPs, such as Hmgb1 or S100 proteins, it starts the 
conversion of Th0 lymphocyte toward the pro-inflammatory Th1 phenotype, which in turn, produces some of the most 
potent pro-inflammatory mediators that will further increase M1 macrophage population.

recruitment is particularly important in conditions associated with higher RAGE expression, 
such as DM. In these cases, when overexpressed in the surface of endothelial cells, RAGE 
directly mediate leukocyte recruitment, acting as a cell adhesive receptor. Moreover, AGE 
binding to RAGE result in overexpression of cytokines and pro-inflammatory molecules.

As illustrated in Figure 7, it is finally possible that the sterile DAMPs, which were, recog-
nized by the innate MPRR of APCs, processed as antigens and presented to naive t-cells 
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are able to trigger adaptive immune response in the same way PAMPs would be. However, 
further studies are required for the complete elucidation of the mechanisms involved in this 
process.

9. Conclusion

Sterile inflammation exerts a key pathogenic role to the development and evolution of 
CKD. Although all the mechanisms involved in the activation of immune response in 
 nonimmune-mediated kidney conditions are not yet fully elucidated, some of the main 
assumptions for this phenomenon were discussed here. Based on our review of the literature 
and on the proposed integrative schemes, we can conclude that both innate and adaptive 
arms of immunity can be activated in CKD, with no pathological stimulus needed. Moreover, 
chronic inflammation contributes to CKD worsening and progression, leading to GS and renal 
fibrosis. The use of anti-inflammatory drugs, chemical blockers of innate immunity and anti-
lymphocyte drugs have been shown to be partially effective to decelerate the chronic inflam-
matory process that accompanies nephropathy in experimental models of CKD (Table 2). 
However, to date, blockade of systemic and intrarenal RAAS by ACEis and/or ARBs remains 
the most effective treatment for delaying renal function loss.
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(RAGE). Once it binds to its specific ligand (AGE), or to other DAMPs, such as Hmgb1 or S100 proteins, it starts the 
conversion of Th0 lymphocyte toward the pro-inflammatory Th1 phenotype, which in turn, produces some of the most 
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recruitment is particularly important in conditions associated with higher RAGE expression, 
such as DM. In these cases, when overexpressed in the surface of endothelial cells, RAGE 
directly mediate leukocyte recruitment, acting as a cell adhesive receptor. Moreover, AGE 
binding to RAGE result in overexpression of cytokines and pro-inflammatory molecules.

As illustrated in Figure 7, it is finally possible that the sterile DAMPs, which were, recog-
nized by the innate MPRR of APCs, processed as antigens and presented to naive t-cells 
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are able to trigger adaptive immune response in the same way PAMPs would be. However, 
further studies are required for the complete elucidation of the mechanisms involved in this 
process.

9. Conclusion

Sterile inflammation exerts a key pathogenic role to the development and evolution of 
CKD. Although all the mechanisms involved in the activation of immune response in 
 nonimmune-mediated kidney conditions are not yet fully elucidated, some of the main 
assumptions for this phenomenon were discussed here. Based on our review of the literature 
and on the proposed integrative schemes, we can conclude that both innate and adaptive 
arms of immunity can be activated in CKD, with no pathological stimulus needed. Moreover, 
chronic inflammation contributes to CKD worsening and progression, leading to GS and renal 
fibrosis. The use of anti-inflammatory drugs, chemical blockers of innate immunity and anti-
lymphocyte drugs have been shown to be partially effective to decelerate the chronic inflam-
matory process that accompanies nephropathy in experimental models of CKD (Table 2). 
However, to date, blockade of systemic and intrarenal RAAS by ACEis and/or ARBs remains 
the most effective treatment for delaying renal function loss.
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Abstract

Indoxyl sulphate (IS) and p-cresyl sulphate (PCS) are products of proteolytic bacterial fer-
mentation by gut microbiota. They accumulate in the sera of patients with chronic kidney 
disease (CKD) and have been associated with CKD progression and cardiovascular and 
all-cause mortality. Therapeutic strategies for lowering IS and PCS include increased clear-
ance (enhanced dialysis), gastrointestinal sequestration (oral adsorbents), reduced synthe-
sis (dietary protein restriction, dietary fibre augmentation and pre-, pro- or synbiotics), 
antioxidants and organic anion transporter modulators. This review will discuss the roles 
of IS and PCS as therapeutic targets and examine the clinical evidence for different treat-
ment options and their effects on CKD and cardiovascular disease risk. We will include 
our group’s research with pre-, pro- and synbiotic interventions to mitigate serum uraemic 
toxin accumulation and modify cardiovascular and renal risk.

Keywords: indoxyl sulphate, p-cresyl sulphate, uraemic toxins, chronic kidney disease, 
gut microbiome

1. Introduction

The reciprocal relationship observed between gut microbiota and chronic kidney disease 
(CKD) has led to the recent recognition of the ‘gut-kidney axis’. Patients with CKD, includ-
ing those with end-stage kidney disease (ESKD), often experience impaired uraemic toxin 
clearance, salt and water retention, dietary restrictions, anorexia, dysgeusia and malnutrition, 
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which in turn leads to quantitative and qualitative alterations in gut microbiome composition 
(gut dysbiosis). Further effects include gut wall oedema, intestinal barrier impairment, trans-
location of bacteria and endotoxins across the intestinal wall and resultant systemic inflamma-
tion [1–3]. Gut dysbiosis may in turn lead to the production of various toxins and metabolites 
that contribute to uraemic toxicity, cardiovascular disease and progressive kidney scarring 
and failure [4–6]. The central role of the gut microbiome in kidney health therefore makes it 
an appealing therapeutic target in patients with CKD [7, 8].

Two key nephrovascular toxins produced by proteolytic bacterial fermentation in the 
gut are indoxyl sulphate (IS) and p-cresyl sulphate (PCS). IS is produced by tryptophan 
metabolism facilitated by Escherichia coli and Clostridium sporogenes, while PCS is gen-
erated by break down of tyrosine and phenylalanine by intestinal anaerobes, such as 
Clostridium difficile, Faecalibacterium prausnitzii, Subdoligranulum and selected strains within 
the Bifidobacterium and Lactobacillus genus [8]. IS and PCS are both solely produced by 
the gut microbiota [9–12] and accumulate in the serum of patients with CKD due to both 
increased intestinal production and reduced glomerular filtration and proximal tubular 
secretion [12–14]. Elevated serum levels of IS and PCS have been reported to be associ-
ated with CKD progression [13] and increased risks of cardiovascular events and all-cause 
mortality [15].

Although IS and PCS levels can be lowered with various therapeutic modalities, how 
this impacts on the risks of mortality and cardiovascular outcomes remains unclear. This 
review will discuss the roles of IS and PCS as therapeutic targets and examine the clini-
cal evidence for different treatment options and their effects on CKD and cardiovascular 
disease risk.

2. Serum IS and PCS levels are elevated in CKD

Serum IS and PCS levels have been demonstrated to be elevated in patients with CKD, 
where IS levels may be more than 50 times and PCS levels more than 15 times the levels of 
those found in healthy people [12, 14]. Our group has demonstrated that IS and PCS levels 
are significantly elevated in patients with early-stage CKD compared with control subjects. 
These levels were seen to be progressively more elevated with advancing severity of CKD 
[13]. Increased circulating levels of IS and PCS have also been observed in living kidney 
donors, which were sustained at 2 years post-surgery [16]. Levels of IS and PCS appear to be 
most elevated in ESKD and are not effectively removed by haemodialysis [14]. In a sample 
of 45 haemodialysis patients, Itoh et al. observed IS and PCS levels were markedly elevated 
(2.99 ± 0.18 mg/dL and 3.71 ± 0.28 mg/dL, respectively) compared with the healthy subjects 
(0.05 ± 0.01 mg/dL and 0.22 ± 0.99 mg/dL, respectively), and these levels were only lowered 
by approximately 30% post-dialysis (2.02 ± 0.12 mg/dL and 2.60 ± 0.21 mg/dL, respectively). 
This degree of elevation and inefficient removal warrants exploration of the potential impact 
of these toxins in CKD.

Chronic Kidney Disease - from Pathophysiology to Clinical Improvements182

3. Serum IS and PCS levels are associated with adverse renal, metabolic 
and cardiovascular effects

3.1. Renal effects

Elevation of serum IS and PCS levels in patients with CKD is associated with CKD progres-
sion [17]. The mechanisms underpinning the adverse renal effects of IS and PCS are thought 
to be at least partly mediated by the production of reactive oxygen species, which in turn 
activate the nuclear factor kappa B pathway (NFκB) (Figure 1) [18]. In vitro studies have 
demonstrated that pro-inflammatory cytokine release and plasminogen activator inhibitor-1 
upregulation via the NFκB pathway subsequently led to inhibition of cell proliferation and 
induction of renal tubulointerstitial fibrosis [4, 5]. These observations have been similarly 
replicated in animal models, whereby oral administration of IS [6, 19] and PCS [20] caused 
renal function impairment, glomerular sclerosis and tubulointerstitial fibrosis. IS and PCS 
have also been shown both in vitro and in vivo to activate the intrarenal renin-angiotensin-
aldosterone system and promote renal tubular epithelial-to-mesenchymal transition, possi-
bly via increased expression of transforming growth factor-β and Snail [21].

In a prospective, observational study of 268 patients with varying stages of CKD, Wu and 
colleagues demonstrated a significant association between higher IS (hazard ratio [HR] 1.06, 
95% confidence interval [CI] 1.04–1.09, p < 0.001) and PCS levels (HR 1.09, 95% CI 1.06–1.13, p 
< 0.001) and CKD progression, defined as greater than 50% reduction in estimated glomerular 
filtration rate (eGFR) or progression to ESKD [17]. Serum PCS and IS remained independently 
associated with CKD progression after adjustment for patient demographic characteristics 
(age, gender, diabetes mellitus, p < 0.001) or baseline renal function (p < 0.001). Additionally, 
IS and PCS levels at baseline were significantly higher in those patients who died during 
follow-up (serum PCS 12.07 [<1–42.06] mg/L vs. 4.1 (<1–36.24) mg/L in survivors, p = 0.002; 
serum IS 4.78 [0.7–12.54] mg/L vs. 2.07 [<0.225–53.58] mg/dL, p = 0.05). Elevated serum total 
PCS was also found to be significantly associated with all-cause mortality on univariable anal-
ysis (HR 1.10, 95% CI 1.05–1.15, p < 0.001) and remained a predictor of mortality independent 
of other risk factors on multivariable analysis adjusted for patient demographic characteris-
tics, baseline renal function and biomarkers including highly sensitive C-reactive protein [17].

3.2. Metabolic effects

Elevated PCS has been associated with insulin resistance and may therefore predispose to 
the metabolic syndrome and its complications. In mouse models, the administration of PCS 
for 4 weeks has been observed to induce hyperglycaemia, insulin resistance, hypercholes-
terolaemia and fat redistribution to muscle and liver, similar to the metabolic derangements 
observed in CKD [22] (Figure 1). These metabolic effects appeared to be ameliorated by urae-
mic toxin-reducing therapy, as the use of the prebiotic agent, arabino-xylo-oligosaccharide, 
reduced serum PCS concentration and improved glucose tolerance, insulin resistance, dys-
lipidaemia and ectopic fat distribution in uraemic, subtotal nephrectomised mice [22].
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3.3. Cardiovascular effects and mortality

IS has been demonstrated to cause concentration-dependent vascular smooth muscle cell pro-
liferation [23] and aortic calcification with aortic wall thickening in rats [6]. This appears to 
apply similarly to humans, such that elevated serum IS levels have been shown to be  associated 

Figure 1. Mechanisms and potential effects of indoxyl sulphate (IS) and p-cresyl sulphate (PCS) on renal, metabolic and 
cardiovascular outcomes.
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with aortic calcification measured by multislice spiral computed tomography [24]. Likewise, 
total and free PCS levels have been linked with vascular disease [25]. Not surprisingly, ele-
vated serum levels of both toxins have been reported to be predictors of cardiovascular events 
and mortality. Higher serum IS levels independently predicted overall mortality (HR 2.47, 
95% CI 1.62–3.77), but not CV mortality, in 139 patients with stage 2–5 CKD participating in a 
study performed by the European Uraemic Toxin Work Group (EUTox) [24]. Similar results 
were reported in a prospective, observational cohort study of 521 US incident haemodialysis 
patients whereby serum IS concentrations above the median value of 1.6 mg/dL were inde-
pendently associated with all-cause mortality (HR 1.30, 95% CI 1.01–1.69) after adjustment for 
age, sex, race, comorbidity score, baseline serum albumin, obesity and serum creatinine [26]. 
Elevated free PCS concentration has also been demonstrated to be an independent predictor 
of cardiovascular events [27, 28] and overall cardiovascular mortality [25] in CKD patients, 
including those ESKD receiving dialysis.

A meta-analysis by Lin and colleagues of 11 observational studies involving 1572 patients with 
stages 1–5 CKD followed for 0.83 to 5 years found that all-cause mortality was significantly 
associated with both free PCS (pooled odds ratio [OR] 1.16, 95% CI 1.03–1.30, p = 0.013) and 
free IS levels (pooled OR 1.10, 95% CI 1.03–1.17, p = 0.03) [15]. However, there was a moderate 
level of heterogeneity with I2 values of 71.5% (p = 0.004), and 74.2% (p = 0.004) for PCS and 
IS, respectively. Furthermore, there was a concern about publication bias based on an asym-
metrical funnel plot and significant Egger’s test (p = 0.005). Following subsequent adjustment 
for the effect of publication bias, the adjusted point estimate of the OR reduced from 1.16 to 
1.03 (95% CI 0.93–1.16), thereby raising concern about exaggeration of the observed effect size 
in the primary analysis. The study also reported a significantly increased risk of cardiovas-
cular events with elevated levels of free PCS (pooled OR 1.28, 95% CI 1.10–1.50, p = 0.002), 
although this result was again limited by a high level of heterogeneity (I2 = 80.7%, p < 0.001). 
Furthermore, there was evidence of publication bias, such that when analysis was repeated 
using Duval and Tweedie’s trim-and-fill method, the estimate was no longer statistically sig-
nificant with an adjusted OR of 1.10 (95% CI 0.93–1.27).

4. Therapeutic opportunities for reducing serum IS and PCS levels

Given the numerous deleterious, multi-system effects that have been associated with elevated 
serum IS and PCS concentrations, much interest has been generated in developing thera-
peutic options to reduce the levels of these nephrovascular toxins with the aim of improving 
clinical outcomes in patients with CKD. Potential therapeutic strategies to reduce IS and PCS 
levels in patients with CKD may involve reducing gut synthesis, gastrointestinal sequestra-
tion, reduced proximal tubular retention and increased dialytic clearance (Table 1).

4.1. Reduced gut synthesis

Since increased dietary protein load can result in heightened generation of uraemic toxins 
by the gut microbiota, prescription of very low-protein diets has experienced a resurgence of 
interest. Marzocco and colleagues performed a post-hoc analysis of a very low vs. low-protein 
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with aortic calcification measured by multislice spiral computed tomography [24]. Likewise, 
total and free PCS levels have been linked with vascular disease [25]. Not surprisingly, ele-
vated serum levels of both toxins have been reported to be predictors of cardiovascular events 
and mortality. Higher serum IS levels independently predicted overall mortality (HR 2.47, 
95% CI 1.62–3.77), but not CV mortality, in 139 patients with stage 2–5 CKD participating in a 
study performed by the European Uraemic Toxin Work Group (EUTox) [24]. Similar results 
were reported in a prospective, observational cohort study of 521 US incident haemodialysis 
patients whereby serum IS concentrations above the median value of 1.6 mg/dL were inde-
pendently associated with all-cause mortality (HR 1.30, 95% CI 1.01–1.69) after adjustment for 
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4.1. Reduced gut synthesis
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interest. Marzocco and colleagues performed a post-hoc analysis of a very low vs. low-protein 
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diet cross-over study [29]. Thirty-two patients with a creatinine clearance between 20 and 55 
ml/min were included and randomized to receive either a very low-protein diet (VLPD; 0.3 g/
kg/day) or a low-protein diet (LPD; 0.6 g/kg/day) in the first week, then switched to the other 
in the second week. There was no wash-out period. The authors found that patients treated 
with a VLPD experienced a significant 36% reduction in serum IS levels compared with those 
treated with a LPD (7.12 ± 3.89 μM during VLPD vs. 11.1 ± 6.6 μM during LPD, p < 0.0001). 
Although a meta-analysis has identified reduction in the occurrence of renal death with a low-
protein intake in CKD patients, the overall value of these diets remains a subject of debate, 
given that the risks of malnutrition may present a greater danger [30–32]. Furthermore, poor 
compliance is also likely to be an issue, as participants often did not meet dietary targets even 
with the intensive support provided within a trial setting.

There is newer evidence to suggest that dietary fibre may in fact be more important than 
dietary protein intake in terms of managing uraemic toxin levels. A single-centre, cross-sec-
tional study of 40 patients with CKD measured baseline total and free serum IS and PCS levels 
and correlated this with dietary factors including dietary fibre, protein and protein-fibre index 
[10]. In this study, dietary fibre was found to be inversely associated with free and total serum 
PCS (r = −0.42 and r = −0.44, both p < 0.01) whereas dietary protein was not (r= −0.14, p = 0.38). 
Protein-fibre index was significantly associated with both total PCS (r = 0.43, p = 0.005) and 
total IS (r = 0.40, p = 0.012) levels. Increased dietary fibre as an intervention has been shown to 
result in significantly reduced free plasma IS in haemodialysis patients [33]. Moreover, a pro-
spective cohort study of 390 Swedish men between the age of 70 and 71 years found an asso-
ciation between protein-fibre intake ratio and cardiovascular events (adjusted HR 1.33, 95% 
CI 1.08–1.64). These findings suggest that dietary intervention focusing on protein-fibre ratio 
has the potential to influence clinical outcomes [34], mediated via uraemic toxin production.

Strategy Intervention Outcome

Reduced gut synthesis Very low-protein diet [29] Reduced serum IS levels

Dietary fibre [10, 33, 34] Reduced serum IS and PCS levels

Pre-, pro- and synbiotics [35–41] Reduced IS and PCS levels

Gastrointestinal sequestration AST-120 (Kremezin) [51–56] Reduced renal disease progression

Ai Xi Te [54] Reduced renal disease progression

Niaoduqing granules [54] Reduced renal disease progression

Reduced proximal tubular retention OAT^ modulators [11, 58, 61] Reduced proximal tubular uptake 
of IS

Increased dialytic clearance Extended dialysis (long dialysis, 
short daily dialysis) [65, 66]

No clear benefit

Haemodiafiltration [67, 68] Reduced serum IS and PCS levels

Super-flux cellulose triacetate 
membranes [69]

Reduced serum IS levels

Nanoporous monolith dialysis [70] Reduced serum IS and PCS levels

^OAT: organic anion transporters

Table 1. Potential therapeutic interventions targeting indoxyl sulphate (IS) and p-cresyl sulphate (PCS).
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Probiotics and prebiotics represent another strategy for reducing uraemic toxin synthesis. 
Preparations of lactic-acid bacteria, simulating a probiotic, have been shown to decrease 
serum IS concentrations by 30% and also reverse aerobic bacterial overgrowth [35]. Their 
use has been demonstrated to result in a significant decrease in urinary PCS and an increase 
in faecal bifidobacteria [36]. Synbiotics, which represent a combination of pre- and probiot-
ics, have similarly been demonstrated to reduce serum IS and PCS levels in CKD and hae-
modialysis patients [37–39]. More recently, the use of synbiotics for reducing uraemic toxin 
levels has been evaluated in the SYNbiotics Easing Renal failure by improving Gut micro-
biologY (SYNERGY) trial [40, 41]. In this single-centre, double-blind, placebo-controlled, 
cross-over trial, 37 pre-dialysis patients with stage 4 or 5 CKD were randomized to receive 
either synbiotic supplements or placebo for 6 weeks, followed by a 4-week wash-out period, 
followed by treatment with the alternative therapy for a further 6 weeks. Thirty-one par-
ticipants completed both treatments. Although the study failed to demonstrate a significant 
change in total serum IS levels (−2 mmol/L, 95% CI −5 to 1 mmol/L, p = 0.12), the change 
in serum PCS levels did reach a level of statistical significance, with a 13% reduction in 
the treatment group (−14 mmol/L, 95% CI −27 to −2 mmol/L, p = 0.03). Furthermore, after 
excluding the 10 participants who had received antibiotic therapy during the trial, which 
is known to affect the balance of bacterial species in the gut [8, 42], the changes in serum 
levels with synbiotic therapy for both total IS (−5 mmol/L, 95% CI −8 to −1 mmol/L, p = 0.03) 
and PCS (−25 mmol/L, 95% CI −38 to −12 mmol/L, p = 0.001) were significant. The changes 
in free IS and PCS levels were also significant amongst antibiotic-free completers. Synbiotic 
therapy additionally had an effect on the stool microbiome, with significantly increased 
abundance of Bifidobacterium spp. (3.2%, p = 0.003) and Lachnospiraceae (2.1%, p = 0.01) and 
decreased abundance of Ruminococcaceae (4.3%, p = 0.01). Interestingly, albuminuria was 
observed to significantly increase with synbiotic therapy, which contradicted the reports of 
a beneficial effect on proteinuria from animal studies using other uraemic toxin-lowering 
therapies, such as AST-120 [43, 44]. Due to the short duration and small participant numbers 
of synbiotic trials to date, the effects of treatment on patient-level clinical outcomes remain 
unknown [2].

Lastly, the use of acarbose for lowering serum levels of gut-derived uraemic toxins has been 
investigated. Acarbose, an alpha-glucosidase inhibitor, causes increased delivery of undi-
gested carbohydrate to the colon, which may drive gut bacterial fermentation towards a sac-
charolytic pathway and away from proteolytic fermentation and toxin production. In a pilot 
pre-test/post-test study involving nine healthy volunteers, Evanepoel et al. demonstrated that 
treatment with oral acarbose 300 mg per day for 3 weeks resulted in significant reductions 
in both serum p-cresol concentration (1.14–1.11 mg/L, p = 0.047) and urinary excretion of 
p-cresol (29.93–10.54 mg/day, p = 0.03), suggesting reduced colonic generation of p-cresol, the 
precursor of PCS [45]. Further studies confirming this finding are required.

4.2. Gastrointestinal sequestration

IS and PCS absorption from the gut may also be prevented by the use of oral intestinal adsor-
bents, such as AST-120 (Kremezin), which bind uraemic toxins and their precursors thereby 
sequestering them in the gut and allowing them to be excreted via the faeces. Oral administra-
tion of AST-120 has been shown to result in a dose-dependent decrease in serum IS and PCS 
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in both human [46–48] and animal studies [19, 49], and its use is associated with slower pro-
gression of renal dysfunction [44, 50] and reduction of proteinuria [43, 44] in animal models of 
CKD. It has also been demonstrated to slow progression of renal dysfunction in early non-ran-
domized and randomized studies in pre-dialysis patients [51–53]. In a subsequent Cochrane 
systematic review and meta-analysis of eight randomized controlled trials (RCTs) of AST-120 
plus routine care compared with routine care alone in patients with stages 1–5 (non-dialysis) 
CKD, Wu et al. [54] reported that AST-120 treatment resulted in a significant reduction in the 
rate of decline in creatinine clearance (2 studies, 486 participants; standardized mean differ-
ence [SMD] 0.39, 95% CI 0.21–0.57; I2 = 0%), but did not significantly affect reciprocal serum 
creatinine slope over time (2 studies, 76 participants; mean difference [MD] 0.07 dL/mg/month, 
95% CI −0.12 to 0.26; I2 = 69%), doubling of serum creatinine concentration (1 study, 460 partici-
pants; relative risk [RR] 0.55, 95% CI 0.19 to 1.62), ESKD incidence (3 studies, 504 participants; 
RR 0.70, 95% CI 0.15–3.35; I2 = 11%) or all-cause mortality (1 study, 460 participants; RR 0.70, 
95% CI 0.19–1.62). In three separate placebo-controlled RCTs, AST-120 treatment did not sig-
nificantly affect changes in serum creatinine, slope of reciprocal serum creatinine over time or 
creatinine clearance [54].

In the following year, the Evaluating Prevention of Progression in CKD (EPPIC)-1 and EPPIC-2 
trials [55] reported on the effects of AST-120 (9 g/day) or placebo on CKD progression in 2035 
patients with non-dialysis-dependent CKD treated at 239 sites in 13 countries. No significant 
difference was observed in time to primary end point (composite of doubling of serum creati-
nine, dialysis initiation and kidney transplantation) between treatment arms (pooled analysis 
HR 0.97, 95% CI 0.83–1.12, p = 0.64). Furthermore, the treatment group did not experience any 
difference in proteinuria or quality of life compared with the placebo group. Similarly, a sub-
sequent prospective, open-label, randomized controlled trial of 579 patients with stage 3 or 4 
CKD from 11 Korean centres reported that oral administration of AST (6 g/day of AST-120 in 
3 divided daily doses) did not significantly affect time to the primary composite outcome of 
doubling of serum creatinine, eGFR decrease >50%, or initiation of renal replacement therapy 
(HR 1.12, 95% CI 0.85–1.48) [56]. There was no significant difference in change in serum IS 
levels over time between the intervention and control group (p = 0.29). The treatment also 
did not result in a significant difference in mortality, health-related quality of life or serious 
adverse effects.

A Cochrane systematic review of alternative oral adsorbents, Ai Xi Te and Niaoduqing gran-
ules, reported positive effects on CKD progression, but were limited by small samples sizes 
and poor methodologic quality with unclear or high risks of bias [54].

4.3. Reduced proximal tubular retention

Renal proximal tubular cells contain multiple transporters that perform basolateral uptake or 
luminal excretion of various substances, including uraemic toxins. Such transporters include 
the organic anion transporters (OAT)1, OAT3 and OATP4C1, as well as the organic cation 
transporter (OCT)2, the multidrug and toxin extrusion proteins (MATEs), the breast cancer 
resistance protein (BCRP) and the adenosine triphosphate (ATP)-binding cassette transporter 
family [57]. Anionic substances, such as IS, enter renal proximal tubule cells via basolateral 

Chronic Kidney Disease - from Pathophysiology to Clinical Improvements188

OAT, particularly OAT1 and OAT3, and are excreted into the tubular lumen by luminal OATs 
[58, 59]. Using cultured kidney tubule cells (LLC-PK1) and rat kidney slices, Deguchi et al. 
demonstrated that p-aminohippurate (OAT1 inhibitor), pravastatin (OAT3 inhibitor) and 
benzylpenicillin (OAT3 inhibitor) inhibited the renal tubular uptake of indoxyl sulphate to 
comparable extents [60]. In a 5/6-nephrectomized rat model of CKD, Enomoto et al. demon-
strated that administration of IS resulted in IS accumulation in proximal tubule cells express-
ing OAT1 and OAT3, and was associated with more rapid CKD progression, as measured by 
creatinine clearance [58]. Furthermore, addition of IS to cultured rat proximal tubule (S2) cells 
reduced their viability, although this nephrotoxicity was abrogated by administration of the 
OAT1 inhibitor, probenecid [58]. Thus, OAT inhibitors, such as probenecid and statins, might 
be a potential strategy for preventing proximal tubule cell accumulation of IS and ensuing 
nephrotoxicity and CKD progression. In addition, as OATs are expressed widely throughout 
the body, these transporters may play a role in uraemic toxin-induced pathology in various 
organs. For example, Liu and colleagues demonstrated that administration of 10 µM IS to 
cultured Sprague-Dawley cardiac myocytes and fibroblasts stimulated myocyte hypertrophy 
and collagen synthesis, which was abrogated by probenecid (OAT1 antagonist) and cilastatin 
(OAT3 antagonist) [61].

Therapeutic manipulation of efflux transporters, such as OAT polypeptide 4C1 (SCLO4C1), 
may also lead to enhanced excretion of uraemic retention solutes into the urine [62]. For exam-
ple, Toyohara et al. demonstrated that overexpression of SLCO4C1 in rat kidney decreased 
plasma levels of uraemic toxins and reduced inflammation, hypertension and cardiomegaly 
[11]. Moreover, renal clearance of uraemic toxins was also increased by pravastatin, which is 
known to upregulate proximal tubular SLCO4C1 [11].

The activities of multidrug resistance protein (MRP) 4 and BRCP efflux transporters have also 
been demonstrated to be downregulated by PCS in vitro [63] and may be potential therapeutic 
targets.

4.4. Increased dialytic clearance

IS and PCS are highly (>90%) protein bound and are therefore not easily removed with con-
ventional haemodialysis and peritoneal dialysis [14, 59, 64]. Long dialysis, short daily dialysis 
and high-flux haemodialysis have been investigated as potential methods of improving clear-
ance of protein-bound molecules, but have failed to show clear benefit [59, 65, 66].

In contrast to conventional haemodialysis, which mainly depends on diffusion to clear solutes, 
haemodiafiltration combines convection and diffusion, which is potentially very useful in facili-
tating removal of larger molecules, such as protein-bound solutes. Haemodiafiltration has been 
shown in prospective cross-over studies to be superior to high-flux haemodialysis in removing 
IS and PCS [67, 68]. In this respect, the effectiveness of pre- and post-dilution haemodiafiltration 
was comparable [67, 68]. The mechanism for the improved clearance of protein-bound solutes 
is not well understood but seemed to be dependent on a combination of both diffusion and 
convection since haemofiltration (which does not involve diffusion) reduced the serum levels 
of protein-bound solutes but not to the same extent as haemodiafiltration [67].
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targets.

4.4. Increased dialytic clearance

IS and PCS are highly (>90%) protein bound and are therefore not easily removed with con-
ventional haemodialysis and peritoneal dialysis [14, 59, 64]. Long dialysis, short daily dialysis 
and high-flux haemodialysis have been investigated as potential methods of improving clear-
ance of protein-bound molecules, but have failed to show clear benefit [59, 65, 66].

In contrast to conventional haemodialysis, which mainly depends on diffusion to clear solutes, 
haemodiafiltration combines convection and diffusion, which is potentially very useful in facili-
tating removal of larger molecules, such as protein-bound solutes. Haemodiafiltration has been 
shown in prospective cross-over studies to be superior to high-flux haemodialysis in removing 
IS and PCS [67, 68]. In this respect, the effectiveness of pre- and post-dilution haemodiafiltration 
was comparable [67, 68]. The mechanism for the improved clearance of protein-bound solutes 
is not well understood but seemed to be dependent on a combination of both diffusion and 
convection since haemofiltration (which does not involve diffusion) reduced the serum levels 
of protein-bound solutes but not to the same extent as haemodiafiltration [67].
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The use of super-flux cellulose triacetate membranes has also been evaluated and found 
to be superior to low-flux haemodialysis with respect to removing IS and most protein-
bound compounds, although this might be at least partly explained by an increase in 
removal of albumin [69]. Similarly, dialysis with the use of a nanoporous carbon monolith 
(pores 2–100 nm) was able to almost completely remove IS and PCS, whereas the use of a 
microporous monolith (<2 mm) resulted in only partial removal, and standard high-flux 
haemodialysis resulted in insignificant removal [70]. A potential issue with enhanced dial-
ysis of toxins is the rebound release of further toxins from tissues, which is observed with 
water-based solutes. However, Martinez and colleagues demonstrated that the rebound 
movement of PCS and protein solutes in the first 30 minutes post-dialysis appeared to be 
negligible [71].

Eloot and colleagues utilised kinetic modelling to try to determine optimal dialysis parameters 
to facilitate protein-bound solute removal, and found that regardless of longer or more frequent 
dialysis, increased volume of blood processing per week was required to increase clearance 
[72].

In a cross-over study of 14 patients, high-clearance dialysis (high dialysate flow rate and 
large dialyzer) resulted in significantly greater PCS and IS clearance compared with low-
clearance dialysis (PCS 23 ± 4 ml/min vs. 12 ± 3 ml/min, p < 0.001; IS 30 ± 5 ml/min vs. 
17 ± 4 ml/min, p < 0.001). However, there was no significant change in serum PCS levels 
with high-clearance dialysis although there was a significant decrease in IS levels [73]. The 
authors suggested that this lack of reduction in serum PCS levels may be due to concurrent 
PCS generation, and thus treatment to suppress PCS production would be required in order 
to achieve significant reductions in serum PCS.

5. Summary and future directions

In summary, IS and PCS are products of bacterial metabolism within the gut. Serum IS and 
PCS levels are increased in patients with CKD and have been associated with CKD progres-
sion, vascular disease acceleration, adverse metabolic profile and poorer cardiovascular and 
overall mortality. There are several methods of lowering serum IS and PCS levels, including 
reduced intestinal bacterial production through dietary modification of protein and/or fibre 
intake or pre-, pro- and synbiotic use, gastrointestinal sequestration through oral adsorbent 
use, reduced cellular uptake of IS through OAT inhibition, and increased clearance through 
enhanced dialysis. Though these treatments have been shown in some studies to successfully 
reduce IS and PCS levels in sera and/or cells, it is less clear whether this translates into mean-
ingful and sustained improvements in clinical outcomes. The studies conducted to date have 
been limited by small patient numbers, relatively short follow-up duration and poor method-
ologic quality. Given the biological plausibility and clinical importance of the adverse health 
outcomes thought to be mediated by these toxins, further high-quality studies are needed to 
evaluate the short- and long-term effects of IS and PCS lowering treatments on patient-level 
clinical outcomes.
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Abstract

Chronic kidney disease (CKD) contributes to a significant burden on the healthcare 
system and economy worldwide. In the last two decades, a new form of CKD: chronic 
kidney disease of unknown etiology (CKDu) in which the disease is not attributed to 
known causes has emerged as a major health issue in different geographical areas over 
the world mainly from farming community and has become a global concern today. 
Despite intense and numerous research works dedicated to CKDu, very little is known 
with certainty regarding its etiology and the pathophysiology behind its development. 
Recent evidences are emerging in favor of possible role of agrochemicals and pesticides 
in the pathogenesis of CKDu. Organochlorine pesticides (OCPs) due to their longer half-
life and lipophilic nature persist long in the environment and are known to be biomagni-
fied through food chain. Some study reports by the authors and a few others constitute 
the important body of evidences depicting the association between chronic exposures to 
OCPs and occurrence of CKDu through environmental contamination in farming as well 
as non-farming communities in different geographical areas around the globe.

Keywords: chronic kidney disease, organochlorine pesticides, end stage renal disease, 
eGFR, CKDu

1. Chronic kidney disease (CKD)

1.1. Overview

Chronic kidney disease (CKD) refers to a gradual and progressive decline of renal  function 
as a result of damage to renal microstructure due to various causes ultimately leading to  
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Abstract

Chronic kidney disease (CKD) contributes to a significant burden on the healthcare 
system and economy worldwide. In the last two decades, a new form of CKD: chronic 
kidney disease of unknown etiology (CKDu) in which the disease is not attributed to 
known causes has emerged as a major health issue in different geographical areas over 
the world mainly from farming community and has become a global concern today. 
Despite intense and numerous research works dedicated to CKDu, very little is known 
with certainty regarding its etiology and the pathophysiology behind its development. 
Recent evidences are emerging in favor of possible role of agrochemicals and pesticides 
in the pathogenesis of CKDu. Organochlorine pesticides (OCPs) due to their longer half-
life and lipophilic nature persist long in the environment and are known to be biomagni-
fied through food chain. Some study reports by the authors and a few others constitute 
the important body of evidences depicting the association between chronic exposures to 
OCPs and occurrence of CKDu through environmental contamination in farming as well 
as non-farming communities in different geographical areas around the globe.
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end-stage renal disease (ESRD). Most, but not all forms of CKD are irreversible and progressive 
[1]. The progression of the disease is often silent to start with, but gradually over a period of time 
the disease reaches a stage in which due to increased renal damage and kidney dysfunction renal 
replacement therapy (RRT) in the form of dialysis or renal transplant becomes necessary to sustain 
life. Currently, 10% of the global population regardless of ethnic origin are affected by CKD and 
it has become a major burden on the healthcare system worldwide [2]. Globally, CKD is the 12th 
most common cause of death and 17th cause of disability [3]. It is estimated that nearly 1,00,000 new 
patients of end-stage renal disease (ESRD) enters RRT programs annually in India [4]. Worldwide, 
over two million people are on renal replacement therapy but this figure nearly represents 10% 
of those who need it [5]. With this alarming number, CKD has emerged as a global epidemic. The 
adverse outcomes like cardiovascular disease (CVD) and premature death are universal [6].

1.2. Definition and classification

Keeping in mind the global impact of CKD, a simple definition and classification was necessary for 
international development, dissemination, and implementation of clinical practice guideline. One 
such initiative was undertaken by KDIGO (Kidney Disease: Improving Global Outcomes) through 
one of the series of International Controversies Conferences in which, by the consensus of a large 
number of nephrologists worldwide, the definition and classification of CKD devised by KDOQI 
(Kidney Disease Outcomes Quality Initiative) was accepted with a minor modification (Table 1).

The National Kidney Foundation (NFK) of the United States of America classified the pro-
gression of CKD in five stages depending on the extent of renal dysfunction symptomatology 
and therapeutic guidelines (Table 2).

The term chronic renal failure applies to the reduction of significant number of functional 
nephron and typically corresponds to CKD stage 3–5. For obvious reason, the late stage 4 and 
stage 5 pose a large social, human, and economic burden. The term ESRD represents a stage in 
which the accumulation of toxic substances, fluid, and electrolytes which are excreted other-
wise by normal kidneys produces significant clinical symptoms and even cause death unless 
removed from the body by renal replacement therapy in the form of kidney transplant or 
regular dialysis. In most of the cases but not all, patients of CKD with stage 3 or 4 progress to 
ESRD at a rate of 1.5% per year, whereas patients with stage 1 or 2 progress to more advanced 
stages approximately 0.5% per year [7].

Kidney damage for ≥3 months, as defined by structural or functional abnormalities of the kidney, with or without

decreased glomerular filtration rate (GFR), that can lead to decreased GFR, manifested by either:

 Pathologic abnormalities; or

 Markers of kidney damage, including abnormalities in the composition of the blood or urine; or

 Abnormalities in imaging tests

GFR < 60 mL/min/1.73m2 for ≥3 months, with or without kidney damage

Adapted from: Levey et al. [6].

Table 1. Criteria for chronic kidney disease (CKD).
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1.3. Etiology

Some decades ago, the leading cause of CKD was glomerulonephritis secondary to infec-
tion. Introduction of antibiotics and improved sanitary practice have changed the scenario; 
presently, the most common causes of CKD in adults are diabetes and hypertension in the 
developed world [8]. The leading causes of CKD in USA according to the 2012 US Renal Data 
System Annual Data Report are diabetes (49.1%), hypertension (28%), and glomerulonephri-
tis (4.7%) [9]. As a fact, about 50% of ESRD patients in USA are diabetic and about 50–60% of 
all patients with CKD are hypertensive [10]. According to the CKD Registry of India, the most 
common cause of CKD in Indian population is diabetes (31%) followed by CKD of undeter-
mined etiology (16%) followed by chronic glomerulonephritis (14%) and hypertensive neph-
rosclerosis (13%) with almost equal frequency. Other less common causes were: interstitial 
nephritis (7%), chronic obstructive uropathy (3.4%), miscellaneous (11.7), renovascular dis-
ease (0.8%), and graft failure (0.3%) [11] (Figure 1).

Stages GFR Common features

1 ≥90* –

2 60–90* ↑ Parathyroid hormone, ↓ renal calcium reabsorption

3 30–59 Left ventricular hypertrophy, anemia secondary to erythropoietin deficiency

4 15–29 ↑ Serum triglycerides, hyperphosphatemia, hyperkalemia, metabolic acidosis, fatigue, nausea, 
anorexia, and bone pain

5 <15 Renal failure: severe uremic symptoms

↑: increase; ↓: decrease. Adapted from: Lopez-Novoa et al. [1].*CKD is defined as either GFR < 60 mL/min/1.73m2 for 
3 months or a GFR above those values in the presence of evidence of kidney damage such as abnormalities in blood or 
urine (e.g., proteinuria) tests or imaging studies.

Table 2. Stages of chronic kidney disease.
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2. Chronic kidney disease of unknown etiology (CKDu)

2.1. Overview

In the mid of 1990s, a new form of CKD was identified among the rice paddy farmers of North 
Central Province (NCP) of Sri Lanka. This form of CKD is otherwise known as chronic kidney 
disease of unknown etiology (CKDu) [12]. Over the last two decades, similar kind of cases in 
significant number was reported from other farming areas of Sri Lanka and different parts 
of the world including Central America, among immigrants in UK from South-east Asia and 
India. Different terms have been used to describe CKDu in literature: chronic kidney disease 
of uncertain origin; chronic kidney disease of unknown origin; agrochemical nephropathy, 
etc. [13]. In some cases, it is named after the region or country of its origin: Central American 
nephropathy [14]; Salvadoran agricultural nephropathy; Mesoamerican endemic nephropa-
thy (MeN); chronic tubulo-interstitial kidney disease of Central America; Udhanam endemic 
nephropathy (India); Sri Lankan agricultural nephropathy; or chronic interstitial nephritis in 
agricultural communities (CINAC) [15].

2.2. Global impact and epidemiological pattern

Since the first case was reported, it has become the most alarming public health issue of 
Sri Lanka with more than 60,000 patients and more than 20,000 deaths annually. Hospital 
records show a steady increase of CKDu from the year 2000 to 2015 [12]. According to the 
NCP (North Central Province) statistics, the cause is unknown for 2809 (70.2%) of the newly 
diagnosed cases of CKD and only 15.7 and 9.6% cases were diagnosed to have hypertension 
and diabetes, respectively. The male to female ratio was 2.6:1 showing a male preponder-
ance. The majority of patients of CKD with undetermined etiology were in stage 4 (40%) at 
presentation [16].

In Central America, increasing number of CKD patients and CKD-specific mortality has 
been observed over the last 20 years particularly in Nicaragua and El Salvador. In the farming  
community of El Salvador, CKD is the fifth leading cause of death in adults. Women, men, 
adolescents and children, all who live in these farming communities are affected, irrespec-
tive of whether they are involved in agricultural activity or not. In Nicaragua, another 
endemic area for CKDu in Central America, the studies showed positive association 
between CKD and agricultural work, exposure to pesticides, dehydration, hypertension, 
drinking of lija (homemade liquor), and a family history of CKD [17]. Another endemic 
country in Central America is Costa Rica where the disease appeared in  agricultural work-
ers who work for long hours in sugarcane plantations. Clinical presentation and histopa-
thology were consistent with chronic interstitial nephritis. The authors suspected work 
environment related factors to be associated with the disease [18]. A recent cross-sectional 
study conducted in 2009–2011 in females in agricultural communities of El Salvador, 
shows the prevalence of CKDu in women of these communities to be 6.7%. The key factors 
behind CKDu in women are probably chronic exposure to toxic agents and environmental 
toxins [19].
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The prevalence of ESRD in Egypt’s El Minia Governorate has increased from 250 to 367 per 
million populations from 2002 to 2007. The etiology is unknown in 27% patients [20, 21]. A 
case control study among ESRD patients from this area has shown association with rural resi-
dence, unsafe drinking water, family history of CKD, pesticide exposure, and medicinal plant 
use [21]. The authors concluded that the disease may be attributed to environmental factors.

2.3. Indian scenario

According to the report of the CKD Registry of India, of 52,273 CKD patients during 2006–
2010, chronic kidney disease of unknown etiology was found in 16% of the CKD patients and 
was estimated to be the second leading cause only after diabetes mellitus. In this study, CKDu 
was more frequent in young low income patients and is clinically characterized by no or mild 
hypertension or proteinuria. Since there are few symptoms, disease is usually diagnosed at 
an advanced stage [11].

Another study from the Udhanam coastal region of Andhra Pradesh, India revealed preva-
lence of proteinuria to be 15.3% (54/354) in an agricultural community primarily involved 
in the cultivation of coconut, jackfruit, rice, and cashew with a higher prevalence in men 
compared to women (20% vs. 12% respectively). The prevalence of reduced GFR among 
males and females was 67 and 57%, respectively. The total prevalence of reduced GFR was 
61% combining both males and females. Younger population showed mild to moderate pro-
teinuria and renal histopathology studies revealed chronic tubulointerstitial nephritis. The 
authors suspected environmental exposure to toxic agents as the most likely cause [22]. In a 
recent publication by Jayasumana et al., the authors mentioned about an epidemic of CKD, 
not associated with the traditional risk factors from a few coastal areas of the same geograph-
ical region of Andhra Pradesh [12]. According to them, more than 4000 cases have already 
been diagnosed among paddy and coconut farmers of this area. The source of this infor-
mation is through a personal communication with Dr. Gangadhar, Nephrologist, Nizam’s 
Institute of Medical Sciences, Hyderabad, India [13]. No significant data of CKDu particu-
larly among CKD patients in general population of urban or rural area are available so far.

2.4. CKDu: clinical profile and case definition

The clinical profile of CKDu patients from different geographical regions has striking similari-
ties. Due to the slower rate of progression, majority of the affected individuals are asymptomatic 
for long time particularly during the early course of the disease [23]. The urine sediment shows 
no significant abnormalities in the markers of renal damage. Proteinuria is rare and moderate if 
present and can be described as “tubular” since β2 microglobulin and other tubular markers are 
found to be elevated in urine [24]. In the year of 2009, Ministry of Health of Sri Lanka developed 
the criteria for case definition of CKDu. According to these criteria, chronic kidney disease is 
considered to be of unknown etiology if there is: (1) no past history of, or current treatment for 
diabetes mellitus or chronic or severe hypertension, snake bites, urological disease of known 
etiology or glomerulonephritis; (2) normal glycosylated hemoglobin level (HbA1C < 6.5%); and 
(3) blood pressure < 160/100 mm Hg untreated or <140/90 mm Hg on up to two antihyperten-
sive drugs [25].
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2.5. CKDu: histopathological pattern

The morphological pattern of CKDu is described as chronic tubulo-interstitial nephritis, from 
two of the important endemic geographical areas: Sri Lanka and El Salvador [26, 27]. The 
prominent findings are interstitial fibrosis and tubular atrophy with or without inflamma-
tory monocyte infiltration. In a retrospective study of 251 renal biopsies from patients in Sri 
Lanka, histopathological features of the first four stages of CKDu have been described [28]. 
The predominant feature of stage 1 disease is mild to moderate interstitial fibrosis without 
the evidence of interstitial inflammation in most of the cases. Glomerulosclerosis was absent 
in 62.3% of the specimens. Stage 2 CKD specimens show moderate interstitial fibrosis with 
or without mild interstitial inflammation. Features of Stage 3 CKD had moderate to severe 
interstitial fibrosis, moderate inflammation, tubular atrophy, and glomerulosclerosis. In a 
recent study from El Salvador, more severe tubular atrophy and less glomerular lesion were 
found among patients of CKDu involved in sugarcane farming along with more mononuclear 
inflammatory infiltration when compared to non-agricultural workers [29].

2.6. CKDu: probable etiological factors

Most of the available literature points toward the exposure to environmental contaminants and 
agrochemicals as possible etiological factors. The countries and regions where CKDu has clus-
tered, followed age-old practice of traditional agriculture for centuries prior to the introduction 
of biotechnologically produced high yield seeds, chemical fertilizers, and pesticides as a part 
of “green revolution” in the 1960s [30]. Interestingly, it was only after the green revolution that 
a high prevalence of CKD cases was reported from rural agricultural communities from the 
endemic areas all over the world, suggesting that a factor related to the changed agricultural 
practice could be a trigger to this disease [31]. Recently, evidence implicating agrochemicals, par-
ticularly fertilizers emerged in Sri Lanka, where CKDu patients were found to have higher uri-
nary excretion of cadmium having a dose-dependent association with CKDu severity [32]. Other 
risk factors identified for CKDu are being a farmer, handling pesticides, drinking well water, 
having taken herbal or Ayurvedic medicines, etc. [33]. In a recent study, Jayasumana et al. [13] 
proposed a well-researched theory of renal tubular damage by heavy metals which absorbed into 
the body as a lattice structure formed by chelation of metal ions with glyphosate, a widely used 
herbicides by the farmers of the endemic area. This theory, though attractive has yet to be proven 
by bench research and many academic chemists do not support this view. The high prevalence 
of CKD in the villages located downstream [34], and among consumers of water from shallow 
wells [16, 35] strongly indicates the possibility of entry of toxins through contaminated drinking 
water [13]. Genetic susceptibility is another possible risk factor according to some studies [36].

The etiology of CKDu in Central America appears to be multifactorial. Two main hypotheses 
have emerged. One identifies the trigger as exposure to agrochemicals and pesticides either 
due to exposure during agricultural activity or through contaminated physical environment, 
water, and food. Occurrence of extra-renal manifestations in CKDu patients suggests gener-
alized toxicity affecting different organ systems with renal damage being a part of systemic 
pathology. The second hypothesis is the effect of heat stress compounded with strenuous 
labor and insufficient fluid intake triggering repeated episodes of subclinical acute renal 
injury that could lead to chronic kidney disease [37, 38].
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Available literatures on CKDu mostly show prevalence of this disease from agricultural com-
munities of low socio-economic strata. But there is increasing concern among scientists that 
the health hazards of agrochemicals are no longer limited to the agricultural communities. 
Due to extensive and widespread contamination of food, water, soil, air, flora and fauna by 
environmental pollutants like OCPs, general populations not involved in agriculture and 
populations from non-rural area are also exposed to these toxic chemicals as well.

Agrochemicals are chemicals such as inorganic fertilizers, liming agents and acidifying agents, 
pesticides, plant hormones or phytohormones, and plant growth agents used to improve the 
production of crops. The obvious benefit of using agrochemicals is the improved production 
of quality and quantity of vegetables, fruits, and crops, but not without a toll. Widespread 
and uncontrolled use of these chemicals for long time caused extensive contamination of the 
environment and thus caused significant adverse effect on the ecosystem and the health of the 
living organisms as well as humans.

3. Pesticides

A pesticide is a substance or mixture of substances used to kill a pest. It may be a chemi-
cal substance, biological agents (such as virus or bacteria), antimicrobial, disinfectant or 
device used against any pest [39]. The Food and Agriculture Association (FAO) of the 
United Nations has defined the term pesticide as “any substance or mixtures of substances 
intended for preventing, destroying or controlling any pest, including vectors of human or 
animal disease, unwanted species of plants or animals causing harm during or otherwise 
interfering with the production, processing, storage, transport, or marketing of food, agri-
cultural commodities, wood and wood product or animal feedstuffs, or substances which 
can be administered to animals for the control of insects, arachnids or other pests in or on 
their bodies.” Pesticides include variety of different compounds such as insecticides, ovi-
cides, larvicides, adulticides, herbicides, fungicides, rodenticides, etc. [40]. The use of pes-
ticides was of great help in increasing the yield of crops in agriculture and in public health 
programmes for controlling vector-borne diseases. On the other hand, due to their potential 
toxicity to human and animals, it has become a global concern for environmental pollution 
and health hazard. More than 98% of sprayed pesticides and 95% of herbicides reach a des-
tination other than their targeted species including air, water, soil, food, and non-targeted 
living species. Some of them are persistent organic pollutants (POPs) and contribute to 
significant soil contamination. In this way, they have become an integral part of the eco-
system and environment, and as they are meant for destruction of some particular species, 
they leave a devastating effect on other non-targeted species as well as humans leading to a 
potential hazard to their health [39].

3.1. Organochlorine pesticides (OCPs)

Organochlorine pesticides have a long history of indiscriminate and uncontrolled use for 
about five decades for both agricultural and sanitary purposes. Some of the OCPs which have 
been banned or restricted in the last two decades in India are shown in Table 3.
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2.5. CKDu: histopathological pattern
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Chronic Kidney Disease - from Pathophysiology to Clinical Improvements204
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can be administered to animals for the control of insects, arachnids or other pests in or on 
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ticides was of great help in increasing the yield of crops in agriculture and in public health 
programmes for controlling vector-borne diseases. On the other hand, due to their potential 
toxicity to human and animals, it has become a global concern for environmental pollution 
and health hazard. More than 98% of sprayed pesticides and 95% of herbicides reach a des-
tination other than their targeted species including air, water, soil, food, and non-targeted 
living species. Some of them are persistent organic pollutants (POPs) and contribute to 
significant soil contamination. In this way, they have become an integral part of the eco-
system and environment, and as they are meant for destruction of some particular species, 
they leave a devastating effect on other non-targeted species as well as humans leading to a 
potential hazard to their health [39].

3.1. Organochlorine pesticides (OCPs)

Organochlorine pesticides have a long history of indiscriminate and uncontrolled use for 
about five decades for both agricultural and sanitary purposes. Some of the OCPs which have 
been banned or restricted in the last two decades in India are shown in Table 3.
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Others which are in main use include lindane, endosulfan, dicofol, methoxychlor, and pen-
tachlorophenol [39]. Organochlorine pesticides (OCPs), due to their chemical stability and 
extremely resistant nature to degradation, persist for long in the environment (Table 4).

These compounds are mainly found associated with organic matter in soil and in animal tis-
sue due to their strong lipophilic property. They bioaccumulate in the adipose tissue of ani-
mals as well as humans and even get biomagnified through food chain [41]. Increased level of 
different OCP residues has been detected in different human samples such as placenta, blood, 
semen, amniotic fluid, breast milk, etc. [42–45]. Some of the notable examples are: dichlo-
rodiphenyltrichloroethane (DDT) and its analogues (such as methoxychlor), dicofol, aldrin, 
endrin, heptachlor, endosulfan, chlordane, dieldrin, lindane, mirex, etc. [39].

Organochlorine pesticides Half-life in soil

α-HCH 2–8 years

β-HCH 1–7 years

γ-HCH 1.2–6.5 years

Aldrin 0.3–3.0 years

Dieldrin 2.5–8.0 years

α-Endosulfan 35–67 days

β-Endosulfan 104–265 days

p,p′-DDT 2.8–10.0 years

p,p′-DDE 1–15 years

Adapted from: Agrawal and Sharma [39] and Free Wikipedia, the free encyclopedia [49].

Table 4. Environmental half-life of organochlorines.

Compounds Status in India Year

Aldrin Banned 1996

Chlordane Banned 1996

DDT Restricted use 1980

Dieldrin Restricted use 1990

Complete ban 2003

Endrin Banned 1990

HCH Banned 1997

Heptachlor Banned 1996

Adapted from: Free Wikipedia, the free encyclopedia.

Table 3. Current status of organochlorine pesticides in India.
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3.2. Exposure to OCPs

Exposure to organochlorine pesticides may occur by direct exposure through handling 
or spraying during agricultural activity particularly by inadequately educated farmers, 
without proper protective gears, by using some personal care products like lice sham-
poo or indirectly through contaminated food and water. Organochlorine pesticides are 
carried long distance via atmospheric and oceanic currents from the site of its manufac-
ture or use and build up in the fatty tissues of animals [46]. Many studies have linked 
OCP exposure with consumption of contaminated animal products, mostly meat, fish, and 
marine mammals [47, 48]. Fetuses and children may get exposed to pesticides in utero as 
well as through breast milk [49]. Even after replacement of organochlorine pesticides by 
organophosphate, consumer products such as edible crops, fruits, and milk show substan-
tial levels of organochlorine pesticides residue. In a multicentric study, residues of OCPs, 
especially DDT and HCH have been detected in humans and in environment [50]. Before 
the imposition of ban, endosulfan was in extensive use in agricultural practice and this led 
to its occurrence in a variety of food items in India [51]. High levels of DDT and HCH have 
been reported in human blood, fat, and milk samples in India [52, 53]. A recent study from 
Punjab, India has shown p,p′-DDE as the major contaminant detected in human breast 
milk samples [54].

3.3. Detectable blood levels of OCPs in general population

Detectable blood levels of organochlorine pesticides (OCPs) such as DDT, DDE, HCH, 
endosulfan, and aldrin have been reported from different parts of the worlds like Spain, 
Canada, Mexico, Egypt, Pakistan and different parts of India in agro professional as well 
as in the non-agro professional general population. In a recent published report from 
Mexico, p,p′-DDE was detected in 100% of the blood samples of the participants. p,p′-
DDT was detected in 41.3% of samples. β-HCH was present in 48.6% of samples and 
o,p′-DDT was found in only 3.3% of the samples analyzed [55]. Published data on the 
level of OCPs from the blood samples of general population from different parts of India 
have shown the presence of a number of OCPs. The OCPs levels ranged from 2.92 to 4.52 
parts per billion (ppb) for α-HCH, 1.93–10.05 ppb for β-HCH, 1.69–5.33 ppb for γ-HCH, 
0.03–3.32 ppb for aldrin, 1.97–2.77 ppb for dieldrin, 0.01–2.21 ppb for α-endosulfan, 
1.18–1.49 ppb for β-endosulfan, 0.045–1.62 ppb for p,p′-DDT, and 2.18–4.26 ppb for p,p′-
DDE [56]. High serum concentration of BHC and DDE (range: 0.006–0.130 ppm for BHC 
and 0.002–0.033 ppm for DDE) were detected in agro and non-agro professionals in and 
around Madurai, India [50]. A recent publication from Punjab, India, revealed the pres-
ence of p,p′-DDE, p,p′-DDD, o,p′-DDE, and β-endosulfan at mean levels of 15.26, 2.71, 
5.62, and 4.02 ng/ml, respectively, from the blood samples of the study subjects. Though 
statistically non-significant (p > 0.05), higher levels of total DDT residues were detected 
in non-vegetarians [54]. Higher blood levels of DDT have also have been reported earlier 
[57]. High blood levels of endosulfan (with highest mean concentration of 0.30 mg/kg) was 
detected along with other organophosphate and p,p′-DDT from agro and non-agro profes-
sionals from Pakistan [58].
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3.2. Exposure to OCPs

Exposure to organochlorine pesticides may occur by direct exposure through handling 
or spraying during agricultural activity particularly by inadequately educated farmers, 
without proper protective gears, by using some personal care products like lice sham-
poo or indirectly through contaminated food and water. Organochlorine pesticides are 
carried long distance via atmospheric and oceanic currents from the site of its manufac-
ture or use and build up in the fatty tissues of animals [46]. Many studies have linked 
OCP exposure with consumption of contaminated animal products, mostly meat, fish, and 
marine mammals [47, 48]. Fetuses and children may get exposed to pesticides in utero as 
well as through breast milk [49]. Even after replacement of organochlorine pesticides by 
organophosphate, consumer products such as edible crops, fruits, and milk show substan-
tial levels of organochlorine pesticides residue. In a multicentric study, residues of OCPs, 
especially DDT and HCH have been detected in humans and in environment [50]. Before 
the imposition of ban, endosulfan was in extensive use in agricultural practice and this led 
to its occurrence in a variety of food items in India [51]. High levels of DDT and HCH have 
been reported in human blood, fat, and milk samples in India [52, 53]. A recent study from 
Punjab, India has shown p,p′-DDE as the major contaminant detected in human breast 
milk samples [54].

3.3. Detectable blood levels of OCPs in general population

Detectable blood levels of organochlorine pesticides (OCPs) such as DDT, DDE, HCH, 
endosulfan, and aldrin have been reported from different parts of the worlds like Spain, 
Canada, Mexico, Egypt, Pakistan and different parts of India in agro professional as well 
as in the non-agro professional general population. In a recent published report from 
Mexico, p,p′-DDE was detected in 100% of the blood samples of the participants. p,p′-
DDT was detected in 41.3% of samples. β-HCH was present in 48.6% of samples and 
o,p′-DDT was found in only 3.3% of the samples analyzed [55]. Published data on the 
level of OCPs from the blood samples of general population from different parts of India 
have shown the presence of a number of OCPs. The OCPs levels ranged from 2.92 to 4.52 
parts per billion (ppb) for α-HCH, 1.93–10.05 ppb for β-HCH, 1.69–5.33 ppb for γ-HCH, 
0.03–3.32 ppb for aldrin, 1.97–2.77 ppb for dieldrin, 0.01–2.21 ppb for α-endosulfan, 
1.18–1.49 ppb for β-endosulfan, 0.045–1.62 ppb for p,p′-DDT, and 2.18–4.26 ppb for p,p′-
DDE [56]. High serum concentration of BHC and DDE (range: 0.006–0.130 ppm for BHC 
and 0.002–0.033 ppm for DDE) were detected in agro and non-agro professionals in and 
around Madurai, India [50]. A recent publication from Punjab, India, revealed the pres-
ence of p,p′-DDE, p,p′-DDD, o,p′-DDE, and β-endosulfan at mean levels of 15.26, 2.71, 
5.62, and 4.02 ng/ml, respectively, from the blood samples of the study subjects. Though 
statistically non-significant (p > 0.05), higher levels of total DDT residues were detected 
in non-vegetarians [54]. Higher blood levels of DDT have also have been reported earlier 
[57]. High blood levels of endosulfan (with highest mean concentration of 0.30 mg/kg) was 
detected along with other organophosphate and p,p′-DDT from agro and non-agro profes-
sionals from Pakistan [58].
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3.4. Association of blood OCPs levels and pathological conditions

Cumulative data from all over the world have linked a number of pathological conditions 
with detectable or high blood levels of OCPs such as metabolic syndrome, hypercholester-
olemia, insulin resistance, preterm labor, urogenital and breast cancer, diabetes mellitus, 
etc. In a recent report from Thailand, the total amount of serum p,p′-DDE concentration was 
found to have significant correlation with plasma glucose levels [59]. Another study from 
Egypt has shown significant positive association of only heptachlor residue and blood glu-
cose level among the OCPs studied [60]. A recent study from Northern Benin, West Africa has 
shown consistently higher serum levels of four OCPs namely p,p′-DDE, p,p′-DDT, β-HCH, 
and trans-nonachlor in diabetic subjects compared to non-diabetic controls [61]. In a recent 
publication, β-HCH and aldrin has been shown to be significantly and positively associ-
ated with the risk of having metabolic syndrome [62]. Another report from this Institute has 
shown significant positive association of higher blood levels of α-HCH, β-HCH, p,p′-DDE, 
and o′,p′-DDD from mothers of preterm birth cases as compared to term controls [63]. A 
significant association of high blood levels of BHC and its isomers, dieldrin, heptachlor, 
DDT and its metabolites have been shown with the occurrence of reproductive tract cancer 
among women from Jaipur, India [64]. Another report from U.S. has shown that serum con-
centration of β-HCH, trans-nonachlor, and dieldrin has significant association with risk for 
prostate cancer [65].

4. OCPs exposure and CKDu

Literatures are scarce about the role of OCPs in CKDu. A recent study from the same labora-
tory has reported significant negative correlation of eGFR of patients of CKD of unknown 
etiology with blood levels of γ-HCH (p < 0.05), total HCH (p < 0.05), aldrin (p < 0.05), and 
total pesticides (p < 0.05). The authors also observed a tendency to accumulate pesticides by 
the CKD patients with decreasing eGFR. They also demonstrated a significant association of 
total pesticide load with increased oxidative stress in CKD patients [56]. In a previous study 
by the same authors from the same laboratory showed that the increased OCP levels in CKD 
patients were partially dependent on GSTM1/GSTT1 polymorphism and particularly GSTM1 
(−)/GSTT1 (−) genotype was more vulnerable in this regard [66]. Earlier, Rutten et al. has 
shown the significant higher levels of HCB and p,p′-DDE in the serum of dialysed and non-
dialysed uremic patients than in controls [67].

Epidemiological studies from the endemic areas strongly suggest the role of agrochemicals 
and pesticides in the development of CKDu. The detectable blood levels of these persistent 
organic pollutants in the general population worldwide confirms chronic exposure of humans 
to these toxins which are known to have significant and diverse adverse effect on different 
organ systems including kidney. In view of the available literatures till date, it seems to be 
plausible that chronic exposure to OCPs have a crucial role in the development and progres-
sion of CKDu although precise underlying mechanisms and evidence-based effective preven-
tive and therapeutic strategies remains an unmet goal till date. Future research works with 
improved study design should focus on this important issue and fresh body of evidences is 
expected to emerge more and more in the days ahead.
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3.4. Association of blood OCPs levels and pathological conditions
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tory has reported significant negative correlation of eGFR of patients of CKD of unknown 
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1. Introduction

One of the actual problems of nephrology is to improve quality of life and overall survival 
of patients with chronic kidney disease (CKD), the prevalence of which is steadily growing 
throughout the world. Therefore, the retardation of CKD progression and prevention of its 
complications, as well as the delay of renal replacement therapy (RRT) onset, are the primary 
medical and social-economical goal [1–3].

The rate of renal failure progression depends on a range of factors, and among them, nutri-
tional status disorders (NSD) have the important prognostic value [2, 3]. Early detection of NSD 
requires a further in-depth examination of a patient to identify the potential cause (or causes) 
of NSD. NSD develops 2.5 times more often in patients with systemic disease that is caused by 
both the underlying disease activity (increased levels of inflammatory cytokines) and duration 
of corticosteroid therapy in addition to the general CKD risk factors [4]. NSD at predialysis 
CKD stages is found mainly to occur in diabetes mellitus, in patients with severe anemia (hemo-
globin <100 g/l) or with high proteinuria (more than 2.5 g/day), as well as in patients who eat 
low-calorie nutrition (less than 30 kcal/kg/day) [1, 2, 5].

Low-protein diet (LPD) is considered now as more optimal for CKD patients. LPD, reduc-
ing glomerular hypertension, favors decreasing proteinuria as well as hemodynamic dam-
age of renal glomeruli and thus contributing to a slowdown of CKD progression [2, 6, 7]. 
The influence of LPD on CKD progression is more expressed in case of diabetic nephropa-
thy (DN). The annual rate of glomerular filtration rate (GFR) decline in patients who fol-
low LPD and slow down by 1.5–2 times compared with standard diet, and outcome to the 
end-stage of CKD is observed less often almost by three times [5, 7]. Renal protective effects 
of LPD are connected with its hemodynamic and metabolic abilities. The adjustment of pro-
tein and phosphorus contents in the diet in accordance with patient’s residual renal func-
tion contributes to reducing hemodynamic load to the residual nephrons, in addition to the 
decreasing of uremic intoxication. As a result, the glomerular hypertrophy process as well 
as the renin-angiotensin-aldosterone system (RAAS) activation decreases, intraglomerular 
autoregulation normalizes, and intraglomerular and systemic hypertension reduces. LPD 
also partially corrects such unfavorable uremic, metabolic, and endocrine complications, 
such as hypoalbuminemia, dyslipidemia, anemia, hyperphosphatemia with parathyroid 
glands hyperplasia, and thereby it helps to reduce the risk of uremic hyperparathyroidism, 
vascular calcification, and atherosclerosis [2, 8, 9]. LPD in combination with ketoanalogs of 
essential amino acids enhances also antihypertensive and antiproteinuric effects of angio-
tensin receptor blockers (ARB), corrective action of erythropoietins in anemia, effects of 
synthetic vitamin D analogs and calcimimetics on hyperparathyroidism symptoms, and 
hypolipidemic effect of statins [4, 10, 11].

It was found that the mortality rate of dialysis patients is inversely related to the amount of 
protein intake (protein quota), body mass index, and serum albumin [1, 12].

Improvement of the approaches to the early diagnosis, treatment, and prevention of NSD in 
CKD patients is an important strategy to reduce cardiovascular (CV) and overall mortality, 
to increase quality of life, as well as to reduce the cost of hospital and RRT treatment [1, 13].
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The review was written based on the published results of clinical studies performed on the 
position of evidence-based medicine. It is intended not only for nephrologists but also for 
internists, cardiologists, and endocrinologists.

2. Methods

Literature searches were made of 10 major databases among which were PubMed, Medline, 
Embase, Cochrane Library, CINAHL, and e-library. The search was carried out to find all 
articles relevant to CKD and Nutrition Status Disorders. This search encompassed original 
articles, systematic reviews, and meta-analyses. There was no language restriction.

2.1. Agreed criteria for article inclusion in the review

Articles should be full-text. Brief publications and abstracts were not included:

• Research should include at least 20 patients in each group. The minimum mean duration 
of a study was 6 months.

• Analyzed literature over past 15 years.

• The article has the detailed research protocol for assessing its quality.

• Patients examination must meet KDIGO 2012 guidelines.

• Randomized controlled trials.

• Retrospective nonrandomized trials.

3. Nutritional status disorders in chronic kidney disease patients

The International Society of Renal Nutrition and Metabolism (ISRNM) [14] recommended the 
term “Protein-energy wasting (PEW)” to describe the state of decreased body stores of protein 
and energy in CKD patients and proposed a common nomenclature and diagnostic criteria 
for these alterations in the context of CKD.

3.1. Prevalence PEW in CKD

PEW was traditionally considered for a long time as the problem of patients who receive RRT. 
Meanwhile, the results of epidemiological studies conducted for recent years have convinc-
ingly demonstrated that nutritional status disorders appear to be revealed much earlier, before 
dialysis treatment starting, from stages 3B–4 CKD, and impact on prognosis of patients on 
dialysis [1, 2, 12, 13, 15]. The incidence of PEW depends on the stage of CKD (Table 1): among 
CKD patients with a glomerular filtration rate (GFR) of 44–30 ml/min/1.73m2, PEW is detected 
in 4.2% of cases in average, whereas in CKD patients with GFR of 29-15 ml/min/1.73m2 in 
21.3%, and almost all patients with end-stage of CKD have PEW [1, 2, 7, 13, 15, 16].
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At the predialysis stages, PEW is typical for patients with DN because of insulin deficiency or 
insulin resistance, accelerating protein catabolism, as well as due to a high incidence of infectious 
complications, diabetic neuropathy of gastrointestinal tract with malabsorption, [1, 5, 15, 17]; for 
patients with systemic diseases; high proteinuria (more than 2.5 g/day); severe anemia (hemo-
globin <100 g/L); for those who receive prolonged corticosteroid therapy (more than 6 months); 
for patients who eat low-calorie foods (less than 30 kcal/kg/day) [1, 2, 4, 15].

3.2. Etiology and pathogenesis

In contrast to the end products of fat and carbohydrate metabolism (CO2 and H2O) that are 
excreted through the lungs and skin, the products of protein metabolism can be excreted only 
by kidneys [7, 16].

Qualitative protein food composition is very important because the absence or deficiency of at 
least one of any essential amino acid (EAA) may be a limiting factor for protein biosynthesis 
in the body. Even when the dietary intake provides all amino acids, the body may suffer from 
a protein deficiency if the absorption of any amino acid decreases in the intestine, or when it 
breaks up more than usual under the influence of gut microbiota. In these cases, limited pro-
tein synthesis will occur or the body will compensate for the lack of amino acid required for 
protein biosynthesis by breaking down its own proteins [9, 18]. Changes in protein metabolism 
in uremia are closely related to amino acid metabolism disturbance. Due to a decrease in the 
metabolically active mass of the kidneys, the deficiency of the enzymes synthesized in the 
kidneys, which are necessary for the formation of amino acids, develops [9, 13]. Decrease in 
plasma concentration of EAA can also be largely due to acidosis [15, 17].

The degree of protein and amino acids assimilation from food also depends on the quantitative 
and qualitative composition of carbohydrates and lipids. Experimental and clinical data indicate 
that a diet with insufficient fat and low-calorie diet contribute to the increased oxidation of amino 
acids, intensified degradation, and, partly, even protein synthesis [7, 18]. Protein metabolism, in 
turn, is closely integrated with the exchange of carbohydrates, lipids, and nucleic acids through 
amino acids or α-ketoacids (α-ketoglutarate, oxaloacetate, and pyruvate). Thus, aspartic acid or 

CKD stage Description GFR, ml/min/1.73 m2 Incidence of PEW

1 Kidney damage with normal or increased GFR ≥90 No

2 Kidney damage with mildly decreased GFR 89–60 No

3 59–30

3a Mild-to-moderate decrease in GFR 59–45 No

3b Moderate-to-severe decrease in GFR 44–30 4.2%

4 Severely decreased GFR 29–15 21.3%

5 End-stage of renal failure <15 or RRT onset 74.5%

GFR: glomerular filtration rate, is calculated by CKD-EPI creatinine equation (2009); PEW: protein-energy wasting; and 
RRT: renal replacement therapy.

Table 1. Incidence of PEW depending on CKD stage.
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alanine through the transamination way is reversibly converted to pyruvate oxaloacetate, which 
are subsequently directly included in the carbohydrate metabolism. An inverse relationship was 
found between the leptin concentration and the nutritional status (NS) parameters and a direct 
relationship with the leptin of the C-reactive protein (CRP) [19].

Proteins (and consequently, amino acids as products of their hydrolysis) are directly involved in 
the biosynthesis of a number of hormones and other biologically active compounds that regulate 
metabolic processes in the body. With insufficient intake of protein from food, the protein from its 
own pool disintegrate into free amino acids, which ensure the synthesis of the necessary cytoplas-
mic fractions of protein, enzymes, hormones, and other biologically active compounds [16, 18].

PEW in CKD can also be exacerbated by eating mostly plant proteins of low biological value 
and low-calorie diet. This increases the insulin secretion, which inhibits lipolysis and mobili-
zation of skeletal muscle proteins. These disturbances lead to that the levels of amino acids in 
the blood drop the levels of amino acids in the blood drop, the synthesis of albumin and other 
proteins decreases, leading to hypoalbuminemia. The adaptation mechanism includes hor-
monal changes. These changes help mobilize free fatty acids from adipose tissue and amino 
acids from the muscles. Gluconeogenesis and oxidation of amino acids provide the energy 
that is necessary for the organism-sustaining processes, as a result, protein synthesis is inhib-
ited, metabolism is slowed down, and muscle mass and body fat stores decrease [1, 6, 9].

An important role in the development of PEW is assigned to cytokines and chemokines, 
which begin to accumulate in the blood of patients as the stage of CKD progresses. Cytokines, 
suppressing appetite, cause loss of body weight [13, 18]. Patients with CKD, stages 4–5, are 
prone to negative nitrogen balance and hypercatabolism due to anorexia, inhibition of protein 
and amino acid synthesis, and the deficiency of vitamins and microelements [1, 16].

In acute and chronic infections or immune inflammations, there are effects of tumor necrosis 
factor α (TNF α), interleukin 2 and 6 (IL-2 and IL-6), etc., which also contribute to the develop-
ment of hypoalbuminemia and worsen the prognosis [1, 20].

At the same time,  in  chronic renal failure patients who ignore the use of protein restricted 
diet and consume protein in the amounts greater than recommended for their stage of CKD, 
progressively increased levels of glycation products are observed, which trigger a complex 
cascade of reactions involving the generation of active forms of oxygen. Amino acids, proteins, 
carbohydrates, and lipids (primarily unsaturated fatty acids both free and in the composition 
of phospholipids) are subjected to reactions of free radical oxidation involving reactive oxygen 
species [1, 16]. Acidosis, induced by uncontrolled protein intake, leads to suppression of amino 
acid synthesis, increases their decarboxylation in muscles, and reduces albumin synthesis [17].

3.3. Classification

In clinical practice in the predialysis patient population, PEW is divided into three degrees: 
mild, moderate, and severe [1, 14, 21]. The degree of PEW is established by determining the 
ratio of body weight/recommended body weight × 100%. A decreased ratio down to 80% 
means a mild degree of nutritional disorder, a decrease from 80–70%—moderate, and less 
than 70%—severe nutrition disorder.
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progressively increased levels of glycation products are observed, which trigger a complex 
cascade of reactions involving the generation of active forms of oxygen. Amino acids, proteins, 
carbohydrates, and lipids (primarily unsaturated fatty acids both free and in the composition 
of phospholipids) are subjected to reactions of free radical oxidation involving reactive oxygen 
species [1, 16]. Acidosis, induced by uncontrolled protein intake, leads to suppression of amino 
acid synthesis, increases their decarboxylation in muscles, and reduces albumin synthesis [17].

3.3. Classification

In clinical practice in the predialysis patient population, PEW is divided into three degrees: 
mild, moderate, and severe [1, 14, 21]. The degree of PEW is established by determining the 
ratio of body weight/recommended body weight × 100%. A decreased ratio down to 80% 
means a mild degree of nutritional disorder, a decrease from 80–70%—moderate, and less 
than 70%—severe nutrition disorder.
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3.4. Clinical presentation

Complaints depending on the underlying pathology that caused signs of PEW: a weight loss 
over the past 6 months, poor appetite, in case of severe PEW—refusal to eat, vomiting, nausea, 
bloating, diarrhea, constipation, abdominal pain, edema, cramps, cough, shortness of breath, 
prolonged fever, anxiety, dry skin, hair loss, deformation of the nails, and weakness.

Medical history allows to identify the kidney disease, which has led to the development of PEW.

3.4.1. Physical examination

Assessment of nutritional status is carried out on a four- or seven-point scale. A seven-point 
scale evaluation is considered more reliable [14, 21, 22].

The following basic criteria are important:

• The dynamics of the patient’s weight since the last examination (usually for 6 months).

• The protein quota intake and calorie content of food calculated according to a 3-day food 
diary; the presence of symptoms of gastrointestinal dysfunction.

• The status of the patient’s fat and muscle mass bases on a visual examination (shoulder 
line, the contouring of clavicles, shoulder blades, and ribs) and palpation (the thickness 
of the fat fold above the biceps and triceps, muscular mass of the triceps, and muscles 
between the thumb and index finger). To objectify the data, the caliper can be used to mea-
sure the fat fold thickness in several places (subscapular region, above the biceps, triceps, 
and iliac crest) and the shoulder circumference in the middle third.

Familiarity with the anamnesis and physical examination reveals the clinical picture of PEW 
[1, 13, 14, 21]:

• Decrease in the body weight by 10% over the last 6 months and shorter period; poor appetite.

• Reduced subcutaneous tissue.

• Possible apathy, fast fatigue, decreased taste, and slowing of peristalsis.

• Subjective assessment (according to seven-point scale) ≤ 5 points.

• Basal metabolic rate and body temperature are lowered due to decreased levels of triiodothy-
ronine (T3) below 3.5 pg/ml and loss of the heat-insulating function of the subcutaneous tissue.

3.4.1.1. Mild-to-moderate PEW

Symptoms of nutritional disorders are characterized by a decrease in the body weight 
(by 3–5% per month) and a progressive decrease in appetite with the development of 
anorexia. The thickness of the skin-fat fold (SFFT) above the triceps muscle of the shoulder 
as well as a muscular mass in the shoulder region is reduced. The blood levels of albumin, 
prealbumin, transferrin, and triiodothyronine (T3) decrease. Lymphopenia and impaired 
glucose tolerance may develop.
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3.4.1.2. Severe PEW

It is accompanied by more pronounced changes in clinical and laboratory parameters. Physical 
examination reveals the intercostal depression, atrophy of the temporal muscles, and muscles of 
the extremities. Subcutaneous fat tissue is atrophied or absent. Apathy, rapid fatigue, and a feel-
ing of cold are often symptoms of hypovitaminosis (vitamins B, C, folic acid, D3 and B12, and PP); 
deficiency of trace elements (iron, zinc, copper, and selenium), calcium, arginine and l-carnitine 
are added symptoms; and signs of oxidative stress, aggravating renal anemia, cardiomyopathy, 
myopathy, encephalopathy, and hypertension also accompany. There may be atrophy of intes-
tinal villi and increased growth of microflora in the small intestine.

3.5. Diagnosis

Diagnostic challenges with PEW arise from a variety of causes and also because the body 
weight of patients changes a little due to sodium and water retention and decrease only at the 
last stage of CKD [1, 7, 21, 22].

3.5.1. Anthropometric methods of assessment

Anthropometric methods include determination of body mass index and evaluation of mus-
cle and fat mass of the body [1, 14, 21]. The body mass index (BMI) (Quetelet index, kg/m2) is 
calculated by the formula: BMI = M/L2, where M is the body weight in kilograms and L is the 
height of a person measured in meters and squared.

Measurement of the SFFT by a caliper at 4 points (subscapular region, above the biceps, triceps, 
and iliac crest) allows to calculate the proportion of fat component as a percentage of the total 
body weight, which is 15–16% in healthy men and 25% in women. If the SFFT is reduced by 
more than 10% from the normal value, it indicates a predominant energy insufficiency [1, 14, 22].

The amount of fat in the body (fat mass) can be calculated by the formula: D = d × S × K, where 
D is fat mass (kg); d is the average thickness of the subcutaneous fat layer together with the 
skin (sm) = (d1 + d2 + d3 + d4)/8, where d1 is above the triceps; d2 is above the biceps; d3 is above 
the shoulder blade; d4 is on the abdomen; S is the surface of the body = M0.425 × P0.725 × 71.84 × 10−4, 
where M is the weight (kg), P is height (sm), and K is a constant equal to 1.3.

About the muscle mass, it can be indirectly judged by the formula: SMV (sm) = SC (sm) – 0.314 × 
SFFT (mm), where SMV is the shoulder muscles volume; SC is shoulder circumference at mid-
shoulder level; and SFFT is the skin-fat fold thickness above the triceps at the point of shoulder 
circumference measurement. Deficiency of SMV, exceeding 10%, is typical for protein deficiency.

For dialysis PEW, a combination of muscle deficiency with a decreased volume of adipose tis-
sue is typical. Assessment of anthropometric parameters should be performed in all patients 
with CKD once every 3 months.

Anthropometric criteria of PEW are BMI <18.5 kg/m2; SFFT in men <9.5 mm, in women 
<13 mm; SMV in men <23 cm, in women <21 cm. At the same time, SFFT is a reflection of body 
fat reserves, and SMV is an indicator of the peripheral protein pool.
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3.4. Clinical presentation

Complaints depending on the underlying pathology that caused signs of PEW: a weight loss 
over the past 6 months, poor appetite, in case of severe PEW—refusal to eat, vomiting, nausea, 
bloating, diarrhea, constipation, abdominal pain, edema, cramps, cough, shortness of breath, 
prolonged fever, anxiety, dry skin, hair loss, deformation of the nails, and weakness.

Medical history allows to identify the kidney disease, which has led to the development of PEW.

3.4.1. Physical examination

Assessment of nutritional status is carried out on a four- or seven-point scale. A seven-point 
scale evaluation is considered more reliable [14, 21, 22].

The following basic criteria are important:

• The dynamics of the patient’s weight since the last examination (usually for 6 months).

• The protein quota intake and calorie content of food calculated according to a 3-day food 
diary; the presence of symptoms of gastrointestinal dysfunction.

• The status of the patient’s fat and muscle mass bases on a visual examination (shoulder 
line, the contouring of clavicles, shoulder blades, and ribs) and palpation (the thickness 
of the fat fold above the biceps and triceps, muscular mass of the triceps, and muscles 
between the thumb and index finger). To objectify the data, the caliper can be used to mea-
sure the fat fold thickness in several places (subscapular region, above the biceps, triceps, 
and iliac crest) and the shoulder circumference in the middle third.

Familiarity with the anamnesis and physical examination reveals the clinical picture of PEW 
[1, 13, 14, 21]:

• Decrease in the body weight by 10% over the last 6 months and shorter period; poor appetite.

• Reduced subcutaneous tissue.

• Possible apathy, fast fatigue, decreased taste, and slowing of peristalsis.

• Subjective assessment (according to seven-point scale) ≤ 5 points.

• Basal metabolic rate and body temperature are lowered due to decreased levels of triiodothy-
ronine (T3) below 3.5 pg/ml and loss of the heat-insulating function of the subcutaneous tissue.

3.4.1.1. Mild-to-moderate PEW

Symptoms of nutritional disorders are characterized by a decrease in the body weight 
(by 3–5% per month) and a progressive decrease in appetite with the development of 
anorexia. The thickness of the skin-fat fold (SFFT) above the triceps muscle of the shoulder 
as well as a muscular mass in the shoulder region is reduced. The blood levels of albumin, 
prealbumin, transferrin, and triiodothyronine (T3) decrease. Lymphopenia and impaired 
glucose tolerance may develop.
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3.4.1.2. Severe PEW

It is accompanied by more pronounced changes in clinical and laboratory parameters. Physical 
examination reveals the intercostal depression, atrophy of the temporal muscles, and muscles of 
the extremities. Subcutaneous fat tissue is atrophied or absent. Apathy, rapid fatigue, and a feel-
ing of cold are often symptoms of hypovitaminosis (vitamins B, C, folic acid, D3 and B12, and PP); 
deficiency of trace elements (iron, zinc, copper, and selenium), calcium, arginine and l-carnitine 
are added symptoms; and signs of oxidative stress, aggravating renal anemia, cardiomyopathy, 
myopathy, encephalopathy, and hypertension also accompany. There may be atrophy of intes-
tinal villi and increased growth of microflora in the small intestine.

3.5. Diagnosis

Diagnostic challenges with PEW arise from a variety of causes and also because the body 
weight of patients changes a little due to sodium and water retention and decrease only at the 
last stage of CKD [1, 7, 21, 22].

3.5.1. Anthropometric methods of assessment

Anthropometric methods include determination of body mass index and evaluation of mus-
cle and fat mass of the body [1, 14, 21]. The body mass index (BMI) (Quetelet index, kg/m2) is 
calculated by the formula: BMI = M/L2, where M is the body weight in kilograms and L is the 
height of a person measured in meters and squared.

Measurement of the SFFT by a caliper at 4 points (subscapular region, above the biceps, triceps, 
and iliac crest) allows to calculate the proportion of fat component as a percentage of the total 
body weight, which is 15–16% in healthy men and 25% in women. If the SFFT is reduced by 
more than 10% from the normal value, it indicates a predominant energy insufficiency [1, 14, 22].

The amount of fat in the body (fat mass) can be calculated by the formula: D = d × S × K, where 
D is fat mass (kg); d is the average thickness of the subcutaneous fat layer together with the 
skin (sm) = (d1 + d2 + d3 + d4)/8, where d1 is above the triceps; d2 is above the biceps; d3 is above 
the shoulder blade; d4 is on the abdomen; S is the surface of the body = M0.425 × P0.725 × 71.84 × 10−4, 
where M is the weight (kg), P is height (sm), and K is a constant equal to 1.3.

About the muscle mass, it can be indirectly judged by the formula: SMV (sm) = SC (sm) – 0.314 × 
SFFT (mm), where SMV is the shoulder muscles volume; SC is shoulder circumference at mid-
shoulder level; and SFFT is the skin-fat fold thickness above the triceps at the point of shoulder 
circumference measurement. Deficiency of SMV, exceeding 10%, is typical for protein deficiency.

For dialysis PEW, a combination of muscle deficiency with a decreased volume of adipose tis-
sue is typical. Assessment of anthropometric parameters should be performed in all patients 
with CKD once every 3 months.

Anthropometric criteria of PEW are BMI <18.5 kg/m2; SFFT in men <9.5 mm, in women 
<13 mm; SMV in men <23 cm, in women <21 cm. At the same time, SFFT is a reflection of body 
fat reserves, and SMV is an indicator of the peripheral protein pool.
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3.5.2. Laboratory diagnostics

For the diagnose of impairments in the synthesis of visceral proteins, the determination 
of the content of albumin, transferrin, and lymphocytes number in the blood, as well as 
of the level and spectrum of essential amino acids, is used [1, 14, 21]. The serum albumin 
level only is insufficient for the decision about NS in CKD patients, since its level depends 
on the intravascular volume and the half-life period of albumin is approximately 21 days 
[14]. Therefore, a decrease in the albumin serum level is a relatively a late marker of PEW. 
It should be taken into account that the decrease in serum albumin level may be due to the 
other causes, in addition to PEW. Infections, injuries, and surgical interventions, associated 
with blood and plasma loses; a high level of proteinuria; and disturbances of the protein-
synthetic function of the liver can cause a rapid and significant decrease in serum albumin 
level [14]. On the other hand, prolonged and persistent decrease in serum albumin level 
regardless of its cause always leads to PEW in CKD patients [1, 14]. Hypoalbuminemia is 
closely associated with an increase in concomitant diseases, hospitalizations, and the mortal-
ity rate of CKD patients [1, 3, 20, 23].

The association of hypoalbuminemia with inflammatory process may be established using 
the ratio of the levels of albumin and C-reactive protein in serum [1, 4, 13, 14].

An important diagnostic marker of PEW is also a low serum level of transferrin in the blood 
and is representative of the fraction of beta-globulin; its decrease is observed at an earlier stage 
of protein metabolism disturbance than changes in albumin levels (lifetime of transferrin is 7–8 
days). However, the concentration of transferrin may increase the iron deficiency usually accom-
panying PEW, which should be taken into account in determining the severity of PEW [1, 14, 21].

More accurate markers of the visceral protein pool status are both short-lived transport pro-
teins—prealbumin (lifespan is 2 days) and retino-binding protein (lifespan is 10–12 h). The 
prealbumin level below 0.3 g/l is associated with an increased risk of death and correlates with 
other indicators of PEW [13, 14, 16]. Their content in serum decreases earlier in the case of pro-
tein deficiency in the diet, although it can quickly decrease due to intercurrent diseases [14].

The degree of PEW correlates with the content of lymphocytes in blood [14, 15]. Therefore, 
the absolute number of lymphocytes in the blood can be used to judge the severity of PEW in 
patients with CKD: absolute number of lymphocytes = % of lymphocytes × number of white 
blood cells/100.

The laboratory signs of PEW are serum albumin <35 g/l; serum transferrin <180 mg/dl; and 
absolute number of blood lymphocytes <1800

The study of serum protein counts and the absolute number of lymphocytes should be carried 
out once every 3 months, and if necessary—once every 1.5 months [1, 14].

3.5.3. Instrumental diagnostics

From the instrumental methods for the main body components assessing, the method of 
2-hour bioimpedanceometry is most often used in practical work in connection with the abil-
ity to quantitatively determine not only fatty tissue and muscle mass of the body but also the 
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distribution of fluid in the body [22, 24]. Complex instrumental methods for analyzing NS of 
the body (neutron activation analysis, two-photon X-ray absorptiometry, etc.) are not widely 
available due to high cost.

Bioimpedansometry measures the volume of the total fluid and the proportion of extracellu-
lar and cellular fluids separately, allows to establish a nonfat body mass and a “dry weight,” 
and thus contributes to the selection of an effective mode of HD and ultrafiltration as well as 
the value of the protein quota.

DEXA is a noninvasive method for assessing the condition of the three main body compo-
nents (fatty tissue, muscle mass, bone mass, and bone mineral density). The state of hyperhy-
dration of dialysis patients practically does not affect the accuracy of DEXA. The principle of 
the DEXA method is the scanning of a body in a rectilinear section with the help of two beams 
of photons emitted by an X-ray source. Different tissues (fat, muscle, and bone) absorb X-rays 
in varying degrees. The composition of the body is calculated from the ratio of the natural 
logarithms of the absorbed and unabsorbed beams [14, 22].

Fresenius Medical Care (Germany) company has developed a device that allows to determine 
the individual fluid balance and body composition of the patient—the Body Composition 
Monitor (BCM). The BCM can be used in patients with CKD, regardless of patient’s treatment. 
The measurement is based on the bioimpedance spectroscopy technology, which allows to 
calculate the volume of body water (total, intra-, and extracellular), as well as muscle and fat 
mass of the body (Table 2). Since the total body water (TBW) index is equivalent to the urea 
volume distribution (V), it is not necessary to spend working time for calculating urea kinetic 
modeling and calculating TBW based on anthropometric parameters. Indicator V can be used 
to calculate the dose of dialysis [22].

In addition to the anthropometric (BMI, SFFT, and SMV) and laboratory (albumin, trans-
ferrin, and absolute number of lymphocytes) indicators of NS, the evaluation of protein 

Parameter Gender Age Normal range

BMI, kg/m2 19.5 ± 0.33 (23–18.4)

Body fat mass, % M 20–39
40–59
60–79

12.9 ± 0.65 (19.9–8.0)
18.1 ± 0.41(21.9–11.0)
20.7 ± 0.66 (24.9–13.0)

F 20–39
40–59
60–79

29.1 ± 0.44 (32.9–21.0)
26.4 ± 0.51 (33.9–2.30)
27.8 ± 0.35 (35.9–24.0)

Body muscles mass, % M 18–39
40–59
60–80

35.4 ± 0.75 (39.3–33.3)
37.1 ± 0.85 (39.1–31.1)
34.6 ± 0.31 (38.9–32.9)

F 18–39
40–59
60–80

26.2 ± 0.45 (30.3–24.3)
27.1 ± 0.65 (30.1–24.1)
27.3 ± 0.55 (29.9–23.9)

BMI: body mass index; M: male; F: female; and BIA: bioimpedance analysis.

Table 2. Normal range of nutritional status parameters according to BIA.
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3.5.2. Laboratory diagnostics

For the diagnose of impairments in the synthesis of visceral proteins, the determination 
of the content of albumin, transferrin, and lymphocytes number in the blood, as well as 
of the level and spectrum of essential amino acids, is used [1, 14, 21]. The serum albumin 
level only is insufficient for the decision about NS in CKD patients, since its level depends 
on the intravascular volume and the half-life period of albumin is approximately 21 days 
[14]. Therefore, a decrease in the albumin serum level is a relatively a late marker of PEW. 
It should be taken into account that the decrease in serum albumin level may be due to the 
other causes, in addition to PEW. Infections, injuries, and surgical interventions, associated 
with blood and plasma loses; a high level of proteinuria; and disturbances of the protein-
synthetic function of the liver can cause a rapid and significant decrease in serum albumin 
level [14]. On the other hand, prolonged and persistent decrease in serum albumin level 
regardless of its cause always leads to PEW in CKD patients [1, 14]. Hypoalbuminemia is 
closely associated with an increase in concomitant diseases, hospitalizations, and the mortal-
ity rate of CKD patients [1, 3, 20, 23].

The association of hypoalbuminemia with inflammatory process may be established using 
the ratio of the levels of albumin and C-reactive protein in serum [1, 4, 13, 14].

An important diagnostic marker of PEW is also a low serum level of transferrin in the blood 
and is representative of the fraction of beta-globulin; its decrease is observed at an earlier stage 
of protein metabolism disturbance than changes in albumin levels (lifetime of transferrin is 7–8 
days). However, the concentration of transferrin may increase the iron deficiency usually accom-
panying PEW, which should be taken into account in determining the severity of PEW [1, 14, 21].

More accurate markers of the visceral protein pool status are both short-lived transport pro-
teins—prealbumin (lifespan is 2 days) and retino-binding protein (lifespan is 10–12 h). The 
prealbumin level below 0.3 g/l is associated with an increased risk of death and correlates with 
other indicators of PEW [13, 14, 16]. Their content in serum decreases earlier in the case of pro-
tein deficiency in the diet, although it can quickly decrease due to intercurrent diseases [14].

The degree of PEW correlates with the content of lymphocytes in blood [14, 15]. Therefore, 
the absolute number of lymphocytes in the blood can be used to judge the severity of PEW in 
patients with CKD: absolute number of lymphocytes = % of lymphocytes × number of white 
blood cells/100.

The laboratory signs of PEW are serum albumin <35 g/l; serum transferrin <180 mg/dl; and 
absolute number of blood lymphocytes <1800

The study of serum protein counts and the absolute number of lymphocytes should be carried 
out once every 3 months, and if necessary—once every 1.5 months [1, 14].

3.5.3. Instrumental diagnostics

From the instrumental methods for the main body components assessing, the method of 
2-hour bioimpedanceometry is most often used in practical work in connection with the abil-
ity to quantitatively determine not only fatty tissue and muscle mass of the body but also the 
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distribution of fluid in the body [22, 24]. Complex instrumental methods for analyzing NS of 
the body (neutron activation analysis, two-photon X-ray absorptiometry, etc.) are not widely 
available due to high cost.

Bioimpedansometry measures the volume of the total fluid and the proportion of extracellu-
lar and cellular fluids separately, allows to establish a nonfat body mass and a “dry weight,” 
and thus contributes to the selection of an effective mode of HD and ultrafiltration as well as 
the value of the protein quota.

DEXA is a noninvasive method for assessing the condition of the three main body compo-
nents (fatty tissue, muscle mass, bone mass, and bone mineral density). The state of hyperhy-
dration of dialysis patients practically does not affect the accuracy of DEXA. The principle of 
the DEXA method is the scanning of a body in a rectilinear section with the help of two beams 
of photons emitted by an X-ray source. Different tissues (fat, muscle, and bone) absorb X-rays 
in varying degrees. The composition of the body is calculated from the ratio of the natural 
logarithms of the absorbed and unabsorbed beams [14, 22].

Fresenius Medical Care (Germany) company has developed a device that allows to determine 
the individual fluid balance and body composition of the patient—the Body Composition 
Monitor (BCM). The BCM can be used in patients with CKD, regardless of patient’s treatment. 
The measurement is based on the bioimpedance spectroscopy technology, which allows to 
calculate the volume of body water (total, intra-, and extracellular), as well as muscle and fat 
mass of the body (Table 2). Since the total body water (TBW) index is equivalent to the urea 
volume distribution (V), it is not necessary to spend working time for calculating urea kinetic 
modeling and calculating TBW based on anthropometric parameters. Indicator V can be used 
to calculate the dose of dialysis [22].

In addition to the anthropometric (BMI, SFFT, and SMV) and laboratory (albumin, trans-
ferrin, and absolute number of lymphocytes) indicators of NS, the evaluation of protein 

Parameter Gender Age Normal range

BMI, kg/m2 19.5 ± 0.33 (23–18.4)

Body fat mass, % M 20–39
40–59
60–79

12.9 ± 0.65 (19.9–8.0)
18.1 ± 0.41(21.9–11.0)
20.7 ± 0.66 (24.9–13.0)

F 20–39
40–59
60–79

29.1 ± 0.44 (32.9–21.0)
26.4 ± 0.51 (33.9–2.30)
27.8 ± 0.35 (35.9–24.0)

Body muscles mass, % M 18–39
40–59
60–80

35.4 ± 0.75 (39.3–33.3)
37.1 ± 0.85 (39.1–31.1)
34.6 ± 0.31 (38.9–32.9)

F 18–39
40–59
60–80

26.2 ± 0.45 (30.3–24.3)
27.1 ± 0.65 (30.1–24.1)
27.3 ± 0.55 (29.9–23.9)

BMI: body mass index; M: male; F: female; and BIA: bioimpedance analysis.

Table 2. Normal range of nutritional status parameters according to BIA.
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intake and calorie content of food assessed according to a three-day food diary is needed 
[22, 25].

Integrated assessment of nutritional status can be performed also using the malnutrition 
inflammation score (MIS) scale. It allows to analyze anthropometric data (BMI, dry weight 
dynamics, body fat, and muscle mass), gastrointestinal symptoms, dialysis time, labora-
tory data (albumin and blood transferrin), hospitalization rates, and the risk of lethality on 
dialysis [14, 22].

All patients with an identified PEW should be given anthropometric measurements (or bio-
electrical impedance analysis), a clinical and biochemical blood test, and a general urinalysis 
at least one time per 1.5 months, an analysis of protein intake and calorie content on a 3-day 
food diary for at least one time in 3 months [1, 15, 21].

3.6. Differential diagnosis

PEW should be differentiated with a malabsorption syndrome, given a number of common 
manifestations (progressive decrease in BMI and blood albumin). In contrast to malabsorp-
tion, chronic diarrhea with steatorrhea and creatoria is not typical for PEW; while there is 
pronounced increase in serum CRP and TNF-α, calcification of the arteries [1, 14, 20] is found 
[1, 14, 20].

According to the WHO, the diagnostic sign of PEW is a decrease in the mental and physical 
performance of patients, identified as a decrease in the quality of life when determining the 
psychosomatic status according to the standard questionnaires of Kidney Disease Quality of 
life short form (KDQOL-SF) [1].

3.7. Prognosis

Disorders of nutritional status are of great prognostic importance, since they significantly 
impact on the survival and level of rehabilitation of these patients. According to a single-site 
study [23], the mortality rate during the first year on dialysis therapy was 1% in patients with 
a serum albumin level > 38 g/l at the moment of admission to HD treatment, and 30% for 
patients in whom the serum albumin did not exceed 30 g/l.

3.8. Possibilities for PEW correction in CKD: goals and approaches

In CKD patients at the predialysis stage with PEW, the main goal of the treatment is to elimi-
nate the factors contributing to the progression of nutritional disorders and to achieve the 
stabilization of renal failure [1, 14, 21]. The main aim of the diet is to inhibit glomerular hyper-
trophy and intraglomerular hypertension, to reduce the traffic load to tubules, to decrease 
cytokines and uremic toxins production: (TGF-β, ATII, oxygen radicals, TIMP (tissue inhibitor 
matrix metalloproteinases), indoxyl sulfate, guanidine, phosphates, oxalic acid, NO, etc.)

In most patients with CKD and systemic disease (systemic lupus erythematosus, and sys-
temic vasculitis) with persistent disease activity, therapy (correction of the diet and hyper-
tension, suppression of disease activity by glucocorticosteroids (GS) and/or cytostatics) can 
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allow to slow the progression of renal failure and eliminates PEW [1, 4]. However, it should 
be borne in mind that the long-term (more than 6 months) use of CS in CKD patients in pre-
dialysis stages can enhance hypercatabolism, promote the development or aggravation of an 
existing PEW, and therefore careful and regular monitoring of anthropometric indices and 
serum albumin level is required for these patients [1, 13, 14].

LPD with a protein content of 0.6 g/kg body weight/day should be carefully balanced both in 
essential amino acid contents and in calories (at least 34 kcal/kg of ideal body weight/day). 
This requirement must be strictly observed in patients with 4–5 stages of CKD with digestive 
disorders due to uremia and also in patients with stages 3–4 of CKD in systemic diseases with 
persistent disease activity, long-term treatment with GS [1]. When making a 7-day menu, it is 
allowed to substitute products for their protein and carbohydrate equivalents, and to replace 
a portion of the animal protein (0.1 g/kg body weight/day or more) with a high-purity soy-
bean protein (equivalent amount) in the LPD [1, 14, 21, 26].

It is promising to use highly purified soy protein SUPRO-760 (DuPont Protein Technologies 
USA) [1, 13, 14]. Protein “SUPRO” is a protein of high quality, fully digested by the body 
(adjusted amino acid coefficient of protein digestion—1.0). It is prescribed as an additive to 
food at the rate of 0.2–0.3 g soy protein per kg body weight per day [1, 14]. When compil-
ing a diet that includes the soy protein SUPRO-760, the total amount of protein in the diet 
should not exceed 0.7 g/kg of body weight/day, whereas the total caloric value should not be 
less than 30 kcal/kg body weight/day for patients with 3B-5 stages of CKD [1, 14]. In patients 
who are committed to the use of predominantly vegetable protein, as well as in patients with 
anorexia (usually with eGFR <25 ml/min, 1.73 m2), half the daily amount of animal origin pro-
tein in a traditional LPD (0.6 g/kg body weight/day) may be replaced with highly purified soy 
protein [1, 13, 14]. In most of CKD 4–5 stages, patients with anorexia, when using such diet, 
dyspeptic phenomena decreased, blood urea nitrogen level decreased, acidosis corrected, 
and the general condition improved [19].

In the clinical practice of recent years, high-energy nutrient mixtures that are balanced by 
the essential amino acids content such as Fresubin Renal, manufactured by Fresenius Kabi, 
Germany, etc., is introduced in the diet of CKD patients to treat the NSD. These specialized 
mixtures are made on the basis of CKD patients’ requirements in protein, fat, carbohydrate, 
and energy and also enriched with vitamins and minerals.

In the predialysis period of CKD, the use of a low-protein mixture (3 g protein/100 ml) Suplena 
(Abbott Nutrition, USA), with a minimum amount of potassium, sodium, and phosphorus 
balanced with a vitamin-mineral complex, is also promising for prevention and treatment of 
PEW. The energy value of one package of a liquid mixture (237 ml) is 474 kcal [14].

The using of EAA and their α-KA (Ketosteril, Fresenius Kabi ) in the LPD allows to main-
tain the protein balance [1, 6, 10]. EAA and KA are important components of LPD, which 
prevents the development of PEW, and enhance the beneficial effects of LPD [7, 13]. Keto-
analogues, in contrast to the matched their amino acids, do not contain a nitrogen group; by 
capturing endogenous nitrogen they are converted into amino acids in the body, and they 
contribute to the disintegration of urea. The ready-pharmaceutical complex of all EAA and 
KA in the optimal ratio (ketosteril) provides the need of CKD patients in essential amino 
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intake and calorie content of food assessed according to a three-day food diary is needed 
[22, 25].

Integrated assessment of nutritional status can be performed also using the malnutrition 
inflammation score (MIS) scale. It allows to analyze anthropometric data (BMI, dry weight 
dynamics, body fat, and muscle mass), gastrointestinal symptoms, dialysis time, labora-
tory data (albumin and blood transferrin), hospitalization rates, and the risk of lethality on 
dialysis [14, 22].

All patients with an identified PEW should be given anthropometric measurements (or bio-
electrical impedance analysis), a clinical and biochemical blood test, and a general urinalysis 
at least one time per 1.5 months, an analysis of protein intake and calorie content on a 3-day 
food diary for at least one time in 3 months [1, 15, 21].

3.6. Differential diagnosis

PEW should be differentiated with a malabsorption syndrome, given a number of common 
manifestations (progressive decrease in BMI and blood albumin). In contrast to malabsorp-
tion, chronic diarrhea with steatorrhea and creatoria is not typical for PEW; while there is 
pronounced increase in serum CRP and TNF-α, calcification of the arteries [1, 14, 20] is found 
[1, 14, 20].

According to the WHO, the diagnostic sign of PEW is a decrease in the mental and physical 
performance of patients, identified as a decrease in the quality of life when determining the 
psychosomatic status according to the standard questionnaires of Kidney Disease Quality of 
life short form (KDQOL-SF) [1].

3.7. Prognosis

Disorders of nutritional status are of great prognostic importance, since they significantly 
impact on the survival and level of rehabilitation of these patients. According to a single-site 
study [23], the mortality rate during the first year on dialysis therapy was 1% in patients with 
a serum albumin level > 38 g/l at the moment of admission to HD treatment, and 30% for 
patients in whom the serum albumin did not exceed 30 g/l.

3.8. Possibilities for PEW correction in CKD: goals and approaches

In CKD patients at the predialysis stage with PEW, the main goal of the treatment is to elimi-
nate the factors contributing to the progression of nutritional disorders and to achieve the 
stabilization of renal failure [1, 14, 21]. The main aim of the diet is to inhibit glomerular hyper-
trophy and intraglomerular hypertension, to reduce the traffic load to tubules, to decrease 
cytokines and uremic toxins production: (TGF-β, ATII, oxygen radicals, TIMP (tissue inhibitor 
matrix metalloproteinases), indoxyl sulfate, guanidine, phosphates, oxalic acid, NO, etc.)

In most patients with CKD and systemic disease (systemic lupus erythematosus, and sys-
temic vasculitis) with persistent disease activity, therapy (correction of the diet and hyper-
tension, suppression of disease activity by glucocorticosteroids (GS) and/or cytostatics) can 
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allow to slow the progression of renal failure and eliminates PEW [1, 4]. However, it should 
be borne in mind that the long-term (more than 6 months) use of CS in CKD patients in pre-
dialysis stages can enhance hypercatabolism, promote the development or aggravation of an 
existing PEW, and therefore careful and regular monitoring of anthropometric indices and 
serum albumin level is required for these patients [1, 13, 14].

LPD with a protein content of 0.6 g/kg body weight/day should be carefully balanced both in 
essential amino acid contents and in calories (at least 34 kcal/kg of ideal body weight/day). 
This requirement must be strictly observed in patients with 4–5 stages of CKD with digestive 
disorders due to uremia and also in patients with stages 3–4 of CKD in systemic diseases with 
persistent disease activity, long-term treatment with GS [1]. When making a 7-day menu, it is 
allowed to substitute products for their protein and carbohydrate equivalents, and to replace 
a portion of the animal protein (0.1 g/kg body weight/day or more) with a high-purity soy-
bean protein (equivalent amount) in the LPD [1, 14, 21, 26].

It is promising to use highly purified soy protein SUPRO-760 (DuPont Protein Technologies 
USA) [1, 13, 14]. Protein “SUPRO” is a protein of high quality, fully digested by the body 
(adjusted amino acid coefficient of protein digestion—1.0). It is prescribed as an additive to 
food at the rate of 0.2–0.3 g soy protein per kg body weight per day [1, 14]. When compil-
ing a diet that includes the soy protein SUPRO-760, the total amount of protein in the diet 
should not exceed 0.7 g/kg of body weight/day, whereas the total caloric value should not be 
less than 30 kcal/kg body weight/day for patients with 3B-5 stages of CKD [1, 14]. In patients 
who are committed to the use of predominantly vegetable protein, as well as in patients with 
anorexia (usually with eGFR <25 ml/min, 1.73 m2), half the daily amount of animal origin pro-
tein in a traditional LPD (0.6 g/kg body weight/day) may be replaced with highly purified soy 
protein [1, 13, 14]. In most of CKD 4–5 stages, patients with anorexia, when using such diet, 
dyspeptic phenomena decreased, blood urea nitrogen level decreased, acidosis corrected, 
and the general condition improved [19].

In the clinical practice of recent years, high-energy nutrient mixtures that are balanced by 
the essential amino acids content such as Fresubin Renal, manufactured by Fresenius Kabi, 
Germany, etc., is introduced in the diet of CKD patients to treat the NSD. These specialized 
mixtures are made on the basis of CKD patients’ requirements in protein, fat, carbohydrate, 
and energy and also enriched with vitamins and minerals.

In the predialysis period of CKD, the use of a low-protein mixture (3 g protein/100 ml) Suplena 
(Abbott Nutrition, USA), with a minimum amount of potassium, sodium, and phosphorus 
balanced with a vitamin-mineral complex, is also promising for prevention and treatment of 
PEW. The energy value of one package of a liquid mixture (237 ml) is 474 kcal [14].

The using of EAA and their α-KA (Ketosteril, Fresenius Kabi ) in the LPD allows to main-
tain the protein balance [1, 6, 10]. EAA and KA are important components of LPD, which 
prevents the development of PEW, and enhance the beneficial effects of LPD [7, 13]. Keto-
analogues, in contrast to the matched their amino acids, do not contain a nitrogen group; by 
capturing endogenous nitrogen they are converted into amino acids in the body, and they 
contribute to the disintegration of urea. The ready-pharmaceutical complex of all EAA and 
KA in the optimal ratio (ketosteril) provides the need of CKD patients in essential amino 
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acids with minimal nitrogen administration, correcting amino acid metabolism, and acceler-
ating urea metabolism, reduces the risk of protein hypercatabolism, and negative nitrogen 
balance when applied diet with protein restriction. This reduces the insulin resistance, ure-
mic dyslipidemia (hypertriglyceridemia), oxidative stress (formation of an active form of 
oxygen, RO—reactive oxygen). The need of EAA and KA addition to LPD is determined by 
the CKD stage (Table 3) [1, 14].

The use of EAA and KA allows to limit protein intake to the required minimum amount to 
enhance the positive effects of LPD and at the same time to prevent the development of PEW 
[6, 11]. With the use of ketoacids, even very low protein intake (up to 0.3 g/kg/day) can be 
achieved without increasing the risk of PEW developing [1]. In patients who were observed 
in predialysis stages of CKD who used LPD and received EAA and KA for at least 12 months, 
there was a significantly lower incidence of NSD and a slower decline in GFR per year than in 
patients who did not limit the protein content in the diet [4].

In patients with 3B-5 stages of CKD, attachment of PEW can contribute to the development 
or aggravation of existing arterial hypertension because of decreased synthesis of nitric oxide 
(NO) due to arginine deficiency. Arginine deficiency in uremia is due to insufficient intake of 
amino acids with food, as well as a decrease in the formation of arginine from citrulline [16, 18]. 
CKD patients with PEW need antihypertensive therapy more than other patients. In CKD, ACE 
inhibitors and ARB have an antihypertensive effect comparable to the effect of calcium channel 
blockers (CCB), but ACE inhibitors and ARB are more likely, than CCB, have a nephroprotec-
tive effect, slowing the progression of renal failure, especially with persistent proteinuria [27]. A 
“strict” LPD in combination with ACE inhibitors (with predominantly hepatic way of elimina-
tion) or ARB in patients with stage 3B-4 CKD and persistent proteinuria more than 1 g/day have 
a joint effect on proteinuria reduction. The antiproteinuric effect is provided by two components: a 

CKD stage GFR (ml/min/1.73 m2) Daily protein intake (g 
protein/kg body weight/
day)

EAA и КA

1 ≥90 0.8 Not required

2 60–89 0.8 Not required

3A
3B

30–59
30–44

0.8
0.6/0.7

Not required
1 tablet/5 kg of body weight/day

4 15–29 1. 0.6

2. 0.3–0.4

1 tablet/5 kg of body weight/day
1 tablet/5 kg of body weight/day

5 >10 to <15
(predialysis)

1. 0.6

2. 0.3–0.4

1 tablet/5 kg of body weight/day
1 tablet/5 kg of body weight/day

GFR: glomerular filtration rate is calculated by CKD-EPI creatinine equation; EAA: essential amino acids; and KA: 
ketoanalogs of amino acids.

Table 3. Essential ketoanalogs and amino acids requirement depending on the diet protein restriction and CKD stage 
(KDIGO guidelines, 2012).
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decrease in the preglomerular vasodilation (due to the restriction of protein intake) and postglo-
merular vasoconstriction (caused by RAAS inhibition), leading to a decrease in intraglomerular 
hyperfiltration, the main determinant of the tubulointerstitial fibrosis progression [1]. In addi-
tion, RAAS blockers in combination with a LPD may affect the maintenance of Klotho products 
as a cardionephroprotective factor [27, 28]

The cardionephroprotective role of ketoacids and LPD was demonstrated in the experiment after 
subtotal nephrectomy. There was a decrease in proteinuria, arterial hypertension, and slowing 
down of left ventricular hypertrophy formation [14]. The retardation of CKD progression is asso-
ciated with a lesser effect of EAA and KA on intra-glomerular hypertension, as well as with its 
ability as an additional source of calcium to correct hyperphosphatemia and slow the formation 
of uremic hyperparathyroidism. LPD in combination with EAA and KA enhances the follow-
ing positive effects: antihypertensive and antiproteinuric effects of RAAS blockers, the corrective 
effect of erythropoietin preparations on anemia and of synthetic analogs of vitamin D, calcimi-
metics on hyperparathyroidism, and also the hypolipidemic effect of statins [1, 13, 14]

At the same time, CKD patients, with combined administration of EAA and active metabo-
lites of vitamin D, due to a possible risk of hypercalcemia should stop taking vitamin D. If 
hypercalcemia persists, then it is necessary to reduce the dose of EAA to normalize the plasma 
concentration of calcium [1]. In recent years, the effect of ketosteril on the risk of vascular cal-
cification has not been confirmed [29].

The addition of soy protein in the diet of patients with 3B-5 stages of CKD may also contrib-
ute to an antihypertensive effect. According to our data, patients with CKD 3B-5 stages who 
added soy protein to food achieved more effective correction of hypertension than patients 
who used milk protein as a food additive [4]. The antihypertensive effect of soy protein is due 
to the isoflavone in it, genistein (an estrogen of plant origin) that has an anti-inflammatory 
effect and a protective effect on the vascular endothelium (8 mg of isoflavone is contained in 
1 g of soy protein). Soy protein contains more than animal protein, arginine (7.6% vs. 3.7%)—
the precursor of NO and glycine (4.2% vs. 1.8%), which inhibit the stress hormone adrenalin 
and contribute to vasodilation [19, 30].

All patients with PEW to reduce the rate of protein catabolism (PCR) should consume at least 
35 kcal/kg of body weight/day [1, 25].

At the same time, in prescribing the caloric content of the diet, in addition to taking into account 
the age, sex, general condition of the patient, and pathogenetic features of the disease, it is nec-
essary to take into consideration the general regimen of the patient. In persons who comply 
with bed rest, energy expenditure will be significantly less than that of patients on a general 
regime. Therefore, the total calorie content of food cannot be the same for all patients [25].

The use of new drug groups, in particular, endothelin-1 receptor agonists, which have an anti-
proteinuric effect, agents that inhibit fibrogenesis and inflammation such as pyrophenidone and 
bardoxolone, as well as an inhibitor of aminoguanidine proteins glycation, are discussed [22].

Based on the available literature data, the correction of NSD, especially early, even at the pre-
dialysis stage not only improves the quality of life of patients but also contributes to  slowing 
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acids with minimal nitrogen administration, correcting amino acid metabolism, and acceler-
ating urea metabolism, reduces the risk of protein hypercatabolism, and negative nitrogen 
balance when applied diet with protein restriction. This reduces the insulin resistance, ure-
mic dyslipidemia (hypertriglyceridemia), oxidative stress (formation of an active form of 
oxygen, RO—reactive oxygen). The need of EAA and KA addition to LPD is determined by 
the CKD stage (Table 3) [1, 14].

The use of EAA and KA allows to limit protein intake to the required minimum amount to 
enhance the positive effects of LPD and at the same time to prevent the development of PEW 
[6, 11]. With the use of ketoacids, even very low protein intake (up to 0.3 g/kg/day) can be 
achieved without increasing the risk of PEW developing [1]. In patients who were observed 
in predialysis stages of CKD who used LPD and received EAA and KA for at least 12 months, 
there was a significantly lower incidence of NSD and a slower decline in GFR per year than in 
patients who did not limit the protein content in the diet [4].

In patients with 3B-5 stages of CKD, attachment of PEW can contribute to the development 
or aggravation of existing arterial hypertension because of decreased synthesis of nitric oxide 
(NO) due to arginine deficiency. Arginine deficiency in uremia is due to insufficient intake of 
amino acids with food, as well as a decrease in the formation of arginine from citrulline [16, 18]. 
CKD patients with PEW need antihypertensive therapy more than other patients. In CKD, ACE 
inhibitors and ARB have an antihypertensive effect comparable to the effect of calcium channel 
blockers (CCB), but ACE inhibitors and ARB are more likely, than CCB, have a nephroprotec-
tive effect, slowing the progression of renal failure, especially with persistent proteinuria [27]. A 
“strict” LPD in combination with ACE inhibitors (with predominantly hepatic way of elimina-
tion) or ARB in patients with stage 3B-4 CKD and persistent proteinuria more than 1 g/day have 
a joint effect on proteinuria reduction. The antiproteinuric effect is provided by two components: a 

CKD stage GFR (ml/min/1.73 m2) Daily protein intake (g 
protein/kg body weight/
day)

EAA и КA

1 ≥90 0.8 Not required

2 60–89 0.8 Not required

3A
3B

30–59
30–44

0.8
0.6/0.7

Not required
1 tablet/5 kg of body weight/day

4 15–29 1. 0.6

2. 0.3–0.4

1 tablet/5 kg of body weight/day
1 tablet/5 kg of body weight/day

5 >10 to <15
(predialysis)

1. 0.6

2. 0.3–0.4

1 tablet/5 kg of body weight/day
1 tablet/5 kg of body weight/day

GFR: glomerular filtration rate is calculated by CKD-EPI creatinine equation; EAA: essential amino acids; and KA: 
ketoanalogs of amino acids.

Table 3. Essential ketoanalogs and amino acids requirement depending on the diet protein restriction and CKD stage 
(KDIGO guidelines, 2012).
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decrease in the preglomerular vasodilation (due to the restriction of protein intake) and postglo-
merular vasoconstriction (caused by RAAS inhibition), leading to a decrease in intraglomerular 
hyperfiltration, the main determinant of the tubulointerstitial fibrosis progression [1]. In addi-
tion, RAAS blockers in combination with a LPD may affect the maintenance of Klotho products 
as a cardionephroprotective factor [27, 28]

The cardionephroprotective role of ketoacids and LPD was demonstrated in the experiment after 
subtotal nephrectomy. There was a decrease in proteinuria, arterial hypertension, and slowing 
down of left ventricular hypertrophy formation [14]. The retardation of CKD progression is asso-
ciated with a lesser effect of EAA and KA on intra-glomerular hypertension, as well as with its 
ability as an additional source of calcium to correct hyperphosphatemia and slow the formation 
of uremic hyperparathyroidism. LPD in combination with EAA and KA enhances the follow-
ing positive effects: antihypertensive and antiproteinuric effects of RAAS blockers, the corrective 
effect of erythropoietin preparations on anemia and of synthetic analogs of vitamin D, calcimi-
metics on hyperparathyroidism, and also the hypolipidemic effect of statins [1, 13, 14]

At the same time, CKD patients, with combined administration of EAA and active metabo-
lites of vitamin D, due to a possible risk of hypercalcemia should stop taking vitamin D. If 
hypercalcemia persists, then it is necessary to reduce the dose of EAA to normalize the plasma 
concentration of calcium [1]. In recent years, the effect of ketosteril on the risk of vascular cal-
cification has not been confirmed [29].

The addition of soy protein in the diet of patients with 3B-5 stages of CKD may also contrib-
ute to an antihypertensive effect. According to our data, patients with CKD 3B-5 stages who 
added soy protein to food achieved more effective correction of hypertension than patients 
who used milk protein as a food additive [4]. The antihypertensive effect of soy protein is due 
to the isoflavone in it, genistein (an estrogen of plant origin) that has an anti-inflammatory 
effect and a protective effect on the vascular endothelium (8 mg of isoflavone is contained in 
1 g of soy protein). Soy protein contains more than animal protein, arginine (7.6% vs. 3.7%)—
the precursor of NO and glycine (4.2% vs. 1.8%), which inhibit the stress hormone adrenalin 
and contribute to vasodilation [19, 30].

All patients with PEW to reduce the rate of protein catabolism (PCR) should consume at least 
35 kcal/kg of body weight/day [1, 25].

At the same time, in prescribing the caloric content of the diet, in addition to taking into account 
the age, sex, general condition of the patient, and pathogenetic features of the disease, it is nec-
essary to take into consideration the general regimen of the patient. In persons who comply 
with bed rest, energy expenditure will be significantly less than that of patients on a general 
regime. Therefore, the total calorie content of food cannot be the same for all patients [25].

The use of new drug groups, in particular, endothelin-1 receptor agonists, which have an anti-
proteinuric effect, agents that inhibit fibrogenesis and inflammation such as pyrophenidone and 
bardoxolone, as well as an inhibitor of aminoguanidine proteins glycation, are discussed [22].

Based on the available literature data, the correction of NSD, especially early, even at the pre-
dialysis stage not only improves the quality of life of patients but also contributes to  slowing 
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the progression of CKD and CVE, to prevent PEW at the stage of regular HD [12]. Thus, the 
correction of NSD becomes an important and obligatory part in the treatment of patients with 
CKD [1, 14]

3.9. Prophylaxis and dispensary observation

All patients with CKD are advised to consult a dietician, as well as to train in educational 
programs concerning the need to restrict protein, phosphorus, potassium, and salt in the 
diet. Primary prevention of NSD in patients with CKD traditionally is the restriction of pro-
tein in the diet adequately to the reducing degree of GFR. So if at 2–3A stages of CKD with 
GFR >45 ml/min/1.73m2, the recommended daily protein intake is 0.8 g protein/kg/day, then 
with GFR 44-30 ml/min/1.73m2, its intake is limited to 0.7–0.6 g/kg body weight/day and 
0.6–0.3 g/kg body weight/day when GFR 29-15 ml/min/1.73m2 [1, 14]. In CKD patients with 
proteinuria > 3 g/day, the total amount of protein in the daily ration is increased by 1 g 
protein/g of proteinuria [1, 14, 21, 22].

In a diet with a protein restriction of 0.6 g/ kg body weight, at least 60% should be a protein 
of animal origin as the most valuable in the content of EAA. Plant protein has a lower biologi-
cal value, since it does not contain the whole composition of EAA. The exception is the soy 
protein, which is close to the protein of animal origin in the spectrum of EAA [1, 18, 19, 30].

In a “strict” LPD—0.3 g protein/kg/day—the whole protein could be of plant origin but it is 
a mandatory requirement to combine this diet with EAA and their α- keto-analogues [6, 11]. 
However, a strict LPD (but not lower than 0.3 g/kg/day) is permissible only if there are techni-
cal and organizational facilities for regular monitoring of nutritional status, and it should be 
combined with the mandatory intake of EAA and KA.

To ensure that the LPD (0.6–0.3 g protein/kg/day) did not lead to catabolism of the body’s 
own proteins, patients, along with the addition of EAA, should consume at least 35 kcal/kg/day, 
and only in a background of large amounts of protein (0.8–0.7 g/kg/day) the consumption of 
30 kcal/kg/day is sufficient. [25]. High energy value of food should be provided by carbohy-
drates and fats. [14, 25].

Nutritional value of fats is determined by the presence of fatty unsaturated acids (linoleic 
and linolenic) in their composition, which are not synthesized by the body, but come from 
food. The ratio of vegetable oils and animal fats in the diet should be 1:3. Vegetable oil (e.g., 
sunflower, soybean, corn, and cotton) should be present in the daily diet of the patient [14, 22].

The energy value of food is calculated on the basis of the percentage content of carbohydrates, 
fats, and proteins in it, and the coefficient of their biological value. The coefficient of biologi-
cal energy value for carbohydrates is 4 kcal/g, for fats is 9 kcal/g, and for protein is 4 kcal/g. 
Combining the energy value of the protein, fat, and carbohydrates contained in the products, 
the caloric value of the entire diet may be calculated [14, 25].

Patients with a purine metabolism disorders (hyperuricemia and hyperuricosuria) should 
exclude rich broths, by-products—liver, kidneys, heart, tongues, as well as pates, sausages, veal, 
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pork, smoked products, meat and fish canned food, beans (green peas, beans, French beans, and 
lentils), cocoa, chocolate, nuts, strong tea and coffee, grapes, raisins, and grape wines [1, 14].

If oxalic acid is impaired (oxaluria, oxalate kidney stones, and oxalosis), in addition to restric-
tions for patients with elevated uric acid, the consumption of sorrel, spinach, rhubarb, and 
peppers should also be limited [1, 14, 16].

Contraindications to the administration of LPD in CKD are mainly related to patients with 
late 5 stage of CKD (Table 4).

3.10. Pharmacological support for tolerance to a LPD

Long-term compliance with LPD is difficult due to anorexia as well as the tendency of CKD 
patients to protein hypercatabolism. The methods that affect anorexia and hypercatabolism in 
CKD include correction of metabolic acidosis (calcium carbonate, and α-ketoanalogs of EAA), 
deficiency of iron and erythropoietin, elimination of hyperleptinemia (eicosapentaenoic acid), 
and hyperparathyroidism (calcitriol, paricalcitol, and cinacalcet) [1, 13, 14, 21].

Treatment with calcium carbonate in the background of protein-intake restriction increases 
the level of plasma bicarbonate and reduces the protein catabolic rate (PCR) from 1.2 to 1.0 g/day. 
As a result, protein’s catabolism and anorexia that are typical for acidosis are reduced, neu-
tral or positive nitrogen balance is maintained, and parathyroid gland activation is partially 
inhibited [14].

EAA and KA are important components of LPD, which help to prevent the development of 
PEW, correct acidosis, and enhance the beneficial effects of LPD [7, 13]. The need of EAA and 
KA supplementation to LPD is determined by the CKD stage.

The absorption of α-keto acids in the gastrointestinal tract is quick, and their conversion to 
essential amino acids averages from 30% for valine and up to 70% for phenylalanine. The num-
ber of α-keto acids involved in conversion to essential amino acids is inversely  proportional 

Absolute contradiction Relative contradiction

• 5 CKD stage with GFR < 10 ml/min and decompen-
sate metabolic acidosis, uremic polyneuropathy, or 
uncontrolled hypertension

• Cachexia (BMI < 18 kg/m2)

• Rapidly progressive glomerulonephritis

• Severe nephrotic syndrome

• Intolerance to dietary restrictions

• Decompensate diabetes mellitus

• Severe hypercatabolism

• Bacterial infection (acute, exacerbation of chronic 
form)

• Severe anemia

• Noncompliance

• Anorexia

• Psychopathy, mental disorders, encephalopathy

LPD: low-protein diet; GFR: glomerular filtration rate; BMI: body mass index; CKD: chronic kidney disease.

Table 4. Contraindication to LPD in CKD.
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the progression of CKD and CVE, to prevent PEW at the stage of regular HD [12]. Thus, the 
correction of NSD becomes an important and obligatory part in the treatment of patients with 
CKD [1, 14]

3.9. Prophylaxis and dispensary observation

All patients with CKD are advised to consult a dietician, as well as to train in educational 
programs concerning the need to restrict protein, phosphorus, potassium, and salt in the 
diet. Primary prevention of NSD in patients with CKD traditionally is the restriction of pro-
tein in the diet adequately to the reducing degree of GFR. So if at 2–3A stages of CKD with 
GFR >45 ml/min/1.73m2, the recommended daily protein intake is 0.8 g protein/kg/day, then 
with GFR 44-30 ml/min/1.73m2, its intake is limited to 0.7–0.6 g/kg body weight/day and 
0.6–0.3 g/kg body weight/day when GFR 29-15 ml/min/1.73m2 [1, 14]. In CKD patients with 
proteinuria > 3 g/day, the total amount of protein in the daily ration is increased by 1 g 
protein/g of proteinuria [1, 14, 21, 22].

In a diet with a protein restriction of 0.6 g/ kg body weight, at least 60% should be a protein 
of animal origin as the most valuable in the content of EAA. Plant protein has a lower biologi-
cal value, since it does not contain the whole composition of EAA. The exception is the soy 
protein, which is close to the protein of animal origin in the spectrum of EAA [1, 18, 19, 30].
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pork, smoked products, meat and fish canned food, beans (green peas, beans, French beans, and 
lentils), cocoa, chocolate, nuts, strong tea and coffee, grapes, raisins, and grape wines [1, 14].
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ber of α-keto acids involved in conversion to essential amino acids is inversely  proportional 

Absolute contradiction Relative contradiction

• 5 CKD stage with GFR < 10 ml/min and decompen-
sate metabolic acidosis, uremic polyneuropathy, or 
uncontrolled hypertension

• Cachexia (BMI < 18 kg/m2)

• Rapidly progressive glomerulonephritis

• Severe nephrotic syndrome

• Intolerance to dietary restrictions

• Decompensate diabetes mellitus

• Severe hypercatabolism

• Bacterial infection (acute, exacerbation of chronic 
form)

• Severe anemia

• Noncompliance

• Anorexia

• Psychopathy, mental disorders, encephalopathy

LPD: low-protein diet; GFR: glomerular filtration rate; BMI: body mass index; CKD: chronic kidney disease.

Table 4. Contraindication to LPD in CKD.
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to the daily protein quota in food and directly depends on the caloric content of the diet. Some 
α-keto acids, e.g., ketoisoleucine, in uremia suppress protein degradation in muscles, allow-
ing to maintain a neutral nitrogen balance in conditions of renal failure in the background of 
protein restriction [25].

3.11. Consumption of potassium, sodium, and phosphorus in CKD: water regime

At 3B stage CKD daily intake of potassium, phosphorus in the diet should not exceed 3000 mg 
and 700 mg, respectively, at the 4th stage CKD—potassium intake should be reduced by half. 
LPD allows to reduce the consumption of phosphorus—when consuming 0.6 g/kg protein, 
patients receive 500–800 mg of phosphorus a day, and when the protein quota is limited to 
0.3 g/kg—250 mg of phosphorus. In case of hyperphosphatemia, it should be limited to a fish 
(no more than 1 time per week), as well as cereals (except rice) and other foods rich in phos-
phorus. As an alternative to cereals, artificial sago can be used [1, 14, 26].

In order to correct hyperkalemia, it is recommended to limit the use of dried apricots, figs, 
bananas, apricots, peaches, and nectarines [1, 14].

Restriction of salt intake (no more than 5 g/day) increases the antiproteinuric effectiveness 
of RAAS inhibitors. Exceptions include patients with increased sodium excretion in tubular 
lesions [26].

Most patients with CKD should be recommended a consumption of at least 2 liters of 
fluid/day and up to 3 liters of fluid/day in hot weather, especially when purine metabolism 
is disordered, oxalic acid turnover disturbances, urolithiasis, and a tendency to urinary 
infection [1, 14, 26]

With nephrotic syndrome, as well as in the terminal stage of CKD with a GFR value of less than 
15 ml/min, when the patient cannot form more than 1 l urine/day, the fluid intake is corrected 
by diuresis (300–500 ml to be added to the amount of excreted urine from the previous day) [1].

3.12. Nephroprotective effect of LPD

The nephroprotective effect of LPD is associated with its hemodynamic and metabolic effects. 
The dietary load of protein and phosphorus, according to the possibilities of the residual func-
tion of the kidneys of the patient, in addition to reducing uremic intoxication and lowering 
the level of urea, creatinine, and uric acid in the blood, reduces the hemodynamic load on the 
residual nephrons, which slows the progress of glomerular hypertrophy, as well as activa-
tion of RAAS, normalizes intraglomerular autoregulation, and reduces intra-glomerular and 
systemic arterial hypertension [1, 14]. The LPD partially corrects such unfavorable uremic met-
abolic and endocrine disorders, as hypoalbuminemia, dyslipidemia, insulinoresistance, hyper-
phosphatemia with parathyroid gland hyperplasia, and anemia, and thereby reduces the risk 
of uremic hyperparathyroidism, vascular calcification, and atherosclerosis (Table 5) [7, 20, 26].

The effect of LPD on CKD advancing is more pronounced in cases of DN. In the background 
of LPD, the annual incidence of GFR declines by 1.5–2 times, and the outcome in the terminal 
stage of CKD is observed almost three times less frequently than in the standard diet [5, 7].
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The effect of LPD directly depends on the correct compliance by patients with the prescribed 
restriction of the amount of protein in the diet (0.8–0, 6–0.3 g/kg body weight/day), depending 
on the stage of CKD, the ratio of animal and vegetable proteins in it, and also on high caloric 
intake (30–35 kcal/kg body weight/day) [1, 14, 21].

According to the re-analysis of the MDRD multicentre study (Modification of diet in renal 
disease), in the background of LPD in patients with GFR more than 25 ml/min, the rate of 
CKD progression decreased by approximately 10%, and with GFR less than 25 ml/min, it was 
an average of 30% for every 0.2 g/kg of protein excluded from the diet [1].

The results of the research indicate that “strict” LPD (0.3 g/kg/day of vegetable protein) and the 
use of a complex of EAA and KA (ketosteril 1 table/5 kg of body weight per day) in patients with 
stage 4 CKD provide a more effective reduction of uremia symptoms and provide an extension 
of the predialysis period than conventional LPD (0.6 g protein/kg/day) [6, 11]. Strengthening of 
the nephroprotective role of LPD by combining it with α-ketoanalogs of amino acids is associ-
ated with a lesser effect it has on intra-glomerular hypertension, as well as with their ability as 
an additional source of calcium to inhibit hyperphosphatemia and slow the formation of ure-
mic hyperparathyroidism [1, 11]. LPD in combination with EAA and KA enhances the antihy-
pertensive and antiproteinuric effects of RAAS blockers, the corrective effect of erythropoietin 
preparations on the anemia, the effects of synthetic analogs of vitamin D and calcimimetics on 
manifestations of hyperparathyroidism, and the hypolipidemic effect of statins [10].

Mechanisms of action Clinical effect

Protein restriction to the level, adapted to residual renal 
function

Decrease in level of uremic toxins, azotemia, 
hyperuricemia

Correction of metabolic acidosis Correction of nutrition status:
protein catabolism;
hypoalbuminemia;
amino acids metabolism

Inhibition of glomerular hypertrophy and 
intraglomerular hypertension, decrease in tubular 
transport overload, suppression of cytokines and uremic 
toxins synthesis: TGF-β, AII and RO, TIMP, indoxyl 
sulfate, guanidine, phosphate, oxalic acid, NO

Decrease in proteinuria, correction of hypertension, 
slowing down of glomerulosclerosis and 
tubulointerstitial fibrosis, and GRF stabilization

Partial correction of dyslipidemia:
• of hypercholesteremia;
• of hypertriglyceridemia;
• decrease in insulin resistance

Slowing down of atherosclerosis progression, decrease in 
risk of cardiovascular complications and mortality

Decrease in serum phosphate and PTH levels, increase 
in calcitriol

Suppression of hyperparathyroidism, vascular 
calcification, improvement of anemia, and decrease in 
erythropoietin doses

TGF-β: transforming growth factor β; AII: angiotensin II; RO: reactive oxygen; TIMP: tissue inhibitor matrix 
metalloproteinases; NO: nitrogen oxygen; PTH: parathyroid hormone; and GFR: glomerular filtration rate is calculated 
by CKD EPI creatinine equation.

Table 5. Mechanisms of action and clinical effects of low-protein diet (LPD).
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The replacing of a portion of the animal protein (0.1–0.2 g/kg/day) in the LPD (0.6 g protein/
kg body weight/day) with a highly purified soy protein (an equivalent amount) contributed 
to retardation of CKD progression [4]. Soy protein is less able than animal protein (meat, 
fish, milk, etc.) to increase hyperperfusion and hyperfiltration in remnant nephrons [30]. 
The results of studies on the model of unilateral ureteral obstruction in rats receiving LPD 
demonstrated a decrease in the expression of the nuclear factor of Kappa B transcription 
(NFkB), the most important mediator of activation of many proinflammatory and profi-
brotic cytokines and TGF-β-key as a profibrotic factor in the renal tissue [28, 30]. LPD with 
an addition of soy protein to the diet reduces tubulointerstitial fibrosis also due to sup-
pression of tyrosine protein kinase as a powerful sclerosis stimulant [30]. Currently, the 
possibility of LPD influence to maintain the serum level of klotho protein, as an established 
strong early cardio and nephroprotective factor, is being actively studied [29].

4. Conclusion

Thus, the restriction of daily food protein intake to 0.3–0.6 g/kg/day prevents accumulation of 
toxic products, retards, and delays terminal renal failure. Replacing a portion of the animal pro-
tein in a LPD by an equivalent amount of highly purified soy protein enhances the nephropro-
tective effect of a LPD and favors more pronounced slowdown of CKD progression. The use of 
keto-analogues of essential amino acids with LPD at predialysis stage of CKD allows preserv-
ing CKD patients from nutrition status disorders and contributes to slow down of CKD com-
plications. Control of nutrition status in CKD should be carried out regularly. A comprehensive 
assessment of NS in CKD patients can be quickly performed using bioimpedance analysis.
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Abstract

The kidneys serve an essential regulatory role in most of the animals, including verte-
brates and some invertebrates. They are important in the urinary system and also serve 
homeostatic functions like regulation of electrolytes, maintenance of acid-base balance 
and regulation of blood pressure (via maintaining salt and water balance). They also 
serve as natural filter of the blood and remove wastes that are diverted to the urinary 
bladder. By producing urine, the kidneys excrete wastes such as urea and ammonia. The 
kidneys are responsible for reabsorption of water, glucose, amino acids and trace ele-
ments. They also produce hormones including calcitriol, renin and erythropoietin. The 
kidney is approximately 11–14 cm long, 6 cm wide and 4 cm thick. Each adult kidney 
weighs between 125 and 170 g in males and between 115 and 155 g in females. The left 
kidney is typically slightly larger than the right kidney. Each kidney is made up of about 
1 million microprocessor units called nephrons.

Keywords: polycystic kidney disease, renal failure, single nucleotide polymorphism, 
polymerase chain reaction, disease complications

1. Introduction

The kidneys play an essential regulatory role in animals and are responsible for reabsorp-
tion of water, glucose, amino acids and trace elements. They also produce hormones includ-
ing calcitriol, renin and erythropoietin. The kidney is approximately 11–14 cm long, 6 cm 
wide and 4 cm thick. Each adult kidney weighs between 125 and 170 g in males and between 
115 and 155 g in females. The left kidney is typically slightly larger than the right kidney [1] 
(Figure 1). Each kidney is made up of about 1 million microprocessor units called nephrons. 
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The nephron is the basic structural and functional unit of a kidney [3]. Each nephron has an 
initial filtering component composed of a glomerulus and Bowman’s capsule, which is con-
nected to a long convoluted tubule lined by transporting epithelia.

Sodium chloride, potassium and glucose are filtered and reabsorbed along with water in the 
nephron back into the bloodstream. This maintains a correct balance of trace element within 
the blood, which assists in blood pressure regulation and normal levels of blood sugars. 
Hence, the kidneys are found to play a crucial role in regulating the amount of water and 
chemicals (electrolytes) in the body such as sodium, potassium and phosphorus [4].

1.1. Different types of kidney diseases

Usually both the kidneys are affected by various forms of diseases and then the waste prod-
ucts and excess fluid build up, causing severe swelling and symptoms of uremia (kidney 
failure). They are congenital kidney disease, hereditary kidney disorders and acquired kidney 
diseases.

1.1.1. Congenital disease

It involves malformation of the genitourinary tract, usually leading to some type of obstruc-
tion that subsequently produces infection and/or destruction of kidney tissue, which may 
eventually progress to chronic kidney failure. For example, horseshoe kidney, also known as 
ren arcuatus (in Latin), renal fusion or super kidney, is a congenital disorder affecting about 
1 in 500 people [5, 6].

1.1.2. Hereditary disorders

Hereditary diseases are Alport's syndrome or hereditary nephritis, primary hyperoxaluria, 
cystinuria and polycystic kidney disease (PKD). The chapter found that polycystic kidney 
disease is more common among the population.

Figure 1. Structure and location of kidney. Source: [2] (http://www.sugarbp.org/kidneystucture_diabetes.htm).
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1.1.2.1. Polycystic kidney disease (PKD)

Epithelial cell polarity is vitally important for correct function of different tubule segments [3]. 
Cell polarity defects have been linked to a number of hereditary kidney diseases including 
polycystic kidney diseases (PKDs) characterized by the accumulation of fluid-filled cysts in the 
cortex and medulla [7–10]. There are two types of PKDs. They are autosomal dominant polycys-
tic kidney disease (ADPKD) and autosomal recessive polycystic kidney disease (ARPKD) [10].

1.1.3. Acquired kidney diseases

These diseases are numerous and are generally known as nephritis (inflammation of the 
kidney). The most common type of nephritis is glomerulonephritis and has many causes. 
The acquired kidney diseases are renal agenesis, multicystic dysplastic kidney, renal dys-
plasia, diabetic nephropathy, glomerulonephritis, hydronephrosis, interstitial nephritis, kid-
ney stones, kidney tumors: Wilms tumor and renal cell carcinoma, lupus nephritis, minimal 
change disease (MCD), nephrotic syndrome, pyelonephritis and renal failure.

2. Renal failure

In renal failure, the kidneys lose their normal function due to various factors including infec-
tions, autoimmune diseases, diabetes and other endocrine disorders, cancer, and toxic chem-
icals [11]. Genetic variability on the development of renal failure is becoming clearer and 
emphasizes the need to elucidate the genetic basis for renal diseases and associated complica-
tions. Studies on genetic variability in renal failure would lead to better understanding of dif-
ferent phenotypes observed in polycystic kidney disease and would enable us to determine 
whether a patient is genetically predisposed to such complications.

2.1. Acute renal failure

Acute kidney injury (AKI), previously called acute renal failure (ARF), is a rapid loss of kidney 
function due to low blood volume from any cause, exposure to substances harmful to the kid-
ney and obstruction of the urinary tract [12, 13]. Elevated blood urea nitrogen and creatinine 
or inability of the kidneys to produce sufficient amounts of urine is noted in these patients.

2.2. Stage 5 chronic kidney diseases

Stage 5 CKD is often called end stage renal disease (ESRD). The symptoms of Stage 5 CKD 
are:

• Increase in serum creatinine or protein in the urine are observed.

• The patients develop hypertension or congestive heart failure due to fluid overload and pro-
duction of vasoactive hormones created by the kidney via the RAS (renin-angiotensin system).
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• Urea accumulates, leading to azotemia and ultimately uremia. Urea is excreted by sweat-
ing and crystallizes on skin (“uremic frost”) (http://en.wikipedia.org/wiki/Chronic_kid-
ney_disease; “Chronic Kidney Disease”. medscape.) [14].

• Later this progresses to secondary hyperparathyroidism, renal osteodystrophy and vascu-
lar calcification that further impair cardiac function.

• Metabolic acidosis, due to accumulation of sulfates, phosphates, uric acid, etc., leads to 
excitability of cardiac and neuronal membranes by promoting hyperkalemia [15].

People with chronic kidney disease (hyperlipidemia) suffer from accelerated atherosclerosis 
and are likely to develop cardiovascular disease than the general population [16].

3. Polycystic kidney disease (PKD)

There are two forms of PKD:

(i) Autosomal dominant polycystic kidney disease (ADPKD)

(ii) Autosomal recessive polycystic kidney disease (ARPKD)

3.1. Autosomal dominant polycystic kidney disease (ADPKD)

Autosomal dominant polycystic kidney disease occurs worldwide and in all races. ADPKD 
is one of the most commonly inherited conditions in humans with an incidence of 1:500 to 
1:1000 [17, 18]. It is genetically heterogeneous with two genes identified: PKD1 (16p13.3) and 
PKD2 (4q21) [9, 19, 20].

3.2. Autosomal recessive polycystic kidney disease (ARPKD)

ARPKD is uncommon and occurs primarily in neonates and children. The gene responsible 
for ARPKD (PKHD1) has recently been identified on chromosome 6. Fibrocystin is defective 
in ARPKD [21, 22]. The occurrence of ADPKD is most common when compared to ARPKD 
and the mean age of onset is between 30 and 40 years. Both men and women are equally 
affected [23]. Hence the present study is also focused on PKD1 and PKD2 gene polymorphism 
in autosomal dominant polycystic kidney disease subjects and control subjects among South 
Indian population.

Tables 1 and 2 show polymorphism study in PKD1 and PKD2 gene among various popula-
tions on both national and international level.

3.3. Pathogenesis and genetics of polycystic kidney disease (PKD)

Abnormalities in gene expression, cell polarity, fluid secretion, apoptosis and extracellular 
matrix have also been described in PKD [17, 34–36]. ADPKD is one of the most common 
Mendelian disorders in humans [37, 38] and the most frequent genetic cause of renal failure 
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in adults. ADPKD is a genetically heterogeneous condition [39], which is caused by mutations 
in one of the three genes: PKD1 on chromosome 16 accounts for 85% of cases, whereas PKD2 
on chromosome 4 accounts for 15% and mutations in the PKD3 gene are rare [40]. Hence the 
present study is focused on PKD1 and PKD2 genes in patients with ADPKD among South 
Indian (Madurai) population.

3.4. Chromosomal location of PKD1 and PKD2 gene

PKD1 has been mapped to the short arm of the 16th (16p13.3) chromosome, which encodes 
a protein called polycystin-1. The PKD1 gene is very large in size, consisting of 46 exons 
distributed over 52 kb of genomic DNA [41]. The gene encodes a 14.1-kb mRNA transcript 
to be translated into a protein composed of 4302 amino acids transcript with an open read-
ing frame (ORF) of 12,909 bp [42] (Figure 2). The PKD2 gene maps to chromosome 4q21–23 
(Figure 3). The PKD2 gene encodes a protein, polycystin-2, which is composed of 968 amino 
acids [45]. The interaction of polycystin-1 and polycystin-2 in renal tubules promotes normal 
development and function of the kidneys [46].

Author and year Gene Population Mutation

Sumathy [24] PKD1 Indian PKD1 C-T or G-A, SSCP

Nair et al. [25] ACE, Nellore, Andhra Pradesh I/D polymorphism

Elumalai et al. [26] eNOS, VNTR South Indian a/b polymorphism

Veeramuthumari and Isabel [27]* PKD1 South Indian (Madurai) Ala/Val (C/T) polymorphism

Veeramuthumari et al. [28]* PKD2 South Indian (Madurai) Arg/Pro (G/C) polymorphism

*Current study.

Table 1. National reports of PKD1 and PKD2 gene polymorphism.

Author and Year Gene Population Mutation

Hateboer et al. [29] PKD2 Spain, Netherlands, UK, 
Bulgaria, Australia

C-T substitution, deletion, nonsense mutation, 
frameshift, missense, splice mutation

Koptides et al. [30] PKD1 & 
PKD2

Cyprus Mutation in exon 24, mutation in exon 1

PKD1 & 
PKD2

Slovenia Frameshift/missense mutation; nonsense 
mutation

Son et al. [31] PKD1 Devis, USA CT transversion (SNP)

PKD1 & 2 US Mutation

Lee et al. [32] PKD1 Taiwan C → A transversion

Galeano et al. [33] PKD1 Belgium SNP

Table 2. International reports of PKD1 and PKD2 gene polymorphism.
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• Urea accumulates, leading to azotemia and ultimately uremia. Urea is excreted by sweat-
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ing frame (ORF) of 12,909 bp [42] (Figure 2). The PKD2 gene maps to chromosome 4q21–23 
(Figure 3). The PKD2 gene encodes a protein, polycystin-2, which is composed of 968 amino 
acids [45]. The interaction of polycystin-1 and polycystin-2 in renal tubules promotes normal 
development and function of the kidneys [46].
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Figure 2. Chromosomal location of PKD1 gene. Source: [43] http://ghr.nlm.nih.gov/gene/PKD1.

Figure 3. Chromosomal location of PKD2 gene. Source: [44] http://ghr.nlm.nih.gov/gene/PKD2.

3.4.1. Polycystin-1

The PKD1 gene codes for polycystin-1 (PC-1) and plays a vital role in cell-cell and cell-matrix 
interaction [41]. Thus, a defect in polycystin-1 leads to the alteration in the differentiation of 
epithelial cells and abnormal phenotypic expression of autosomal dominant polycystic kidney 
disease (ADPKD). The proteins encoded by the PKD1 and PKD2 genes define a new family. 
The polycystins play an important role in a variety of biological processes including fertiliza-
tion, ion transduction and mechanosensation. Polycystin-1 is an integral membrane protein, 
which is predicted to contain an array of distinct protein motifs, including two leucine-rich 
repeats flanked by cystine-rich domains. Many of these motifs are involved in protein-protein 
or protein-carbohydrate interaction, which raises the possibility of polycystin-1, as a receptor 
for a yet unidentified ligand. The carboxyl terminus of polycystin-1 is located in cytoplasm 
and contains coil-coil domains and mediates the protein-protein interaction as well as several 
potential sites of phosphorylation. Polycystin-1 is expressed in many tissues, including the 
kidney, brain, heart, bone and muscles [47]. Foggensteiner et al. [48] have reported that sev-
eral studies have identified polycystin-1 in the plasma membrane of tubular epithelial cells, in 
the distal nephron and in the collecting duct. The defect of polycystin-1 might lead to altera-
tion in differentiation of epithelial cells and abnormal phenotypic expression of ADPKD [49].

3.4.2. Polycystin-2

Polycystin-2 is also widely expressed in many tissues, particularly the kidney, heart, ovary, 
testis, vascular smooth muscle and small intestine [47]. In the kidney, polycystin-2 like 
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polycystin-1 is expressed in all nephron segments, with the possible exception of the thin 
limbs but absent from glomeruli. Several studies have shown that the polycystin-2 chan-
nel conducts divalent cations including calcium and that this activity can be stimulated by 
calcium on the cytosolic side.

3.4.3. Fibrocystin/polyductin

The protein encoded by the PKHD1 gene has been named polyductin or fibrocystin and is 
composed of 4074 amino acids [22]. Polyductin/fibrocystin is predicted to be a membrane 
protein consisting of a large extracellular domain, a single transmembrane segment and a 
short carboxyl-terminal tail. Polyductin is a novel protein, although it has some similarities to 
other proteins in the database.

3.5. Mechanism of cyst formation

Cysts will form in these patient’s kidneys and several studies suggest that the cells that line 
these cysts will have lost both functional copies of a polycystin gene [50, 51]. Defects in the 
genes encoding PC1 or PC2 lead to aberrant gene transcription, cell proliferation and ion 
secretion, which in turn result in the formation of fluid-filled cysts. These cysts lead to the 
displacement of the normal renal parenchyma and the formation of a cyst-filled kidney with 
reduced functional capacity (Figure 4).

3.6. ADPKD-associated common complications

Common complications associated with ADPKD are hypertension, hematuria, urinary tract 
infection, renal calculi, cardiac valve abnormalities, diabetes, hernia of the anterior abdominal 
wall and cerebral berry aneurysms [29, 53]. Hematuria is the presence of red blood cells (RBCs) 
in the urine. In microscopic hematuria, the urine appears normal to the naked eye, but exami-
nation with a microscope shows a high number of RBCs [54]. Diabetic nephropathy (neuropatia 
diabetica) also known as Kimmelstiel-Wilson syndrome, or nodular diabetic glomerulosclerosis 
[55] and intercapillary glomerulonephritis, is a progressive kidney disease. Anterior abdomi-
nal wall hernias, also known as ventral hernias, are involved in the protrusion of part of the 
peritoneal sac through a defect in the muscle layers of the anterior abdominal wall [56]. A 
cerebral or brain aneurysm is a cerebrovascular disorder in which weakness in the wall of a 
cerebral artery or vein causes a localized dilation or ballooning of the blood vessel [57].

Figure 4. Cyst formation in nephron, kidney and at cellular level [52].
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genes encoding PC1 or PC2 lead to aberrant gene transcription, cell proliferation and ion 
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displacement of the normal renal parenchyma and the formation of a cyst-filled kidney with 
reduced functional capacity (Figure 4).

3.6. ADPKD-associated common complications

Common complications associated with ADPKD are hypertension, hematuria, urinary tract 
infection, renal calculi, cardiac valve abnormalities, diabetes, hernia of the anterior abdominal 
wall and cerebral berry aneurysms [29, 53]. Hematuria is the presence of red blood cells (RBCs) 
in the urine. In microscopic hematuria, the urine appears normal to the naked eye, but exami-
nation with a microscope shows a high number of RBCs [54]. Diabetic nephropathy (neuropatia 
diabetica) also known as Kimmelstiel-Wilson syndrome, or nodular diabetic glomerulosclerosis 
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nal wall hernias, also known as ventral hernias, are involved in the protrusion of part of the 
peritoneal sac through a defect in the muscle layers of the anterior abdominal wall [56]. A 
cerebral or brain aneurysm is a cerebrovascular disorder in which weakness in the wall of a 
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Clinically, PKD is characterized by progressive formation and enlargement of cysts lead-
ing to end-stage renal disease (ESRD) in late middle age. Overall, ADPKD accounts for 
approximately 5–10% of ESRD [58]. Hypertension occurs in 50–75% of patients prior to renal 
insufficiency and it is thought to accelerate the decline in renal function [59, 60]. Systemic 
hypertension is also very common, occurring in more than 75% of patients. Increased blood 
pressure (BP) has been attributed to activation of the renin-angiotensin system, but a primary 
defect in blood vessels may also exist [61].

3.7. Method of diagnosis and screening

Nowadays, ADPKD is studied by ultrasound, CT or MRI with multiple cysts that are generally 
visible that increase in size and number with age [62]. ADPKD is typically diagnosed in adults by 
the detection of bilaterally enlarged polycystic kidneys using transabdominal ultrasound scan-
ning. The diagnosis of ADPKD is established primarily by imaging studies of the kidney [53]. 
For diagnosis of ADPKD, computer tomography (CT) has been used effectively, which has also 
revealed multiple cysts in kidneys and left ovary and aneurysm in the brain [53].

3.7.1. Treatment

When renal function, measured by glomerular filtration rate, is persistently poor, dialysis 
and kidney transplantation could be done. Cotran et al. [63] have stated that a common 
symptom of kidney stones is a sharp pain in the medial/lateral segments of the lower back. 
Approximately 50% of afflicted individuals have been shown to develop end-stage renal dis-
ease requiring dialysis or kidney transplantation before the age of 60 [8].

3.7.2. Trends in potential therapies and clinical trials

Until now, therapy for ADPKD has been directed toward limiting its complications. Cardiovascular 
complications, related to hypertension, are a major cause of morbidity and mortality. A major 
problem in therapeutic interventions in ADPKD is that this is a very slowly evolving condition, 
and GFR is well maintained until relatively late in the course of the disease at the age of 40. Better 
understanding of signaling pathways and cellular changes associated with ADPKD has suggested 
possible therapies to directly inhibit the development or growth of cysts, some of which are now 
being tested in clinical trials [64]. A stable somatostatin analogue, octreotide, has been shown to 
be effective at limiting progression in liver and kidney cystic disease in a rat model of PKD [65].

Advanced-stage ADPKD patients frequently receive a renal transplant without removal of the 
affected cystic kidneys, without side effects. Rapamycin is often used to prevent transplant 
rejection. The absence of polycystin permits excessive kinase activity in the mTOR pathway 
and the development of renal cysts [66]. Patients treated with rapamycin have been reported 
to show a statistically significant reduction in native polycystic kidney size over a period of 
24 months compared with patients treated with other antirejection drugs. Other targets for 
therapy include triptolide, a compound derived from a traditional Chinese herbal therapy, 
which blocks glycosyl ceramide synthesis [67].
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4. Methodology to be followed for the discovery of single nucleotide 
polymorphism in polycystic kidney disease

Genomic DNA preparation: [68, 69].

Reagents required: phosphate buffer saline (PBS), red blood cell (RBC) lysis buffer, cell lysis 
buffer (CLB), ammonium acetate, isopropyl alcohol, 70% ethanol, TE buffer

Procedure: the blood samples were thawed at room temperature and 300 μl of blood was 
transferred to centrifuge tubes. Equal volume of PBS was added to it and incubated for 20 min 
and centrifuged at 3000 rpm for 5 min. The supernatant was removed and the pellet was 
resuspended in 900 μl of RBC lysis buffer and mixed thoroughly. This was centrifuged at 
3000 rpm for 5 min and the supernatant was discarded. To the pellet 600 μl of ice-cold cell, 
lysis buffer was added and mixed well, and then 200 μl of ammonium acetate was added to 
the mixture to precipitate the proteins and centrifuged at 3000 rpm for 7 min. The supernatant 
was separated and 1000 μl of isopropanol was added and the tube was inverted till the DNA 
was precipitated and centrifuged at 7000 rpm for 2 min. The precipitated genomic DNA was 
washed with 600 μl of 70% ethanol and allowed to air dry. The DNA was resuspended in TE 
buffer and stored at −20°C.

Electrophoretic analysis of genomic DNA: the isolated DNA was confirmed by 0.7% agarose 
gel electrophoresis [68, 69].

Reagents required: Tris-boric acid EDTA buffer (TBE), gel loading dye, ethidium bromide 
(ETBR).

Equipment required: electrophoresis tank, power pack, voltage (100 V), gel documentation 
apparatus, UV-transilluminator.

Principle: electrophoresis refers to the separation of macromolecules of different size by 
application of a constant electric field (100 V) onto the DNA fragments placed in a matrix 
of polymerized agarose. As the DNA molecule is negatively charged and travels toward the 
anode, it is loaded at the cathode end. The speed of migration of the fragments has an inverse 
relation with the size of DNA. The separated fragments are visualized by staining the gels 
with an intercalating dye (ethidium bromide), which fluoresces under UV light. Acrylamide 
gels are used for separation of small fragments of DNA (5–500 bp). Agarose gels can resolve 
DNA fragments varying in size from 200 bp to about 50 kb depending upon the concentration 
of agarose in the gel.

Procedure: electrophoresis tank was filled with the 1× TBE buffer and the gel was immersed 
into the tank containing the buffer. Agarose gel (0.7%) was prepared with ethidium bromide 
and the gel was allowed to run for 1 hour at 80–100 V as pulse voltage. 20 μl of DNA sam-
ple was loaded with loading dye (bromophenol blue) in the wells. When bromophenol blue 
dye reached three fourth of the gel length, the power was shut down, and DNA bands were 
observed using gel documentation apparatus and photographed.
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Advanced-stage ADPKD patients frequently receive a renal transplant without removal of the 
affected cystic kidneys, without side effects. Rapamycin is often used to prevent transplant 
rejection. The absence of polycystin permits excessive kinase activity in the mTOR pathway 
and the development of renal cysts [66]. Patients treated with rapamycin have been reported 
to show a statistically significant reduction in native polycystic kidney size over a period of 
24 months compared with patients treated with other antirejection drugs. Other targets for 
therapy include triptolide, a compound derived from a traditional Chinese herbal therapy, 
which blocks glycosyl ceramide synthesis [67].
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3000 rpm for 5 min and the supernatant was discarded. To the pellet 600 μl of ice-cold cell, 
lysis buffer was added and mixed well, and then 200 μl of ammonium acetate was added to 
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4.1. Genetic analysis

4.1.1. Polymerase chain reaction (PCR) for PKD1 gene (C/T polymorphism)

Amplification of isolated DNA using the following primers 5′-AGCTGTACGCCCTCACTGG-3′ 
(forward) and 5′-GTGACAGGTGCCAGGACTC-3′-(reverse). PCR was performed using 
genomic DNA (50 ng), Taq polymerase (1 U), dNTPs (10 mM) and each primers (10 μM) 
[37, 69, 70].

PCR condition used:

The PCR product (298 bp) was confirmed by 1.8% of agarose gel electrophoresis. The ampli-
fied product was subjected to RFLP analysis.

4.1.1.1. Restriction fragment length polymorphism (RFLP)

Amplified PCR product is digested with restriction enzyme AvaII, incubated the reaction mix-
ture at 37°C for 3 hours and inactivated by incubation at 64°C for 15 min. The enzyme cuts 
the sequence if “T” was at position 4058. The digested fragments (298, 225 and 73bp) were 
confirmed by 1.2% agarose gel [37, 69, 70].

Restriction fragment length polymorphism (RFLP)

4.1.2. Polymerase chain reaction (PCR) for PKD2 gene (G/C polymorphism)

Amplification of PKD2 gene using the following primers 5′-CGCGCCGGACGCCAGTGACC-3′ 
(forward) and 5′-GCCGGCCGTTCTGGTTCGT-3′ (reverse). PCR was performed using 
genomic DNA (50ng), Taq polymerase (1U) and dNTPs (10mM) [69, 71].

Initial denaturation 94°C 5 min

Denaturation 94°C 30 s

Annealing 61°C 30 s 35 cycles

Extension 72°C 30 s

Final extension 72°C 7 min

Restriction site for AvaII 5′….G↓GWCG ….3′

3′….CCWG↑G….5′

Source: E. coli strain that carries the AvaII gene from Anabaena variabilis
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PCR condition used:

The PCR product (279 bp) is confirmed by 1.8% of agarose gel electrophoresis. The amplified 
product was subjected to RFLP analysis.

4.1.2.1. Restriction fragment length polymorphism (RFLP)

Amplified product is digested with restriction enzyme BanII, incubated the reaction mixture 
at 37oC for 2 hours and inactivated by incubation at 65oC for 20 min. The enzyme cuts the 
sequence if “C” was at position 28. The digested segments were confirmed by 1.2% agarose 
gel [69–71]).

Sequencing: PKD1 gene (C/T) and PKD2 gene (G/C) single nucleotide polymorphism was 
sequenced by automated sequencer (Chromous Biotech, Chennai).

Allelic frequency calculation: allelic frequency was calculated by using Hardy-Weinberg 
Equilibrium. The phenotype and genotypic frequencies in sexually reproducing, diploid 
organisms could be determined by applying simple algebraic expression.

  p + q = 1  (1)

where p is the frequency of dominant allele and q is the frequency of recessive allele.

Statistical analysis:

• Pearson Chi-square (χ2) test was performed to find the statistical significance of genotypes 
and the gene frequency between the control group and ADPKD patients.

• Odds ratio (OR) was calculated for allelic frequency.

• Heterozygosity was calculated for the control subject and PKD patients.

Restriction site for BanII: 5′ G RGCY↓ C 3′

5′ C↑YCGR G 5′

Source: E. coli strain that carries the cloned BanII gene from Bacillus aneurinolyticus.

Initial denaturation 94°C 5 min

Denaturation 94°C 30 s

Annealing 61°C 30 s 35 cycles

Extension 72°C 30 s

Final extension 72°C 7 min
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4.1. Genetic analysis

4.1.1. Polymerase chain reaction (PCR) for PKD1 gene (C/T polymorphism)
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(forward) and 5′-GTGACAGGTGCCAGGACTC-3′-(reverse). PCR was performed using 
genomic DNA (50 ng), Taq polymerase (1 U), dNTPs (10 mM) and each primers (10 μM) 
[37, 69, 70].

PCR condition used:

The PCR product (298 bp) was confirmed by 1.8% of agarose gel electrophoresis. The ampli-
fied product was subjected to RFLP analysis.

4.1.1.1. Restriction fragment length polymorphism (RFLP)

Amplified PCR product is digested with restriction enzyme AvaII, incubated the reaction mix-
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Restriction fragment length polymorphism (RFLP)
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(forward) and 5′-GCCGGCCGTTCTGGTTCGT-3′ (reverse). PCR was performed using 
genomic DNA (50ng), Taq polymerase (1U) and dNTPs (10mM) [69, 71].

Initial denaturation 94°C 5 min

Denaturation 94°C 30 s

Annealing 61°C 30 s 35 cycles

Extension 72°C 30 s

Final extension 72°C 7 min

Restriction site for AvaII 5′….G↓GWCG ….3′

3′….CCWG↑G….5′

Source: E. coli strain that carries the AvaII gene from Anabaena variabilis
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PCR condition used:
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sequenced by automated sequencer (Chromous Biotech, Chennai).

Allelic frequency calculation: allelic frequency was calculated by using Hardy-Weinberg 
Equilibrium. The phenotype and genotypic frequencies in sexually reproducing, diploid 
organisms could be determined by applying simple algebraic expression.

  p + q = 1  (1)

where p is the frequency of dominant allele and q is the frequency of recessive allele.

Statistical analysis:

• Pearson Chi-square (χ2) test was performed to find the statistical significance of genotypes 
and the gene frequency between the control group and ADPKD patients.

• Odds ratio (OR) was calculated for allelic frequency.

• Heterozygosity was calculated for the control subject and PKD patients.
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5′ C↑YCGR G 5′

Source: E. coli strain that carries the cloned BanII gene from Bacillus aneurinolyticus.

Initial denaturation 94°C 5 min
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Extension 72°C 30 s
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5. Identifications of single nucleotide and polymorphisms and 
discussions

5.1. Genetic analysis

ADPKD is one of the most common genetic diseases in humans, affecting all ethnic groups 
with a prevalence of 1 in 500 to 1000 individuals [9, 18, 19, 72]. The disease is characterized 
by the progressive formation and enlargement of fluid-filled cysts in both kidneys due to 
mutations in PKD1 (85%), PKD2 (15%) and PKD3 (rare) that leads to renal failure [73]. Cyst 
development involves impairments in a wide range of cellular processes including increased 
proliferation of the renal epithelial cells, fluid transport defects, alterations in tubular base-
ment membrane, altered cell polarity and increased apoptosis [9, 74].

Genomic DNA was isolated from frozen blood of control and ADPKD patients; it was con-
firmed by agarose gel electrophoresis (0.7%). After confirming the presence of genomic DNA, 
most of the prepared gDNA of the 260/280 ratio was found to be 1.8 or 1.9; in a few subjects, the 
DNA showed 2.0, which might be RNA or protein contamination. To avoid that, RNase, prote-
ase was added. Then, it was confirmed and used for PCRanalysis.

5.1.1. Analysis of C/T polymorphism in PKD1 gene

Prepared gDNA when subjected to polymerase chain reaction (PCR), 298bp fragment was 
obtained. The amplified PCR product was subjected to RFLP analysis using AvaII enzyme. 
When “T” allele was present at position 4058, 225bp and 73bp (homozygous mutant -TT), 
heterozygous mutant (CT) 298bp, 225bp and 73bp was obtained, and for homozygous normal 
allele (CC), 298bp fragments were identified (Figure 5). The PCR and RLFP products were 
detected and confirmed by 1.2% agarose gel electrophoresis.

5.2. Genotype and allelic frequency analysis of PKD1 (C/T) gene

The study group comprised 300 ADPKD patients and an equal number of age- and sex-
matched control group. Among them, the C/C genotype was observed in 131 (43.67%) control 
group and in 58 (19.33%) ADPKD patients; C/T genotype in 82 (27.33%) control group and 
in 99 (33%) ADPKD patients; T/T genotype was found in 87 (29%) control group and in 143 
(47.67%) ADPKD patients. The allelic frequency was calculated by using Hardy-Weinberg equa-
tion (p + q = 1) and the study group showed the mutant “T” allele frequency (0.642) to be signif-
icantly higher in ADPKD patients than in the control group (0.425) and the normal “C” allele 
frequency was observed to be significantly decreased in ADPKD patients (0.358) than in the 
control group (0.575). The significant difference (P < 0.05, 9.488, χ2 calculated value = 14.048) 
(Table 3) was noted both in genotype and in allelic frequency between the ADPKD patients 
and control group among South Indian (Madurai) population by using chi-square (χ2) test. 
This work, which coincides with the work done by Constantinides [70] among Caucasian 
and Japanese population, also has revealed the association of C/T4058 polymorphism with 
ADPKD. The PKD1 gene is responsible for causing autosomal dominant polycystic kidney 
disease and it has been recently cloned and sequenced [75]. ADPKD is reported to be a very 
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frequent disorder among Caucasian population with an estimated incidence of approximately 
1:100. It has been shown to be characterized by genetic heterogeneity and three genes have 
been implicated in its pathogenesis called PKD1, PKD2 and PKD3 [76, 77].

The study found that the identification of DNA variation at nucleotide position at 12173 of PKD1 
gene and C or T allele variation in the second position of amino acid codon at 4058 of polycys-
tin-1 observed in 44 Japanese subjects, leading to suggest that these polymorphic alleles would 
be useful for linkage analysis only in specific ethnic groups [41]. It has been also reported that 
the PKD2 gene provides instructions for making a protein called polycystin-2, which is found 
in the kidneys before birth and in many adult tissues. It is also stated that the polycystin could 
be regulated by a larger and somewhat similar protein called polycystin-1, which is encoded by 
PKD1 gene [78].

5.2.1. Analysis of G/C polymorphism in PKD2 gene

Prepared gDNA was subjected to polymerase chain reaction (PCR) and 279bp fragment was 
amplified. The amplified PCR product is digested with the enzyme Ban II. The enzyme acts 
on the “C” variation but not on the “G” variation. If a “C” allele was present at position 83, 
170bp and 109bp were obtained. If it was a homozygous mutant (CC), 170bp and 109bp; 
heterozygous mutant (GC), 279bp, 170bp and 109bp and homozygous normal (GG), 279bp 
fragments were identified. One such variation was at position 83 of PKD2, which was occu-
pied by either G or C at exon 1. Hence, the amino acid residue was changed from arginine 
to proline.

The study also found that BSP12861 restriction enzyme also acts on the “C” variation. This 
enzyme was added to 10 ADPKD patients of amplified PKD2 gene product (279bp). The 

Figure 5. Confirmation of PKD 1 gene polymorphism using 1.2% agarose gel electrophoresis. T/T: homozygous mutant 
(225, 73 bp); C/T: heterozygous mutant (298bp, 225bp, 73bp) ; C/C: homozygous normal (298bp).
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by the progressive formation and enlargement of fluid-filled cysts in both kidneys due to 
mutations in PKD1 (85%), PKD2 (15%) and PKD3 (rare) that leads to renal failure [73]. Cyst 
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ment membrane, altered cell polarity and increased apoptosis [9, 74].
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firmed by agarose gel electrophoresis (0.7%). After confirming the presence of genomic DNA, 
most of the prepared gDNA of the 260/280 ratio was found to be 1.8 or 1.9; in a few subjects, the 
DNA showed 2.0, which might be RNA or protein contamination. To avoid that, RNase, prote-
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heterozygous mutant (CT) 298bp, 225bp and 73bp was obtained, and for homozygous normal 
allele (CC), 298bp fragments were identified (Figure 5). The PCR and RLFP products were 
detected and confirmed by 1.2% agarose gel electrophoresis.

5.2. Genotype and allelic frequency analysis of PKD1 (C/T) gene

The study group comprised 300 ADPKD patients and an equal number of age- and sex-
matched control group. Among them, the C/C genotype was observed in 131 (43.67%) control 
group and in 58 (19.33%) ADPKD patients; C/T genotype in 82 (27.33%) control group and 
in 99 (33%) ADPKD patients; T/T genotype was found in 87 (29%) control group and in 143 
(47.67%) ADPKD patients. The allelic frequency was calculated by using Hardy-Weinberg equa-
tion (p + q = 1) and the study group showed the mutant “T” allele frequency (0.642) to be signif-
icantly higher in ADPKD patients than in the control group (0.425) and the normal “C” allele 
frequency was observed to be significantly decreased in ADPKD patients (0.358) than in the 
control group (0.575). The significant difference (P < 0.05, 9.488, χ2 calculated value = 14.048) 
(Table 3) was noted both in genotype and in allelic frequency between the ADPKD patients 
and control group among South Indian (Madurai) population by using chi-square (χ2) test. 
This work, which coincides with the work done by Constantinides [70] among Caucasian 
and Japanese population, also has revealed the association of C/T4058 polymorphism with 
ADPKD. The PKD1 gene is responsible for causing autosomal dominant polycystic kidney 
disease and it has been recently cloned and sequenced [75]. ADPKD is reported to be a very 
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frequent disorder among Caucasian population with an estimated incidence of approximately 
1:100. It has been shown to be characterized by genetic heterogeneity and three genes have 
been implicated in its pathogenesis called PKD1, PKD2 and PKD3 [76, 77].

The study found that the identification of DNA variation at nucleotide position at 12173 of PKD1 
gene and C or T allele variation in the second position of amino acid codon at 4058 of polycys-
tin-1 observed in 44 Japanese subjects, leading to suggest that these polymorphic alleles would 
be useful for linkage analysis only in specific ethnic groups [41]. It has been also reported that 
the PKD2 gene provides instructions for making a protein called polycystin-2, which is found 
in the kidneys before birth and in many adult tissues. It is also stated that the polycystin could 
be regulated by a larger and somewhat similar protein called polycystin-1, which is encoded by 
PKD1 gene [78].

5.2.1. Analysis of G/C polymorphism in PKD2 gene

Prepared gDNA was subjected to polymerase chain reaction (PCR) and 279bp fragment was 
amplified. The amplified PCR product is digested with the enzyme Ban II. The enzyme acts 
on the “C” variation but not on the “G” variation. If a “C” allele was present at position 83, 
170bp and 109bp were obtained. If it was a homozygous mutant (CC), 170bp and 109bp; 
heterozygous mutant (GC), 279bp, 170bp and 109bp and homozygous normal (GG), 279bp 
fragments were identified. One such variation was at position 83 of PKD2, which was occu-
pied by either G or C at exon 1. Hence, the amino acid residue was changed from arginine 
to proline.

The study also found that BSP12861 restriction enzyme also acts on the “C” variation. This 
enzyme was added to 10 ADPKD patients of amplified PKD2 gene product (279bp). The 

Figure 5. Confirmation of PKD 1 gene polymorphism using 1.2% agarose gel electrophoresis. T/T: homozygous mutant 
(225, 73 bp); C/T: heterozygous mutant (298bp, 225bp, 73bp) ; C/C: homozygous normal (298bp).
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results showed to be like Ban II restriction digestion gene products. If a “C” allele was pres-
ent at position 83, 170bp and 109bp were obtained. If it was homozygous mutant (CC), 170bp 
and 109bp; heterozygous mutant (GC), 279bp, 170bp and 109bp and homozygous normal 
(GG), 279bp fragments were identified (Figure 6). The study was supported by the work of 
Koptides et al., [30]. Koptides et al. demonstrated that both G/C transversion mutation and 
six ‘Cs” insertion mutation in exon 1 of the PKD2 gene of three separate cysts. This mutation 
is expected to cause a translation frameshift, leading to the incorporation of 20 novel amino 
acids before a new stop codon is encountered.

5.3. Genotype and allelic frequency analysis of PKD2 (G/C) gene

The G/G genotype was observed in 137 (45.67%) control group and in 55 (18.33%) ADPKD 
patients, G/C genotype in 84 (28%) control group and in 93 (31%) ADPKD patients and C/C 
genotype in 79 (26.33%) control group and in 152 (50.67%) ADPKD patients. The allelic 
frequency was calculated by using Hardy-Weinberg equation (p + q = 1) and the study group 
showed the mutant “C” allele frequency (0.662) to be significantly higher in ADPKD patients 
than in the control group (0.403) and the normal “G” allele frequency to be significantly 
decreased in ADPKD patients (0.338) than in the control group (0.597). Significant difference 
(P < 0.005, 14.860, χ2 calculated value = 20.451) (Table 4) was noted in genotype and allelic 
frequency between the ADPKD patients. G/C polymorphism at position 83 in exon 1 of PKD2 
gene among South Indian (Madurai) population with ADPKD revealed the “CC” and “GC” 
genotype and the frequency of “C” allele was found to be significantly higher in the ADPKD 
patients compared to the control group. The study has revealed higher frequency of “C” allele 
and lower frequency of “G” allele in ADPKD patients. These results coincide with the work 
of Koptides et al., [30], who identified a polymorphism at position 83, which was occupied by 
either G or C encoding either arginine or proline (R28P).

Figure 6. Confirmation of PKD 2 gene polymorphism using 1.2% agarose gel electrophoresis. C/C: homozygous mutant 
(170 bp, 109 bp); G/C: heterozygous mutant (279 bp, 170, 109); G/G: homozygous normal (279 bp); Lane 1: ladder (100 bp).
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5.4. PKD1 (C/T) and PKD2 (G/C) SNP sequencing

The PKD1 (C/T) and PKD2 (G/C) single nucleotide polymorphism was also confirmed by 
sequencing the PCR amplified gene products of PKD1 and PKD2.

PKD1 (C/T) – Ala/Val. 4058 in Exon 45:

PKD2 (G/C) – Arg/Pro.28 in Exon 1

Genotype Allele frequency χ2 value p value

C/C G/C G/G C G

Control group 
N = 300

79 (26.33%) 84 (28%) 137 
(45.67%)

0.403 0.662 20.79 P < 0.005, 14.860

ADPKD patients 
N = 300

152 (50.67%) 93 (31%) 55 
(18.33%)

0.597 0.338 20.10

C/C: homozygous mutant; G/C: heterozygous mutant; G/G–homozygous normal.

Table 4. Comparison of genotype and allelic frequency of PKD2 gene in control group and ADPKD patients among 
South Indian (Madurai) population.

Ala

A. 5′-AAG CTG TAC GCC CTC ACT GG-3′—Wild type Allele

Val

5′-AAG CTG TAC GTC CTC ACT GG-3′—Mutant Allele

Arg

B. 5′-CG CGC CGG ACG CCA CTG ACC-3′—Wild type Allele

Pro

5′-CG CGC CCG ACG CCA CTG ACC-3′—Mutant Allele

Underlined sequence denotes change in allele leads to new amino acid formation, which is known to be polymorphism.

Genotype Allele frequency χ2 value p value

T/T C/T C/C T C

Control group 
N = 300

87 (29%) 82 (27.33%) 131 
(43.67%)

0.425 0.575 14.16 P < 0.05 9.488

ADPKD patients 
N = 300

143 (47.67%) 99 (33%) 58 
(19.33%)

0.642 0.358 13.93

T/T: homozygous mutant; /T: heterozygous mutant; C/C: homozygous normal.

Table 3. Comparison of genotype and allelic frequency of PKD1 gene in control group and ADPKD patients among 
South Indian (Madurai) population.
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results showed to be like Ban II restriction digestion gene products. If a “C” allele was pres-
ent at position 83, 170bp and 109bp were obtained. If it was homozygous mutant (CC), 170bp 
and 109bp; heterozygous mutant (GC), 279bp, 170bp and 109bp and homozygous normal 
(GG), 279bp fragments were identified (Figure 6). The study was supported by the work of 
Koptides et al., [30]. Koptides et al. demonstrated that both G/C transversion mutation and 
six ‘Cs” insertion mutation in exon 1 of the PKD2 gene of three separate cysts. This mutation 
is expected to cause a translation frameshift, leading to the incorporation of 20 novel amino 
acids before a new stop codon is encountered.

5.3. Genotype and allelic frequency analysis of PKD2 (G/C) gene

The G/G genotype was observed in 137 (45.67%) control group and in 55 (18.33%) ADPKD 
patients, G/C genotype in 84 (28%) control group and in 93 (31%) ADPKD patients and C/C 
genotype in 79 (26.33%) control group and in 152 (50.67%) ADPKD patients. The allelic 
frequency was calculated by using Hardy-Weinberg equation (p + q = 1) and the study group 
showed the mutant “C” allele frequency (0.662) to be significantly higher in ADPKD patients 
than in the control group (0.403) and the normal “G” allele frequency to be significantly 
decreased in ADPKD patients (0.338) than in the control group (0.597). Significant difference 
(P < 0.005, 14.860, χ2 calculated value = 20.451) (Table 4) was noted in genotype and allelic 
frequency between the ADPKD patients. G/C polymorphism at position 83 in exon 1 of PKD2 
gene among South Indian (Madurai) population with ADPKD revealed the “CC” and “GC” 
genotype and the frequency of “C” allele was found to be significantly higher in the ADPKD 
patients compared to the control group. The study has revealed higher frequency of “C” allele 
and lower frequency of “G” allele in ADPKD patients. These results coincide with the work 
of Koptides et al., [30], who identified a polymorphism at position 83, which was occupied by 
either G or C encoding either arginine or proline (R28P).

Figure 6. Confirmation of PKD 2 gene polymorphism using 1.2% agarose gel electrophoresis. C/C: homozygous mutant 
(170 bp, 109 bp); G/C: heterozygous mutant (279 bp, 170, 109); G/G: homozygous normal (279 bp); Lane 1: ladder (100 bp).
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N = 300

152 (50.67%) 93 (31%) 55 
(18.33%)
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B. 5′-CG CGC CGG ACG CCA CTG ACC-3′—Wild type Allele

Pro

5′-CG CGC CCG ACG CCA CTG ACC-3′—Mutant Allele

Underlined sequence denotes change in allele leads to new amino acid formation, which is known to be polymorphism.

Genotype Allele frequency χ2 value p value

T/T C/T C/C T C

Control group 
N = 300

87 (29%) 82 (27.33%) 131 
(43.67%)

0.425 0.575 14.16 P < 0.05 9.488

ADPKD patients 
N = 300

143 (47.67%) 99 (33%) 58 
(19.33%)

0.642 0.358 13.93

T/T: homozygous mutant; /T: heterozygous mutant; C/C: homozygous normal.

Table 3. Comparison of genotype and allelic frequency of PKD1 gene in control group and ADPKD patients among 
South Indian (Madurai) population.
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The study coincides with the work of Constantinides et al. [70], Watnick et al. [79] and 
Koptides et al., [30] in Caucasians, Greek-Cypriot populations. The present study reveals that 
these mutation/polymorphism leads to evolution of new alleles and formation of new amino 
acids among South Indian population.

6. Conclusion

Polymorphic DNA markers could be used for presymptomatic and prenatal diagnosis of 
ADPKD. Breuning et al. [80] and Balcells and Criach [81] recommended that prenatal diag-
nosis of PKD by chorionic villi sampling and linkage phase of the DNA markers has been 
established by haplotyping the index family. This testing offers the chance of performing pre-
natal or preimplantation testing in families with severe cases of the disease. Hence the current 
study suggests that genetic testing is very important in determining the severity and progres-
sion of the disease and could possibly be treated with effective drug and delay the end-stage 
renal disease (ESRD). Further research of this study is on DNA based on drug design using 
bioinformatics databases that might help the physicians in providing better treatment for 
polycystic kidney disease patients.
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The study coincides with the work of Constantinides et al. [70], Watnick et al. [79] and 
Koptides et al., [30] in Caucasians, Greek-Cypriot populations. The present study reveals that 
these mutation/polymorphism leads to evolution of new alleles and formation of new amino 
acids among South Indian population.

6. Conclusion

Polymorphic DNA markers could be used for presymptomatic and prenatal diagnosis of 
ADPKD. Breuning et al. [80] and Balcells and Criach [81] recommended that prenatal diag-
nosis of PKD by chorionic villi sampling and linkage phase of the DNA markers has been 
established by haplotyping the index family. This testing offers the chance of performing pre-
natal or preimplantation testing in families with severe cases of the disease. Hence the current 
study suggests that genetic testing is very important in determining the severity and progres-
sion of the disease and could possibly be treated with effective drug and delay the end-stage 
renal disease (ESRD). Further research of this study is on DNA based on drug design using 
bioinformatics databases that might help the physicians in providing better treatment for 
polycystic kidney disease patients.
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The prevalence of end-stage renal disease (ESRD) has increased globally to 10% due to 
diabetes mellitus, hypertension, and stroke. When chronic kidney disease (CKD) main-
tenance therapy fails, patients require renal replacement therapy (RRT) to survive, such 
as peritoneal dialysis (PD), hemodialysis, and renal transplantation. The most common 
therapy in Mexico is PD because it is a feasible, low-cost, and easy-to-perform proce-
dure; however, fluid overload is a frequent condition in patients with this RRT modality. 
The usual adverse comorbidities in patients with PD are cardiovascular diseases (CVD) 
associated to atherosclerosis, uremia, inflammation, and oxidative stress. Fluid overload 
is intimately associated to hypertension, left ventricular hypertrophy, heart failure, and 
worsening of kidney failure, leading to increased hospital admissions, higher cardiovas-
cular mortality, and reduced life expectancy. Two main pathologies are involved in the 
deterioration of both heart and kidney functions, namely, cardiorenal syndrome and ure-
mic cardiomyopathy. Along with these phenomena, patients in PD with rapid peritoneal 
transport have reduced ultrafiltration, increased glucose absorption, and albumin loss 
in the dialysate, which lead to overhydration, hypertension, dyslipidemia, and malnu-
trition. This review focuses on the clinical, physiological, and biochemical mechanisms 
involved in fluid overload of patients with CKD undergoing PD.
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1. Introduction

1.1. Chronic kidney disease

The prevalence of chronic degenerative diseases has recently increased due to aging of the society 
and advances in medical technology [1]. In Mexico, there is a significant increase in the prevalence 
and incidence of non-transmittable diseases, such as diabetes mellitus (DM), hypertension, and 
stroke, which raises the prevalence of end-stage renal disease (ESRD) up to 10% globally [2–5].

Chronic kidney disease (CKD) is defined as a severe, irreversible kidney damage, measured 
by the level of proteinuria and reduced glomerular filtration rate that prevents the kidneys 
from functioning properly and removing toxins and waste products from the blood [6, 7]. 
Among the many traditional risk factors for CKD, DM is the leading cause of kidney dysfunc-
tion in the developed world. CKD induce vascular damage and therefore a raise in cardio-
vascular mortality; it is considered an independent risk factor for cardiovascular events, even 
from the early stages of the disease [8–13].

When CKD maintenance therapy fails, patients will require renal replacement therapy (RRT) to 
survive; among the alternatives of RRT, there is peritoneal dialysis (PD), hemodialysis (HD), and 
renal transplantation (TR) [14, 15]. The most common cause of ESRD in the world is type 2 DM 
(38%) according to the study of Kidney Early Evaluation Program (KEEP) [16–18]. The second 
most common cause is hypertension, and the combination of DM and hypertension raises the 
prevalence up to 42% [3, 19]. However, ESRD of unknown origin is one of the most prevalent 
diagnoses due to a lack of prompt recognition of the disease, and is unclear whether hyperten-
sion is a cause or consequence of CKD [20]. Furthermore, a study including 3564 healthy subjects 
reported a prevalence of deteriorated creatinine clearance <60 mL/min of 37% [21].

The United States Renal Data System (USRDS), in 2013, reported that Mexico, USA, and 
Portugal had a rate of 63, 58, and 54 patients per million of habitants (ppmh), respectively. The 
overall prevalence of CKD in adults varies between 6% and 69% [22]. The Registry of Dialysis 
and Transplant in Jalisco and Morelos has reported an increase of patients who require a RRT 
in the last decade [23, 24]. In 2013, Mendez et al. reported an incidence of 421 per million and 
a prevalence of 1653 per million of habitants, which places Mexico in the second country with 
more ESRD incident cases and the sixth most prevalent [25].

Health systems are taking emergency measures to control the burden of the disease due to the 
health impact, elevated costs, overall risk of developing CKD, and its consequences. Thanks 
to the National Kidney Foundation (NKF) that produces clinical practice guidelines through 
the NKF Kidney Disease Outcomes Quality Initiative (NKF K/DOQI), in 2002, it has been 
possible to establish an early diagnosis, risk stratification, and well-defined action plans to 
mitigate the progression of the disease and its cardiovascular complications [26].

1.2. Chronic kidney disease and renal replacement therapy

In Mexico, PD is the most frequent RRT implemented, followed by HD, which has increased 
rapidly over the last years [5]. The PD is a feasible, low-cost, and easy-to-perform procedure, 
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reason for why in Latin America is gaining popularity. Chile is the more prevalent country 
with PD as the first-line RRT, and Mexico has the second place in Latin America and eighth 
place around the world [3, 27]. Hemodialysis is mainly available in social security and private 
institutions; however, HD is more expensive for governmental institutions, and hence it is not 
an open resource for all patients with ESDR [28]. Renal transplant is the RRT associated with 
better long-term survival rates and is considered the best RRT for ESDR patients; immunosup-
pressive drugs have reduced mortality and improved the viability of the graft [29]. The highest 
proportion of renal transplantation in the world is in Jalisco, Mexico, according to the USRDS 
[22]. However, the waiting lists for a RT are increasing exponentially, in spite of the fact that in 
Mexico the donation of live donors is privileged [5].

Unfortunately, RRT generate high costs and are limited to treating certain populations with 
social security, leaving the so-called disadvantaged populations in abandonment, generating 
a high rate of morbidity and mortality in younger populations. In 2005, the Mexican Institute 
of Social Security (IMSS) reported that treating ESDR represented 21% of the total expendi-
ture of its main program, with only 0.7% of the beneficiaries’ investment [22].

HD increase chronic inflammation by different mechanisms. A continuous contact with artifi-
cial filter dialysis membranes that induce complement activation, cytokines, and nitric oxide 
production characterizes HD. There also may be exposure to dialysate contaminants, which 
cross the dialysis membranes with monocyte stimulation and activation. Another deleterious 
process contributing inflammation in HD is local or systemic infections through contamina-
tion of vascular accesses, such as endovascular catheters, synthetic grafts, and arteriovenous 
fistulas. Fluid overload also occurs in HD due to extracellular fluid expansion and ventricular 
growth, which enhances CVD risk [30].

1.3. Peritoneal dialysis and cardiovascular mortality

ESDR is among the leading causes of death worldwide; morbidity and mortality in this group 
of patients are mainly due to CVD [31]. CVD in patients with PD is associated to traditional 
risk factors, such as atherosclerosis, DM, and hypertension, in addition to uremia, inflam-
mation, and oxidative stress [12]. Cardiorenal syndrome (CRS) is a manifestation of CVD in 
patients with ESRD and is manifested by acute and chronic conditions where the primary 
dysfunction may be renal or cardiac. Among the five categories of CRS, type 4 is characterized 
by pre-existing CKD that leads to ESRD with progressive worsening of cardiac function [32].

Fluid overload is one of the main characteristics of patients with late CKD. The abnormal state 
of fluid in the disease correlates with hypertension, left ventricular hypertrophy (LVH), and 
other adverse cardiovascular sequels [33]. There is evidence that fluid overload is associated 
with significant increased risk of mortality from all cardiovascular causes in dialysis patients 
[34], which makes strict volume control imperative to improve the survival of patients under-
going dialysis [35]. A previous study showed the positive relationship between fluid overload 
with an increased risk of initiating dialysis and decrease in rapid renal function in late CKD, 
which means that fluid overload is not a feature in CKD, but also a prognostic marker of rapid 
progression of late CKD [36]. Adverse progression of kidney disease in patients with DM 
is associated with changes for fluid, thus contributing to fluid overload [37]. There appears 
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to be a complex interaction between DM, fluid overload, and progression of kidney disease 
[38]. Dialysis procedure by itself plays an important role in the pathogenesis of accelerated 
atherosclerosis in patients with ESRD [39] (Figure 1).of fluid retention in patients undergoing 
peritoneal dialysis are shown 

1.3.1. Cardiorenal syndrome

There is a close relationship between cardiac and renal functions. It is bidirectional and has 
physical, chemical, and biological implications. Primary disorders of one of these two organs 
often result in secondary dysfunction or injury to the other [40]. Over the last decade, car-
diovascular mortality in patients with CKD has remained strikingly elevated. CKD is a rec-
ognized risk factor for the development of CVD [41] and increases 10- to 20-fold the risk of 
cardiac death compared to non-CKD subjects, after adjusting for age and gender [42]. A glo-
merular filtration rate (GFR) below 60 mL/min/1.73 m2 is associated with cardiovascular risk; 
therefore, patients with CKD should be thoroughly evaluated in the search for cardiovascular 
risk factors that may require aggressive management [43].

Cardiorenal syndrome is a pathophysiological disturbance of the interaction between the 
heart and the kidneys caused by acute or chronic dysfunction in one of the two organs, capa-
ble of inducing acute or chronic dysfunction in the other organ. In 2008, Ronco et al. proposed 
five subtypes according to the temporal sequence of organ failure and the clinical context [31]:

Figure 1. Fluid overload. The mechanisms of fluid retention in patients undergoing peritoneal dialysis are shown 
schematically.
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An acute cardiac disease that leads to acute kidney injury (AKI) [33] or worsening of a chronic 
kidney failure characterizes acute cardiorenal syndrome or CRS type 1. It is also a consequence of 
low cardiac output due to acute coronary syndrome. When renal function worsens, it is possible 
to predict significantly higher rates of hospitalization and mortality from acute heart failure [44].

In CRS type 2, a chronic heart failure leads to CKD due to a hemodynamic imbalance. It is often 
manifested as a chronic renal dysfunction associated to chronic heart failure [45]. An episode 
of AKI that leads to acute heart failure characterizes CRS type 3. Retention of uremic solutes 
and/or volume overload may contribute to cardiac injury. According to experimental data, it is 
suggested that cardiac dysfunction may be related to activation of the immune system, release 
of inflammatory mediators, oxidative stress, and cellular apoptosis [46]. Other proposed 
mechanisms include electrolyte and fluid imbalance, metabolic acidosis, and uremia [47].

Chronic cardiorenal syndrome or CRS type 4 is defined as a primary CKD that induces heart fail-
ure, ventricular hypertrophy, diastolic dysfunction, and/or greater risk of major cardiovascular 
events. Clinically, it is very difficult to distinguish between CRS types 2 and 4, since the first insult 
is not often recognized [39]. The prototype of CRS type 4 is polycystic renal disease, an autosomal 
dominant genetic disease that leaves no doubt of the primary event. Increased fluid retention 
characterizes CRS type 4, found in approximately 70–80% of patients with ESRD [48, 49].

CRS type 5 comprises simultaneous heart and kidney dysfunction due to a systemic disease. 
Given the broad spectrum of diseases that contribute to this syndrome, there are several 
pathophysiological mechanisms consequence of the systemic disease: an overwhelming insult 
leads to the simultaneous development of AKI and acute cardiac dysfunction [50]. Sepsis and 
drug-induced toxicity are the most common causes leading to CRS type 5. It may develop in a 
patient with previously impaired organ function or when there is no discernible evidence of 
prior abnormality. The sequence of organ involvement may vary depending upon the acuity 
and nature of the underlying disorder. Other known systemic diseases that lead to CRS type 
5 are autoimmune disorders, such as lupus, Wegener’s granulomatosis, and sarcoidosis. It 
is difficult to identify the underlying pathophysiological mechanisms in order to develop a 
diagnostic and therapeutic intervention strategy; thus, to identify the underlying mechanism, 
it is essential to consider the temporal events that initially lead to this syndrome. CRS type 
5 has the following phases: hyperacute (0–72 h after the diagnosis), acute (3–7 days after), 
subacute (7–30 days), and chronic (>30 days). Most of the evidence of hyperacute stage comes 
from clinical trials of sepsis, and patients with cirrhosis support the research from chronic 
stage. A precipitating event usually contributes to the development of CRS type 5 in a chronic 
patient, for example, a spontaneous bacterial peritonitis in a patient with cirrhosis. Therefore, 
we may find superimposition of acute CRS type 5 on an indolent chronic process with imme-
diate relevance for intensive care physicians, nephrologists, and cardiologists [51].

Almost 75% of the patients with ESRD have a cardiovascular pathology [31]. Kidney failure 
worsens the short- and long-term prognosis due to several comorbid cardiovascular condi-
tions. Acute myocardial infarction survival is lower as the deterioration of renal function 
increases, and the chance for survival is even worst in patients with ESRD and congestive 
heart failure [52]. CKD patients have 10–20 times higher risk for cardiovascular mortality than 
healthy subjects; even small reductions in kidney function can induce a significant increase 
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to be a complex interaction between DM, fluid overload, and progression of kidney disease 
[38]. Dialysis procedure by itself plays an important role in the pathogenesis of accelerated 
atherosclerosis in patients with ESRD [39] (Figure 1).of fluid retention in patients undergoing 
peritoneal dialysis are shown 

1.3.1. Cardiorenal syndrome

There is a close relationship between cardiac and renal functions. It is bidirectional and has 
physical, chemical, and biological implications. Primary disorders of one of these two organs 
often result in secondary dysfunction or injury to the other [40]. Over the last decade, car-
diovascular mortality in patients with CKD has remained strikingly elevated. CKD is a rec-
ognized risk factor for the development of CVD [41] and increases 10- to 20-fold the risk of 
cardiac death compared to non-CKD subjects, after adjusting for age and gender [42]. A glo-
merular filtration rate (GFR) below 60 mL/min/1.73 m2 is associated with cardiovascular risk; 
therefore, patients with CKD should be thoroughly evaluated in the search for cardiovascular 
risk factors that may require aggressive management [43].

Cardiorenal syndrome is a pathophysiological disturbance of the interaction between the 
heart and the kidneys caused by acute or chronic dysfunction in one of the two organs, capa-
ble of inducing acute or chronic dysfunction in the other organ. In 2008, Ronco et al. proposed 
five subtypes according to the temporal sequence of organ failure and the clinical context [31]:

Figure 1. Fluid overload. The mechanisms of fluid retention in patients undergoing peritoneal dialysis are shown 
schematically.
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An acute cardiac disease that leads to acute kidney injury (AKI) [33] or worsening of a chronic 
kidney failure characterizes acute cardiorenal syndrome or CRS type 1. It is also a consequence of 
low cardiac output due to acute coronary syndrome. When renal function worsens, it is possible 
to predict significantly higher rates of hospitalization and mortality from acute heart failure [44].

In CRS type 2, a chronic heart failure leads to CKD due to a hemodynamic imbalance. It is often 
manifested as a chronic renal dysfunction associated to chronic heart failure [45]. An episode 
of AKI that leads to acute heart failure characterizes CRS type 3. Retention of uremic solutes 
and/or volume overload may contribute to cardiac injury. According to experimental data, it is 
suggested that cardiac dysfunction may be related to activation of the immune system, release 
of inflammatory mediators, oxidative stress, and cellular apoptosis [46]. Other proposed 
mechanisms include electrolyte and fluid imbalance, metabolic acidosis, and uremia [47].

Chronic cardiorenal syndrome or CRS type 4 is defined as a primary CKD that induces heart fail-
ure, ventricular hypertrophy, diastolic dysfunction, and/or greater risk of major cardiovascular 
events. Clinically, it is very difficult to distinguish between CRS types 2 and 4, since the first insult 
is not often recognized [39]. The prototype of CRS type 4 is polycystic renal disease, an autosomal 
dominant genetic disease that leaves no doubt of the primary event. Increased fluid retention 
characterizes CRS type 4, found in approximately 70–80% of patients with ESRD [48, 49].

CRS type 5 comprises simultaneous heart and kidney dysfunction due to a systemic disease. 
Given the broad spectrum of diseases that contribute to this syndrome, there are several 
pathophysiological mechanisms consequence of the systemic disease: an overwhelming insult 
leads to the simultaneous development of AKI and acute cardiac dysfunction [50]. Sepsis and 
drug-induced toxicity are the most common causes leading to CRS type 5. It may develop in a 
patient with previously impaired organ function or when there is no discernible evidence of 
prior abnormality. The sequence of organ involvement may vary depending upon the acuity 
and nature of the underlying disorder. Other known systemic diseases that lead to CRS type 
5 are autoimmune disorders, such as lupus, Wegener’s granulomatosis, and sarcoidosis. It 
is difficult to identify the underlying pathophysiological mechanisms in order to develop a 
diagnostic and therapeutic intervention strategy; thus, to identify the underlying mechanism, 
it is essential to consider the temporal events that initially lead to this syndrome. CRS type 
5 has the following phases: hyperacute (0–72 h after the diagnosis), acute (3–7 days after), 
subacute (7–30 days), and chronic (>30 days). Most of the evidence of hyperacute stage comes 
from clinical trials of sepsis, and patients with cirrhosis support the research from chronic 
stage. A precipitating event usually contributes to the development of CRS type 5 in a chronic 
patient, for example, a spontaneous bacterial peritonitis in a patient with cirrhosis. Therefore, 
we may find superimposition of acute CRS type 5 on an indolent chronic process with imme-
diate relevance for intensive care physicians, nephrologists, and cardiologists [51].

Almost 75% of the patients with ESRD have a cardiovascular pathology [31]. Kidney failure 
worsens the short- and long-term prognosis due to several comorbid cardiovascular condi-
tions. Acute myocardial infarction survival is lower as the deterioration of renal function 
increases, and the chance for survival is even worst in patients with ESRD and congestive 
heart failure [52]. CKD patients have 10–20 times higher risk for cardiovascular mortality than 
healthy subjects; even small reductions in kidney function can induce a significant increase 
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of cardiovascular risk: patients with stage 1–3 of CKD have 25–100 times higher risk of CVD, 
and stage 5 has a similar kidney and heart morbidity and mortality [31]. Almost half of the 
patients with ESRD in PD have cardiac arrhythmias (especially atrial fibrillation) [53]. Other 
risk factors for cardiovascular mortality in PD users are cardiac valvulopathies, water reten-
tion, hypertension, DM, vascular calcifications, altered oxidative status, bone mineral disor-
ders, and uremic cardiomyopathy [54].

1.3.2. Uremic cardiomyopathy

Uremic cardiomyopathy (UC) is a suitable example for CRS type 4, as it is characterized by car-
diac dysfunction leading to fluid overload and hypertension, accentuated by the presence of 
high levels of myocardial urea [55, 56]. UC is found at early stages of CKD and leads to struc-
tural and functional cardiovascular damage as the kidney dysfunction progresses [57, 58]. UC 
can predict CVD mortality at the beginning of PD [30]. The main feature is LVH, considered 
as a primary manifestation of UC, but it also induces left ventricular dilation and both systolic 
and diastolic cardiac dysfunctions [28].

The first-line treatment for UC is conventional HD, since it leads to a reduction in LVH. HD 
can also reverse systolic dysfunction by improving the left ventricular ejection fraction. The 
earlier HD is initiated in patients with PD and fluid retention, the more damage to the myo-
cardium induced by UC can be avoided [59]. Angiotensin-converting enzyme inhibitors 
decrease LVH even in normotensive subjects. Likewise, RT confers remodeling to the myo-
cardium affected by UC in patients with ESRD undergoing PD during short or medium time 
lapses, although some data are contradictory because of the dyslipidemia, hypertension, and 
DM associated to immunosuppressants in RT recipients [60].

1.4. Diagnostic methods and cardiovascular disease biomarkers

Chronic intravascular hypervolemia in patients with PD is an important contributor to CVD. 
There is no simple and reliable method to assess the volume status in patients with PD [61]; 
ankle edema or elevated jugular venous pressure is not accurate because they can only detect 
abnormal body water volume. Traditionally, body fluid compartment is measured by dilution 
methods for solutes or isotopes, but the tests are cumbersome and rarely used in routine clini-
cal practice. More recently, measurement of vascular pedicle width (VPW) and cardiothoracic 
ratio (CTR) on chest radiographs is a noninvasive surrogate marker of intravascular volume 
status in critically ill patients [62]. Moreover, temporary changes in fluid balance are reflected 
in simple chest X-rays. The objective radiographic findings of intravascular volume may be 
more appropriate for fluid balance than subjective measurements; the VPW is the most sen-
sitive determination. When systematically quantified, sequential chest radiographs provide 
substantial information to other clinically available data to help handle fluids in patients with 
water retention [63]. In patients with long-standing PD, CTR is an independent predictor of 
hospitalization-free patient survival; this radiological parameter can be used for risk stratifica-
tion of patients undergoing PD [64].

Echocardiography is the most reliable, noninvasive, diagnostic procedure, capable to identify 
UC-related findings. Its capacity to quantify ventricular mass, ejection fraction, valvular disease,  
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pericardial effusion, or pulmonary arterial hypertension [65] makes it useful to predict the 
damage extent of ESRD patients with recent RRT [66, 67]. Diastolic dysfunction and LVH have 
been described in three out of four patients, and systolic dysfunction in half of the patients 
who undergo initial PD. It is also very common to find aortic and mitral valve alterations, 
almost in one third of these patients. These findings have repercussion in the prognosis of 
patients with ESDR who start a PD program [68].

There are several useful biomarkers already evaluated in patients with CKD: troponin (TnT), 
plasminogen activator inhibitor type 1 (PAI-1), homocysteine, brain natriuretic peptide (BNP), 
C-reactive protein (CRP), serum amyloid-A protein, ischemia-modified albumin, and advanced 
glycation products (AGEs) have been shown to correlate with adverse cardiovascular (CV) 
events in patients with CKD [31].

Troponin T (TnT) and BNP have a good predictive value in this population [69, 70]. They were 
both elevated in patients with hypervolemia and were able to identify asymptomatic patients 
with CKD who have 2–5 times increased CV risk. BNP is also a useful marker in patients with 
left ventricular dysfunction and cardiovascular congestion. Increased levels of TnT represent 
a strong independent predictor of overall cardiovascular mortality in asymptomatic patients 
with HD [31]. Renal biomarkers, such as cystatin C (CysC) and neutrophil gelatinase-asso-
ciated lipcalin (NGAL), have recently been studied as prognostic and diagnostic markers of 
cardiovascular outcomes in CKD patients [71]. There are increased levels of CysC in athero-
sclerotic processes and LVH; it has association with the latter, independently of renal func-
tion. Researchers found increased levels of NGAL expression in the atherosclerotic plaque of 
patients with heart failure due to coronary heart disease [31, 72].

1.5. Peritoneal transport

A useful tool for the management of patients in PD is the peritoneal equilibration test (PET). 
This method has proved to be effective in assessing peritoneal function. In this test, the satu-
ration curves of the solutes in the peritoneum with respect to the plasma are evaluated; thus, 
it is possible to classify the peritoneal functioning in an easy and reproducible way [73, 74]. 
PET has been shown to have a prognostic value in patients undergoing PD [75] and allows 
patients to be classified according to the ratio of solute concentrations in dialysate and plasma 
(D/P ratio) 4 h after the test. Creatinine, urea, electrolytes, phosphate, and proteins are the 
commonly tested solutes, and it classifies patients in different types of transporters: (a) high 
or fast, (b) average high, (c) low average, and (d) low. PET allows the clinician to determine 
the best dialysis modality for each individual who will undergo continuous ambulatory PD 
or automated DP (continuous cyclic DP or intermittent nocturnal DP) [76].

Patients with high peritoneal solute transport rates often have inadequate transport of the 
peritoneal fluid. It is not known whether inadequate transport of fluids is solely due to a 
rapid drop in osmotic pressure or if the reduction in the efficiency of liquid transport is also 
a contributing factor. The difference in fluid transport between the abovementioned groups 
is apparently due to variances in the rate of disappearance of the total osmotic pressure of 
the dialysate, resulting from the transport velocity of glucose and other small solutes [77]. 
Although glucose gradient is the main factor influencing the rate of ultrafiltration, other solutes,  
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of cardiovascular risk: patients with stage 1–3 of CKD have 25–100 times higher risk of CVD, 
and stage 5 has a similar kidney and heart morbidity and mortality [31]. Almost half of the 
patients with ESRD in PD have cardiac arrhythmias (especially atrial fibrillation) [53]. Other 
risk factors for cardiovascular mortality in PD users are cardiac valvulopathies, water reten-
tion, hypertension, DM, vascular calcifications, altered oxidative status, bone mineral disor-
ders, and uremic cardiomyopathy [54].

1.3.2. Uremic cardiomyopathy

Uremic cardiomyopathy (UC) is a suitable example for CRS type 4, as it is characterized by car-
diac dysfunction leading to fluid overload and hypertension, accentuated by the presence of 
high levels of myocardial urea [55, 56]. UC is found at early stages of CKD and leads to struc-
tural and functional cardiovascular damage as the kidney dysfunction progresses [57, 58]. UC 
can predict CVD mortality at the beginning of PD [30]. The main feature is LVH, considered 
as a primary manifestation of UC, but it also induces left ventricular dilation and both systolic 
and diastolic cardiac dysfunctions [28].

The first-line treatment for UC is conventional HD, since it leads to a reduction in LVH. HD 
can also reverse systolic dysfunction by improving the left ventricular ejection fraction. The 
earlier HD is initiated in patients with PD and fluid retention, the more damage to the myo-
cardium induced by UC can be avoided [59]. Angiotensin-converting enzyme inhibitors 
decrease LVH even in normotensive subjects. Likewise, RT confers remodeling to the myo-
cardium affected by UC in patients with ESRD undergoing PD during short or medium time 
lapses, although some data are contradictory because of the dyslipidemia, hypertension, and 
DM associated to immunosuppressants in RT recipients [60].

1.4. Diagnostic methods and cardiovascular disease biomarkers

Chronic intravascular hypervolemia in patients with PD is an important contributor to CVD. 
There is no simple and reliable method to assess the volume status in patients with PD [61]; 
ankle edema or elevated jugular venous pressure is not accurate because they can only detect 
abnormal body water volume. Traditionally, body fluid compartment is measured by dilution 
methods for solutes or isotopes, but the tests are cumbersome and rarely used in routine clini-
cal practice. More recently, measurement of vascular pedicle width (VPW) and cardiothoracic 
ratio (CTR) on chest radiographs is a noninvasive surrogate marker of intravascular volume 
status in critically ill patients [62]. Moreover, temporary changes in fluid balance are reflected 
in simple chest X-rays. The objective radiographic findings of intravascular volume may be 
more appropriate for fluid balance than subjective measurements; the VPW is the most sen-
sitive determination. When systematically quantified, sequential chest radiographs provide 
substantial information to other clinically available data to help handle fluids in patients with 
water retention [63]. In patients with long-standing PD, CTR is an independent predictor of 
hospitalization-free patient survival; this radiological parameter can be used for risk stratifica-
tion of patients undergoing PD [64].

Echocardiography is the most reliable, noninvasive, diagnostic procedure, capable to identify 
UC-related findings. Its capacity to quantify ventricular mass, ejection fraction, valvular disease,  
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pericardial effusion, or pulmonary arterial hypertension [65] makes it useful to predict the 
damage extent of ESRD patients with recent RRT [66, 67]. Diastolic dysfunction and LVH have 
been described in three out of four patients, and systolic dysfunction in half of the patients 
who undergo initial PD. It is also very common to find aortic and mitral valve alterations, 
almost in one third of these patients. These findings have repercussion in the prognosis of 
patients with ESDR who start a PD program [68].

There are several useful biomarkers already evaluated in patients with CKD: troponin (TnT), 
plasminogen activator inhibitor type 1 (PAI-1), homocysteine, brain natriuretic peptide (BNP), 
C-reactive protein (CRP), serum amyloid-A protein, ischemia-modified albumin, and advanced 
glycation products (AGEs) have been shown to correlate with adverse cardiovascular (CV) 
events in patients with CKD [31].

Troponin T (TnT) and BNP have a good predictive value in this population [69, 70]. They were 
both elevated in patients with hypervolemia and were able to identify asymptomatic patients 
with CKD who have 2–5 times increased CV risk. BNP is also a useful marker in patients with 
left ventricular dysfunction and cardiovascular congestion. Increased levels of TnT represent 
a strong independent predictor of overall cardiovascular mortality in asymptomatic patients 
with HD [31]. Renal biomarkers, such as cystatin C (CysC) and neutrophil gelatinase-asso-
ciated lipcalin (NGAL), have recently been studied as prognostic and diagnostic markers of 
cardiovascular outcomes in CKD patients [71]. There are increased levels of CysC in athero-
sclerotic processes and LVH; it has association with the latter, independently of renal func-
tion. Researchers found increased levels of NGAL expression in the atherosclerotic plaque of 
patients with heart failure due to coronary heart disease [31, 72].

1.5. Peritoneal transport

A useful tool for the management of patients in PD is the peritoneal equilibration test (PET). 
This method has proved to be effective in assessing peritoneal function. In this test, the satu-
ration curves of the solutes in the peritoneum with respect to the plasma are evaluated; thus, 
it is possible to classify the peritoneal functioning in an easy and reproducible way [73, 74]. 
PET has been shown to have a prognostic value in patients undergoing PD [75] and allows 
patients to be classified according to the ratio of solute concentrations in dialysate and plasma 
(D/P ratio) 4 h after the test. Creatinine, urea, electrolytes, phosphate, and proteins are the 
commonly tested solutes, and it classifies patients in different types of transporters: (a) high 
or fast, (b) average high, (c) low average, and (d) low. PET allows the clinician to determine 
the best dialysis modality for each individual who will undergo continuous ambulatory PD 
or automated DP (continuous cyclic DP or intermittent nocturnal DP) [76].

Patients with high peritoneal solute transport rates often have inadequate transport of the 
peritoneal fluid. It is not known whether inadequate transport of fluids is solely due to a 
rapid drop in osmotic pressure or if the reduction in the efficiency of liquid transport is also 
a contributing factor. The difference in fluid transport between the abovementioned groups 
is apparently due to variances in the rate of disappearance of the total osmotic pressure of 
the dialysate, resulting from the transport velocity of glucose and other small solutes [77]. 
Although glucose gradient is the main factor influencing the rate of ultrafiltration, other solutes,  
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such as urea, are also important [78]. However, there is a relationship between comorbid 
states that lead to an elevated mortality and the rapid transport of solutes [79].

Patients in PD with rapid peritoneal transport have reduced ultrafiltration, increased glucose 
absorption, and albumin loss in the dialysate. This phenomenon induces fluid overload, hyper-
tension, dyslipidemia, and malnutrition, along with increased mortality. In addition, systemic 
vascular disorders observed in DM, hypertension, atherosclerosis, sepsis, and smoking con-
tribute to survival deterioration in these patients; vascular and endothelial disorders are closely 
related to malnutrition-inflammation-atherosclerosis syndrome [80]. By its own, this syndrome 
can explain the high mortality rate observed in patients with rapid peritoneal transport [81].

The rapid transport of solutes at the beginning of PD is closely associated with genetic, inflam-
matory, and structural factors of the peritoneal membrane [82]. The clinical consequences of 
these alterations are CVD, metabolic disturbances of glucose and lipids, hypoalbuminemia, 
and malnutrition. In order to treat adequately patients with rapid solute transport, it is neces-
sary to improve their comorbidities and modify their dialytic solutions with better osmotic sub-
stances different from glucose, as well as dialysis modalities that optimize ultrafiltration [60].

1.5.1. Ultrafiltration failure

Peritoneal transport dysfunction is usually associated with ultrafiltration failure (UF) or defi-
cit. Ultrafiltration failure is defined by the Society of Peritoneal Dialysis as the impossibility 
to maintain a stable dry weight in spite an adequate fluid restriction, and the total ultrafiltra-
tion volume is less than 400 mL after two or more hypertonic dialytic exchange with at least 
4 h inside the peritoneal cavity using dextrose solution of 3.86% [83]. The prevalence of UF 
increases with duration of PD, so that 30–50% of patients with PD develop UF, many patients 
abandon PD due to UF, and dropout increases depending on the type of PD. It has been 
reported up to 3% of dropouts during the first year and 31% after the next six years [59, 84].

There are four ultrafiltration failure causes:

• Type I, due to an increase of the effective peritoneal surface with increase in solute trans-
port. It appears in the acute phase of peritonitis episodes associated to PD and is character-
ized by an early recovery after 30 days [85].

• Type II is characterized by a reduced effective peritoneal surface with irreversible perito-
neal involvement due to peritoneal adhesions or sclerosing peritonitis secondary to previ-
ous surgical scars or repetitive bacterial peritonitis [86].

• Type III is due to the increased rate of peritoneal lymphatic reabsorption [87].

• Type IV, also known as transcellular UF, is the most recently described and illustrated by a 
cellular dysfunction or disruption of aquaporins in the cellular wall [88].

Some mechanical problems should be discarded if fluid overload is suspected: lost from dial-
ysate fluid due to herniation or history of multiple abdominal surgeries, poorly positioned 
catheters secondary to migration of the original catheter, inadequate placement during the 
surgical procedure, and abdominal adhesions from previous surgeries [89].
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The functional study of the peritoneal membrane is useful to guide the prescription of PD, 
predict the response of standard exchanges, and diagnose ultrafiltration disturbances during 
PD treatment. Knowing the pathophysiological mechanisms can help determine the underly-
ing etiology of UF to ensure prompt actions that can help preserve peritoneal membrane for 
longer periods [90].

1.6. Salt restriction and volume status

Salt is an ionic component composed of sodium chloride (60% chloride and 40% sodium), 
with a molar mass of 58,433 g/mol. Sodium is an essential nutrient for the correct functioning 
of nerves and muscles, as well as water self-regulation and fluid balance. Salt is widely used 
to preserve processed foods, cooking, and seasoning. Processed foods have higher amounts 
of salt than natural foods, such as meats, fruits, and vegetables, which have a significant 
impact on a higher daily intake of sodium derived from the consumption of these foods [91]. 
Excessive salt intake stimulates thirst and promotes water intake, which contributes to fluid 
overload and hypertension [92]; therefore, a common strategy for patients with ESRD is salt 
and water restriction. In patients with PD, the salt balance can be improved by different strat-
egies, among them the reduction in dietary intake, the use of diuretics to increase urinary 
secretion, and the increase of extraction by peritoneal ultrafiltration. The appropriate salt 
intake is the first treatment option for proper maintenance of the volume state [93]. The rec-
ommendation according to the Cardiovascular and Metabolic Guidelines of the International 
Society for Peritoneal Dialysis is to reduce intake to <2 g of sodium or <5 g of salt per day 
[94]. The lack of adherence to these recommendations is an important cause of fluid gain in 
patients undergoing PD [95].

Although at the beginning of PD excessive ingestion of salt and liquids is not usually a 
problem due to the preservation of residual renal function, as renal function decreases, it is 
imperative to advise patients to decrease salt and water intake [96]. The advice of diet salt and 
water restriction in patients with PD leads to a decrease in body weight of 2.8 ± 0.5 kg and con-
sequently to a reduction of blood pressure from 158.2 ± 17.0/95.7 to 119.7 ± 16.0/77.9 mmHg, 
in addition, a decrease in CTR from 48.0% ± 5.6% to 42.9% ± 4.5%. The role of salt and water 
restriction for the management of volume overload is highlighted due to the impact on the 
maintenance of volume status in patients with PD, which makes it fundamental for the ade-
quate control of volume status [97]. However, some contradictory studies like the one by Fine 
et al. found that administration of 60 mEq/day of sodium chloride was significantly associ-
ated with an increase in blood pressure. The raise in systolic blood pressure was from 135 ± 19  
to 144 ± 21 and diastolic blood pressure from 77 ± 8 to 82 ± 12 mmHg, without body weight 
gain (72 ± 10 to 72 ± 11 kg) in 20 patients undergoing PD enrolled to a double-blinded cross-
over clinical trial. They concluded that patients tolerate a diet with normal sodium intake 
and does not lead to volume overload [98]. Nevertheless, salt restriction in these patients 
has been widely recommended for adequate maintenance of volume status.

There is no gold standard for assessing dietary salt intake in PD patients. The tools used for 
the evaluation are food diaries, 24-h reminders, consumption frequency questionnaires, and 
urine analysis for 24 h. The limitations of these tools include variation in day-to-day sodium 
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such as urea, are also important [78]. However, there is a relationship between comorbid 
states that lead to an elevated mortality and the rapid transport of solutes [79].

Patients in PD with rapid peritoneal transport have reduced ultrafiltration, increased glucose 
absorption, and albumin loss in the dialysate. This phenomenon induces fluid overload, hyper-
tension, dyslipidemia, and malnutrition, along with increased mortality. In addition, systemic 
vascular disorders observed in DM, hypertension, atherosclerosis, sepsis, and smoking con-
tribute to survival deterioration in these patients; vascular and endothelial disorders are closely 
related to malnutrition-inflammation-atherosclerosis syndrome [80]. By its own, this syndrome 
can explain the high mortality rate observed in patients with rapid peritoneal transport [81].

The rapid transport of solutes at the beginning of PD is closely associated with genetic, inflam-
matory, and structural factors of the peritoneal membrane [82]. The clinical consequences of 
these alterations are CVD, metabolic disturbances of glucose and lipids, hypoalbuminemia, 
and malnutrition. In order to treat adequately patients with rapid solute transport, it is neces-
sary to improve their comorbidities and modify their dialytic solutions with better osmotic sub-
stances different from glucose, as well as dialysis modalities that optimize ultrafiltration [60].

1.5.1. Ultrafiltration failure

Peritoneal transport dysfunction is usually associated with ultrafiltration failure (UF) or defi-
cit. Ultrafiltration failure is defined by the Society of Peritoneal Dialysis as the impossibility 
to maintain a stable dry weight in spite an adequate fluid restriction, and the total ultrafiltra-
tion volume is less than 400 mL after two or more hypertonic dialytic exchange with at least 
4 h inside the peritoneal cavity using dextrose solution of 3.86% [83]. The prevalence of UF 
increases with duration of PD, so that 30–50% of patients with PD develop UF, many patients 
abandon PD due to UF, and dropout increases depending on the type of PD. It has been 
reported up to 3% of dropouts during the first year and 31% after the next six years [59, 84].

There are four ultrafiltration failure causes:

• Type I, due to an increase of the effective peritoneal surface with increase in solute trans-
port. It appears in the acute phase of peritonitis episodes associated to PD and is character-
ized by an early recovery after 30 days [85].

• Type II is characterized by a reduced effective peritoneal surface with irreversible perito-
neal involvement due to peritoneal adhesions or sclerosing peritonitis secondary to previ-
ous surgical scars or repetitive bacterial peritonitis [86].

• Type III is due to the increased rate of peritoneal lymphatic reabsorption [87].

• Type IV, also known as transcellular UF, is the most recently described and illustrated by a 
cellular dysfunction or disruption of aquaporins in the cellular wall [88].

Some mechanical problems should be discarded if fluid overload is suspected: lost from dial-
ysate fluid due to herniation or history of multiple abdominal surgeries, poorly positioned 
catheters secondary to migration of the original catheter, inadequate placement during the 
surgical procedure, and abdominal adhesions from previous surgeries [89].
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The functional study of the peritoneal membrane is useful to guide the prescription of PD, 
predict the response of standard exchanges, and diagnose ultrafiltration disturbances during 
PD treatment. Knowing the pathophysiological mechanisms can help determine the underly-
ing etiology of UF to ensure prompt actions that can help preserve peritoneal membrane for 
longer periods [90].

1.6. Salt restriction and volume status

Salt is an ionic component composed of sodium chloride (60% chloride and 40% sodium), 
with a molar mass of 58,433 g/mol. Sodium is an essential nutrient for the correct functioning 
of nerves and muscles, as well as water self-regulation and fluid balance. Salt is widely used 
to preserve processed foods, cooking, and seasoning. Processed foods have higher amounts 
of salt than natural foods, such as meats, fruits, and vegetables, which have a significant 
impact on a higher daily intake of sodium derived from the consumption of these foods [91]. 
Excessive salt intake stimulates thirst and promotes water intake, which contributes to fluid 
overload and hypertension [92]; therefore, a common strategy for patients with ESRD is salt 
and water restriction. In patients with PD, the salt balance can be improved by different strat-
egies, among them the reduction in dietary intake, the use of diuretics to increase urinary 
secretion, and the increase of extraction by peritoneal ultrafiltration. The appropriate salt 
intake is the first treatment option for proper maintenance of the volume state [93]. The rec-
ommendation according to the Cardiovascular and Metabolic Guidelines of the International 
Society for Peritoneal Dialysis is to reduce intake to <2 g of sodium or <5 g of salt per day 
[94]. The lack of adherence to these recommendations is an important cause of fluid gain in 
patients undergoing PD [95].

Although at the beginning of PD excessive ingestion of salt and liquids is not usually a 
problem due to the preservation of residual renal function, as renal function decreases, it is 
imperative to advise patients to decrease salt and water intake [96]. The advice of diet salt and 
water restriction in patients with PD leads to a decrease in body weight of 2.8 ± 0.5 kg and con-
sequently to a reduction of blood pressure from 158.2 ± 17.0/95.7 to 119.7 ± 16.0/77.9 mmHg, 
in addition, a decrease in CTR from 48.0% ± 5.6% to 42.9% ± 4.5%. The role of salt and water 
restriction for the management of volume overload is highlighted due to the impact on the 
maintenance of volume status in patients with PD, which makes it fundamental for the ade-
quate control of volume status [97]. However, some contradictory studies like the one by Fine 
et al. found that administration of 60 mEq/day of sodium chloride was significantly associ-
ated with an increase in blood pressure. The raise in systolic blood pressure was from 135 ± 19  
to 144 ± 21 and diastolic blood pressure from 77 ± 8 to 82 ± 12 mmHg, without body weight 
gain (72 ± 10 to 72 ± 11 kg) in 20 patients undergoing PD enrolled to a double-blinded cross-
over clinical trial. They concluded that patients tolerate a diet with normal sodium intake 
and does not lead to volume overload [98]. Nevertheless, salt restriction in these patients 
has been widely recommended for adequate maintenance of volume status.

There is no gold standard for assessing dietary salt intake in PD patients. The tools used for 
the evaluation are food diaries, 24-h reminders, consumption frequency questionnaires, and 
urine analysis for 24 h. The limitations of these tools include variation in day-to-day sodium 
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intake, errors related to memory lapses, patient motivation, false perception of diet, difficulty 
in measuring salt use, over-/under-collection of urine, among others [99].

Urine 24-h sodium determination does not reflect the current sodium intake in patients 
with PD, since the elimination of sodium occurs through urine and dialysate. In addition, 
the removal of sodium from the dialysate depends on the convection through the peritoneal 
membrane, so it cannot reflect the current sodium intake in these patients [100, 101]. The mea-
surement of total sodium withdrawal during dialysis adequacy assessment might be a simple 
and effective method of estimating sodium ingestion in patients with PD. Total sodium with-
drawal during dialysis adequacy assessment may be a simple and effective method to esti-
mate sodium intake [102]:

  Sodium intake  (mg /  dL)  = 15.64 × total sodium withdrawal  (mEq /  d)  + 646  (1)

For example, a sodium intake of 2000 mg would correspond to a total sodium removal of 
approximately 87 mEq/d [102].

In a cohort of 305 PD incident patients, Dong et al. reported that low sodium ingestion was 
significantly associated with nutrient deficiency and poor muscle reserve and an independent 
predictor for mortality. It is necessary to consider whether salt restriction in the diet would 
improve outcomes in patients with low calorie and protein intake [100].

A correct nutritional advice can achieve a decrease in salt intake, minimizing processed foods 
and avoiding salt in food preparation. Certain strategies to reduce salt ingestion can be useful 
to improve the taste of food, such as substitution with flavor enhancers like pepper, paprika, 
curry, thyme, and oregano; also changing to salt substitutes, which contain potassium chlo-
ride in patients who do not require potassium restriction [103]. An advantage of salt sub-
stitutes compared to flavor enhancers is that the former have a higher salty taste, but the 
disadvantage is the risk of hyperkalemia [104].

Finally, another strategy is to prepare a diet containing 2 g of sodium (88 mM NaCl), by allow-
ing to add 1/3 of tablespoon of salt for each meal during that day. It is worth noting the impact 
of salt intake on patients with PD. Therefore, under this context, the previously mentioned 
strategies to maintain a low ingestion of salt in the diet could help to avoid a deficit in the 
consumption of nutrients and the maintenance of the state of volume.

2. Conclusions

The incidence and prevalence of ESRD are increasing, making the need for PD necessary as a 
demanding RRT for patients with CKD. The main morbidity and mortality cause in patients with 
CKD is still primarily due to CVD. It is important to start an early approach to fluid overload 
by performing and interpreting different assessments, such as echocardiography, PET, UF test, 
and an adequate food survey for the identification of factors that contribute to poor adherence to 
dietary recommendations in water and saline intake. Fluid overload is an important cause for hos-
pital admissions; thus, clinicians must have this in mind for the early identification of the causes 
of cardiac decompensation, besides attending the individual disorders of each patient with PD.
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Abstract

The aim of this study was to analyze the relationship between satisfaction with life in gen-
eral and the sociodemographic and emotional factors and components of quality of life 
in people with chronic kidney disease undergoing hemodialysis. A cross-sectional and 
correlational study was performed on a sample of 171 people with chronic kidney disease 
in two hemodialysis units at a Clinic in Lisbon between May and June 2015. Subjective 
wellbeing (personal wellbeing index) is positively related with subjective happiness, pos-
itive affect, and quality of life and is negatively associated with negative affect. Subjective 
happiness, negative affect, and the physical component of quality of life influence subjec-
tive wellbeing. These conclusions can assist us in understanding that people with chronic 
kidney disease (CKD) encounter greater feelings of wellbeing, mainly related to pleasant 
affect (subjective happiness and positive affect).

Keywords: subjective wellbeing, emotion, quality of life, chronic renal insufficiency, 
renal dialysis

1. Introduction

Due to its prevalence, chronic kidney disease (CKD) has been recognized as an important 
public health problem [1].
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distribution, and reproduction in any medium, provided the original work is properly cited.
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Abstract

The aim of this study was to analyze the relationship between satisfaction with life in gen-
eral and the sociodemographic and emotional factors and components of quality of life 
in people with chronic kidney disease undergoing hemodialysis. A cross-sectional and 
correlational study was performed on a sample of 171 people with chronic kidney disease 
in two hemodialysis units at a Clinic in Lisbon between May and June 2015. Subjective 
wellbeing (personal wellbeing index) is positively related with subjective happiness, pos-
itive affect, and quality of life and is negatively associated with negative affect. Subjective 
happiness, negative affect, and the physical component of quality of life influence subjec-
tive wellbeing. These conclusions can assist us in understanding that people with chronic 
kidney disease (CKD) encounter greater feelings of wellbeing, mainly related to pleasant 
affect (subjective happiness and positive affect).

Keywords: subjective wellbeing, emotion, quality of life, chronic renal insufficiency, 
renal dialysis

1. Introduction

Due to its prevalence, chronic kidney disease (CKD) has been recognized as an important 
public health problem [1].

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



It has high economic implications in health systems and is also an independent risk factor for 
cardiovascular disease (CVD) [2]. All six stages of CKD [3] are associated with the increased 
risk of cardiovascular morbidity, premature mortality, and/or decreased quality of life (QoL) 
[2, 3].

CKD has an estimated prevalence of 11–13%, mostly related with stage 3 [2]. In the United 
States in 2012, its prevalence in stages 3–4 was about 6.9% (5.5–8.3) [4]. The adjusted prevalence 
of CKD in stages 1–5 varied between 3.31% (95% confidence interval [95% CI], 3.30–3.33%) in 
Norway and 17.3% (IC 95%, 16.5–18.1%) in north eastern Germany [5].

Worldwide, there are about 1.9 million people with CKD undergoing renal replacement ther-
apy [6], namely hemodialysis (HD) or peritoneal dialysis. The first is the most common treat-
ment modality [7].

HD is a treatment method usually performed in hospitals or clinics during 3–4 hours, three 
times a week [8]. This complex treatment has a high impact on the life of people with CKD. It 
requires several radical lifestyle changes that affect social and psychological functioning [9] as 
well as cause pain [7]. Therefore, it is considered a long-term treatment with significant side 
effects on the physical and mental wellbeing [10].

Health is a state of complete physical, mental, and social wellbeing and not merely the absence 
of disease or infirmity [11].

People with CKD receiving HD treatment can experience emotional instability and psycho-
logical distress, financial burdens, inadequate disease knowledge, and less social support, 
which influences their QoL [12]. CKD directly interferes in functional capacity, independence, 
and quality of life [13].

QoL and wellbeing as perceived by people with CKD are important measures of patients’ 
health outcomes [12, 14].

As stated by the World Health Organization, subjective wellbeing (SWB) is considered within 
the research community as an indicator for the evaluation of QoL [14]. It consists of a range of 
phenomena that include emotional responses, satisfaction domains, and the judgment about 
global satisfaction with life. The components of SWB are pleasant affect (e.g., joy, content-
ment, pride, affection, and happiness), unpleasant affect (e.g., guilt and shame, anxiety and 
worry, anger, stress, and depression), life satisfaction (e.g., desire to change, satisfaction with 
current life, past, and future), and a satisfaction domain (e.g., work, family, leisure, health, 
finances, and self) [15].

A study developed in Indonesia using people with CKD undergoing HD showed that sub-
jective wellbeing is directly related with the positive interpretation of the dialysis process. It 
also showed that people with CKD have happy feelings and are still able to manage negative 
emotions that arise. The negative feelings experienced by these people with CKD were anger, 
sadness, hopelessness, boredom, annoyance, and concern. The positive affects experienced 
were happiness, pleasure, gratefulness, and optimism [16].
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Despite being considered as an important indicator for the QoL in people with CKD under-
going HD, SWB is still underexplored by researchers [17]. Therefore, we found it relevant to 
explore the sociodemographic and emotional factors that influence the cognitive dimension of 
the subjective wellbeing, that is to say, the satisfaction with life in general. Therefore, our main 
goal is to analyze the relationship between satisfaction with life in general and the sociodemo-
graphic and emotional factors and components of quality of life.

2. Methods

2.1. Study design

A cross-sectional and correlational study [18], developed in two units of the Diaverum Dialysis 
Clinic in the Lisbon region, Portugal, with people with CKD undergoing HD between May 
and June 2015.

2.2. Subjects and setting

The inclusion criteria defined for the population were people undergoing HD routinely for at 
least 6 months and aged 18 years or over. Exclusion criteria were people with cognitive impair-
ment and active psychiatric illness. Information regarding these conditions was obtained through 
medical records, 253 people with CKD met the eligibility criteria (139 in clinic 1 and 114 in clinic 2).

A simple random sample of 171 people undergoing HD was selected from the dialysis clinics, 
93 of clinic 1 and 78 of clinic 2.

2.3. Procedures

Approval was received from the ethics committees of Diaverum (Approval No 1/2015). Both 
the purpose of the study and the guaranteed confidentiality of data with the right to with-
draw without risk to oneself were explained to the people with CKD. Informed consent was 
therefore obtained from those who met the inclusion criteria and agreed to participate.

Interviews were performed by five trained nurses during the HD session.

One of the researchers met with these nurses to explain the objectives and how to collect the 
data, followed by a written roadmap to assist in completing the data collection instruments.

Data were collected through a sociodemographic and health information questionnaire (age, 
gender, nationality, education, occupation, marital status, dialysis sessions length, presence 
of hypertension, and diabetes), the subjective happiness scale (SHS) [19–21], the satisfaction 
with life in general (SWLG), the personal wellbeing index (PWI) [22, 23], the Portuguese ver-
sion of positive and negative affect schedule (PANAS) [24–26], and the 12-item short form 
health survey (SF-12) [27, 28].

Retrospective license was obtained for the use of SF-12 (license No QM030904).
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2.4. Outcomes measurement

The SHS [18] consists of four items; in items two and three, participants are asked to self-char-
acterize themselves compared to their peers in absolute and relative terms. Items one and four 
correspond to descriptions of happiness and unhappiness. The last item score is reversed. On 
this scale, respondents are asked to self-characterize within a visual analogue scale with seven 
positions. The scale is based on two antagonistic statements, which express the level of hap-
piness or lack of it [19, 20]. The Portuguese version in people with CKD shows a single factor 
with an internal reliability with a Cronbach’s α of 0.90 [21].

The PWI [22] consists of seven domains of the overall measure of life satisfaction (satisfac-
tion with standard of living, health, personal development, personal relationships, sense of 
security, connection to the community, and security for the future). For each statement, the 
respondents are asked to classify their satisfaction within a scale from zero (extremely dis-
satisfied) to 10 (very satisfied) with a neutral intermediate position. The PWI is calculated on 
a rating ranging from zero to 100 (maximum percentage of the scale) [22, 23]. The Portuguese 
version in people with CKD revealed the existence of a single factor, with an internal reliabil-
ity with a Cronbach’s α of 0.82 [23].

The PANAS [24] scale was adapted and translated for the Portuguese population and consists 
of two subscales: PA and NA, with 10 items each, in which constructs are assessed on a Likert 
scale of 1–5. The respondents are asked to classify their emotions (for each of the 20 items) 
at the present time. The PA dimension is much more present than the higher score, a maxi-
mum of 50 points [25]. The study of the Portuguese version of PANAS in people with CKD 
revealed the same as the original scale, the existence of two factors, internal consistency with 
Cronbach’s α of 0.86 (in the original, α = 0.88) for the positive affect and 0.88 (in the original, 
α = 0.87) for the negative affect scale [26].

SF-12 [27] is a health questionnaire developed in the United States of America, validated 
for several countries, from different continents. It measures the perception of health-
related QoL through the use of 12 items with a resumed physical and mental component 
in which the constructs are evaluated on a Likert type scale from three to five points [27, 
28]. The version translated and adapted to Portuguese showed reliability and satisfactory 
validity [27].

2.5. Data analysis

Data were analyzed with descriptive and inferential statistics using the Statistical Package for 
Social Sciences (SPSS) 20.0 statistical software. Data obtained by SF12 were analyzed using the 
Quality Metric Health Outcomes™ Scoring Software 4.5. Descriptive statistics are reported as 
frequency, percentage, mean, and standard deviations, while inferential procedures included 
Spearman correlation coefficients and multiple linear regression. A 0.05 level of significance 
was adopted.
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3. Results

The typical characteristics of participants were male (61%), an average age of 60.2 years old 
(SD = 14.34). About 80.1% had Portuguese nationality and the remaining were from an African 
country as follows: Cape Verde 14%; São Tomé 3.5%; Angola 1.8%, and Guinea 0.6%. On what 
concerns the educational level, 3.6% were illiterate, 42.3% had the 4th grade, 18.5% the 6th 
grade, 14.9% the 9th grade, 11.8% the 12th grade, and 8.9% have completed higher education. 
Regarding their marital status, 56.5%were married, 26.5% were single, 11.2% widowers, and 
5.8% were divorced. About 76.7% were retired, only 23.3% had a regular professional activ-
ity. Concerning health data, the subjects were undergoing HD for about 72.17 months (±54.2), 
62.1% had hypertension, and 27.1% had diabetes.

Portuguese people with CKD had the higher score for satisfaction with life in general (p = 0.015), 
compared with the remaining population (Cape Verde, São Tomé, Angola, and Guinea).

Table 1 shows both sociodemographic and clinical factors related with CKD, which are asso-
ciated to satisfaction with life in general/personal wellbeing index.

Satisfaction with life in general/personal wellbeing index has a mean score of 64.7% (±18.2%). 
Mean scores for the other variables are as follows: subjective happiness 19.9 (±5.9), posi-
tive affect 24.9 (±8.5), negative affect 14.2 (±6.1), physical component summary SF-12 41.1% 
(±9.2%), and mental component summary SF-12 com 47.2 (±10.7%) (Table 2).

Table 3 shows that the personal wellbeing index is positively correlated with subjective hap-
piness (ρ = 0.605, p < 0.001), positive affect (ρ = 0.328, p < 0.001), physical component sum-
mary SF-12(ρ = 0.470, p < 0.001), and mental component summary SF-12 (ρ = 0.319, p < 0.001). 
However, it presents a low negative correlation with the negative affect (ρ = −0.161, p < 0.05). 
Higher scores on the personal wellbeing index are associated with higher levels of subjective 
happiness, positive affect, physical component summary SF-12, and mental component sum-
mary SF and lower levels of negative affect.

Subjective happiness shows a significant positive correlation with the positive affect (ρ = 0.415, 
p < 0.001), physical component summary SF-12(ρ = 0.326, p < 0.001), and mental component 
summary SF-12 (ρ = 0.287, p < 0.001). Nevertheless, it shows a lower negative correlation with 
the negative affect (ρ = −0.126, p < 0.01). When subjective happiness values increase, positive 
affect, physical component summary SF-12, and mental component summary SF also increase. 
Simultaneously, negative affect values decrease.

Positive affect shows a significant positive correlation with the physical component summary 
SF-12 (ρ = 0.190, p < 0.01) and a mental component summary SF-12 (ρ = 0.166, p < 0.01).

Negative affect shows a significant negative correlation with the mental component summary 
SF-12 (ρ = −0.271, p < 0.001).
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The physical component summary SF-12 shows a lower positive correlation with the mental 
component summary SF-12 (ρ = 0.181, p < 0.01).

The adjusted R2 for the model was 46.6% with subjective happiness, negative affect, and physical 
component summary SF-12 that consistently contributed as best predictors of satisfaction with 
life in general/personal wellbeing index. The resulting R2 were statistically significant at the 
p < 0.00 and p < 0.05 levels.

Satisfaction with life in general/personal 
wellbeing index

p-Value

Gender

Male 64.2 ± 18.0 p = 0.779

Female 64.8 ± 18.1

Age

Under 63 years 66.5 ± 17.1 p = 0.060

More than 63 years 62.6 ± 18.9

Nationality

Portuguese
Other

70.5 ± 15.9

63.2 ± 18.3

p = 0.015

Professional activity

Retired 64.4 ± 19.0 p = 0.364

Active 66.8 ± 15.4

Marital status

Single 67.4 ± 18.2 p = 0.134

Married 64.9 ± 17.5

Other 59.5 ± 18.9

Arterial hypertension

No 67.6 ± 18.1 p = 0.177

Yes 62.9 ± 17.9

Diabetes

No 66.0 ± 18.4 p = 0.080

Yes 60.1 ± 16.5

Hemodialysis time

Less than 5 years 65.7 ± 17.3 p = 0.937

More than 5 yeas 63.4 ± 19.0

Table 1. Sociodemographic and clinical factors associated to satisfaction with life in general. Lisbon, Portugal (2017).
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Both subjective happiness and physical component summary SF-12 have a positive effect on 
satisfaction with life in general (respectively, β = 0.426, p < 0.001; β = 0.310, p < 0.001). However, 
negative affect has a negative effect on satisfaction with life in general (β = −0.121, p < 0.05).

4. Discussion

This study is aimed at examining the relationship between satisfaction with life in general and 
the components of quality of life, sociodemographic characteristics, and emotional factors.

Range Minimum Maximum Mean Standard 
deviation

1. Satisfaction with life in general/personal 
wellbeing index

0–100 6.3 100 64.7 18.2

2.Subjective happiness 4–28 4 28 19.9 5.9

3.Positive affect 10–50 10 44 24.9 8.5

4.Negative affect 10–50 10 40 14.2 6.1

5. Physical component summary SF-12 0–100 17.3 63.2 40.1 9.2

6. Mental component summary SF-12 0–100 21.6 66.1 47.2 10.7

Table 2. Mean and standard deviation for the different variables. Lisbon, Portugal (2017).

1 2 3 4 5 β t

Constant 1.035

1. Satisfaction with life 
in general/personal 
wellbeing index

2. Subjective happiness 0.605‡ 0.426 6.422‡

3. Positive affect 0.328‡ 0.415‡ 0.,086 1.378

4. Negative affect −0.161* −0.126† 0.084 −0.121 −2.006*

5. Physical component 
summary SF-12

0.470‡ 0.326‡ 0.190† 0.100 0.310 5.121‡

6. Mental component 
summary SF-12

0.319‡ 0.287‡ 0.166† −0.271‡ 0.181† 0.093 1.520

Sample size = 171, Adjusted R2 = 0.466, F = 30.637‡

*Significance p < 0.05,
†Significance p < 0.01,
‡Significance p < 0.001.

Table 3. Regression for personal wellbeing index with other variables and correlations. Lisbon, Portugal (2017).
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Our findings are in line with the literature on the effects of HD on the life of people with CKD 
and factors associated with reduced wellbeing.

On what concerns sociodemographic factors, differences were only found in people with 
CKD of a different nationality. This may be explained by cultural differences, as people with 
CKD from foreign countries may experience social integration difficulties.

The economic level of countries generally influences all indicators of health and quality of 
life; however, the SWB in higher income countries is affected by other factors such as income 
inequality, social welfare, individualism, democracy and freedom, social capital, and physical 
health [29]. These data are reinforced by the results of a study, which report that the economic 
level of people negatively affects the SWB in both low income and high income countries [30].

As already mentioned, there is a scarcity of literature concerning wellbeing in people 
with CKD. Our study confirmed lower scores for GWLS in people with CKD (64.7 ± 18.2). 
Similarly, the Australian study with people with end-stage kidney disease got an average 
PWI of 64.7 ± 19.2 and of 74.8 ± 15.7 for the general population [17]. Lower SWB may cause 
adverse health behaviors in people with CKD. In a study involving people living with HIV, it 
was suggested that reduced SWB increased the risk of medication nonadherence [31]. Future 
studies should explore the relationship between wellbeing, adherence to medication, food, 
and physical activity levels. This association can allow the development of individualized 
interventions that promote wellbeing in the hemodialysed population and impact on other 
domains of the personal and social life of these people.

The mean scores for all domains of QoL for people with CKD were considerably below the 
general population norms. Similar results were found in an Irish study on the QoL of people 
with CKD undergoing HD treatment [32].

Our main finding is that happiness, pleasant affect, physical, and mental components of QoL 
are significantly higher in people undergoing HD who got higher scores for the personal well-
being index/satisfaction with life in general. Subjective happiness and physical components of 
QoL are those that contribute the most for the overall life satisfaction. On the other hand, nega-
tive affect has a significant negative association and influences satisfaction with life in general.

The association between quality of life, morbidity, and mortality has already been explored 
in previous studies [17]. Chida and Steptoe [33] described SWB as a significant and indepen-
dent variable predicting increased survival times in CKD. Our study shows the importance of 
evaluating the components of SWB in people with CKD undergoing HD treatment. It allows 
us to examine the influence of both emotional components (subjective happiness and negative 
affect) and physical components of QoL, in cognitive dimension of SWB (satisfaction with life 
in general/personal wellbeing index).

4.1. Limitations

There are some limitations in this study. Our results are based on a cross-sectional design 
that may limit the discussion of a cause-effect relationship between SWB and the variables. 
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Also, both clinics involved in the study are in the same region influencing sociodemographic 
characteristics and preventing the generalization of conclusions. Data collection environment 
(HD room) can lead to distraction in people with CKD. However, others studies [34, 35] were 
conducted in the same conditions, which do not seem to affect the results. Questionnaires 
were self-reported or by interview, so some might have given socially accepted answers that 
could lead to response bias. Finally, the small sample size might have limited the validity of 
the results. Therefore, a study with a larger sample might have more statistical meaning in 
examining associations between variables.

4.2. Implications for practice

Nursing professionals have an important role in the promotion of wellbeing and quality of 
life. The SWB measured by the PWI is an important element in QoL [17]. This study results 
suggest that people with CKD with higher levels of subjective happiness and quality of life 
(mental and physical component) also have higher levels of SWB. Thus, these results may 
help future interventions related to the wellbeing of people with CKD, aimed at improving 
nurse training for the identification and monitoring of these dysfunctional behaviors. Nurses 
will be boosted to optimize patient health outcomes.

Depressive symptoms in people with CKD are associated with decreased quality of life [36] 
and decreased wellbeing [17]. Dialysis nurses should therefore be encouraged to increase 
people with CKD’s happiness through the integration of laughter yoga [37], the Fordyce’s 
happiness program [38], and the visualization of humor films [39], during dialysis sessions. 
This intervention will improve both people with CKD’s wellbeing and health outcomes, such 
as quality of life, affect, and depressive symptoms.

5. Conclusion

Our results show that SWB (personal wellbeing index) is positively related with subjective 
happiness, positive affect, and quality of life and is negatively associated with negative affect. 
Subjective happiness, negative affect, and the physical component of quality of life influence 
SWB. These conclusions can assist us in understanding that people with CKD encounter greater 
feelings of wellbeing, mainly related to pleasant affect (subjective happiness and positive affect).

This study has confirmed that SWB is lower in people with CKD than in the general popula-
tion, though this is partly explained by the negative affect. However, SWB increases when both 
subjective happiness perception and quality of life increase. These conclusions can assist us in 
understanding that people with CKD encounter higher feelings of wellbeing, not only related to 
pleasant affect (subjective happiness and positive affect) but also to many other aspects of QoL.

Future studies should be performed in people undergoing HD that demonstrate the effect of 
interventions on cognitive and emotional variables of the SWB, as is the case of the visualiza-
tion of humor films.
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Known worldwide, chronic kidney disease (CKD) is a disease that affects up to 
4% of the population with increasing figures also in the developing countries. Life 

expectancy of patients affected by CKD is shortened compared to the overall 
population, and only a minority of patients reach end-stage renal disease (ESRD) with 

the need for dialysis or renal transplantation; death overtakes dialysis. 

In the 13 chapters, this book sheds light on the different aspects related to 
pathophysiology and clinical aspects of CKD, providing interesting insights into not 

only inflammation and cardiovascular risk but also the interplay of hormones and the 
functional aspects of endothelial function. In addition, chapters dealing with genetic 

aspects of polycystic kidney disease and also the clinical handling of patients with 
CKD and peritoneal dialysis will be beneficial for the open-minded reader.
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