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Cardiovascular Disease and Atherosclerosis 

Cardiovascular disease (CVD) is a general term describing conditions affecting heart and blood 

vessels. There are 4 main manifestations of CVD: coronary artery disease, cerebrovascular 

disease, peripheral artery disease and aortic atherosclerosis1. CVD is a leading cause of death 

world-wide with most common major adverse cardiovascular events being myocardial 

infarction, stroke, unstable angina, heart failure and cardiovascular mortality2. 

Atherosclerosis is the most common form of CVD and a major cause for myocardial infarction, 

heart failure and stroke. It is a chronic inflammatory condition characterized by thickening of 

arterial wall due to accumulation of lipids, cholesterol, inflammatory cells, and other 

components in the subendothelial space3. Atherosclerotic plaque can be classified into 8 types 

based on the progression of the disease: intimal thickening, intimal xanthoma (or “fatty 

streak”), pathological intimal thickening, thick fibrous cap atheroma, thin fibrous cap 

atheroma (vulnerable to plaque rupture), calcified nodule, fibrous or fibrocalcific plaque, 

intraplaque hemorrhage, and plaque erosion with a luminal thrombus4. 

One of the starting mechanisms of atherosclerosis development is activation of endothelial 

cells that leads to expression of adhesion molecules (e.g. vascular cell adhesion molecule-1, 

VCAM-1) and causes mononuclear leukocytes, such as monocytes and T-cells, to attach and 

penetrate into the intima5. In the intima, monocytes encounter factors such as macrophage 

colony-stimulating factor (M-CSF) and differentiate into macrophages. Low density lipoprotein 

(LDL) particles from the circulation are small enough to penetrate the endothelial layer and 

leak into the intima at the earliest stages of atherosclerosis where they can bind to the 

proteoglycan matrix and undergo further modification, e.g. oxidation, forming oxLDL6. 

Differentiated macrophages come in contact and take up modified LDL particles through 

scavenger receptors or phagocytosis of aggregated particles that gives rise to cholesterol-

laden macrophages, otherwise known as foam cells. Often, foam cells lose the ability of 

cholesterol efflux and undergo apoptosis or necrosis contributing to the formation of a 

necrotic core. This way necrotic core of the plaque accumulates esterified cholesterol, 

cholesterol crystals, and cell debris and can decrease plaque stability, i.e. a higher risk of 

rupture3. Additionally, oxLDL particles activate inflammatory response and induce reactive 

oxygen species (ROS) production by the macrophages that further contribute to the plaque 

vulnerability7. 

Cardiorenal Syndrome 

As defined by Kidney Disease: Improving Global Outcomes (KDIGO) organization, chronic 

kidney disease (CKD) is characterized by structural or functional abnormalities of the kidneys 

that have been present for more than three months and have a particular impact on health8. 

CKD constitutes a huge medical and financial burden for society with the estimated prevalence 

of 13.4% globally9. It is a “silent” disease that is often left unrecognized until later stages. 

Assessment of the severity of CKD condition is based on the estimated glomerular filtration 
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rate (eGFR; mL/min per 1.73 m2) and is classified into six stages: G1 (eGFR≥ 90), G2 (eGFR= 60 

– 89), G3A (eGFR= 45 – 59), G3B (eGFR= 30 – 44), G4 (eGFR 15 – 29), and G5 (eGFR< 15)10. All-

cause mortality rates are shown to increase with eGFR decline with relative death odds ratios 

reaching 4.411. A clear nonlinear relation between the eGFR and the risks of cardiovascular 

events was demonstrated by Go and colleagues12. The relation was especially evident for 

patients with stage 3b – 4 renal disease with the number of cardiovascular events reaching 

36.6 per 100 persons per year. A study conducted on 462 293 adults in Taiwan demonstrated 

a significant association of chronic kidney disease with all cause and cardiovascular mortality 

with CKD patients showing 100% higher mortality rate from cardiovascular diseases compared 

to normal kidney function population 13. Later, collaborative meta-analysis studies confirmed 

independent association of reduced kidney function and proteinuria with increased all-cause 

and cardiovascular mortality risks and identified adjusted hazard ratio of 3.1 for all-cause 

mortality in patients with severe CKD (eGFR= 15) compared to those with normal eGFR 14,15. 

Thus, it might be claimed CKD to be assessed as one of the strongest risk factors for CVD 

development16. 

The relation between kidney disease and CVDs described above is cumulatively known as 

cardiorenal syndrome (CRS). There are five types of CRS described depending on the initiation 

of the disease17. Under the scope of this thesis, we focus on type 4 or Chronic renocardiac 

syndrome, which is characterized by increased cardiovascular morbidity and mortality in 

patients with CKD. 

Postmortem studies have shown increased coronary artery disease in kidney insufficiency 

patients compared to non-CKD with greater media thickening and presence of medial 

calcification18–20. In living patients, angiographic studies confirmed that reduced kidney 

function significantly associates with vascular disease severity independently of other risk 

factors21–23. Additionally, coronary artery calcium score increases with the decline of eGFR23,24 

and significantly associates with obstructive atherosclerosis25. Plaques of patients with CKD 

also exhibit higher lipid index, prevalence of calcium, cholesterol crystals, and disruption 

compared to non-CKD population26. Finally, NEFRONA study that involved 2445 patients with 

eGFR <60 and 559 with normal kidney function confirmed higher prevalence of atherosclerotic 

disease in CKD population that correlated with the CKD severity27. 

Described underlying mechanisms of kidney disease associated with CVD include 

neurohormonal dysregulation (e.g. renin–angiotensin–aldosterone system and sympathetic 

nervous system activation), anemia, oxidative stress, chronic inflammation, increase in uremic 

toxins and protein-bound toxins28. These factors, in turn, lead to cardiac hypertrophy and 

dysfunction, endothelial dysfunction, increased inflammation, fibrosis, apoptosis, vascular 

calcification, protein damage and, as a result, increased atherosclerosis and plaque instability. 
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Atherosclerosis-associated Factors in CKD 

There is a number of factors that contribute to the elevated risk of atherosclerosis in patients 

with CKD. These include, but are not limited to, abnormalities in lipid particles, increased 

inflammation, calcification, rise in uremic toxins blood levels, etc. (Figure 1) and are described 

in more detail below. 

 

 

Figure 1. Simplified representation of a healthy artery wall (left image) in case of normally functioning kidneys 

and an artery affected by atherosclerosis (right image) in case of kidney insufficiency. Depicted are healthy 

(yellow) and modified (green) lipid particles; healthy proteins (e.g. Klotho) interacting with artery epithelium 

(black dots, left); monocytes (left), activated macrophages (right), uremic toxins (black specs, right); as well as 

calcification (purple), lipid core (yellow) and foam cells (circles) within the atherosclerotic plaque (right image). 

 

Plasma lipids 

It is worth mentioning that CKD patients do not exhibit particular pro-atherogenic changes in 

their blood lipid levels, while LDL cholesterol levels were in fact a lower cardiovascular risk 

predictor in CKD compared to general population29. However, structural and chemical changes 

of the plasma components in CKD condition might explain the higher atherogenic profile in 

this population. For instance, kidney function decrease was shown to affect LDL and HDL 

particle size and lipid composition with increased triglycerides and decreased cholesterol 

content30. HDL particles in CKD condition lose their antioxidative, anti-inflammatory, and 

vasoprotective properties and show decreased ability to promote cholesterol efflux from 
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macrophages (reviewed31). Moreover, proteins of the lipid particles are subjected to 

numerous post-translational modifications in patients with CKD, such as chlorination, 

oxidation, and carbamylation, which renders them dysfunctional and can cause undesirable 

effects on cellular homeostasis, e.g. induce inflammatory response, cell proliferation, foam 

cell formation and ROS production7,32–35 (Chapter 3). 

Inflammation and oxidative stress 

Besides augmented plasma lipid profile, patients with CKD also demonstrate higher levels of 

systemic inflammation with increased number of activated monocytes (CD14+CD16+) in the 

circulation, increase in inflammation-triggered reactive oxygen species, and higher levels of 

circulating pro-inflammatory cytokines (e.g. interleukin 6 and 18) and c-reactive protein 

(CRP)36–41. CRP, in turn, was associated with the presence of atherosclerotic plaques in this 

population27. Moreover, increased levels and oxidative activity of myeloperoxidase (MPO) in 

CKD patients was shown to lead to increased protein damage and oxidative stress facilitating 

development of vascular disease39,42. 

Additionally, the disruption of the anti-inflammatory and anti-oxidative mechanisms, e.g. 

decrease in superoxide dismutases and glutathione peroxidases activity and loss of soluble 

Klotho protein, seen in the CKD population significantly contributes to the development of 

CVD in these patients (reviewed43 as well as discussed in Chapter 4).  

Calcification 

Vascular calcification is known to be more progressive and severe in patients with CKD 

compared to non-CKD44–46. Patients with CKD show signs of both medial and intimal 

calcification. Medial arterial calcification is characterized by accumulation of calcium 

phosphate deposits along the tunica media layer of the arterial wall. It is associated with 

elastin degradation, extracellular matrix remodeling events, and, as a result, increased arterial 

stiffening which is a marker and contributor to cardiovascular disease47. On the other hand, 

intimal calcification takes place at the tunica intima of the vessel wall and is associated with 

disrupted lipid metabolism, chronic inflammation, vascular smooth muscle cells (VSMC) 

remodeling and, consequentially, with atherosclerosis44. Intimal calcification can be further 

classified into different types according to its location and size, which show different effects 

on plaque stability. For instance, microcalcification (0.5–50 μm crystals), depending on its 

localization, might induce plaque vulnerability and rupture48,49. 

In case of CKD, there are multiple factors that trigger initiation of vascular calcification such as 

inflammatory cytokines, uremic toxins, and disruptions in calcium-phosphate balance50. In 

addition, as already mentioned, loss of protective factors and rise in calcification facilitating 

factors seen in CKD patients also contributes to augmented vascular calcification. For example, 

soluble Klotho levels decrease already at the early stages of CKD which causes an increase in 

circulating phosphate levels and thereby enhances vascular calcification (discussed in Chapter 

4, this thesis). Another example is increased expression of cyclin-dependent kinase 5 (CDK5) 
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observed in kidneys of patients with diabetic nephropathy, a leading cause of CKD51. CDK5 was 

shown to promote renal fibrosis as well as inflammation52,53 and, as demonstrated in Chapter 

5 of this thesis, exacerbate plaque calcification and severity in mice. 

Uremic toxins 

Uremic toxins, by definition, are molecules that are normally excreted by the kidneys, their 

concentration is elevated in case of kidney insufficiency, and there is a clear demonstrated 

relationship between their levels and any manifestations of the uremic syndrome54,55. There 

are currently more than 150 known uremic toxins, which are generally divided into three 

groups, based on European Uremic Toxins Work Group (EUTox)56 classification, according to 

their physicochemical characteristics: small water-soluble compounds (e.g. urea); middle 

sized molecules (e.g. β2-microglobulin); and protein-bound uremic toxins (PBUTs; e.g. indoxyl 

sulfate)57. Certain uremic toxins, such as indoxyl sulfate and p-cresyl sulfate, demonstrate 

clear profibrotic, proinflammatory and oxidative stress-inducing properties linking them to the 

development of atherosclerosis58–60. They are also shown to be associated with increased risk 

for cardiovascular and all-cause mortality in CKD patients in several clinical trials61–63. A huge 

fraction of these compounds is protein-bound which renders them especially difficult to 

remove by conventional dialysis techniques. PBUTs are further discussed in Chapter 2 of this 

thesis. 

Urea, a byproduct of protein degradation normally excreted by kidneys, is another prominent 

uremic toxin which blood levels are dramatically increased, up to 10-fold, in patients with late-

stage kidney disease64. In a recent study, even moderately elevated blood urea levels were 

shown to significantly increase adverse cardiovascular outcomes independently of other 

known factors65. Multiple in vitro studies show direct cellular toxicity of increased urea levels 

which induce oxidative stress, apoptosis, monocyte adhesion molecules expression by the 

endothelial cells, and accumulation of advanced glycation end-products64,66. Urea is also 

known to induce protein damage by causing post-translational modifications, e.g. 

carbamylation (further explained below), which, in turn, increases the risks of cardiac 

mortality in patients with CKD67,68. 

Post-translational Protein Modifications 

Post-translational modifications (PTMs) are reversible or irreversible covalent chemical 

modifications of proteins that take place after protein translation. PTMs include protein 

truncation as well as phosphorylation, acetylation, succinylation, methylation and many 

others. There are currently more than 600 known modifications69. In this way, it can be said 

that all of the synthesized proteins in the cell are modified. PTMs are crucial for proteins’ 

localization, folding, protein-protein interactions, transport, and function70. 

PTMs can be enzymatic, that is catalyzed by an enzyme, e.g. kinases, or non-enzymatic that 

happen without involvement of enzyme proteins. Phosphorylation, addition of a phosphate 

group to an amino acid, is one of the most studied enzymatic protein modifications. It most 
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commonly occurs on serine, threonine, and tyrosine residues. It is an enzymatic reversible 

modification which is mediated by a number of protein kinases and phosphatases71. 

Phosphorylation is a necessary modification for many proteins that allows them to maintain 

their function, e.g. p53 requires phosphorylation to gain its cell cycle regulating properties72. 

Non-enzymatic PTM, on the other hand, can occur when a nucleophilic or redox-sensitive 

amino acid side chain of a protein encounters a reactive metabolite73. Non-enzymatic 

modifications are common in conditions such as diabetes and chronic kidney disease when 

increased concentrations of reactive compounds in the circulation lead to glycation, oxidation 

or carbamylation of plasma proteins. This, in turn, can have devastating effects of vascular 

system and promote cardiovascular disease74. Oxidized LDL is an example of a non-enzymatic 

modifications that results from reaction between reactive oxygen species in the environment 

and amino acid residues of the apolipoprotein B (ApoB) on LDL particles75. As known from the 

oxLDL example, these modifications can have detrimental consequences for the protein 

functions and metabolism. Thus, oxLDL is known to induce endothelial disfunction, apoptosis, 

expression of monocyte-adhesive molecules, cell proliferation, inflammasome activation, as 

well as foam cell and cholesterol crystals formation76. 

Carbamylation  

Carbamylation, or carbamoylation, is a non-enzymatic, presumably irreversible, PTM that 

results from a reaction between cyanate [OCN]− and free amino groups of protein lysines, 

arginines or N-terminal domain. During this reaction, a carbamoyl moiety [−CONH2] is added 

to the protein sequence which can cause its structural and functional changes77  (Figure 2). 

The most substantial chemical effect of carbamylation is neutralization of the positive charge 

of the amino groups which might result in conformational changes of the protein and alter its 

ionic interaction properties. Lysine is the most common site of carbamylation that leads to 

formation of carbamyl-lysine, or homocitrulline, which is commonly used as a biomarker for 

carbamylation.  

There are two main sources of cyanate in the organism described so far. One is deamination 

of urea, which naturally occurs with time and gives rise to isocyanic acid, while cyanate is its 

active form. The other route of cyanate formation is through oxidation of thiocyanate, 

ubiquitously found in mammalian organism78, by MPO which is activated at the sites of 

inflammation, including atherosclerotic plaque, or due to the environmental factors such as 

air pollution and smoking79,80. Normally, healthy individuals have blood levels of isocyanic acid 

of about 45 nmol/l, while this number significantly rises in patients with uremia, up to 140 

nmol/l81. Owing to this rise, protein carbamylation rate in the circulation of CKD patients is 

drastically increased as well67,79,82. Even though the fraction of the carbamylated plasma 

proteins, such as haemoglobin and albumin, is quite low (generally <2%) it is nonetheless 

shown to be significantly associated with increased risk of cardiovascular events, all-cause and 

cardiovascular mortality67,79,83,84. 
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Figure 2. Carbamylation reaction between cyanate and amino group of a protein. MPO – myeloperoxidase. 

 

There is a plethora of evidence coming from in vitro experiments that demonstrates 

detrimental effects of carbamylation causing changes in protein conformation85,86, stability87, 

binding properties88–90, enzyme and hormone activity91–95, receptor-drug interaction96,97, and 

cellular responses98–104. Carbamylation is a relatively stable, irreversible modification which 

can accumulate over time in extracellular matrix (ECM) proteins with a long half-life and impair 

their functions77. For example, type I collagen of the ECM exhibited decreased ability to 

polymerize into regular fibrils due to carbamylation-induced destabilization at specific regions 

of its triple helix. This, in turn, affects the capacity of collagen to stimulate oxidative functions 

of neutrophils disturbing the interaction between the cells and ECM105. Additionally, it was 

shown that aortic elastin carbamylation increases its lamellae stiffness on molecular level and 

associates with increased pulse wave velocity in NaCNO treated ApoE-deficient mice106.  

Relevance of protein carbamylation was also demonstrated in the pathogenesis of 

atherosclerosis. Carbamylated LDL (carbLDL) was shown to induce endothelial cell 

proliferation and death107 as well as endothelial dysfunction by activation of the lectin‑like 

oxidized LDL receptor‑1 (LOX‑1) and subsequent activation of the pro-inflammatory NF‑κB 

signaling pathway33. In another study, carbLDL treatment led to striking proliferation of the 

vascular smooth muscle cells and increased expression of adhesion molecules ICAM-1 and 

VCAM-1108. Increase in these molecules was also demonstrated in the endothelial cells treated 

with carbLDL which resulted in enhanced monocyte adhesion109. As mentioned before, 

monocyte adhesion to the endothelial layer and subsequent transmigration has a key role in 

initiating and promoting atherogenesis. carbLDL is also effectively taken up by the 

macrophages inducing cholesterol accumulation and, therefore, foam cell formation34,79 

(Chapter 3). Carbamylation was shown to affect high density lipoproteins (HDL) as well 

attenuating their anti-oxidative and anti-inflammatory properties110. 

Taken together, these data highlight the importance of protein carbamylation in the 

pathogenesis of cardiovascular disease. However, the exact mechanisms of origins and 

consequences of it are far from being understood. For instance, it is still unclear if 
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carbamylation is a solely undesirable product of spontaneous reactions in the organism, or it 

might also have a functional purpose and thus being regulated by the cell and even reversed 

as suggested in one study by Joshi et al.111. No mechanisms of carbamylation reversion have 

been elucidated thus far. 

This thesis is aimed at shedding light on molecular processes of cardiorenal syndrome bringing 

together the pathological mechanisms of kidney disease, such as uremic toxins, protein 

modifications, and vascular calcification, and their role in cardiovascular condition. 
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Thesis Outline 

To summarize all of the above, chronic kidney disease constitutes a huge societal burden 

significantly contributing to the pool of cardiovascular morbidity and mortality. Its 

complications have a broad influence on the organism through various pathways, including 

effects on blood lipid composition, uremic retention solutes, oxidative stress and 

inflammation, disbalance in calcification regulation and protein modifications. Thus, I sought 

to elucidate further the link between the mechanisms associated with kidney insufficiency, 

such as increase in uremic toxins blood levels, vascular calcification, and protein modifications, 

and their effects on cardiovascular system and association with atherosclerosis. 

In Chapter 2, I will discuss the problem of increased levels of protein-bound uremic toxins due 

to kidney failure and the difficulties in their removal with conventional methods. For this 

purpose, I conducted a systematic review searching through two scientific literature 

databases to retrieve and analyze all reported currently available uremic toxins removal 

techniques and describing their efficacy against all known PBUTs with the aim to find the most 

effective method. 

In Chapter 3, I will focus on carbamylation in atherosclerotic plaques of CKD and non-CKD 

patients. I will describe our findings demonstrating the association between the total 

carbamylation levels and the progression of atherosclerotic plaque, which, at least partially, 

can be explained by the increase in foamy macrophages containing carbamylated LDL 

particles. 

In Chapter 4, I will touch upon another mechanism associated with uremia such as vascular 

calcification. Soluble Klotho, an important calcification regulator, was shown to be significantly 

decreased in patients with kidney insufficiency. Thus, in this review, we will discuss the 

mechanisms underlying the shedding of Klotho and the functional effects of soluble Klotho in 

CKD as well as in association with cardiovascular complications. 

In Chapter 5, I will describe the importance of cyclin-dependent kinase 5 (CDK5), another 

factor affected by kidney disease, in atherosclerosis development and calcification. In this 

paper we demonstrate that CDK5 plays a crucial role in macrophage inflammatory processes 

and cytokine regulation and, as a consequence, atherosclerotic plaque progression and 

calcification, which makes it a good target for drug development. 

Finally, Chapter 6 will summarize general findings of the thesis and discuss future 

perspectives. 
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Abstract 

Background: Protein-bound uremic toxins (PBUTs) accumulate in patients with chronic kidney 

disease and impose detrimental effects on the vascular system. However, a unanimous 

consensus on the most optimum approach for the reduction of plasma PBUTs is still lacking. 

Methods: In this systematic review, we aimed to identify the most effective clinically available 

plasma PBUT reduction method reported in the literature between 1980 and 2020. The 

literature was screened for clinical studies describing approaches to reduce the plasma 

concentration of known uremic toxins. There were no limits on the number of patients 

studied, or on the duration, or design of the studies.  

Results: Out of 1,274 identified publications, 101 studies describing therapeutic options 

aiming at the reduction of PBUTs in CKD patients were included in this review. We stratified 

the studies by the PBUTs and the duration of the analysis into acute (data from a single 

procedure) and longitudinal (several treatment interventions) trials. Reduction ratio (RR) was 

used as the measure of plasma PBUTs lowering efficacy. For indoxyl sulfate and p-cresyl 

sulfate, the highest RR in the acute studies were demonstrated for fractionated plasma 

separation, adsorption, and dialysis system. In the longitudinal trials, supplementation of 

hemodialysis patients with AST-120 (Kremezin®) adsorbent showed the highest RR. However, 

no superior method for the reduction of all types of PBUTs was identified based on the 

published studies.  

Conclusions: Our study shows that there is presently no technique universally suitable for 

optimum reduction of all PBUTs. There is a clear need for further research in this field. 
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Introduction 

Chronic kidney disease (CKD) constitutes a huge medical and financial burden for society with 

an estimated prevalence of 13.4% globally.1 The causes of CKD vary between countries with 

diabetes being the most common and accounting for 30-50% of all CKD cases.2 After diabetes, 

hypertension and glomerulonephritis constitute substantial risk factors for CKD. Patients with 

CKD have a dramatically decreased life expectancy, there is an up to 25-year reduction in life 

expectancy in the later stage of CKD compared to individuals with normal kidney function.3  

Table 1. Combined list of protein-bound uremic toxins.4–6  

Compound Group 

3-deoxyglucosone AGE 

CMPF AGE 

Fructoselysine AGE 

Glyoxal AGE 

Methylglyoxal AGE 

N6-carboxymethyllysine AGE 

Pentosidine AGE 

Homocysteine Amino acids 

Dihydroxyphenylalanine Catecholamines 

4-Hydroxyhippuric acid Hippurates 

Hippuric acid Hippurates 

p-Hydroxy-hippuric acid Hippurates 

Indican Indoles 

Indole-3-acetic acid Indoles 

Indoxyl sulfate Indoles 

Indoxyl-beta-D-glucuronide Indoles 

Kinurenine Indoles 

Kynurenic acid Indoles 

Melatonin Indoles 

Quinolinic acid Indoles 

Thiocyanate Other 

Leptin Peptides 

Retinol-binding protein Peptides 

2-Methoxyresorcinol Phenols 

Hydroquinone Phenols 

p-Cresol Phenols 

p-Cresyl sulfate Phenols 

Phenol Phenols 

Phenylacetic acid Phenols 

Putrescine Polyamines 

Spermidine Polyamines 

Spermine Polyamines 

Acrolein Reactive carbonyl compound 
Abbreviations: AGE - advanced glycation end-product; and CMPF - 3-Carboxy-4-methyl-5-propyl-2-
furanpropionate. 
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Impaired kidney function in CKD results in an accumulation of uremic toxins in the circulation. 

By definition, uremic toxins are solutes excreted by the kidneys, their concentration is 

elevated in uremia, and there is a demonstrated relationship between their levels and one or 

more manifestations of the uremic syndrome.7,8 More than one hundred solutes were 

identified in the past years9 and this number is continuously growing. Currently, the European 

Uremic Toxin Work Group (EUTox; http://www.uremic-toxins.org/) classifies uremic toxins 

into three categories: small water-soluble compounds with a molecular weight of up to 500 

Da (e.g. urea); middle sized molecules (>500 Da; e.g. β2-microglobulin); and protein-bound 

compounds, with a molecular weight mostly below 500 Da (e.g. indoxyl sulfate)4. A 

combination of listed protein-bound uremic toxins (PBUTs) investigated in three published 

reviews4–6 resulted in a total of 33 uremic compounds (Table 1.). 

In recent years, the interest in PBUTs has gained increasing attention due to their strong 

association with cardiovascular toxicity, renal fibrosis, and progression of CKD.10 Extensive in 

vitro as well as in vivo studies of indoxyl sulfate and p-cresyl sulfate, for instance, have 

revealed their profibrotic, proinflammatory and oxidative stress-inducing properties.11–13 Their 

association with increased risk for cardiovascular and all-cause mortality in CKD patients has 

also been demonstrated in several clinical trials.14–16 The protein-bound fraction of these 

retention solutes in serum is sufficiently high ranging from approximately 30% to 99%,17 which 

renders their removal by conventional membrane-based dialysis techniques, challenging. This 

has spurred the development of more advanced methods to improve the reduction of the 

PBUTs levels. Consequently, there has been an increase in clinical trials investigating potent 

high-flux dialyzers, pre- and post-dilution hemodiafiltration systems, as well as intravenous 

infusion or oral supplementation of agents with various mode of action, e.g. ibuprofen, folates 

and charcoal adsorbent AST-120 (Kremezin®; Kureha Chemical Industry Co Ltd, Tokyo, Japan). 

However, a unanimous consensus on the most optimum approach is still lacking. 

Common uremic toxins reducing strategies can be generally separated in two classes: those 

that use diffusion and/ or convection, either extracorporeally or in the peritoneal cavity, for 

uremic milieu removal; and those that utilize other more specific mechanisms to reduce 

PBUTs concentrations in plasma. The example of the former can be hemodialysis or peritoneal 

dialysis, which utilizes diffusion, and hemodiafiltration, in which case both diffusion and 

convection are used in combination. In the latter case, however, the strategy usually involves 

use of certain supplements that can be administered to the patients on dialysis. In this work, 

we describe several of these types of intervention. First, orally administered supplement AST-

120 (Kremezin®) acts by adsorbing precursor of indoxyl sulfate, indole, which is produced by 

intestinal bacteria such as E. coli form tryptophan, thus reducing indoxyl sulfate concentration 

in the blood.18 Of note, some dialysis systems also use adsorption technique in combination 

with diffusion to achieve better removal of protein-bound toxin,19–22 however in this case 

adsorption takes place in the blood extracorporeally and thus differs in the mode of action 

from the ingestible adsorbents. Another example of used supplements is synbiotic NATUREN 

http://www.uremic-toxins.org/
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G® (Farmalabor SRL), which was created to tackle the dysbiosis of gut microbiota in CKD 

patients and thus decrease the PBUTs production in the intestine.23 Intravenous infusion of 

certain supplements, such as ibuprofen, N-acetylcysteine (NAC) or mesna, during the dialysis 

procedure might also improve removal of several PBUTs.24–27 This is possible due to the 

competitive binding of the toxins and supplements to the plasma albumin, by which the 

supplements can displace the toxins from the protein making them soluble and available for 

removal by the dialysis. Additionally, plasma levels of some PBUTs can be regulated by 

targeting their metabolism, as in case of folates, which facilitate homocysteine recycling into 

methionine,25,28 and subcutaneous insulin, which can have reduced effects on leptin synthesis 

by adipocytes comparing to intraperitoneal.29 Mechanisms of action of the main strategies 

discussed in this review are summarized in Table 2. 

 

Table 2. Mechanisms of action of PBUTs reduction approaches. 

Intervention Type Mechanism 

Ibuprofen oral supplement toxins displacement from plasma protein 

AST-120 oral supplement precursor adsorption in the intestine 

Folates 
intravenous/ oral 
supplement enhancement of toxin recycling 

Mesna intravenous supplement toxins displacement from plasma proteins 

N-acetylcystein intravenous supplement toxins displacement from plasma proteins 

Insulin 
intraperitoneal 
supplement 

reduction of leptin production by 
adipocytes 

NATUREN G® oral supplement 
reduction of toxins production by gut 
microbiota 

Hemodialysis extracorporeal removal diffusion 

Hemodiafiltration extracorporeal removal diffusion and convection 

Hemofiltration extracorporeal removal convection 

Peritoneal dialysis intracorporeal removal diffusion 

Hemoperfusion extracorporeal removal adsorption 

FPAD extracorporeal removal diffusion and adsorption 
FPAD - fractionated plasma separation, adsorption, and dialysis. 

 

Due to the great variety of kidney replacement therapies as well as additional 

supplementations for dialysis patients, a comprehensive overview of the techniques available 

for the reduction of PBUTs plasma levels is of paramount importance for clinicians to facilitate 

treatment recommendations based on the individual needs of a patient. Therefore, we 

systematically reviewed clinical studies published between 1980 and 2020 that analyze the 
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different dialysis therapies with or without supplementations for the lowering of PBUT levels 

in CKD patients.  

The aim of this systematic review is to identify the most effective technique for each type of 

PBUT on the basis of the reported reduction ratios or change in PBUT plasma levels during the 

course of the treatment.  
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Material and Methods 

Search strategy  

A search was performed in two databases, MEDLINE and Embase 

(https://pubmed.ncbi.nlm.nih.gov/ and https://www.embase.com/, respectively) for 

scientific papers published in English during the time period between 01.01.1980 and 

01.02.2020. The search terms included the full compound list found in Table 1. as well as the 

following terms: (“renal replacement therapy” OR “hemodialysis” OR “hemofiltration” OR 

“hemodiafiltration” OR “peritoneal dialysis” OR “adsorption dialysis” OR “renal dialysis” OR 

“extracorporeal dialysis” OR “haemofiltration”) AND (“filtration” OR “adsorption” OR 

“clearance” OR “separation” OR “removal”). The full search query can be found in the 

Supplementary materials. 

Eligibility criteria and study selection 

The literature query in the two databases yielded a total of 1,274 articles (710 from MEDLINE 

and 564 from Embase). After duplicates removal, the titles and abstracts of 805 publications 

were assessed independently by two reviewers (V.S.K and J.J.), based on the criteria listed in 

Figure 1. Disagreements were resolved by consulting a third reviewer (S.O.A.). Clinical studies 

comparing different methods or reporting efficacy of uremic solutes plasma levels reduction 

by any renal replacement therapy (hemodiafiltration (HDF), hemodialysis (HD), hemofiltration 

(HF), peritoneal dialysis (PD), excluding kidney transplantation) with or without adsorbing or 

other types of supplements were included. There were no restrictions on sample size, study 

design or study duration. If authors published more than one paper on the same method, data 

from the most recent study was used. 

The workflow was based on the ´Preferred Reporting Items of Systematic Reviews´ (PRISMA) 

recommendations 30 and is depicted in Figure 1 together with the exclusion criteria. The 

following data was extracted from the papers: (a) name of the first author, (b) year of 

publication, (c) study design, (d) number of participants in each group, (e) participants’ age 

and gender, (f) duration of the intervention, (g) technique used, (h) studied PBUTs, (i) results 

in form of either reduction ratio (RR) or PBUT concentrations before and after the treatment, 

as well as briefly (j) the purpose of the study, (k) methods, (l) conclusion and (m) mentioned 

limitations, if any. Papers that did not report any information on the change in plasma 

concentration of the PBUTs studied after the treatments were disregarded. After the full-text 

analysis, 95 articles were deemed to meet the inclusion criteria. A cross-referencing search 

yielded additional 15 publications, 6 of which were included in the review, bringing the total 

number of references to 101. 
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Figure 1. “Preferred Reporting Items of Systematic Reviews” (PRISMA)30 flow diagram for study selection for 
the removal techniques of protein-bound uremic toxins. 

 

Data synthesis 

We stratified the studies by the PBUTs studied and according to the time period of the analysis 

differentiating between i) acute (data from a single treatment intervention) and ii) 

longitudinal (three or more treatment interventions) trials. The results were additionally 

subdivided according to the mode of action of the studied approaches (e.g. diffusion vs 

intestinal adsorption of the toxins) where possible. Because of the wide range of metrics used 

Records after duplicate 
removal 
n= 805 

Combined records after evaluation by the 
3rd reviewer: 149 

+ recovered from the reference list: 15 

n= 164 

Records after criteria-based 
exclusion 

Reviewer 1: n= 152 

Reviewer 2: n= 238 

Retained after full-text analysis: 101 

Exclusion criteria: 
1)   Not a scientific publication 

2)   Review 

3)   In vitro/ ex vivo/ in silico studies 

4)   Focus not on kidney disease 

5)   No focus on removal of protein-bound uremic toxins 

6)   No discussion of renal therapeutic option aiming at reduction of protein-bound uremic toxins 

Records identified through 
database search 

(n= 1,274) 
 

MEDLINE: 710 
Embase: 564 
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in the studies as an assessment of PTBUTs reduction by any given technique, this systematic 

review focused on the reported RR of the solutes as the most straightforward and clinically 

relevant outcome. For the acute studies that did not report RR, it was calculated from the total 

mean (or median) plasma concentrations of the compound before and after the single 

treatment as follows: 

((Cbefore-Cafter)/Cbefore)*100% 

The same approach was applied in regard to the longitudinal studies using mean (median) pre-

dialysis concentrations before and at the end of the treatment. In the case of studies reporting 

on both the immediate and long-term impact of the dialysis technique, the results of the 

former were disregarded. In cases where PBUT concentration increased after the intervention, 

the RR was assumed to be zero. In cases where there was no numerical representation of the 

results in the text of the paper, approximate reduction ratios (approx. RR) were taken from 

the figures of the corresponding paper. Data is presented as either mean ± standard deviation 

or median (range), as reported by the authors. 

Given the wide range of methods used for the assessment of performance of the dialysis 

techniques as well as the great variety of study designs, we opted to conduct a narrative 

synthesis of the evidence instead of a meta-analysis. Since the review does not evaluate the 

methodological quality of the studies, a risk-of-bias tool was not required. 

This systematic review was registered at inception (i.e. at the protocol stage) to help avoid 

unplanned duplication. 

Available from: 

http://www.crd.york.ac.uk/PROSPERO/display_record.asp?ID=CRD42015029993 

 

  

http://www.crd.york.ac.uk/PROSPERO/display_record.asp?ID=CRD42015029993
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Results 

In this study, we assessed literature on kidney replacement therapies with or without 

supplementations for PBUTs plasma levels reduction published over the past 40 years, 

deploying the strategy depicted in Figure 1. We identified 1,274 citations in total via database 

search (MEDLINE, https://www.ncbi.nlm.nih.gov/pubmed; and Embase, 

https://www.embase.com). Based on the selection criteria, we included 101 studies in this 

systematic review (Table 3).  

 

Table 3. Summary of the publications included in this review.  

Author, year 
Main 

technique(s) 
Toxins analyzed Author, year 

Main 
technique(s) 

Toxins 
analyzed 

van Gelder, 

202031 

OL-HDF vs HD IS, pCS, IAA, KY, 
KA, PCG, HA 

Ouseph, 200832 HD leptin 

Rocchetti, 

202023 

supplements IS, pCS De Smet, 200733 HD IS, CMPF, IAA, 
HA, PENT 

Paats, 202034 HD vs HDF IS, IAA Gugliucci, 200735 HD acrolein 

Krieter, 201936 HD vs HDF IS, pCS Mandolfo, 

200637 

HD vs HDF leptin 

Madero, 201924 supplements IS, pCS Panichi, 200638 HDF leptin 

Belmouaz, 

201939 

HD Hcy, Leptin Schulman, 

200640 

AST-120 IS 

Snauwaert, 

201941 

HDF vs HD IS, pCS, IAA, HA, 
CMPF, PCG 

Testa, 200642 HDF RBP 

Lenglet, 201943 supplements IS, pCS, IAA, HA, 
KY, CMPF, KA, 
PCG 

Urquhart, 200626 supplements Hcy 

Gomolka, 

201944 

HD vs HDF IS, pCS, leptin Agalou, 200545 HD vs PD CML, GO, MG, 
3-DG, PENT 

Chen, 202046 HFR IS, pCS Beerenhout, 

200547 

HD vs HDF Hcy, leptin 

Etinger, 201848 HD IS, pCS, IAA, HA, 
KA, KY, PCG 

Czupryniak, 

200549 

PD Hcy 

Kalim, 201850 HD IS, pCS, HA, Galli, 200551 HD PENT 

Ramon, 201852 HDF RBP Krieter, 200553 HDF RBP 

Yamamoto, 

201821 

HD IS, pCS, IAA Martinez, 200554 HD pCS, IND 

Esquivias-

Motta, 201755 

HDF IS, pCS Mudge, 200556 HD Hcy 

Krieter, 201757 HD vs HDF IS, pCS Santoro, 200558 HDF leptin, RBP 

Panichi, 201759 HD vs HDF IS, pCS Bammens, 

200460 

HD vs HDF p-cresol 

Sirich, 201761 HD IS, pCS, HA, Scholze, 200427 supplements Hcy 

Hohmann, 

201762 

HD CML, PENT Splendiani, 

200463 

HDF Hcy 

Abad, 201664 HDF IS, pCS, Hcy Tessitore, 200465 HD PENT 

Camacho, 

201666 

HD IS, pCS van Tellingen, 

200467 

HD leptin 

Chazot, 201568 HD Hcy De Vriese, 200369 HD Hcy 
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Cornelis, 201570 HD vs HDF IS, pCS, CMPF, 
IAA, HA, PCG, 
CML, GO, MG, 3-
DG, PENT 

Galli, 200371 HD Hcy 

Eloot, 201572 HD IS, pCS, IAA, HA, 
PCG 

Opatrná, 200373 PD leptin 

Yamamoto, 

201574 

AST-120 IS, pCS Arnadottir, 

200275 

HD Hcy 

Galli, 201476 HD Hcy Ducloux, 200228 supplements Hcy 

Lee, 201477 AST-120 IS, pCS Fagugli, 200278 HD IS, CMPF, IAA, 
HA, p-cresol 

Pedrini, 201479 HDF Hcy Ludemann, 

200180 

HD MEL 

Riccio, 201481 HDF p-cresol Van Tellingen, 

200182 

HD Hcy 

Sirich, 201483 HD IS, pCS, HA House, 200084 HD Hcy 

Brettschneider, 

201319 

FPAD vs HD IS, pCS, PAA Lesaffer, 200085 HD IS, CMPF, HA, p-
cresol 

Kneis, 201386 HD vs HDF leptin Nevalainen, 

200029 

supplements leptin 

Sequera, 201387 HDF RBP Ducloux, 199988 PD Hcy 

Eloot, 201289 HDF IS, pCS, CMPF, 
IAA, HA 

Jadoul, 199990 HD PENT 

Perna, 201225 supplements Hcy Kim, 199991 PD leptin 

Sirich, 201292 HD IS, pCS, HA Biasioli, 199893 HD Hcy 

Badiou, 201194 HD vs HDF Hcy Wiesholzer, 

199895 

HD vs HDF leptin 

Chen, 201122 HD leptin Nakazono, 

199896 

HD leptin 

Meert, 201197 HD vs HDF IS, pCS, HA, IAA, 
RBP 

Miyata, 199798 HD vs PD PENT 

Meijers, 201199 HD IS, pCS Friedlander, 

1996100 

HD vs PD PENT 

Pedrini, 2011101 HD vs HDF Hcy Tamura, 1996102 HD Hcy 

Krieter, 2010103 HD vs HDF IS, pCS Friedlander, 

1995104 

HD vs PD PENT 

Meert, 2010105 HDF IS, pCS, CMPF, 
IAA, HA 

Odetti, 1995106 HD vs HDF PENT 

Righetti, 

2010107 

HD vs HDF Hcy Vaziri, 1993108 HD MEL 

Luo, 2009109 HD IS, pCS, HA, KA Vanholder, 

1992110 

HD vs HDF IS, HA 

Maduell, 

2009111 

HDF RBP Niwa, 199118 AST-120 IS 

Meert, 2009112 HDF vs HF IS, pCS, CMPF, 
IAA, HA 

Vanholder, 

1988113 

HD HA 

Susantitaphong, 

2009114 

HDF p-cresol Wichman, 

1985115 

HF RBP 

Krieter, 2008116 HD vs HDF RBP Pahl, 1982117 HD TC 

Mandolfo, 

2008118 

HD vs HDF leptin Röckel, 1982119 HF RBP 

Meijers, 200820 HD vs HDF pCS    
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Technique abbreviations: CVVH – continuous venovenous hemofiltration; CVVHD – continuous venovenous 
hemodialysis; FPAD – fractionated plasma separation, adsorption, and dialysis; HD - hemodialysis; HDF – 
hemodiafiltration; HF – hemofiltration; MAHD - magnetically-assisted hemodialysis; and PD – peritoneal dialysis. 
Compounds abbreviations: TC – thiocyanate; RBP - retinol-binding protein; PENT – pentosidine; pCS – p-cresyl 
sulfate; PCG – p-cresylglucuronide; PAA – phenylacetic acid; MG – methylglyoxal; MEL – melatonin; KY – 
kynurenine; KA – kynurenic acid; IS – indoyl sulfate; IND – indicant; IAA – Indole-3-acetic acid; Hcy – homocysteine; 
HA – hippuric acid; GO – glyoxal; CMPF – 3-Carboxy-4-methyl-5-propyl-2-furanpropionate; CML – Ne-
(carboxymethyl)lysine; and 3-DG – 3-deoxyglucosone.  
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Extracted data 

We stratified the publications by the retention solutes they were focusing on. The number of 

studies analyzing reduction techniques for each protein-bound uremic toxin is presented in 

Figure 2. The following approaches were investigated in the included works: hemodialysis 

(HD);21,22,32,33,35,48,50,51,54,56,61,62,65–69,71,72,75,76,78,80,82–85,90,92,93,96,99,102,108,109,113,117 hemofiltration (HF);115,119 

dilution techniques, membranes or hemofiltrate reinfusion (HFR) in hemodiafiltration 

(HDF);38,42,46,52,53,55,58,63,64,79,81,87,89,105,111,114 continuous ambulatory peritoneal dialysis 

(CAPD);49,73,88,91 effects of various adsorbing, displacing or metabolically active supplements 

(e.g. AST-120 (Kremezin®), ibuprofen or folates) in different dialysis techniques;18,23–29,40,43,74,77 

as well as comparisons of two or more different techniques between each other (Figure 

3).19,20,31,34,36,37,39,41,44,45,47,57,59,60,70,86,94,95,97,98,100,101,103,104,106,107,110,112,116,118  

Figure 2. Number of citations for each protein-bound uremic toxin for the time period between 1980 and 2020 

included in this review. Toxins separated into groups according to their type. Abbreviations: AGE – advanced 

glycation end-products; IS – indoxyl sulfate, IAA – Indole-3-acetic acid; KY – kynurenine; IND – indicant; pCS - p-

cresyl sulfate; PCG – p-cresylglucuronide; PAA – phenylacetic acid; CMPF – 3-Carboxy-4-methyl-5-propyl-2-

furanpropionate; CML – Ne-(carboxymethyl)lysine; 3-DG – 3-deoxyglucosone; GO – glyoxal; MG – methylglyoxal; 

Hcy – homocysteine; HA – hippuric acid; and TC – thiocyanate. 

 

The data on the most-referred compounds are presented below: indoxyl sulfate (Table 4), p-

cresyl sulfate (Table 5), homocysteine (Table 6), hippuric acid (Table 7), leptin (Table 8), and 

indole-3-acetic acid (IAA; Table 9). Each technique from each individual study is presented in 

a separate row. Results for the remaining PBUTs are presented in the Supplementary material. 

Figure 4 presents an overview of all PBUTs discussed in this work with their RR from the 

longitudinal (Figure 4A) and acute (Figure 4B) trials. 
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Figure 3. Number of studies per technique for the time 
period between 1980 and 2020 included in this review. 
HD – hemodialysis (light blue); HDF – hemodiafiltration 
(orange); HF – hemofiltration (grey); PD – peritoneal 
dialysis (yellow); supplements (dark blue); and several 
various techniques (green). 

 

 

 

Figure 4. Overview of PBUTs discussed in this systematic review. (A) Reduction ratios from the longitudinal 
trials, (B) reduction ratios from the acute trials.  Abbreviations: IS – indoxyl sulfate; pCS - p-cresyl sulfate; Hcy – 
homocysteine; HA – hippuric acid; IAA – Indole-3-acetic acid; RBP – retinol-binding protein; PENT – pentosidine; 
CMPF – 3-Carboxy-4-methyl-5-propyl-2-furanpropionate; PCG – p-cresylglucuronide; KA – kynurenic acid; KY – 
kynurenine; CML – Ne-(carboxymethyl)lysine; 3-DG – 3-deoxyglucosone; PAA – phenylacetic acid; and IND – 
indicant. 
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Indoxyl sulfate 

i) Longitudinal trials. Analysis of the longitudinal trials showed that such approaches as 

supplementation of dialysis patients with AST-120 (Kremezin®) adsorbent18,40,74,77 as well as use 

of synbiotic NATUREN G® (Farmalabor SRL) in combination with polyvinylpyrrolidone-coated 

divinylbenzene (DVB-PVP) cartridge in hemodialysis23 that act by preventing indoxyl sulfate or 

its precursor synthesis by gut microbiota were the most effective, with RRs ranging between 

20% and 46.7% (Table 4). It should be noted, however, that the NATUREN G® symbiotic study 

only monitored effects of the combined treatment for 1 week, and plasma levels of indoxyl 

sulphate at the baseline in the NATUREN G® group, even though not significantly, were higher 

comparing to that in the placebo group. Same applies to the results of the p-cresyl sulphate 

reduction (see below). 

ii) Acute trials. From a total of 23 studies that involved single session analysis (acute studies), 

reported or estimated RR values varied from 0% to 78.2% with an average of 40.7±13.5%. The 

most effective technique appeared to be fractionated plasma separation, adsorption, and 

dialysis (FPAD)19 representing highest RR (78.2%). From the remaining studies, (a) high and (b) 

standard mass transfer area coefficient (KoA) and dialysate flow (Qd) in 8-hour nocturnal 

HD,70,92 (c) 8-hour post-dilution HDF,70 and (d) use of PUREMA H+ membrane in HD103 were the 

most effective removal methods. Standard nocturnal 7-8-hour long HD was also studied in a 

longitudinal trial which, however, showed no significant effect on indoxyl sulfate plasma 

concentration change after one year.50  

Table 4. Reduction ratios (RR) of indoxyl sulfate. RR extracted directly or calculated from the 

analyzed articles. The colours represent the values of the RR with the highest values in green and 

lowest in red.  

Longitudinal studies 

First author, 
year 

Technique 
Analysis 
period 

Results RR 

Yamamoto, 

201574 

oral 6g/day AST-120 in HD 4 weeks RR: 45.7%, p< 0.001 46.7% 

Schulman, 

200640 

oral 9g/day AST-120 in HD 3 months before 0.84±0.407 mg/dl change -
0.33±0.298, p< 0.001; 39.3% decrease 

39.3% 

Rocchetti, 

202023 

synbiotic NATUREN 
G®(Farmalabor SRL) in HD with 
polyvinylpyrrolidone coated 
divinylbenzene (DVB-PVP) 
cartridge 

1 week before 19.9±6 after 15.1±6 µg/ml, p= 
0.04 

24.1% 

Lee, 201477 oral 6g/day AST-120 in HD and 
PD 

3 months before 38.4±13.6 mg/l after 29.3±14.3 
mg/l, p< 0.01 

23.7% 

Niwa, 199118 oral 6g/day AST-120 in HD 3 months approx. before 3.2 after 2.5 mg/dl, p< 
0.05 

21.9% 

Schulman, 

200640 

oral 6.3g/day AST-120 in HD 3 months 0.85±0.386 mg/dl, change -
0.171±0.321, p= 0.002 

20.0% 

Camacho, 

201666 

high clearance (Qd 800 ml/min, 
Qb 270 ml/min, F250NR dialyzer) 
in HD 

2 weeks before 2.1 (1.4-2.4) after 1.8 (0.9-2.5) 
mg/dl 

14.3% 

Panichi, 201759 high-volume post-dilution HDF 6 months approx. before 3.5 after 3 mg/dl, p< 
0.001 

14.3% 



 

41 
 

Vanholder, 

1992110 

canonical HD 22 weeks before 34±35 after 30±16 μmol/l, ns 11.8% 

Meert, 2010105 post-dilution HDF 9 weeks before 1.65±0.70 after 1.47±0.73 
mg/dl, ns 

10.9% 

van Gelder, 

202031 

post-dilution high-flux HDF 6 months RR: 8.0 (34.6 to -15.3)%, ns 8.0% 

Sirich, 201761 increased frequency HD (6 per 
week) 

at the end 
of 12 
months 

before 2.7±1.3 after 2.5±1.0 mg/dl, ns 7.4% 

Gomolka, 

201944 

low-flux HD (Braun LOPS) 8 weeks before 25.9 ±11.5 after 25.0±12.6 mg/l, 
ns 

3.5% 

Rocchetti, 

202023 

HD with polyvinylpyrrolidone 
coated divinylbenzene (DVB-PVP) 
cartridge 

1 week approx. before 16 after 15.5 µg/ml, ns 3.2% 

Rocchetti, 

202023 

synbiotic NATUREN 
G®(Farmalabor SRL) bicarbonate 
HD (7 weeks) 

7 weeks before 20.5±8 after 19.9±6, p= 0.02 2.9% 

Schulman, 

200640 

oral 2.7g AST-120 in HD 3 months before 0.78±0.332 mg/dl, change -
0.020±0.359, ns 

2.6% 

Snauwaert, 

201941 

high-flux HD 12 
months 

after 2.06 (1.46; 2.93), change -0.04 (-
0.66; 0.48) mg/dl 

1.9% 

Camacho, 

201666 

low clearance (Qd 300 ml/min, 
Qb 350 ml/min, F160NR dialyzer) 
in HD 

2 weeks before 1.9 (1.0-2.3) after 2.2 (1.1-2.9) 
mg/dl 

0.0% 

Gomolka, 

201944 

high-flux HD (Braun HIPS) 8 weeks before 25.0±12.6 after 25.9±11.2 mg/l, 
ns 

0.0% 

Gomolka, 

201944 

HDF 8 weeks before 25.9±11.2 after 26.7±15.8 mg/l, 
ns 

0.0% 

Kalim, 201850 canonical HD 12 
months 

final-to-baseline ratio: 1.16±0.73, ns 0.0% 

Kalim, 201850 nocturnal 7-8-hour HD 12 
months 

final-to-baseline ratio: 1.10±0.43, ns 0.0% 

Krieter, 201936 HDF 6 weeks no significant reduction  0.0% 

Krieter, 201936 high-flux HD 6 weeks no significant reduction  0.0% 

Krieter, 201936 low-flux HD 6 weeks no significant reduction  0.0% 

Lenglet, 201943 sevelamer-hydrochloride in HD 24 weeks before 36.962±24.184 after 
38.607±21.869 ng/ml, ns 

0.0% 

Lenglet, 201943 nicotinamide in HD 24 weeks before 38.808±31.206 after 
43.168±32.107 ng/ml, ns 

0.0% 

Panichi, 201759 bicarbonate HD 6 months approx. before 0.31 after 0.41±0.17 
mg/dl, ns 

0.0% 

Rocchetti, 

202023 

bicarbonate HD 7 weeks approx. before 15.5 after 16 µg/ml, ns 0.0% 

Sirich, 201761 canonical HD 12 
months 

before 2.6±0.9 after 2.9±1.1 mg/dl, ns 0.0% 

Snauwaert, 

201941 

post-dilution HDF 12 
months 

after 2.11 (1.27; 3.09), change 0.01 (-
0.50; 0.59) mg/dl 

0.0% 

Snauwaert, 

201941 

low-flux HD 12 
months 

after 2.66 (2.13; 3.27), change 0.22 (-
0.59; 0.90) mg/dl 

0.0% 

van Gelder, 

202031 

low-flux HD 6 months RR: -11.9 (15.4 to -31.9)%, increase, ns 0.0% 

Acute studies 

First author, 
year 

Technique  Results RR 

Brettschneider, 

201319 

FPAD before 275±73 after 60±24 μmol/l 78.2% 

Sirich, 201292 high KoA-Qd (Rexeed 25S dialyzer) in 8-hour 
nocturnal HD 

RR: 66±6% 66.0% 

Cornelis, 201570 8-hour post-dilution HDF approx. RR: 60% 60.0% 
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Cornelis, 201570 8-hour HD approx. RR: 55% 55.0% 

Krieter, 2010103 PUREMA H+ in HD RR: 54.6±8.7% 54.6% 

Krieter, 2010103 PUREMA H+ in post-dilution HDF RR: 53.3±8.4% 53.3% 

Luo, 2009109 high KoA and Qd in HD before 3.9±1.2 after 1.8±0.5 mg/dl, RR: 
53±7% 

53.0% 

Krieter, 2010103 PUREMA H in post-dilution HDF RR: 52.2±12.2% 52.2% 

Krieter, 2010103 PUREMA H in HD RR: 50.4±2.6% 50.4% 

Esquivias-Motta, 

201755 

HFR RR: 53.7 (48.8–67.3)%  48.8% 

Eloot, 201289 post-dilution HDF RR: 48.7±10.0% 48.7% 

Meert, 2009112 pre-dilution HDF RR: 48.5±10.0% 48.5% 

Paats, 202034 high Qb (378 ± 30 ml/min) and Qd (793 ± 47 
ml/min) in HDF 

approx. RR: 48% 48.0% 

Meert, 201197 membranes (second- vs first-generation PES) 
in post-dilution HDF 

both membranes approx. RR: 48% 48.0% 

Meert, 201197 membranes (second- vs first-generation PES) 
in pre-dilution HDF 

both membranes approx. RR: 48% 48.0% 

Abad, 201664 FX-1000 CorDiax dialyzer in post-dilution HDF RR: 48.7±14.1% 47.8% 

Eloot, 201289 mid-dilution HDF RR: 47.4±8.2% 47.4% 

Esquivias-Motta, 

201755 

HDF RR: 45.2 (38.3–59.3)% 45.2% 

Cornelis, 201570 post-dilution HDF approx. RR: 45%  45.0% 

Meert, 2009112 post-dilution HDF RR: 44.8±12.1% 44.8% 

Lesaffer, 200085 high-flux membrane (F60) in HD before 1.86±0.70 after 1.04±0.46 
mg/100ml, p< 0.05 

44.1% 

Chen, 202046 HDF with endogenous infusion RR: 43.64±13.05%, p= 0.0051 43.6% 

Krieter, 201757 pre-dilution HDF-IPIS before 13.4±4.5 after 7.6±4.1 mg/l 43.3% 

Esquivias-Motta, 

201755 

high-flux HD RR: 45.9 (43.2–69.6)% 43.2% 

Meijers, 201199 nocturnal 8-hour HD RR: 43% 43.0% 

Lesaffer, 200085 low-flux membrane (F8) in HD before 1.71±0.56 after 0.99±0.44 
mg/100ml, p< 0.05 

42.1% 

Paats, 202034 medium Qb (306 ± 62 ml/min) and Qd (793 ± 
57 ml/min) in HDF 

approx. RR: 42% 42.0% 

Lesaffer, 200085 HF-CTA membrane (Nissho Nipro) in HD before 1.69±1.27 after 0.99±0.82 
mg/100ml, p< 0.05 

41.4% 

Eloot, 201572 canonical HD RR: 41±11% 41.0% 

Sirich, 201292  
low KoA-Qd (F160NR dialyzer) in 8-hour 
nocturnal HD 

RR: 41±11% 41.0% 

Madero, 201924 oral binding competitor (IBU) in HD before (median) 4.4 (3.3) after 2.6 (3.1) 
mg/dl, change -1 (-2.4 to -0.3) p< 0.001 

40.9% 

Meert, 201197 membranes (second- vs first-generation PES) 
in HD 

both membranes approx. RR: 40% 40.0% 

Brettschneider, 

201319 

high-flux HD before 216±8 after 132±54 μmol/l 38.9% 

Yamamoto, 

201821 

adsorbent (HICB) in HD RR: 38.4±15.7% 38.4% 

Krieter, 201757 pre-dilution HDF before 12.6±5.0 after 7.9±3.6 mg/l 37.3% 

Krieter, 201757 canonical HD before 13.6±6.5 after 8.6±5.0 mg/l 36.8% 

Sirich, 201483 canonical HD RR: 36±13% 36.0% 

Luo, 2009109 canonical HD RR: 36±10% 36.0% 

Cornelis, 201570 canonical HD approx. RR: 35% 35.0% 

Yamamoto, 

201821 

canonical HD RR: 34.4±14.3% 34.4% 

Meert, 2009112 pre-dilution HF RR: 33.8±9.9% 33.8% 

De Smet, 200733 SF-CTA (Sureflux-150FH) in HD RR: 32.5±8.3% 32.5% 
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Fagugli, 200278 canonical HD before 3.35±1.68 after 2.38±1.16mg/dl 29.0% 

De Smet, 200733 membranes LF-CTA (Sureflux-150L) in HD RR: 24.8±6.5% 24.8% 

Eloot, 201572 MPHD RR: 23±11% 23.0% 

Paats, 202034 low Qb (200 ± 10 ml/min) and Qd (301 ± 11 
ml/min) in HD 

approx. RR: 22% 22.0% 

Fagugli, 200278 DHD before 2.85±1.08 after 2.31±0.9mg/dl 18.9% 

Etinger, 201848 canonical (37 mM buffer bicarbonate) before 139.42±55.45 after 
113.04±48.84 μmol/l, p< 0.001 

18.9% 

Etinger, 201848 isohydric dialysis (25 mM buffer bicarbonate) before 142.18±52.08 after 
116.56±44.89 μmol/l, p< 0.001 

18.0% 

Vanholder, 

1992110 

HDF RR: 13±35% 13.0% 

Vanholder, 

1992110 

canonical HD RR: -45±35%, increase 0.0% 

Abbreviations: ns – not significant; HD – hemodialysis; HDF – hemodiafiltration; HF – hemofiltration; HFHD – high-
flux hemodialysis; HICB – hexadecyl-immobilized cellulose bead; LFHD – low-flux hemodialysis; DHD – daily short 
hemodialysis; HFR – hemofiltrate-reinfusion; CTA – cellulose triacetate; MAHD - magnetically-assisted 
hemodialysis; CAPD – continuous ambulatory peritoneal dialysis; IPIS – increased plasma ionic strength; IBU – 
ibuprofen; PES – polyethersulfone; KoA - mass transfer-area coefficient; Qd - dialysate flow; and Qb - blood flow. 

 

p-Cresyl sulfate  

i) Longitudinal trials. Similarly to indoxyl sulfate, oral supplementation with 6 g per day of AST-

120 in HD or PD74,77 patients resulted in a p-cresyl sulfate reduction ratio of 43-44% after 1- to 

3-month intervention periods (Table 5). In addition, the use of synbiotic NATUREN G® 

(Farmalabor SRL) in combination with polyvinylpyrrolidone-coated divinylbenzene (DVB-PVP) 

cartridge in hemodialysis patients23 also demonstrated significant RR. As noted for indoxyl 

sulphate, however, the study of NATUREN G® combination with DVB-PVP hemodialysis only 

lasted for one week with some differences in the p-cresyl sulphate baseline plasma levels 

between the groups.23 

From techniques that remove PBUTs using convection and diffusion, standard and high-

volume post-dilution HDF59,105 were the most effective approaches in the long-term trials. 

ii) Acute trials. The average of all reported or calculated RRs in the total set of 20 acute studies 

was 38.4±11.2%. The most effective techniques were among extracorporeally toxins removal 

techniques, namely (a) fractionated plasma separation and adsorption (FPSA), otherwise 

called FPAD,20 with RR of 71%,19 (b) high KoA and Qd in 8-hour nocturnal HD,92 (c) 8-hour post-

dilution HDF,70 and (d) HDF with hemofiltrate-reinfusion (HFR).55 As in the case of indoxyl 

sulfate, longitudinal studies were not conducted with any of these strategies for p-cresyl 

sulfate, except for standard nocturnal 7-8-hour long hemodialysis, which did not result in any 

significant impact on p-cresyl plasma concentration change after one year of treatment.50 

Altogether, the studies that analyzed efficacy of AST-120 adsorbent74,77 showed the highest 

reduction ratios for both indoxyl sulfate and p-cresyl sulfate in the longitudinal trials, while in 

the acute trials FPAD system19 was found to be the most effective technique for the removal 

of these toxins. 
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Table 5. Reduction ratios (RR) of p-cresyl sulfate. RR extracted directly or calculated from the analyzed 

articles. The colors represent the values of the RR with the highest values in green and lowest in red. 

Longitudinal studies 
First author, 

year 
Technique 

Analysis 
period 

Results RR 

Lee, 201477 oral 6g/day AST-120 in HD and 
PD 

3 months before 27.8±16.8 after 15.5±9.9 mg/l 
after, p< 0.01 

44.2% 

Yamamoto, 

201574 

oral 6g/day AST-120 in HD 4 weeks before 2.90 (1.59–4.34) after 1.66 
mg/dl (0.96–2.77), p= 0.019 

42.8% 

Rocchetti, 

202023 

synbiotic NATUREN G® 
(Farmalabor SRL) in HD with 
polyvinylpyrrolidone coated 
divinylbenzene (DVB-PVP) 
cartridge 

1 week before 28.9±9 after 21.7±9 µg/ml, p= 
0.02 

24.9% 

Meert, 2010105 post-dilution HDF 9 weeks before 3.98±1.51 after 3.17±1.77 
mg/dl, -20%, p< 0.05 

20.4% 

Panichi, 201759 high-volume post-dilution HDF 6 months approx. before 7 after 5.9±3.6 mg/l, p< 
0.001 

15.7% 

Rocchetti, 

202023 

synbiotic NATUREN 
G®(Farmalabor SRL) bicarbonate 
HD (7 weeks) 

7 weeks before 33.7±18 after 28.9±9 µg/ml, p= 
0.04 

14.2% 

Gomolka, 

201944 

HDF 8 weeks  before 38.1 ±21.5 after 33.9 ±25.1 
mg/l, ns 

11.0% 

Gomolka, 

201944 

high-flux HD (Braun HIPS) 8 weeks  before 42.6 ±21.2 after 38.1 ±21.5 
mg/l, ns 

10.6% 

van Gelder, 

202031 

low-flux HD 6 months RR: 8.8 (28.9 to -29.5)%, ns 8.8% 

Gomolka, 

201944 

low-flux HD (Braun LOPS) 8 weeks  before 45.4 ±18.6 after 42.6 ±21.2 
mg/l, ns 

6.2% 

Sirich, 201761 canonical HD 12 
months 

before 3.4 ±1.5 after 3.2 ±1.4 mg/dl, ns 5.9% 

Snauwaert, 

201941 

post-dilution HDF 12 
months 

after 1.75 (1.05; 3.49), change -0.08 (-
0.95; 0.68) mg/dl 

4.4% 

van Gelder, 

202031 

post-dilution high-flux HDF 6 months RR: 2.7 (27.4 to -10.2)%, ns 2.7% 

Lenglet, 201943 nicotinamide in HD 24 weeks before 39.573±26.706 after 
39.400±30.803 ng/ml, ns 

0.4% 

Kalim, 201850 nocturnal 7-8-hour HD 52 weeks/ 
12 
months 

final-to-baseline ratio: 1.02 ±0.12, ns 0.0% 

Kalim, 201850 canonical HD 52 weeks/ 
12 
months 

final-to-baseline ratio: 1.14 ±0.66, ns 0.0% 

Sirich, 201761 increased frequency (6 per week) At the end 
of 12 
months 

before 3.3 ±1.7 after 3.3 ±1.6 mg/dl, ns 0.0% 

Camacho, 

201666 

high clearance (Qd 800 ml/min, 
Qb 270 ml/min, F250NR dialyzer) 
in HD 

2 weeks 
(2 periods 
x 7 thrice-
weekly 
sessions)  

before 4.1 (3.1. 4.8) after 4.1 (2.5. 4.5) 
mg/dl 

0.0% 

Snauwaert, 

201941 

high-flux HD 12 
months 

after 2.18 (1.09; 4.02), change 0.10 (-
0.68; 0.82) mg/dl 

0.0% 

Snauwaert, 

201941 

low-flux HD 12 
months 

after 3.01 (1.90; 4.95), change 0.21 (-
0.67; 0.88) mg/dl 

0.0% 

Rocchetti, 

202023 

HD with polyvinylpyrrolidone 
coated divinylbenzene (DVB-PVP) 
cartridge 

1 week  approx. before 15.5 after 18 µg/ml, ns 0.0% 
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Rocchetti, 

202023 

bicarbonate HD 7 weeks approx. before 15.5 after 15.5 µg/ml, 
ns 

0.0% 

Lenglet, 201943 sevelamer-hydrochloride in HD 24 weeks before 45.551±35.660 after 
51.012±41.269 ng/ml, ns 

0.0% 

Camacho, 

201666 

low clearance (Qd 300 ml/min, 
Qb 350 ml/min, F160NR dialyzer) 

2 weeks 
(2 periods 
x 7 thrice-
weekly 
sessions)  

before 3.2 (2.6- 4.0) after 3.8 (3.5- 4.0) 
mg/dl 

0.0% 

Krieter, 201936 low-flux HD 6 weeks no significant reduction 0.0% 

Krieter, 201936 high-flux HD 6 weeks no significant reduction 0.0% 

Krieter, 201936 HDF 6 weeks no significant reduction 0.0% 

Panichi, 201759 bicarbonate HD 6 months approx. before 0.46 after 0.74±0.38 
mg/dl, ns 

0.0% 

Acute studies 
First author, 

year 
Technique  Results RR 

Brettschneider, 

201319 

FPAD before 341 ±70 after 99 ±32 µmol/l 71.0% 

Sirich, 201292 high KoA-Qd (Rexeed 25S dialyzer) in 8-hour 
nocturnal HD 

RR: 59 ±8% 59.0% 

Cornelis, 201570 8-hour post-dilution HDF RR: 52% 52.0% 

Esquivias-

Motta, 201755 

HFR RR: 50.7 (34.1–68.1)% 50.7% 

Meijers, 200820 FPSA RR: 50% 50.0% 

Luo, 2009109 high KoA and Qd in HD RR: 48 ±7% 48.0% 

Krieter, 2010103 membranes (PUREMA H) in post-dilution HDF RR: 47.8±10.3% 47.8% 

Krieter, 2010103 membranes (PUREMA H+) in HD RR: 47.3±14.8% 47.3% 

Krieter, 2010103 membranes (PUREMA H) in HD RR: 45.6±2.0% 45.6% 

Cornelis, 201570 8-hour HD RR: 45% 45.0% 

Meert, 201197 membranes (second- vs first-generation PES) in 
pre-dilution HDF 

both membranes approx. RR: 45% 45.0% 

Meert, 201197 membranes (second- vs first-generation PES) in 
post-dilution HDF 

both membranes approx. RR: 45% 45.0% 

Abad, 201664 FX-1000 CorDiax dialyzer in post-dilution HDF RR: 44.4 ±15.7% 44.4% 

Eloot, 201289 post-dilution HDF RR: 44.0±8.4% 44.0% 

Eloot, 201289 mid-dilution HDF RR: 42.7±7.2% 42.7% 

Esquivias-

Motta, 201755 

high-flux HD RR: 42.2 (22.7–50.8)% 42.2% 

Meert, 2009112 pre-dilution HDF RR: 41.9±6.3% 41.9% 

Sirich, 201292 low KoA-Qd (F160NR dialyzer) in 8-hour 
nocturnal HD 

RR: 41 ±11% 41.0% 

Chen, 202046 hemodiafiltration with endogenous infusion 
(HFR) 

RR: 40.91 ±11.31%, p= 0.0051 40.9% 

Krieter, 2010103 membranes (PUREMA H+) in post-dilution HDF RR: 40.4±25.3% 40.4% 

Meert, 2009112 post-dilution HDF RR: 40.0±8.8% 40.4% 

Esquivias-

Motta, 201755 

HDF RR: 39.8 (32.9–57.8)% 39.8% 

Krieter, 201757 pre-dilution HDF-IPIS before 21.4 ±9.1 after 13.2 ±7.1 mg/l 38.3% 

Cornelis, 201570 post-dilution HDF RR: 38% 38.0% 

Eloot, 201572 canonical HD RR: 37±9% 37.0% 

Meijers, 201199 nocturnal 8-hour HD RR: 37% 37.0% 

Meert, 201197 membranes (second- vs first-generation PES) in 
HD 

both membranes approx. RR: 35% 35.0% 

Brettschneider, 

201319 

high-flux HD before 692 ±283 after 467 ±174 µmol/l 32.5% 

Krieter, 201757 pre-dilution HDF before 22.1 ±13.7 after 15.0 ±11.0 mg/l 32.1% 
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Krieter, 201757 canonical HD before 21.0 ±10.0 after 14.3 ±7.7 mg/l 31.9% 

Sirich, 201483 canonical HD RR: 31 ±13% 31.0% 

Meert, 2009112 pre-dilution HF RR: 30.6±7.3% 30.6% 

Cornelis, 201570 canonical HD RR: 30% 30.0% 

Luo, 2009109 canonical HD RR: 30 ±14% 30.0% 

Meijers, 200820 high-flux HD RR: 30% 30.0% 

Yamamoto, 

201821 

canonical HD approx. RR: 30% 30.0% 

Yamamoto, 

201821 

adsorbent (HICB) in HD RR: 30% 30.0% 

Madero, 201924 oral binding competitor (IBU) in HD before (median) 1.4 (1.3) after 1.0 (1.1) 
mg/dl change -0.3 (-0.8 to -0.01), p< 
0.001 

28.6% 

Martinez, 

200554 

membrane (Fresenius F70NR kidneys) in HD RR: 20 ±9%, p<0.05 20.0% 

Etinger, 201848 canonical HD 258.18±84.71 after 214.14±54.66 
µmol/l, p< 0.001 

17.1% 

Eloot, 201572 MPHD RR: 16±15% 16.0% 

Etinger, 201848 isohydric dialysis (25 mM buffer bicarbonate) before 250.98±66.16 after 
217.83±60.34 µmol/l, p< 0.001 

13.2% 

Abbreviations: ns – not significant; HD – hemodialysis; HDF – hemodiafiltration; HF – hemofiltration; HFHD – high-
flux hemodialysis; HICB – hexadecyl-immobilized cellulose bead; LFHD – low-flux hemodialysis; MAHD - 
magnetically-assisted hemodialysis; FPSA – fractionated plasma separation and adsorption; FPAD – fractionated 
plasma separation, adsorption, and dialysis; MPHD – multipass hemodialysis; HFR – hemofiltrate-reinfusion; PD 
– peritoneal dialysis; CAPD – continuous ambulatory peritoneal dialysis; IPIS – increased plasma ionic strength; 
IBU – ibuprofen; PES – polyethersulfone; KoA - mass transfer-area coefficient; Qd - dialysate flow; and Qb - blood 
flow. 

 

Homocysteine 

i) Longitudinal trials. In case of homocysteine, there was a total number of 14 longitudinal 

studies (Table 6). The most effective treatments were supplementation of HD patients with 

intravenous folates (5-methyltetrahydrofolate) alone or in combination with N-

acetylcysteines, that act by enhancing homocysteine recycling and by toxin displacement form 

plasma albumin, respectively, which  resulted in 53-56% RR after 10 sessions.25 Another study 

which tested intravenous or oral folinic or folic acid supplementations in HD also showed 

significant results.28 

ii) Acute trials. In the 10 acute studies, the highest reduction ratios were also achieved by  

supplementation of HD patients with N-acetylcysteine intravenously (RR= 89.1%),27 as well as 

with intravenous mesna, a thiol-containing drug analogue of taurine, which also acts by 

displacing homocysteine from plasma albumin.26  From the extracorporeal techniques, post-

dilution HDF with (a) high-flux polysulphone (PS) Xevonta Hi23 (B. Braun Avitum AG),79 (b) 

high-flux polyamide Polyflux 210H (Gambro),79 or (d) FX-1000 CorDiax (FMC®) dialyzers64 

resulted in the highest outcomes. HDF was also studied in a longitudinal trial that lasted 6 

months and resulted in an 18% reduction of homocysteine.101 Overall RR for the acute studies 

was 40.5±18.4% on average. 
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Table 6. Reduction ratios (RR) of homocysteine. RR extracted directly or calculated from the analyzed 

articles. The colors represent the values of the RR with the highest values in green and lowest in red.  

Longitudinal studies 
First author, 

year 
Technique 

Analysis 
period 

Results 
RR 

Perna, 201225 intravenous folates (5-
methyltetrahydrofolate) and 
NAC in HD 

10 
sessions 

before 51.83±7.10 after 22.74±1.17 
μmol/l 

56.1% 

Perna, 201225 intravenous folates (5-
methyltetrahydrofolate) in HD 

10 
sessions 

before 52.63±5.33 after 24.75±1.22 
μmol/l 53.0% 

Ducloux, 200228 intravenous folinic acid in HD 6 months RR: 47±7% , p< 0.00001 
47.0% 

Ducloux, 200228 oral folinic acid in HD 6 months RR: 43±6%, p< 0.0001 
43.0% 

Ducloux, 200228 oral folic acid in HD 6 months RR: 42%, p< 0.0001 
42.0% 

Galli, 201476 DHD 6 months before 29.4±17.0 after 18.4±10.3 
µmol/l, p< 0.01 37.4% 

Van Tellingen, 

200182 

super-flux CTA membrane (Tricea 
150G) in HD 

3 months before 24.4±8.7 ater 15.3±3.7 μmol/l, 
p< 0.008 37.3% 

Galli, 200371 PLD (BK-F) in HD 6 moths RR: 32%, p< 0.01 
32.0% 

Van Tellingen, 

200182  

super-flux PS membrane (F 500S) 
in HD 

3 months before 29.6±9.9 after 21.5±8.5 μmol/l, 
p< 0.007 27.4% 

Ducloux, 199988 CAPD 6 months before 31.9±9 after 23.4±7.5 μmol/l, 
p< 0.0005 26.6% 

Pedrini, 2011101 HDF 6 months  after 15.4±5.0 μmol/l, reduction 18% 18.0% 
Beerenhout, 

200547 

pre-dilution OLHF 6 months  before 25.4±7.4 after 21.1±7.0 μmol/l, 
p< 0.05 16.9% 

De Vriese, 

200369 

super-flux CTA membrane 
(Sureflux-150F) in HD 

4 weeks  RR: 14.6±2.8%, p< 0.001 

14.6% 
Beerenhout, 

200547 

low-flux HD 6 months  before 29.7±8.2 after 27.0±9.3 (units 
NA), ns 9.1% 

Perna, 201225 canonical HD 10 
sessions 

before 47.96±4.61 after 43.88±4.82 
µmol/l 8.5% 

Mudge, 200556 high-flux HD (HF80S) 3 months  before 27.43±7.68 after 25.91±5.78 
μmol/l, ns 5.5% 

House, 200084 high-flux PS membrane (F80) in 
HD 

3 months before 18.5 (15.8-22.3) after 17.5 
(16.0-19.5) μmol/l, ns 5.4% 

Mudge, 200556 high-flux HD (FX80) 3 months  before 26.0±4.58 after 25.0±6.61 
µmol/l, ns 3.8% 

Galli, 200371 non-PLD (HF PMMA/ LF CA/ 
CURAY) in HD 

6 moths before 26.6±5.0 after 25.9±7.3 μmol/l 
2.6% 

Chazot, 201568 low-flux PS membranes (FX8 and 
FX10) in extended HD 

9 months  before 31.0 (13.0–120.0) after 33.0 
(14.0–103.0) µmol/l 0.0% 

Chazot, 201568 high-flux PS membranes (FX60 
and FX80) in extended HD 

9 months  before 31.0 (13.0–120.0) after 31.0 
(12.0–83.0) µmol/l 0.0% 

Pedrini, 2011101 low-flux HD 6 months  after 18.7 ±8.2 μmol/l, reduction ns 0.0% 
Righetti, 

2010107 

low-flux HD 2x 6 
months 

before 18.3±0.9 after 23.8±0,5 µmol/l 

0.0% 
Righetti, 

2010107 

internal HDF 2x 6 
months 

before 18.3±0.9 after 21.5±0.5 µmol/l 

0.0% 
De Vriese, 

200369 

low-flux CTA membrane 
(Sureflux-150L) in HD 

4 weeks  no significant reduction 

0.0% 
De Vriese, 

200369 

high-flux CTA membrane (FB-
150U) in HD 

4 weeks  no significant reduction 

0.0% 
Van Tellingen, 

200182 

high-flux PS membrane (F 60) in 
HD 

3 months before 23.1±9.7 after 26.7±14.2 
µmol/l, ns 0.0% 

Belmouaz, 

201939 

medium cut-off HD (Theranova 
500) 

3 months before 28 (23-40) after 28.6±13.4 
µmol/l 0.0% 
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Belmouaz, 

201939 

high-flux HD (Elision 21H) 3 months before 28 (23-40) after 30.7±13.6 
µmol/l 0.0% 

House, 200084 low-flux PS membrane (F8) in HD 3 months before 17.5 (13.0-22.5) after 19.0 
(14.0-22.5) µmol/l, ns 0.0% 

Acute studies 
First author, 

year 
Technique 

  
Results 

RR 

Scholze, 200427 intravenous acetylcystein in HD before 20.1±8.5 after 2.2±1.2 μmol/l 89.1% 

Pedrini, 201479 high-flux PS membrane (Xevonta Hi23) in 
post-dilution HDF 

RR: 62.8±5.6% 
62.8% 

Pedrini, 201479 high-flux polyamide membrane (Polyflux 
210H) in post-dilution HDF 

RR: 59.6±5.9% 
59.6% 

Abad, 201664 FX-1000 CorDiax dialyzer in post-dilution HDF RR: 58.6±8.8% 58.6% 
Urquhart, 

200626 

intravenous mesna 5mg/kg in HD before 24.7±8.5 approx. after 11.06 
μmol/l; 55.2%±3.9% decrease 55.2% 

Urquhart, 

200626 

intravenous 2.5 mg/kg mesna in HD baseline: 24.7±8.5 approx. after 12.84 
μmol/l; 48.0±2.2% decrease 48.0% 

Badiou, 201194 high-flux HDF RR: 46.0% 46.0% 
Splendiani, 

200463 

HFR in HDF before 57.6 μmol/l (24.1–119.7) after 
35.3 μmol/l (9.9–80.3) μmol/l, p = 
0.005; 43.8% (31.9–58.9%) reduction 43.8% 

Badiou, 201194 high-flux HD RR: 41.5% 41.5% 

Biasioli, 199893 CURAY membrane in HD before 152.45±7.15 (outliers) after 
90.55±45.04 μmol/l, ns 40.6% 

Scholze, 200427 canonical HD before 19.8±9.2 after 11.9±7.8 μmol/l 39.9% 

Biasioli, 199893 HEMO membrane in HD before 64.88±40.11 after 40.06±31.57 
μmol/l, ns 38.3% 

Biasioli, 199893 PS+HEMO membrane in HD before 37.25±10.79 after 23.15±7.52 
μmol/l, ns 37.9% 

Urquhart, 

200626 

canonical HD before 24.7±8.5 approx. after 16.25 
μmol/l, 34.2±5.3% decrease and 
approx. after 14.96 μmol/l, 39.4±7.7% 
decrease 36.8% 

Tamura, 

1996102 

high-flux PS membrane in HD before 36.8 after 24.2 μmol/l, p< 
0.0001 34.2% 

Biasioli, 199893 PMMA membrane in HD before 32.33±13.71 after 21.68±9.56 
μmol/l, ns 32.9% 

Biasioli, 199893 AN69 membrane in HD before 80.86±42.03 after 55.40±36.78 
μmol/l, ns 31.5% 

Arnadottir, 

200275 

high-flux membrane (Polyflux 14S) in HD before 13.3±3.5 after 9.1±2.4 μmol/l, 
31±8% decrease, p< 0.0001 31.0% 

Arnadottir, 

200275 

low-flux membrane (Polyflux 6L) in HD before 13.3±3.5 after 9.6±2.7 μmol/l, 
28±7% decrease, p< 0.0001 28.0% 

Biasioli, 199893  
DIAC membrane in HD before 50.00±29.31 after 36.68±23.48 

μmol/l, ns 26.6% 
Czupryniak, 

200549 

CAPD solution (icodextrin) before 18.2±9.9 after 16.9±8.2 µmol/l, 
ns 7.1% 

Czupryniak, 

200549 

CAPD solution (glucose) before 18.8±9.3 after 18.5±9.6 µmol/l, 
ns 1.6% 

Abbreviations: ns – not significant; HD – hemodialysis; HDF – hemodiafiltration; HF – hemofiltration; HFHD – high-
flux hemodialysis; LFHD – low-flux hemodialysis; CAPD – continuous ambulatory peritoneal dialysis; NAC - N-
acetylcysteine; PES – polyethersulfone; PLD – protein-leaking dialyzer; PS – polysulphone; PMMA – 
polymethylmethacrylate; DIAC – cellulose diacetate; HEMO – hemophan; and CURAY – cuprammonium rayon. 

 

 

Hippuric acid 
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i) Longitudinal trials. Reduction of hippuric acid plasma levels was studied in six longitudinal 

trials (Table 7). Low-flux HD demonstrated the highest RR value (32.3%) in children and young 

adults in a recent one-year trial.41 However, the study did not specify the significance of this 

change. In addition, increasing frequency of the HD procedures to six times per week resulted 

in a 26.2% reduction at the end of a one-year intervention.61 

ii) Acute trials. In the acute studies, techniques with the highest RR values were (a) 8-hour 

nocturnal HDF and HD regardless of the KoA or Qd resulting in RR above 80%,70,92 and (b) high 

KoA and Qd in standard HD.109 As with indoxyl sulfate and p-cresyl sulfate, nocturnal HD was 

studied in one longitudinal trial without significant plasma hippuric acid levels changes after a 

treatment period of one year.50 The average of all reported or calculated RR from the acute 

trials was 68.1±10.4%. 

 

Table 7.  Reduction ratios (RR) of hippuric acid. RR extracted directly or calculated from the analyzed 

articles. The colors represent the values of the RR with the highest values in green and lowest in red.  

Longitudinal studies 
First author, 

year 
Technique 

Analysis 
period 

Results RR 

Snauwaert, 

201941 

low-flux HD 12 months after 2.47 (1.10- 5.85), change -1.18 (-
2.47- 0.14) mg/dl 32.3% 

Sirich, 201761 increased frequency (6 per 
week) HD 

at the end 
of 12 
months 

before 6.5±5.4 after 4.8±3.3 mg/dl 

26.2% 
van Gelder, 

202031 

post-dilution high-flux HDF 6 months RR: 21.9 (47.6 to -42.4)%, ns 

21.9% 

Lenglet, 201943 nicotinamide in HD 24 weeks before 57.911±48.018 after 
45.824±34.870 ng/ml, ns 20.9% 

Snauwaert, 

201941 

high-flux HD 12 months after 2.80 (1.41; 5.85), change -0.25 (-
1.97; 0.90) mg/dl 9.9% 

Meert, 2010105 post-dilution HDF 9 weeks before 4.07±2.42 after 3.81±2.74 
mg/dl, ns 6.4% 

Kalim, 201850 nocturnal 7-8-hour HD 12 months final-to-baseline ratio: 1.63±1.97, ns 0.0% 

Kalim, 201850 canonical HD 12 months final-to-baseline ratio: 2.52±6.38, ns 0.0% 

Sirich, 201761 canonical HD 12 months before 5.1±4.2 after 5.7±4.0 mg/dl 0.0% 
van Gelder, 

202031 

low-flux HD 6 months RR: -5.7 (44.6 to -54.5)%, increase, ns 

0.0% 
Snauwaert, 

201941 

post-dilution HDF 12 months after 2.28 (1.37; 3.28), change 0.34 (-
0.44; 1.79) mg/dl 0.0% 

Lenglet, 201943 sevelamer-hydrochloride in HD 24 weeks before 68.240 (36.256–88.416) after 
70.083±51.675 ng/ml, ns 0.0% 

Acute studies 

First author, 
year 

Technique  Results RR 

Sirich, 201292 high KoA-Qd (Rexeed 25S dialyzer) in 8-hour 
nocturnal HD 

RR: 89±7% 
89.0% 

Cornelis, 201570 8-hour post-dilution HDF approx. RR: 88% 88.0% 

Cornelis, 201570 8-hour HD approx. RR: 85% 85.0% 

Sirich, 201292 low KoA-Qd (F160NR dialyzer) in 8-hour 
nocturnal HD 

RR: 81±7% 
81.0% 

Luo, 2009109 high KoA and Qd in HD before 7.4±3.3 after 1.5±0.6 mg/dl, RR: 
79±4% 79.0% 
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Lesaffer, 200085 high-flux CTA membrane (Nissho Nipro) in HD before 1.84±1.15 after 0.44±0.25 
mg/100ml, p< 0.05 76.1% 

Meert, 2009112 pre-dilution HDF RR: 74.3±10.5% 74.3% 

Meert, 2009112 post-dilution HDF RR: 73.6±9.5% 73.6% 

Lesaffer, 200085 high-flux PS membrane (F60) in HD before 1.82±1.06 after 0.50±0.30 
mg/100ml, p< 0.01 72.5% 

Lesaffer, 200085 low-flux PS membrane (F8) in HD before 1.71±0.53 after 0.47±0.26 
mg/100ml, p< 0.05 72.5% 

Cornelis, 201570  
post-dilution HDF approx. RR: 72% 72.0% 

Vanholder, 

1992110 

canonical HD change: 72±7% 

72.0% 

Sirich, 201483 canonical HD RR: 71±5% 71.0% 

Eloot, 201289 mid-dilution HDF RR: 70.6±13.5% 70.6% 

Fagugli, 200278 canonical HD before 6.96±2.83 after 2.06±0.82 
mg/dl 70.4% 

Eloot, 201289 post-dilution HDF RR: 70.4±13.5% 70.4% 
De Smet, 

200733 

super-flux CTA membrane (Sureflux-150FH) in 
HD 

RR: 69.7±7.1% 

69.7% 
De Smet, 

200733 

low-flux CTA membrane (Sureflux-150L) in HD RR: 69.0±6.8% 

69.0% 

Eloot, 201572 canonical HD RR: 68±10 % 68.0% 

Cornelis, 201570 canonical HD approx. RR: 68% 68.0% 

Luo, 2009109 canonical HD RR: 67±8% 67.0% 
Vanholder, 

1988113 

PS400 membrane in HD RR: 0.67±0.10 

67.0% 
Vanholder, 

1992110 

HD before 242±154 after 97±55 µmol/l, 
change: 64±11% 64.0% 

Meert, 2009112 pre-dilution HF RR: 61.1±11.7% 61.1% 
Vanholder, 

1992110 

HDF change: 61±8% 

61.0% 

Meert, 201197 second- vs first-generation PES membranes in 
pre-dilution HDF 

both membranes approx. RR: 60% 
60.0% 

Meert, 201197 second- vs first-generation PES membranes in 
post-dilution HDF 

both membranes approx. RR: 60% 
60.0% 

Meert, 201197 second- vs first-generation PES membranes in 
HD 

both membranes approx. RR: 60% 
60.0% 

Etinger, 201848 isohydric dialysis (25 mM buffer bicarbonate) before 280.65±168.45 after 
121.85±80.43 µmol/l, p< 0.001 56.6% 

Etinger, 201848  
canonical HD before 212.42±154.92 after 

96.67±81.40 µmol/l, p< 0.001 54.5% 
Vanholder, 

1988113 

cuprophan membrane in HD RR: 0.53±0.09% 

53.0% 

Fagugli, 200278 DHD before: 7.12±2.21 after 3.62±1.15 
mg/dl 49.2% 

Eloot, 201572 MPHD RR: 43±16% 43.0% 

Abbreviations: ns – not significant; HD – hemodialysis; HDF – hemodiafiltration; HF – hemofiltration; MPHD – multipass hemodialysis; DHD – 
daily short hemodialysis; CAPD – continuous ambulatory peritoneal dialysis; PES – polyethersulfone; PS – polysulphone; HEMO – hemophan; 
CTA – cellulose triacetate; KoA - mass transfer-area coefficient; Qd - dialysate flow; and Qb - blood flow.  
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Leptin 

i) Longitudinal trials. From the longitudinal studies that provided data on change in leptin 

plasma concentrations (Table 8), the highest RR were achieved with substitution of 

intravenous insulin injection with intraperitoneal in continuous ambulatory peritoneal dialysis 

(CAPD) for patients with diabetes, which reduced the effects of insulin on increase of leptin 

production and resulted in 35.4% RR after 3 months of study.29 From extracorporeal 

interventions, (a) post-dilution high-flux HDF,37(b) combination of HD with hemoperfusion,22 

(c) low-flux HD (not significant),47 and (d) use of super-flux PS membrane (F 500S, Fresenius) 

in HD67 showed the highest RR. 

ii) Acute trials. In the acute studies, the highest RR values were achieved with dialysis 

techniques (a) mid-dilution HDF (RR= 40 - 43%),58,118 (b) high-flux HD,58 (c) high-flux HDF,95 and 

(d) use of a high-cut-off membrane in HDF.86 The average of the reported or calculated RR was 

22.4±15.7%. In a longitudinal trial, use of high-flux HD with a different dialyzer than in the 

acute study (F 60S, Fresenius, and BLS 819, Bellco, respectively) did not result in significant 

changes in leptin plasma levels after 12 weeks of treatment.67 

 

Table 8. Reduction ratios (RR) of leptin. RR extracted directly or calculated from the analyzed 

articles. The colors represent the values of the RR with the highest values in green and lowest in red.  

Longitudinal studies 
First author, 

year 
Technique 

Analysis 
period 

Results RR 

Nevalainen, 

200029 

intraperitoneal insulin injections 
(instead of subcutaneous) in 
CAPD 

3 months  before 19.8±5.9 after 12.8±6.2 ng/ml, 
p< 0.001 

35.4% 
Mandolfo, 

200637 

post-dilution high-flux HDF 1 week  RR: 31.4±14.3% 

31.4% 

Chen, 201122 HD+HP combination 2 years RR: 31.34% 31.3% 
Beerenhout, 

200547 

low-flux HD 6 months  before 24.9±30.0 after 17.3±24.8 µg/l, 
ns 30.5% 

van Tellingen, 

200467 

super-flux PS membrane (F 500S) 
in HD 

12 weeks  before 38.3±33.0 after 29.5±31.9 
ng/ml, p= 0.02 23.0% 

Mandolfo, 

200637 

medium-flux HD 1 week  RR: 12.1±6.4% 

12.1% 
van Tellingen, 

200467 

high-flux PS membrane (F 60S) in 
HD 

12 weeks  before 36.0±31.8 after 33.0± 31.2 
ng/ml, ns 8.3% 

Panichi, 200638 HDF 4 months  before 8.6±2.3 after 8.14±2.5 ng/ml, ns 5.3% 

Chen, 201122 canonical HD 2 years increase 10.04% 0.0% 
Beerenhout, 

200547 

pre-dilution OLHF 6 months  before 24.4±23.4 after 25.7±28.7 µg/l, 
ns 0.0% 

Kim, 199991 CAPD 3 months before 12.85±15.18 after 33.37±42.45 
ng/ml 0.0% 

Mandolfo, 

200637 

low-flux HD 1 week  no reduction 

0.0% 

Panichi, 200638 HFR 4 months  before 9.17±2.1 after 9.71±3.1 ng/ml, 
ns 0.0% 

van Tellingen, 

200467 

low-flux PS membrane (F 6HPS) 
in HD 

12 weeks  before 30.4±23.0 after 40.5±25.4 
ng/ml, p= 0.05 0.0% 
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Belmouaz, 

201939 

medium cut-off HD (Theranova 
500) 

3 months before 27.9 (10-143) after 29.6 (16–
116) ng/ml 0.0% 

Belmouaz, 

201939 

high-flux HD (Elision 21H) 3 months before 27.9 (10-143) after 39.7 (18–
135) ng/ml 0.0% 

Gomolka, 

201944 

low-flux HD (Braun LOPS) 8 weeks  before 35.52±38.0 after 36.2±38.9 
ng/m, ns 0.0% 

Gomolka, 

201944 

high-flux HD (Braun HIPS) 8 weeks  before 36.2±38.9 after 36.4±42.2 
ng/ml, ns 0.0% 

Gomolka, 

201944 

HDF 8 weeks  before 36.4±42.2 after 38.7±42.0 
ng/ml, ns 0.0% 

van Tellingen, 

200467 

super-flux CTA membrane (Tricea 
150G) in HD 

12 weeks  before 29.4±23.7 after 32.0±27.9 
ng/ml, ns 0.0% 

Acute studies 
First author, 

year 
Technique  Results RR 

Mandolfo, 

2008118 

mid-dilution HDF RR: 43±16% 

43.0% 

Santoro, 200558 mid-dilution HDF approx. RR: 40% 40.0% 

Santoro, 200558 high-flux HD approx. RR: 40% 40.0% 
Wiesholzer, 

199895 

high-flux HDF before 63.10±47.33 after 39.72±35.41 
ng/ml, p= 0.017/ p= 0.001 (after 
correction) 37.1% 

Kneis, 201386 high-cut-off membrane in HDF RR: 37%, p< 0.01 37.0% 
Mandolfo, 

2008118 

high-flux HD approx. RR: 35% 

35.0% 
Nakazono, 

199896 

PS-N dialyzer (Fresenius) in HD RR: 33.4±21.2% 

33.4% 

Kneis, 201386 high-cut-off membrane in HD RR: 31% ml, p< 0.01 31.0% 

Ouseph, 200832 PS membrane (F70NR) in HD RR: 26±4% 26.0% 

Ouseph, 200832 PAES membrane (Polyflux 17S) in HD RR: 23±11% 23.0% 

Kneis, 201386 conventional HD RR: 19%, p< 0.01 19.0% 

Kneis, 201386 Polyflux 11 S dialyzer in HDF RR: 16%, p< 0.05 16.0% 
Nakazono, 

199896 

PS-UW dialyzer (Fresenius) in HD RR: 16.0±26.4% 

16.0% 
Wiesholzer, 

199895 

high-flux HD before 48.21±51.08 after 45.26±53.67 
ng/ml, p= 0.013 (after correction) 6.1% 

Opatrná, 200373 CAPD solution (icodextrin) no change in plasma levels 0.0% 

Opatrná, 200373 CAPD solution (glucose) no change in plasma levels  0.0% 
Wiesholzer, 

199895 

low-flux HD before 11.94±16.92 after 14.74±20.76 
ng/ml; 0.0% 

Nakazono, 

199896 

AM-SD dialyzer (Asahi) in HD RR: –1.0±24.2%, increase 

0.0% 

Abbreviations: ns – not significant; HD – hemodialysis; HDF – hemodiafiltration; HF – hemofiltration; OLHF – 
online hemofiltration; HFR – hemofiltrate-reinfusion; HP – hemoperfusion; CAPD – continuous ambulatory 
peritoneal dialysis; PES – polyethersulfone; PS – polysulphone; CTA – cellulose triacetate; PAES – 
polyarylethersulfone; and HCO – high-cut-off. 

 

Indole-3-acetic acid  

i) Longitudinal trials. In case of indole-3-acetic acid (IAA), the highest reported RR, 11.1%, was 

achieved for children and young adults undergoing post-dilution HDF for a period of 12 

months (Table 9). However, the significance of this reduction in relation to the baseline 
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concentration of the toxin was not reported in the paper. The other three techniques studied 

in the longitudinal trials did not result in any significant reduction ratios. 

ii) Acute trials. Additionally, removal of IAA was studied in 11 acute trials, of which 8-hour 

post-dilution HDF and HD procedures showed the highest RRs in a single session (62.0 and 

55.0%, respectively).70 Similar RRs (49.5 to 50.4%), were also reported for standard hours pre- 

and post-dilution HDF.70,89,112 The average of reported or calculated RR for the acute studies 

was 42.3±8.8%.  

Table 9. Reduction ratios (RR) of indole-3-acetic acid (IAA). RR extracted directly or calculated from 

the analyzed articles. The colors represent the values of the RR with the highest values in green and 

lowest in red.  

Longitudinal studies 
First author, 

year 
Technique Analysis period Results RR 

Snauwaert, 

201941 

post-dilution HDF 12 months after 0.16 (0.11; 0.26), change -0.02 (-
0.05; 0.04) mg/dl 11.1% 

van Gelder, 

202031 

post-dilution high-flux HDF 6 months RR: 10.8 (26.0 -14.0)%, ns 

10.8% 

Lenglet, 201943 sevelamer-hydrochloride in 
HD 

24 weeks before 1624 ± 1177 after 1492 ± 933 
ng/ml, ns 8.1% 

Lenglet, 201943 nicotinamide in HD 24 weeks before 1287 ± 910 after 1186 ± 733 
ng/ml, ns 7.8% 

Meert, 2010105 post-dilution HDF 9 weeks before 0.23 ± 0.17 after 0.21 ± 0.13 
mg/dl, ns 0.0% 

van Gelder, 

202031 

low-flux HD 6 months RR: -9.2 (19.6 -34.9)%, increase, ns 

0.0% 
Snauwaert, 

201941 

high-flux HD 12 months after 0.19 (0.13; 0.24), change -0.00 (-
0.12; 0.04) mg/dl 0.0% 

Snauwaert, 

201941 

low-flux HD 12 months after 0.28 (0.16; 0.49), change 0.02 (-
0.07; 0.12) mg/dl 0.0% 

Acute studies 
First author, 

year 
Technique Results RR 

Cornelis, 201570 8-hour post-dilution HDF approx. RR: 62% 62.0% 

Cornelis, 201570 8-hour HD approx. RR: 55% 55.0% 

Meert, 2009112 pre-dilution HDF RR: 50.4 ± 11.6% 50.4% 

Cornelis, 201570 post-dilution HDF approx. RR: 50% 50.0% 

Eloot, 201289 post-dilution HDF RR: 49.5 ± 7.4% 49.5% 

Eloot, 201289 mid-dilution HDF RR: 49.4 ± 6.4% 49.4% 

Meert, 2009112 post-dilution HDF RR: 48.0 ± 9.6% 48.0% 

Paats, 202034 high Qb (378 ± 30 ml/min) and Qd (793 ± 47 
ml/min) in HDF 

approx. RR: 48% 
48.0% 

De Smet, 

200733 

super-flux CTA (Sureflux-150FH) RR: 46.8 ± 13.5% 

46.8% 

Eloot, 201572 canonical HD RR: 46 ± 8% 46.0% 

Paats, 202034 medium Qb (306 ± 62 ml/min) and Qd (793 ± 57 
ml/min) in HDF 

approx. RR: 45% 
45.0% 

De Smet, 

200733 

membranes low-flux CTA (Sureflux-150L) RR: 42.3 ± 24.1% 

42.3% 

Meert, 2009112 pre-dilution HF RR: 41.6 ± 8.1% 41.6% 

Cornelis, 201570 canonical HD approx. RR: 40% 40.0% 

Meert, 201197 membranes (second- vs first-generation PES) in 
pre-dilution HDF 

both membranes approx. RR: 40% 
40.0% 
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Meert, 201197 membranes (second- vs first-generation PES) in 
post-dilution HDF 

both membranes approx. RR: 40% 
40.0% 

Meert, 201197 membranes (second- vs first-generation PES) in 
HD 

both membranes approx. RR: 40% 
40.0% 

Yamamoto, 

201821 

adsorbent (HICB) in HD RR: 40% 

40.0% 
Yamamoto, 

201821 

canonical HD RR: 40% 

40.0% 

Etinger, 201848 canonical (37 mM buffer bicarbonate) before 7.76 ± 6.37 after 5.17 ± 4.00 
µml/l, p< 0.001 38.3% 

Eloot, 201572 MPHD RR: 32 ± 8% 32.0% 

Fagugli, 200278 canonical HD before 0.16 ± 0.04 after 0.11 ± 0.03 
mg/dl 31.3% 

Paats, 202034 low Qb (200 ± 10 ml/min) and Qd (301 ± 11 
ml/min) in HD 

approx. RR: 30% 
30.0% 

Etinger, 201848 isohydric dialysis (25 mM buffer bicarbonate) before 7.94 ± 5.23 after 5.62 ± 3.62 
µmol/l, p< 0.001 29.2% 

Fagugli, 200278 DHD before 0.13 ± 0.03 after 0.10 ± 0.03 
mg/dl 23.1% 

Abbreviations: ns – not significant; HD – hemodialysis; HDF – hemodiafiltration; HF – hemofiltration; HICB – 
hexadecyl-immobilized cellulose bead; DHD – daily short hemodialysis; CAPD – continuous ambulatory peritoneal 
dialysis; CTA – cellulose triacetate; and PES – polyethersulfone. 

 

Other PBUTs 

Besides the aforementioned uremic retention solutes, reduction of retinol-binding protein 

(RBP), pentosidine, CMPF, p-cresol, p-cresylglucuronide (PCG), N-carboxymethyllysine (CML), 

glyoxal, methylglyoxal, 3-deoxyglucosone (3-DG), kynurenic acid, kynurenine, and indican, as 

well as melatonin, phenylacetic acid, and thiocyanate was also described in the literature 

(Supplementary tables). The highest RRs achieved for the toxins that were studied in at least 

three papers included in this review, are presented in Table 10.  
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Table 10. Reduction ratios from the longitudinal and acute studies for p-cresylglucuronide (PCG), p-

cresol, retinol-binding protein (RBP), total pentosidine, kynurenic acid or kynurenine (KA/ KY), and 

CMPF. 

Longitudinal studies 

First author, 
year 

PBUT Technique 
Analysis 
period 

Results RR 

Galli, 200551 total 
pentosidine 

protein-leaking 
dialyzer (BF-K) in 
HD 

6 months before 23.5 ± 9.3 after 15.4 ± 
5.2 pmol/mg prot, p< 0.01 

34.5% 

Röckel, 1982119 RBP high-flux HF 6 months before 21.8 ± 1.1 after 18.3 ± 
2.1 mg/dl, ns 16.1% 

Meert, 2010105 CMPF post-dilution HDF 9 weeks before 0.72 ± 0.52 after 0.64 ± 
0.46 mg/dL, -11%, p < 0.01 11.1% 

van Gelder, 

202031 

KA/ KY low-flux HD 6 months KY RR: 7.7 (22.6 to -14.5)%, ns; 
KA RR: increase -5.6 (8.6 to -
69.1)%, ns 7.7% 

van Gelder, 

202031 

PCG low-flux HD 6 months RR: 7.0 (38.1 to -69.8)%, ns 

7.0% 

Acute studies 

First author, 
year 

PBUT Technique  Results RR 

Cornelis, 201570 PCG 8-hour HD approx. RR: 85% 85.0% 

Luo, 2009109 KA/ KY high KoA and Qd RR: 58 ± 7% 58.0% 

Susantitaphong, 

2009114 

p-cresol mid-dilution in HDF RR: 52.2 ± 20.5% 52.2% 

Sequera, 201387 RBP FXCorDiax1000 dialyzer in mixed-
dilution HDF 

RR: 43.2% 43.2% 

Odetti, 1995106 total 
pentosidine 

Hemofiltration before 23.94 ± 5.31 after 21.36 
± 3.74 pmol/mg protein, ns 

10.8% 
(ns) 

Cornelis, 201570 CMPF 8-hour HD approx. RR: 10%, ns 10.0% 
(ns) 

HD – hemodialysis, ns – not significant; KoA - mass transfer-area coefficient; and Qd - dialysate flow. 
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Discussion 

Adequate reduction of PBUTs plasma levels is of paramount importance for better 

cardiovascular outcomes for dialysis patients due to the high toxicity of these substances.10,120–

123 In particular, in clinical trials levels of indoxyl sulfate showed an association with left 

ventricular dysfunction,124 coronary atherosclerosis,125 cardiovascular and heart failure 

events126,127, as well as all-cause mortality.128 p-Cresyl sulfate levels, in turn, also demonstrated 

an association with increased risks for cardiovascular events129 as well as cardiovascular and 

all-cause mortality in CKD patients.14–16 Detrimental effects on vasculature and associations 

with cardiovascular complications in CKD patients were also demonstrated for other PBUTs 

such as homocysteine,130,131 hippuric acid,132,133 IAA,132,134 and p-cresol.135,136 However, the 

benefit of homocysteine lowering on cardiovascular outcomes is debatable due to the lack of 

strong evidence from randomised control trials.137 Nevertheless, all together, the evidence 

emphasises the importance of the protein-bound uremic toxins reduction for improving the 

prognosis of renal disease patients. 

Currently, a variety of methods for reducing uremic toxins have been described in the 

literature; however, it is still unclear which of these methods are most effective in reducing 

PBUT in the plasma of CKD patients. Therefore, the aim of this systematic review was to find 

the techniques with the highest outcomes described in the literature. Thus, we screened 

literature records up to 2.01.2020 for the effectiveness of protein-bound uremic toxin plasma 

levels lowering methods with the aim to identify the most appropriate technique available for 

CKD patients to date. To warrant the broadest possible scope of our analysis, we did not 

implement any limits on the number of patients studied or design of the studies, thus scoring 

methods for quality assessment were not applied in this review. 

We stratified the techniques extracted from the studies by the uremic retention solute being 

investigated and duration of the studies. We applied a uniform result metrics to facilitate 

easier comparison and ranked studies from the highest to the lowest reduction ratios achieved 

for each PBUT. We are aware that some authors advise against the use of reduction ratio for 

estimation of the total PBUT plasma levels decrease.99 Nevertheless, we opted for this 

approach as a measure of the change in dialysis associated PBUT concentration in the patients’ 

plasma due to its prevalence in the literature, straight-forwardness and, most importantly, 

high clinical relevance. Altogether, a comprehensive overview of the efficacy of kidney 

replacement therapies and relevant supplements for the reduction of protein-bound uremic 

solutes in plasma reported in the literature is presented. 

PBUTs showed the highest reduction ratios with a variety of treatments; at present there is 

no predominant technique providing optimal lowering of all types of protein-bound retention 

solutes. The explanation for this might be the lack of comprehensive clinical studies that 

analyze reduction of all known protein-bound solutes by a given techniques, as well as the 

heterogeneous nature of the solutes and differences in their protein-binding forces. Promising 

technologies that demonstrated significant RRs in the acute studies, such as the FPAD 
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system,19 increased mass transfer area coefficient and dialysate flow in nocturnal HD92 and 8-

hour HDF,70 are still not yet being investigated for long-term effects. Canonical HD, on the 

other hand, failed to reach any significant reduction in most long-term studies while 

demonstrating a great variety of reduction ratios, up to 72.0% for hippuric acid110, in single 

session analyses. Interestingly, reduction ratios reported in the acute studies were, for most 

PBTUs, much higher than those in longitudinal trials. These findings indicate that the results 

from single session measurements are of limited value and might not always reflect long-term 

treatment efficacy. 

The highest reduction ratios were achieved in long-term trials for PBUTs, like indoxyl sulfate, 

p-cresyl sulfate and homocysteine, with oral or intravenous supplements as an addition to 

hemodialysis treatment. In particular, AST-120 (Kremezin®), an oral charcoal adsorbent, 

significantly reduced serum levels of IS and p-cresyl sulfate by adsorbing their bacteria-derived 

precursors in the intestine.18,40,74,77 Multiple prospective and retrospective clinical trials 

showed beneficial effects of long-term AST-120 treatment towards slowing down the 

progression of CKD.123 It was also shown that there are no significant changes in adsorption of 

the fat-soluble vitamins, such as vitamin D and K, in patients after AST-120 administration for 

12 weeks.40 On the other hand, AST-120 treatment did not result in any significant positive 

effects for pre-dialysis patients in the prospective randomized controlled trials EPPIC1-2 and 

K-STAR.138,139 Even though a post-hoc re-evaluation of these studies revealed that AST-120 

might delay kidney function decline and decrease the risk for cardiovascular events,140,141 these 

results should be interpreted with cautious due to statistical limitations of the post-hoc 

analysis.142 Additionally, it is not known whether AST-120 has an effect on plasma levels of 

other PBUTs with a different origin in CKD patients. 

We acknowledge certain limitations of our study. First, we did not implement any statistical 

tools for comparison of the efficacy of different kidney replacement therapies. Comparisons 

were solely based on the reported reduction ratios or plasma concentrations of the PBUTs, 

without correction for sample size, strength, or duration of the study. With this approach, we 

achieved the maximum inclusiveness, which is particularly important given the low number of 

homogeneous studies on this topic. However, only half of the longitudinal studies,22,25,28,40,61,77 

and few acute studies31,41,43,95 reporting high RR values, were based on sample sizes of more 

than 40 patients. Thus, the power of the included studies is different. Second, some of the 

highest RRs for different toxins were achieved within the same studies,19,23,31,41,43,70,74,77,92 which 

bears a risk of bias for the analysis. Nevertheless, these preliminary results are encouraging 

and do demonstrate promising approaches for higher PBUT reduction rates, as well as 

highlight the need for further investigation into the pertinent methods in larger cohorts, for 

longer periods of time, and, ideally, for clinically relevant endpoints. 

The ineffective lowering of PBUT levels by conventional dialysis techniques (e.g. low-flux 

hemodialysis, hemodiafiltration, or peritoneal dialysis) may be related to the fact that only the 

water-soluble fraction of these toxins is able to pass through the dialysis membranes by 

convection and/or diffusion.143 Substances, such as indoxyl sulfate and p-cresyl sulfate bind 
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with high affinity to plasma albumin, for instance, through two binding sites144 forming a high 

molecular weight complex that exceeds the cut-off limit of the dialyzer membranes. Thus, one 

possible approach could be increasing the protein-leaking property of the dialyzers. Of note, 

several studies on protein-leaking dialyzers conducted in the early 2000s demonstrated only 

a moderate reduction ratio of 32.0% for homocysteine (in acute study) and 15.0-34.5% (acute 

and 6-month-trial, respectively) for the advanced glycation end product pentosidine.51,65,71 

However, the use of protein-leaking dialyzers for HD patients raised concerns regarding the 

possible risks of malnutrition and disturbances in protein and amino acid metabolism.145 In 

addition, most PBUTs are hydrophobic molecules,19 which might partly explain their hampered 

removal by aqueous solutions used in dialysis.  

How can we achieve more effective elimination of PBUTs in the future? From the early 

development of dialysis until the present, PBUT elimination was solely based on passive 

diffusion and filtration, using various types of membranes. The other physical elimination 

measure, namely adsorption, has not attracted major interest of nephrologists and dialysis 

companies so far. For instance, vitamin E-coated membranes146 which combine filtration and 

adsorption, have only scarcely been used. Albumin dialysis is also based on the principle of 

adsorption, however this technique is mainly used in liver failure and is not practiced in CKD.147 

Nevertheless, several promising novel adsorption technologies such as zirconium-based 

metal−organic frameworks,148 mixed-matrix membrane,149 and nanoporous adsorbent 

monolith150 have emerged showing almost complete removal of IS and p-cresyl sulfate from 

human plasma in ex vivo experiments.  

Another promising recent strategy, which demonstrated the highest acute RR in our 

investigation, aims to increase the free fraction of hydrophobic uremic toxins in relation to the 

protein-bound fraction. In this context, it has already been shown that separation rates of 

hydrophobic toxins can be improved by increasing the ionic strength of an adsorber (FPAD 

system).19 This approach was proven in a limited clinical study demonstrating principle 

technical and clinical feasibility. The application of high-frequency fields for the increased 

release of hydrophobic uremic toxins has also been tested and patented (patent numbers: 

WO2013004604A1, EP2729198A1, US20140246367A1), although a clinical study on this 

approach is pending. Hopefully, these new approaches, as well as further developments in 

elimination techniques may allow a better control of cardiovascular complications in end-

stage renal disease, the most prominent cause of death in chronic kidney disease patients.151  

In conclusion, to date, although undoubtedly needed, there is no highly effective method for 

effective reduction of all types of PBUTs for routine clinical use. Taking the limitations of our 

study into account, only a very preliminary ranking of the available techniques is possible at 

present. With this in mind, it can be summarized that supplements, such as AST-120 and 

intravenous folates, significantly improve the performance of canonical dialysis techniques for 

the lowering of certain PBUTs plasma levels in the long term. Therefore, there is an urgent 

need for comprehensive research in this area, considering that protein-bound uremic toxins 
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are significant contributors to the burden of chronic kidney failure. Long-term, multicenter, 

cross-over designed studies are essential in this context. 
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Supplementary material 

 

I. Full Search Query 

 

MEDLINE: 

((((((((((((Renal replacement therapy) OR "Hemodialysis") OR Hemofiltration) OR Hemodiafiltration) OR 

Peritoneal dialysis) OR Renal Dialysis) OR "Adsorption dialysis") OR "Extracorporeal Dialysis"))  

AND  

(((((((((((((((((((((((((((((((((((("Protein-bound"[All Fields] OR "hydrophobic uremic toxins"[All Fields]) OR 

"Protein bound uremic toxins"[All Fields]) OR "methoxyresorcinol"[All Fields]) OR ("3-

deoxyglucosone"[Supplementary Concept] OR "3-deoxyglucosone"[All Fields] OR "3 

deoxyglucosone"[All Fields])) OR ("3-carboxy-4-methyl-5-propyl-2-furanpropionic 

acid"[Supplementary Concept] OR "3-carboxy-4-methyl-5-propyl-2-furanpropionic acid"[All Fields] OR 

"3 carboxy 4 methyl 5 propyl 2 furanpropionate"[All Fields])) OR ("fructosyl-lysine"[Supplementary 

Concept] OR "fructosyl-lysine"[All Fields] OR "fructose lysine"[All Fields])) OR "Fructoselysine"[All 

Fields]) OR ("glyoxal"[MeSH Terms] OR "glyoxal"[All Fields])) OR ("hippuric acid"[Supplementary 

Concept] OR "hippuric acid"[All Fields])) OR ("homocysteine"[MeSH Terms] OR "homocysteine"[All 

Fields])) OR ("hydroquinone"[Supplementary Concept] OR "hydroquinone"[All Fields])) OR 

("indoleacetic acid"[Supplementary Concept] OR "indoleacetic acid"[All Fields] OR "indole 3 acetic 

acid"[All Fields])) OR "Indoxyl sulfate"[All Fields]) OR ("indoxyl glucuronide"[Supplementary Concept] 

OR "indoxyl glucuronide"[All Fields] OR "indoxyl beta d glucuronide"[All Fields])) OR 

("kynurenine"[MeSH Terms] OR "kynurenine"[All Fields])) OR ("kynurenic acid"[MeSH Terms] OR 

"kynurenic acid"[All Fields])) OR ("leptin"[MeSH Terms] OR "leptin"[All Fields])) OR ("melatonin"[MeSH 

Terms] OR "melatonin"[All Fields])) OR ("pyruvaldehyde"[MeSH Terms] OR "pyruvaldehyde"[All Fields] 

OR "methylglyoxal"[All Fields])) OR "N(6)-carboxymethyllysine"[Supplementary Concept]) OR "N(6)-

carboxymethyllysine"[All Fields]) OR ("4-cresol"[Supplementary Concept] OR "4-cresol"[All Fields] OR 

"p cresol"[All Fields] OR "para cresol"[All Fields] OR "para-cresol"[All Fields])) OR ("p-Cresyl sulfate"[All 

Fields] OR "para-cresyl sulfate"[All Fields])) OR ("pentosidine"[Supplementary Concept] OR 

"pentosidine"[All Fields])) OR ("phenols"[MeSH Terms] OR "phenols"[All Fields] OR "phenol"[All Fields] 

OR "phenol"[MeSH Terms])) OR ("4-hydroxyhippuric acid"[Supplementary Concept] OR "4-

hydroxyhippuric acid"[All Fields] OR "4 hydroxyhippuric acid"[All Fields])) OR ("putrescine"[MeSH 

Terms] OR "putrescine"[All Fields])) OR ("quinolinic acid"[MeSH Terms] OR "quinolinic acid"[All 

Fields])) OR ("retinol-binding proteins"[MeSH Terms] OR "retinol-binding proteins"[All Fields] OR 

"retinol binding protein"[All Fields])) OR ("spermidine"[MeSH Terms] OR "spermidine"[All Fields])) OR 

("spermine"[MeSH Terms] OR "spermine"[All Fields])) OR ("dihydroxyphenylalanine"[MeSH Terms] OR 

"dihydroxyphenylalanine"[All Fields])) OR ("indican"[MeSH Terms] OR "indican"[All Fields])) OR 

("acrolein"[MeSH Terms] OR "acrolein"[All Fields])) OR ("thiocyanate"[Supplementary Concept] OR 

"thiocyanate"[All Fields] OR "thiocyanates"[MeSH Terms] OR "thiocyanates"[All Fields] OR 

("phenylacetic acid"[Supplementary Concept] OR "phenylacetic acid"[All Fields]))))) 

AND  

(((("filtration"[MeSH Terms] OR ("adsorption"[MeSH Terms] OR "adsorption"[All Fields])) OR 

"Clearance"[All Fields]) OR "Removal"[All Fields]) OR "Separation"[All Fields]))  

AND 
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English[Language]) AND ("1980/01/01"[Date - Publication] : "2020/02/01"[Date - Publication]) AND 

"humans"[MeSH Terms] 

 

Embase: 

'renal replacement therapy'/exp OR 'renal replacement therapy' OR 'hemodialysis'/exp OR 

'hemodialysis' OR 'hemofiltration'/exp OR 'hemofiltration' OR 'hemodiafiltration'/exp OR 

'hemodiafiltration' OR 'peritoneal dialysis'/exp OR 'peritoneal dialysis' OR 'adsorption dialysis' OR 

'renal dialysis'/exp OR 'renal dialysis' OR 'extracorporeal dialysis'/exp OR 'extracorporeal dialysis' OR 

'haemofiltration' OR 'haemodiafiltration' OR ('peritoneal' AND 'dialysis') OR ('renal' AND 'dialysis') 

AND 

'protein-bound' OR 'hydrophobic uremic toxins' OR 'protein bound uremic toxins' OR '(2-) 

methoxyresorcinol' OR 'methoxyresorcinol' OR '3 deoxyglucosone'/exp OR '3 deoxyglucosone' OR '3-

carboxy-4-methyl-5-propyl-2-furanpropionate' OR '3 carboxy 4 methyl 5 propyl 2 furanpropionate' OR 

'fructose-lysine' OR 'fructoselysine' OR 'glyoxal'/exp OR 'glyoxal' OR 'hippuric acid'/exp OR 'hippuric 

acid' OR 'homocysteine'/exp OR 'homocysteine' OR 'hydroquinone'/exp OR 'hydroquinone' OR 

'indoleacetic acid'/exp OR 'indoleacetic acid' OR 'indole 3 acetic acid' OR 'indoxyl sulfate'/exp OR 

'indoxyl sulfate' OR 'indoxyl glucuronide' OR 'indoxyl beta d glucuronide' OR 'kynurenine'/exp OR 

'kynurenine' OR 'kynurenic acid'/exp OR 'kynurenic acid' OR 'leptin'/exp OR 'leptin' OR 'melatonin'/exp 

OR 'melatonin' OR 'methylglyoxal'/exp OR 'methylglyoxal' OR 'pyruvaldehyde' OR 'n 6 

carboxymethyllysine'/exp OR 'n 6 carboxymethyllysine' OR 'para cresol'/exp OR 'para cresol' OR '4 

cresol' OR 'p cresyl sulfate'/exp OR 'p cresyl sulfate' OR 'pentosidine'/exp OR 'pentosidine' OR 

'phenol'/exp OR 'phenol' OR '4 hydroxyhippuric acid'/exp OR '4 hydroxyhippuric acid' OR 

'putrescine'/exp OR 'putrescine' OR 'quinolinic acid'/exp OR 'quinolinic acid' OR 'retinol binding 

protein'/exp OR 'retinol binding protein' OR 'spermidine'/exp OR 'spermidine' OR 'spermine'/exp OR 

'spermine' OR 'dopa'/exp OR 'dopa' OR 'dihydroxyphenylalanine' OR 'indican'/exp OR 'indican' OR 

'acrolein'/exp OR acrolein OR 'thiocyanate'/exp OR thiocyanate 

AND 

'filtration'/exp OR 'adsorption'/exp OR 'adsorption' OR 'clearance'/exp OR 'clearance' OR 

'separation'/exp OR 'separation' OR 'removal' AND [1980-2020]/py AND [english]/lim AND 

[humans]/lim AND ([article]/lim OR [article in press]/lim) 
 

 

 

II. Supplementary Tables 

 

Table 11. Reduction ratios (RR) of retinol binding protein.  

Longitudinal studies 

First author, year Technique 
Analysis 
period 

Results RR 

Röckel, 19821 high-flux HF 6 months before 21.8 ± 1.1 after 18.3 ± 2.1 
mg/dl, ns 

16.1% 

Acute studies 

First author, year Technique  Results RR 

Sequera, 20132 FXCorDiax1000 dialyser in mixed-dilution OLHDF RR: 43.2% 43.2% 

Sequera, 20132 FXCorDiax1000 dialyser in post-dilution OLHDF RR: 39% 39.0% 

Maduell, 20093 Olpur MD 220 2.2 m2 Polyphenylene dilayzer in mid-
dilution OLHDF 

RR: 30.5% 30.5% 
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Meert, 20114 Polynephron dialyser in pre-dilution HDF approx. RR: 30% 30.0% 

Meert, 20114 Polynephron dialyser in post-dilution HDF approx. RR: 30% 30.0% 

Maduell, 20093 Olpur MD 190 1.9 m2 Polyphenylene dilyser mid-
dilution OLHDF 

RR: 29.2% 29.2% 

Maduell, 20093 Philther HF 170 1.7 m2 Polyphenylene dialyser post-
dilution in OLHDF 

RR: 23.5% 23.5% 

Maduell, 20093 Philther HF 170 1.7 m2 Polyphenylene dialyser pre-
dilution OLHDF 

RR: 22.5% 22.5% 

Krieter, 20055 Nephros OLpur MD 190 hemodiafilter in mid-dilution 
HDF 

RR: 22% 22.0% 

Krieter, 20086 PES membrane in HD RR: 22% 22.0% 

Meert, 20114 Polynephron dialyser in HD approx. RR: 20% 20.0% 

Ramon, 20187 asymmetric CTA membrane in OLHDF RR: 18.6 ± 7.6% 18.6% 

Krieter, 20086 PS HF 80 S dialyser in post-dilution OLHDF approx. RR: 16% 16.0% 

Meert, 20114 DIAPES-HF800 dilayser in post-dilution HDF approx. RR: 15% 15.0% 

Krieter, 20086 Polyflux 170 H dialyser in post-dilution OLHDF approx. RR: 14% 14.0% 

Krieter, 20055 high-flux 80 S dialyser in post-dilution OLHDF approx. RR: 12% 12.0% 

Meert, 20114 DIAPES-HF800 dilayser in HD approx. RR: 10% 10.0% 

Meert, 20114 DIAPES-HF800 dilayser in pre-dilution HDF approx. RR: 10% 10.0% 

Wichman, 19858 sequential ultrafiltration/dialysis before 301.7 ± 104.8 after 276.5 ± 
85.6 mg/l, ns 

8.4% 

Testa, 20069 OLHDF before 131.2 ± 24 after 145.6 ± 46.5 
mg/l  

0.0% 

Abbreviations: CTA – cellulose triacetate; HD – hemodialysis; HDF – hemodiafiltration; OLHDF – on-line 
hemodiafiltration; HF – hemofiltration; ns – not significant; PES – polyethersulfone; and PS – polysulphone. 

 

Table 12. Reduction ratios (RR) of pentosidine (total, protein-bound and free fractions). 
 

Longitudinal studies  

First author, year Technique 
Intervention 

period 
Results RR 

 
Galli, 200510 protein-leaking dialyser 

(BF-K) in HD 
6 months total, before 23.5±9.3 after 15.4±5.2 

pmol/mg protein, p<0.01 
34.5% 

 
Galli, 200510 non-protein-leaking 

dialyser in HD 
6 months before 26.5±8.7 after 25.0±11.1 

pmol/mg protein, ns 
5.7% 

 
Acute studies  

First author, year Technique  Results RR 

To
ta

l p
en

to
si

d
in

e
 

Odetti, 199511 HF before 23.94±5.31 after 21.36±3.74 
pmol/mg protein, ns 

10.8% 

De Smet, 200712 super-flux CTA (Sureflux-150FH) membrane in 
HD 

RR: 3.3±25.7% 3.3% 

De Smet, 200712 Low-flux CTA (Sureflux-150L) membrane in HD LF RR: -1.24±21.5% 0.0% 

Odetti, 199511 chronical HD before 23.72±2.01 after 26.46±2.15 
pmol/mg protein, ns 

0.0% 

Odetti, 199511 bicarbonate HD before 23.83±3.20 after 30.02±3.90 
pmol/mg protein, ns 

0.0% 

Odetti, 199511 acetate-free biofiltration  before 23.44 ±3.11 after 24.32± 1.88 
pmol/mg protein, ns 

0.0% 

P
ro
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in

-b
o
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n
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d
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Tessitore, 200413 BK-F dialyser in HD  approx. RR= 15% 15.0% 

Friedlander, 199514 canonical HD before 23.7±12.3 after 21.4±9.4 
pmol/ mg prot, ns 

9.7% 

Jadoul, 199915 AN69 membrane in HD before 25.4±8.4 after 23.4±5.6 
pmol/mg prot 

7.9% 

Jadoul, 199915 PMMA membrane in HD before 24.3±8.5 after 22.8±8.3 
pmol/mg prot 

6.2% 
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Jadoul, 199915 PS membrane in HD before 14.6±6.2 after 13.8±6.6 
pmol/mg prot 

5.5% 

Jadoul, 199915 Cellulosic membrane in HD before 21.8±6.4 after 22.1±5.8 
pmol/mg prot 

0.0% 

Cornelis, 201516 8-hour HDF no reduction 0.0% 

Cornelis, 201516 8-hour HD no reduction 0.0% 

Cornelis, 201516 4-hour HDF no reduction 0.0% 

Cornelis, 201516 canonical HD no reduction 0.0% 

Miyata, 199717 canonical HD 
  

before 26.64±9.15 after 27.16±9.86 
pmol/ mg albumin 

0.0% 

Fr
ee

 p
en

to
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d
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e
 Hohmann, 201718 canonical HD before 4±2 after non-detectable, RR: 

100% 
100.0% 

Agalou, 200519 canonical HD HD RR: 86 ± 7% 86.0% 

Friedlander, 199620 canonical HD from 105.2±37.9 to 53.6±30.7 
pmol/ml, p< 0.05 

49.0% 

Friedlander, 199620 CAPD from 63.9±31 to 60.3±29.3 pmol/ml, 
ns 

5.6% 

Abbreviations: CAPD – continuous ambulatory peritoneal dialysis; CTA – cellulose triacetate; HD – hemodialysis; 
HDF – hemodiafiltration; HF – hemofiltration; ns – not significant; and PS – polysulphone. 

 

Table 13. Reduction ratios (RR) of 3-carboxy-4-methyl-5-propyl-2-furanpropionate (CMPF).  

Longitudinal studies 

First author, year Technique Analysis period Results RR 

Meert, 201021 post-dilution HDF 9 weeks before 0.72±0.52 after 0.64±0.46 
mg/dl, -11%, p < 0.01 

11.1% 

Snauwaert, 201922 high-flux HD 12 months after 0.12 (0.03; 0.34), change -0.01 (-
0.07; 0.06) mg/dl 

7.7% 

Lenglet, 201923 nicotinamide in HD 24 weeks before 6992 (2341 - 8856) after 6465 ± 
6599 ng/ml, ns 

7.5% 

Snauwaert, 201922 low-flux HD 12 months after 0.14 (0.04; 0.39), change -0.01 (-
0.08; 0.01) mg/dl 

6.7% 

Snauwaert, 201922 post-dilution HDF 12 months after 0.16 (0.07; 0.57), change -0.00 (-
0.03; 0.03) mg/dl 

0.0% 

Lenglet, 201923 sevelamer-hydrochloride in 
HD 

24 weeks before 6581 ± 6135 after 6746 ± 6135 
ng/ml, ns 

0.0% 

 
 

Acute studies 

First author, year Technique  Results RR 

Cornelis, 201516 8-hour HD approx. RR: 10%, ns 10.0% 

Meert, 200924 post-dilution HDF RR: 7.1 ± 5.7% 7.1% 

Meert, 200924 pre-dilution HDF RR: 5.9 ± 6.7% 5.9% 

Eloot, 201225 post-dilution HDF RR: 5.5 ± 11.1% 5.5% 

Eloot, 201225 mid-dilution HDF RR: 4.4 ± 9.1% 4.4% 

Meert, 200924 pre-dilution HF RR: 4.0 ± 7.8% 4.0% 

Cornelis, 201516 4-hour HDF approx. RR: 3%, ns 3.0% 

Cornelis, 201516 8-hour HDF approx. RR: 1%, ns 1.0% 

Cornelis, 201516 canonical HD no reduction 0.0% 

De Smet, 200712 low-flux CTA membrane (Sureflux-150L) in HD RR: -17.7±25.8%, increase 0.0% 

De Smet, 200712 Super-flu CTA membrane (Sureflux-150FH) in 
HD 

RR: -10.2±13.3%, increase 
0.0% 

Fagugli, 200226 daily short hemodialysis before 0.36±0.20 after 0.41±0.26 
mg/dl 

0.0% 
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Fagugli, 200226 canonical HD before 0.37±0.25 after 0.49±0.33 
mg/dl 

0.0% 

Lesaffer, 200027 high-flux PS (F60) membrane in HD before 1.97±1.03 after 2.25±1.30 
mg/100ml, p< 0.01 

0.0% 

Lesaffer, 200027 high-flux CTA (Nissho Nipro) membrane in HD before 1.76±0.77 after 2.00±1.11 
mg/100ml, ns 

0.0% 

Lesaffer, 200027 low-flux PS (F8) membrane in HD LF PS: before 1.71±0.89 after 
1.83±0.93 mg/100ml, ns 

0.0% 

Abbreviations: CTA – cellulose triacetate; HD – hemodialysis; HDF – hemodiafiltration; HF – hemofiltration; ns – 
not significant and PS – polysulphone. 

 

Table 14. Reduction ratios (RR) of p-cresol in the acute studies.  

First author, year Technique Results RR 

Susantitaphong, 

200928 

mid-dilution OLHDF RR: 52.2±20.5% 

52.2% 

Riccio, 201429 hemofiltrate-reinfusion system in HDF RR: 52% 52.0% 

Susantitaphong, 

200928 

pre-dilution OLHDF RR: 48.0±20.5% 

48.0% 

Susantitaphong, 

200928 

post-dilution OLHDF RR: 41.9±15.7% 

41.9% 

Lesaffer, 200027 high-flux PS (F60) membrane in HD before 0.72±0.30 after 0.42±0.20 
mg/100ml, p< 0.01 41.7% 

Bammens, 200430 pre-dilution HDF with 20L FX80 dialyser before 23.6±1.8 after 14.5±1.1 mg/l 38.6% 

Riccio, 201429 canonical HD RR: 37% 37.0% 

Bammens, 200430 post-dilution HDF with FX80 dialyser before 21.7±2.6 after 13.9±1.7 mg/l 35.9% 

Lesaffer, 200027 low-flux PS (F8) membrane in HD before 0.76±0.41 after 0.49±0.25 
mg/100ml, p< 0.01 35.5% 

Lesaffer, 200027 high-flux CTA (Nissho Nipro) membrane in 
HD 

before 0.72±0.31 after 0.47±0.17 
mg/100ml, p< 0.01 34.7% 

Bammens, 200430 FX80 dialyser in HD before 23.1±2.7 after 15.4±1.7 mg/l 33.3% 

Fagugli, 200226 canonical HD before 0.96±0.59 after 0.66±0.38mg/dl 31.3% 

Bammens, 200430 pre-dilution HDF with 60L FX80 dialyser before 19.5±2.0 after 13.5±1.5 mg/l 30.8% 

Bammens, 200430 HF80(S) dialyser in HD before 23.5±2.2 mg/l after 16.3±1.7 mg/l 30.6% 

Fagugli, 200226 daily short hemodialysis before: 0.78±0.33 after 0.64±0.32 mg/dl 17.9% 

Abbreviations: CTA – cellulose triacetate; HD – hemodialysis; HDF – hemodiafiltration; HF – hemofiltration; OLHDF 
– on-line hemodiafiltration; and PS – polysulphone. 

 

Table 15. Reduction ratios (RR) of p-cresylglucuronide (PCG).  

Longitudinal studies 

First author, year Technique Analysis period Results RR 

van Gelder, 202031 low-flux HD 6 months RR: 7.0 (38.1 to -69.8)%, ns 7.0% 

Lenglet, 201923 sevelamer-hydrochloride in 
HD 

24 weeks before 5458±6528 after 5874±5395 
ng/ml. ns 0.0% 

Lenglet, 201923 nicotinamide in HD 24 weeks before 6070±6766 after 6565±6973 
ng/ml. ns 0.0% 

van Gelder, 202031 post-dilution high-flux OLHDF 6 months increase -7.4 (37.3 to -65.3)%, ns 0.0% 

Snauwaert, 201922 post-dilution HDF 12 months 0.09 (0.04; 0.30). change -0.00 (-0.10; 
0.16) mg/dl 0.0% 

Snauwaert, 201922 high-flux HD 12 months after: 0.17 (0.05; 0.36). change 0.04 (-
0.03; 0.10) mg/dl 0.0% 

Snauwaert, 201922 low-flux HD 12 months after 0.25 (0.18; 0.53). change 0.02 (-
0.04; 0.11) mg/dl 0.0% 

Acute studies 



 

72 
 

First author, year Technique Results RR 

Cornelis, 201516 8-hour HD approx. RR: 85% 85.0% 

Cornelis, 201516 8-hour HDF approx. RR: 84% 84.0% 

Cornelis, 201516 4-hour HDF approx. RR: 83% 83.0% 

Cornelis, 201516 canonical HD approx. RR: 81% 81.0% 

Eloot, 201532 canonical HD RR: 81 ± 7% 81.0% 

Etinger, 201833 isohydric dialysis (25 mM buffer bicarbonate) before 20.83 ± 17.77 after 5.28 ± 3.26 
µmol/l 74.7% 

Etinger, 201833 canonical (37 mM buffer bicarbonate) before 21.86 ± 17.74 after 7.54 ± 6.34 
µmol/l 65.5% 

Eloot, 201532 multipass HD RR: 55±6% 55.0% 

Abbreviations: HD – hemodialysis; HDF – hemodiafiltration; and OLHDF – on-line hemodiafiltration. 

 

Table 16. Reduction ratios (RR) of kynurenic acid (KA) and kynurenine (KY).  

Longitudinal studies 

First author, 
year 

Techniques Analysis period Results 
RR 

van Gelder, 

202031 

low-flux HD 6 months KY RR: 7.7 (22.6 to -14.5)%; KA RR: 
increase -5.6 (8.6 to -69.1)%, ns 7.7% 

van Gelder, 

202031 

post-dilution high-flux OLHDF 6 months KY RR: 5.9 (20.9 to -29.3)%; KA RR: 
increase -3.2 (−22.1 to 39.5)%, ns 5.9% 

Lenglet, 201923 sevelamer-hydrochloride in 
HD 

24 weeks KY: before 1065 ± 526 after 1190 ± 
584 ng/ml, ns; KA before 488 ± 315 
after 483 ± 293 ng/ml, ns 1.0% 

Lenglet, 201923 nicotinamide in HD 24 weeks KY: before 1225 ± 555 after 1244 ± 
559 ng/ml, ns; KA: before 363 ± 183 
after 445 ± 261 ng/ml, p= 0.056 0.0% 

Acute studies 

First author, 
year 

Technique Results 
RR 

Luo, 200934 increased KoA and Qd RR: 58±7% 58.0% 

Etinger, 201833 canonical (37 mM buffer bicarbonate) before 4.26 ± 1.22 after 2.72 ± 0.77 
µmol/l 36.2% 

Etinger, 201833 isohydric dialysis (25 mM buffer bicarbonate) before 4.03 ± 1.30 after 2.63 ± 0.63 
µmol/l 34.7% 

Luo, 200934 canonical HD RR: 34±10% 34.0% 

Abbreviations: HD – hemodialysisHF – hemofiltration; KoA - mass transfer area coefficient; OLHDF – on-line 
hemodiafiltration; and Qd - dialysate flow. 

 

Table 17. Reduction ratios (RR) of Ne-(carboxymethyl)lysine (CML), glyoxal, 

methylglyoxal, 3-deoxyglucosone (3-DG), phenylacetic acid (PAA), melatonin, indican, 

thiocyanate and acrolein.  

PBUT First author, year Technique Results RR 

CML, free Agalou, 200519 canonical HD RR: 84 ± 5% 84.0% 

CML, free Hohmann, 201718 canonical HD RR: 76% 76.0% 

CML, protein-bound Cornelis, 201516 8-hour HD no reduction 0.0% 

CML, protein-bound Cornelis, 201516 8-hour HDF no reduction 0.0% 

CML, protein-bound Cornelis, 201516 4-hour HDF no reduction 0.0% 

CML, protein-bound Cornelis, 201516 canonical HD no reduction 0.0% 
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Glyoxal Cornelis, 201516 8-hour HDF approx. RR: 65% 65.0% 

Glyoxal Cornelis, 201516 8-hour HD approx. RR: 62% 62.0% 

Glyoxal Cornelis, 201516 4-hour HDF approx. RR: 58% 58.0% 

Glyoxal Cornelis, 201516 canonical HD approx. RR: 55% 55.0% 

Glyoxal Agalou, 200519 canonical HD RR: 52 ± 9% for free fractions 52.0% 

Methylglyoxal Cornelis, 201516 8-hour HD approx. RR: 72% 72.0% 

Methylglyoxal Cornelis, 201516 8-hour HDF approx. RR: 70% 70.0% 

Methylglyoxal Cornelis, 201516 4-hour HDF approx. RR: 62% 62.0% 

Methylglyoxal Cornelis, 201516 canonical HD approx. RR: 60% 60.0% 

Methylglyoxal Agalou, 200519 canonical HD RR: 74 ± 8% for free fractions 74.0% 

3-DG, free Agalou, 200519 canonical HD RR: 70 ± 14% for free fraction 70.0% 

3-DG Cornelis, 201516 8-hour HD approx. RR: 10% 10.0% 

3-DG Cornelis, 201516 8-hour HDF approx. RR: 10% 10.0% 

3-DG Cornelis, 201516 4-hour HDF approx. RR: 10% 10.0% 

3-DG Cornelis, 201516 canonical HD approx. RR: 10% 10.0% 

PAA Brettschneider, 

201335 

FPAD system before 1377±227 after 
223±75 µmol/l 83.8% 

PAA Brettschneider, 

201335 

high-flux HD before 1201±506 after 
443±122 µmol/l 63.1% 

Melatonin Ludemann, 200136 canonical HD before 40.6 after 20.3 pg/ml, 
p< 0.001 50.0% 

Melatonin Vaziri, 199337 single-pass, 
volumetric 
controlled dialysate 
delivery systems in 
HD 

before 16.7±7.0 after 
10.8±3.2 pg/ml, ns 

same as 
healthy 

Indican Martinez, 200538 membrane 
(Fresenius F70NR 
kidneys) in HD 

RR: 30±7%  

30.0% 

Thiocyanate Pahl, 198239 2-hour HD before 28.5 ug/ml after 17.8 
ug/ml; n= 1 37.5% 

Acrolein Gugliucci, 200740 canonical HD Average decrease 32% 32.0% 

Abbreviations: FPAD – fractionated plasma separation, adsorption, and dialysis; HD – hemodialysis; 
HDF – hemodiafiltration; and OLHDF – on-line hemodiafiltration. 
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Abstract 

α-Klotho (Klotho) exists in two different forms, a membrane-bound and soluble form, which 

are highly expressed in the kidney. Both forms play an important role in various physiological 

and pathophysiological processes. Recently, it has been identified that soluble Klotho arises 

exclusively from shedding or proteolytic cleavage. In this review, we will highlight the 

mechanisms underlying the shedding of Klotho and the functional effects of soluble Klotho, 

especially in CKD and the associated cardiovascular complications. 

Klotho can be cleaved by a process called shedding, releasing the ectodomain of the 

transmembrane protein. A disintegrin and metalloproteases ADAM10 and ADAM17 have 

been demonstrated to be mainly responsible for this shedding, resulting in either full-length 

fragments or sub-fragments called KL1 and KL2. 

Reduced levels of soluble Klotho have been associated with kidney disease, especially chronic 

kidney disease (CKD). In line with a protective effect of soluble Klotho in vascular function and 

calcification, CKD and the reduced levels of soluble Klotho herein are associated with 

cardiovascular complications. Interestingly, although it has been demonstrated that soluble 

Klotho has a multitude of effects its direct impact on vascular cells and the exact underlying 

mechanisms remain largely unknown and should therefore be a major focus of further 

research. Moreover, functional implications of the cleavage process resulting in KL1 and KL2 

fragments remain to be elucidated. 
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Introduction 

α-Klotho (Klotho) is a type I transmembrane protein which is highly conserved among human, 

mouse and rat (up to 94% homological sequence)1 and primarily expressed in the kidney, in 

both proximal and distal tubuli, though some expression has been shown in choroid plexus, 

parathyroid gland and sinoatrial node2. Membrane-bound Klotho plays an important role in a 

wide range of physiological and pathophysiological processes, as recently reviewed in3. For 

example, Klotho has not only been demonstrated to play an important role in renal function 4 

and controls the brain-immune system interface5. The membrane-bound Klotho protein forms 

a complex with the fibroblast growth factor receptors (FGFR), which is crucial for the binding 

of FGF236. FGF23 exerts several endocrine functions, like regulating phosphate, calcium and 

vitamin D homeostasis7. Dysregulation of this FGF23-Klotho axis is not only associated with 

chronic kidney disease8, but also with vascular and skeletal anomalies which are mainly caused 

by an altered phosphate turnover, as reviewed in9. This abnormal phosphate regulation is the 

mechanism by which deficiency of FGF23 and Klotho is associated with accelerated aging6,10, 

which can be rescued by low phosphate diet feeding to restore the phosphate balance11.  

Besides this membrane-bound form, Klotho is also released in soluble form. This soluble 

Klotho is detectable in cerebrospinal fluid, after being shed from the choroid plexus, and in 

urine and blood, after being mainly shed from the kidney12,13. Soluble Klotho has not only a 

local impact on renal function but also systemic effects on the cardiovascular system (see 

Chapter 3). Initially this soluble form was believed to arise from both proteolytic cleavage, a 

process called shedding, as well as secretion of an alternatively spliced Klotho variant. This 

spliced variant has a 50bp insertion containing an in-frame stop codon, resulting in a truncated 

Klotho protein14. Interestingly, this spliced, truncated version of Klotho has not been detected 

in vivo thus far3,13,15. Recently, Mencke et al. described that this alternatively spliced variant is 

subjected to nonsense-mediated mRNA decay and therefore not secreted15. Soluble Klotho 

thus solely arises from the shedding process, which will be further elaborated on in the next 

section. 

 

Klotho Shedding 

Various type I transmembrane protein, like Klotho, can be cleaved by a process called 

shedding, which releases the ectodomain of the transmembrane protein16. In this manner, 

shedding is a post-translational modification that controls the levels and function of hundreds 

of membrane proteins. Alpha secretases (e.g. “a disintegrin and metalloprotease” (ADAM)) as 

well as beta-secretases ( e.g. “beta-site APP cleaving enzyme” (BACE)) have been described as 

the main sheddases, although in recent years a broader range of proteases has been identified 

to play a role in protein shedding16. 

Regarding Klotho, both ADAM10 and ADAM17 were shown to be responsible for its shedding. 

Chen et al. demonstrated that overexpression of either ADAM10 or ADAM17 in Klotho-
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transfected COS-7 cells increased release of soluble Klotho, while this shedding could be 

abolished by using the metalloprotease inhibitor TAPI-117. Similarly, the metalloprotease 

inhibitor TNF484 or the ADAM10-selective inhibitor GI254023X inhibited endogenous Klotho 

shedding in HEK cells18. Interestingly, besides the 130-kDa full-length ectodomain Klotho 

product, another smaller Klotho product of approximately 70-kDa could also be detected in 

the Klotho-expressing COS-7 cells17. Based on the predicted primary structure it is known that 

the extracellular domain of Klotho consists of two tandem internal repeats, KL1 and KL2 

(Figure 1), which only share 21% amino acid identity19. As the antibodies used for Klotho 

detection specifically recognize the KL1 domain20, the smaller product should correspond to 

the cleaved KL1 domain, which was also confirmed using mass spectrometry by other 

groups17,18. The full-length shed extracellular Klotho domain was shown to be much more 

abundant in the cell media than the cleaved KL1, and the cleavages that produce these forms 

have been termed α- and β-cut, respectively17. For the β-cut, it could be demonstrated that 

membrane anchoring is essential as transfection of COS-7 cells with a truncated version of 

Klotho, lacking the transmembrane domain, did not generate detectable KL1 products in the 

medium or cell lysate17. On the other hand, it seems that this anchoring is not necessary for 

the α-cut, releasing full-length Klotho in the cell media17. Interestingly, treatment of the 

Klotho-expressing cells with a broad metalloprotease inhibitor Timp-3 significantly reduced 

the amount of KL1 not only in the medium but also in the cell lysate samples, indicating that 

the β-cut also takes place intracellularly17.  

To determine the exact Klotho cleavage sites of the proteinases ADAM10 and ADAM17, highly 

conserved regions of 34 known substrates for ADAM10 and ADAM1721 were analyzed and two 

potential recognition sites in the proximity of the Klotho transmembrane domain could be 

identified22. Transfection of COS-7 cells with Klotho constructs in which these sites were 

mutated demonstrated that deletion of amino acids at positions 958 and 959 at the 

juxtamembrane site decreased soluble Klotho levels by 50-60%22. Furthermore, deletion of 

the region between amino acids 954−962 almost completely abolished the presence of the 

130-kDa product in the medium and the 70-kDa product in both medium and cell lysate, 

suggesting that not only membrane anchoring17 but also intact α-cut sequence is required for 

the β-cut to occur. Overexpression of ADAM10 or ADAM17 did not result in increased 

shedding of the mutated Klotho, while it did in case of the intact protein, primarily when co-

transfected with ADAM1722. In contrast to previous observations17, however, co-transfection 

of the cells with ADAM10 did not increase Klotho shedding22. Hence, it seemed that shedding 

by ADAM17 is prevailing over that by ADAM10 in COS-7 cells. Nonetheless, overexpression of 

ADAM10 in Klotho-expressing HEK293 cells did increase the amount of soluble Klotho in the 

medium, as shown by Bloch et al 23. Therefore, the exact involvement of ADAM10 in Klotho 

shedding compared to ADAM17 remains to be further evaluated. The fact that ADAM10 is 

predominantly responsible for the constitutive shedding of many of its substrates, while 

ADAM17 is implicated in induced shedding events24, might explain the discrepancies regarding 

Klotho shedding in the different studies and cell-types. 
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Figure 1. Schematic overview of Klotho structure and cleavage. Membrane-bound Klotho consists of 
four main domains, being the signal sequence (SS), KL1, KL2, and the transmembrane domain (TM). 
Several sheddases can cut this membrane-bound Klotho forming full-length soluble Klotho (a-cut) or 
KL1 and KL2 soluble Klotho (both a- and b-cut). Illustrated sequences reflect the suggested cleavage 
sites at which these cuts occur. Figure is created with BioRender.com. 

 

Using a similar approach, by analyzing the ADAMs’ substrate compilation from Caescu et al.21, 

the precise region of the β-cut could be identified as well25. This was confirmed in COS-7 cells 

by transfecting the cells with Klotho mutated at the predicted β-cut site, which completely 

abolished KL1 fragments in the cell lysates and media25. Moreover, the full-length Klotho 

product was also significantly decreased indicating that successful Klotho cleavage at either of 

the cuts is dependent on intact sequences at both sites, and that both α- and β-cut can occur 

simultaneously25. However, it is difficult to determine whether the reduced cleavage of Klotho 

is caused by a mutation of the recognition sequence itself or due to potential conformational 

changes induced by the mutation that would render the cleavage site inaccessible for the 

proteinases. In either case, it also remains to be determined whether both ADAM10 and 

ADAM17 are responsible for both cleavages equally or if one of them is dominating in certain 

conditions. 

Besides ADAM10 and ADAM17, Klotho was also shown to be shed by a β-secretase β-APP 

cleaving enzyme 1 (BACE1), as BACE1-specific siRNAs treatment of Klotho-expressing HEK293 

cells resulted in a significantly decreased soluble full-length Klotho protein in the media23. In 

line with this observation, overexpression of BACE1 in these cells increased the amount of 

shed Klotho23. In addition, the remaining transmembrane Klotho domain is further processed 

by γ-secretase, since the small 5-kDa product corresponding to the Klotho stub was only visible 

when the cells were treated with γ-secretase inhibitors23. Unfortunately, the exact cleavage 
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site of BACE1 has not yet been elucidated and remains an interesting focus of future research. 

Nevertheless, these results are in line with previous findings that several type-I 

transmembrane proteins can be processed by α- and β-, as well as γ-secretases16. Shedding by 

different secretases results in distinct fragments with specific properties. Such divergent 

effects could, for example, already be shown for amyloid precursor protein (APP; reviewed 

in26). Shedding of APP by an α-secretase, mainly by ADAM10, generates a soluble APP 

fragment that has neuroprotective properties27. In sharp contrast, shedding of APP by the β-

secretase BACE1 is amyloidogenic and results in the formation of amyloid β which is a major 

component of amyloid plaques in Alzheimer's disease28. Due to the similarities in Klotho and 

APP structure and processing, it would be highly interesting to investigate the individual roles 

of ADAMs and BACE1 in soluble Klotho formation and determine the presence of any 

functional differences between the products of the different cleavages. 

 

Functional role of soluble Klotho in disease 

3.1. Soluble Klotho as a biomarker for renal disease 

As the kidney is the main source of soluble Klotho, it is not surprising that soluble levels of 

Klotho drastically drop in patients with CKD. Soluble Klotho levels have been observed to 

decrease in both blood and urine upon CKD progression29,30. Strikingly, this drop already 

occurs very early in disease development, in CKD stage 2 and often even already in CKD stage 

131. Associated with the reduced Klotho levels, FGF23 and mineral parameters increase during 

CKD development32,33. Although the decreased soluble levels have been attributed to 

decreased expression of membrane Klotho32, it may also arise from reduced shedding 

capacity, however this fact remains to be determined. In line with an important local role for 

soluble Klotho in the kidney, higher soluble Klotho levels are also independently associated 

with a lower risk of decline in renal function34. Several studies have investigated whether 

soluble Klotho could be a potential biomarker for CKD or at least for impaired kidney function8. 

However, so far, the outcomes are rather contradictory and therefore not conclusive, 

especially since mostly small cohorts were investigated. Another limitation for this research 

field is the fact that soluble Klotho is difficult to reliably measure in patient material8 as, for 

example, Klotho levels seem to be correlated with age35. Furthermore, it is not possible to 

distinguish between full length soluble Klotho and the KL1 or KL2 fragments, although it 

remains to be elucidated whether these different products exert distinct functions. Therefore, 

further studies and larger cohorts need to be screened before drawing conclusions about the 

potential use of soluble Klotho as biomarker.  

3.2. Clinical relevance of Klotho for renal disease from mice models 

When originally discover by Kuro-o and colleagues, Klotho mutation in mice caused severe 

manifestations of premature aging and significantly shortened life expectancy19. Full Klotho 

knockout mice (Klotho -/-) do not display any abnormalities until the week 3-4 of age, however 
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further development is arrested, and mice generally die at the age of 8-9 weeks. Klotho -/- 

mice also exhibit cardiac dysfunction, sterility, skin atrophy, Monckeberg type arteriosclerosis, 

ectopic calcifications as well as decline in renal function36,37. Full Klotho knockout mice are too 

fragile and rarely survive surgery38, which makes them a difficult model to work with. 

Notwithstanding, heterozygous Klotho-deficient mice (Klotho +/-) display less striking 

phenotype and their life expectancy is comparable to the wild type mice. At the later age, 

however, Klotho +/- mice develop impaired kidney function with glomerulosclerosis, 

interstitial fibrosis and increased albuminuria39,40. These mice were shown to be more prone 

to develop pathological response to injury, such as unilateral ureteral obstruction (UUO) or 

bilateral ischemia-reperfusion injury (IRI), which significantly exacerbated kidney fibrosis in 

the Klotho +/- mice comparing to the wild type41,42. On the other hand, mice ubiquitously 

overexpressing Klotho seemed to be protected against renal function deterioration in case of 

the acute kidney injury as well as in glomerulonephritis model42–44. Moreover, using adeno-

associated virus (AAV)-mediated gene transfer of Klotho it could be observed that delivery of 

Klotho has beneficial effects in not only acute kidney injury, but also in CKD models45,46. 

Additionally, administration of recombinant soluble Klotho showed comparable effects as it 

reduced renal fibrosis in AKI and UUO, suggesting these effects are primarily driven by soluble 

Klotho29,47–49. Besides local renal functions, soluble Klotho has also been shown to have 

systemic impact on the cardiovascular system like for example on vascular calcification as 

described below. A short overview of mice models used for studying effects of Klotho on renal 

and cardiovascular system is given in Table 1. 
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Mouse model Reported outcome Reference 
K

lo
th

o
 in

 r
e

n
al

 d
is

e
as

e
 

Aged Klotho +/- mice Impaired kidney function with 
glomerulosclerosis, interstitial fibrosis and 
increased albuminuria 

Zhou, 201539 
Zhou, 201640 

UUO in Klotho +/- 
mice  

Exacerbated kidney fibrosis Sugiura, 201241 

UUO in Klotho 
transgenic mice 
 
UUO in Klotho +/- 
mice 

Reduced tubulointerstitial fibrosis 
 
Enhanced tubulointerstitial fibrosis 

Satoh, 201244 

Recombinant Klotho 
treatment in UUO  

Alleviation of UUO-induced EndoMT, 
reduced fibrosis and improved kidney 
function 

Li, 201948 
 

Bilateral IRI in Klotho 
+/- mice  
 
IRI in Klotho 
transgenic mice 
 
Recombinant Klotho 
treatment after AKI in 
mice or rats 

Faster progression to CKD 
 
 
Improved preservation of kidney function 
after AKI 
 
Accelerated recovery and reduced renal 
fibrosis 

Shi 201642 
Hu, 201029 

Adenoviral delivery of 
Klotho in rats with IRI 

Reduced renal damage Sugiura, 200546 

ICR-derived 
glomerulonephritis in 
Klotho transgenic mice 

Improved renal function and survival Haruna, 200743 

Klotho +/- mice or 
transgenic mice with 
uni-Nx with IRI in 
contralateral kidney 

Reduced or improved renal function and 
vascular calcification 

Hu, 201137 

K
lo

th
o

 in
 c

ar
d
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m

p
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n
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 Klotho -/- mice with 
diabetic nephropathy 
 
AAV-mediated 
delivery of soluble 
Klotho 

Hyperphosphatemia and enhanced 
vascular calcification 
 
Rescued phosphate levels and prevention 
of calcification  

Hum, 201745 

Aortic ring culture and 
hind limb ischemia in 
Klotho -/- and -/+ mice 

Impaired angiogenesis and vasculogenesis Shimada, 200450 

Klotho -/- and +/- mice Impaired vasodilation/vasorelaxation, 
rescued by parabiosis with wt mice 

Saito, 199851 

Klotho +/- mice Cardiac dysfunction, hypertrophy, and 
fibrosis 

Hu, 201552 

Klotho administration 
in mice with uni-Nx 
with IRI in 
contralateral kidney 

Attenuated CKD-associated cardiac 
remodeling 

Hu, 201749 
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Abbreviations: UUO - unilateral ureteral obstruction; EndoMT - endothelial-to-mesenchymal transition; 

IRI - ischemia-reperfusion injury; CKD - chronic kidney disease; AKI - acute kidney injury; Nx - 

nephrectomy; and wt - wild type. 

 

3.3. Klotho in cardiovascular complications of renal disease 

Vascular calcification appears early in the course of CKD and becomes more prevalent as 

kidney function decreases and thereby causes a high risk of cardiovascular mortality in 

patients with CKD4,53. Obviously, considering its major role in regulating mineral 

(Ca/phosphate) homeostasis, Klotho deficiency causes high circulating phosphate levels and 

thereby strongly enhances vascular calcification in mice with CKD37. It could be also shown 

that delivery of AAV expressing soluble Klotho into Klotho deficient mice reduces phosphate 

levels and, in line with this, vascular calcification45. Moreover, Klotho deficiency in CKD 

enhances renal tubule and vascular cell senescence which impairs angiogenesis and 

vasculogenesis50. Together, these results clearly demonstrate that Klotho plays a protective 

role in vascular calcification and CKD, although cell-specific effects remain rather elusive. 

These protective effects of Klotho are probably mostly indirect in nature as they are related 

to its ability to regulate the effects of several growth factors such as FGF23, and ion-channels, 

as discussed before. However, soluble Klotho also suppresses the activity of the WNT/β-

catenin pathway in stem and progenitor cells in a direct manner, which has been shown to be 

important not only for vascular calcification, but also aging54. Interestingly, WNT/β-catenin, in 

turn, inhibits renal Klotho expression. Via this loop Klotho and WNT signaling interact and play 

an important role in CKD and associated complications55.  

Furthermore, elevated levels of soluble Klotho in plasma are independently associated with a 

lower risk of cardiovascular disease56. This can at least partly be explained by the observed 

vasculoprotective effects of soluble Klotho on the endothelium, as production of nitric oxide 

and vasodilation are impaired in heterozygous Klotho deficient rodent51. Additionally, soluble 

Klotho has been identified as an anti-inflammatory modulator, since a bidirectional negative 

relationship between Klotho and NF-κB could be identified in which Klotho impairs 

translocation and hence activation of NF-κB in cultured endothelial cells57. Thereby Klotho also 

suppresses expression of the adhesion molecules intercellular adhesion molecule 1 (ICAM-1) 

and vascular cell adhesion molecule 1 (VCAM-1) in endothelial cells57. Klotho also reduces the 

expression of lectin-like oxidized low-density lipoprotein receptor-1 (LOX-1), a major receptor 

for oxidized LDL, in cultured endothelial cells58. However, the direct impact on vascular cells 

and the exact mechanism of action remains poorly understood, especially as receptors that 

mediate the effects remain largely unknown and the effects of soluble Klotho seem to be at 

least partially FGFR23 independent59. Not surprisingly, as all of the described mechanisms play 

a crucial role in atherosclerosis development, it could be shown that lower levels of serum 

soluble Klotho were associated with increased carotid artery intima-media thickness and 

could thereby be considered an early predictor of atherosclerosis56,60. Although the ectopic 

expression of Klotho is still under debate, recent studies demonstrate its expression in 



 

119 
 

cardiomyocytes and highlight the impact of Klotho on cardiac diseases, like myocardial 

infarction and left ventricular hypertrophy, as reviewed in61,62. In line with this, subjects at high 

risk for atherosclerotic/cardiovascular events have a reduced expression of Klotho in 

cardiomyocytes63, associated with increased oxidative stress, inflammation and fibrosis, 

although the direct impact of Klotho on cardiomyocytes has not been examined in this study.  

 

Discussion and future directions 

Over the course of more than two decades after the serendipitous identification of the Klotho 

protein19, research has focused on elucidating the exact function of this protein in health and 

disease. It has already been described that Klotho plays a role in a multitude of processes and 

this list will only grow further over time. At the moment, the role of Klotho in aging, kidney 

disease, more particularly CKD, and the vasculature is quite well described. Yet, the direct vs 

indirect functions of soluble Klotho on vascular cells, receptor(s) involved, and the exact 

underlying mechanisms of action remain largely unknown or contradictory and should 

therefore be a focus of future research. 

Recently, it was demonstrated that all of the soluble Klotho arises from shedding of 

membrane-bound Klotho as the alternatively spliced variant is subject to nonsense-mediated 

mRNA decay and degraded15. While ADAM10, ADAM17 as well as BACE have been implicated 

in Klotho shedding, other proteases may be involved as well. Shedding of Klotho can result in 

different fragments, being either a full-length fragment or smaller sub-fragments called KL1 

and KL2. However, until now most studies did not clearly distinguish between these different 

fragments or mainly used full-length soluble Klotho. Therefore, further studies are needed to 

elucidate which fragments are produced by the different shedding enzymes and determine 

the specific functional implication of the cleavage process resulting in KL1 and KL2 fragments.  

In order to fully comprehend the function of soluble Klotho and to enable potential 

therapeutic targeting it is highly important that future research focuses on the elucidation of 

the exact underlying mechanisms. Only recently the crystal structure of Klotho has been 

described elucidating the exact structure of Klotho protein64. This might give an important 

impulse to the research field. Recently, a potential mechanism of action of soluble Klotho has 

been suggested, as it could be identified that soluble Klotho binds to membrane lipid rafts 

which alters the lipid organization in the cell membrane65,66. However, further functional 

studies are needed to elucidate the importance of this interaction. 

In conclusion, soluble Klotho plays an important role in health and disease and is thereby a 

promising therapeutic target. However, further research is first needed to improve our 

understanding of the exact effects and especially the regulation of Klotho shedding.  
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Main Findings of the Thesis 

Cardiorenal syndrome is a debilitating condition characterized by a complex interplay 

between decline in renal function and consequential development and aggravation of 

cardiovascular disease (CVD). In healthy individuals, kidneys fulfil numerous functions for 

sustaining homeostasis, e.g. regulation of blood pressure, maintenance of fluid and mineral 

balance, and removal of waste products. Pathological changes in kidney, such as loss of 

podocytes, tubular cell injury and subsequent tubulointerstitial fibrosis1, will lead to kidney 

function decline, which is strongly associated with cardiovascular morbidity and mortality2–4. 

Increase in uremic toxins, protein modifications (e.g. carbamylation), inflammation, as well as 

vascular calcification, phenomena commonly seen in patient with chronic kidney disease 

(CKD)4,5, are known to worsen cardiovascular condition and contribute to the development of 

atherosclerosis, a major manifestation of CVD6. However, the exact molecular mechanisms 

behind the cardiorenal syndrome are not properly understood thus far. Such knowledge 

would be of a high importance, since the limited clinically available approaches do not provide 

sufficient treatment for patients with CKD, and related cardiovascular disease, ranking as the 

12th leading cause of death worldwide in 20177. 

The aim of this thesis was to a) determine the best available clinical technique for reduction 

of protein-bound uremic toxins in the circulation of dialysis patients; b) investigate the role of 

a prominent uraemia-associated protein modification (carbamylation) in atherosclerosis; and 

c) study calcification-associated factors affected by kidney disorder. 

In this chapter I will discuss the following main findings of my thesis: 

1. Systematic review of 101 publication on kidney replacement therapies revealed 

orally administered charcoal adsorbent AST-120 (Kremezin®) and fractionated 

plasma separation and adsorption dialysis as the most effective approaches for 

reduction of blood levels of well-studied protein-bound uremic toxins (PBUTs) 

indoxyl sulfate and p-cresyl sulfate. However, there is currently no universal 

method for effective reduction of all PBUTs (Chapter 2).  

 

2. In Chapter 3, we demonstrated that plaque carbamylation levels increase with 

plaque progression in patients with kidney insufficiency. Plaque protein 

carbamylation, at least partly, appears to reflect uptake of carbamylated low 

density lipoproteins (LDL) by macrophages that leads to foam cell formation. 

 

3. Soluble Klotho is an important calcification-inhibiting protein that originates from 

truncation of a membrane-bound form and is significantly reduced in patients with 

CKD. However, as is highlighted by the review in Chapter 4, the differential effects 

of various soluble Klotho fragments on the organism remain to be fully elucidated. 
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4.  Our study identifies macrophage CDK5 as a hub gene associated with plaque 

calcification and an important regulator of several inflammatory pathways, 

promoting smooth muscle cell-dependent calcification in vitro and in vivo (Chapter 

5), which makes it a promising target for drug development.  
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1. CVD-promoting effects of CKD: uremic toxins and protein 

modifications 

1.1. Protein-bound uremic toxins 

The discovery of urea in urine can be traced back to the 17th century with more detailed 

description of its chemical and physiological properties in the 18th and 19th century8. However, 

the first protein-bound solutes associated with kidney function, such as indican (commonly 

known as indoxyl sulfate), and their physiological role in CKD were reported much later 

facilitated by the advancement in biochemical methods9–11. Since then, indoxyl sulfate and 

another major sulphated solute, p-cresyl sulfate, are the most studied PBUTs in respect to 

their effects on cardiovascular system and methods of removal from plasma, as is evident 

from the systematic review presented in Chapter 2. This high scientific interest could be 

explained by the fact that both indoxyl sulfate and p-cresyl sulfate exhibit large protein-

binding fraction of 80-90% and are shown to be the most toxic PBUTs to the cardiovascular 

system12. 

Albumin is the prime binding target for most of the PBUTs due to its high abundance in the 

plasma and strong affinity for amphiphilic compounds. Uremic toxins can bind to plasma 

albumin through electrostatic, dipolar, and van der Waals forces, or steric factors such as 

amino acids arrangement in the protein13 depending on their chemical structure. Indoxyl 

sulfate, 3-carboxy-4-methyl-5-propyl-2-furanpropanoic acid (CMPF), p-cresyl sulfate, hippuric 

acid and indoleacetic acid (IAA) demonstrate exceptionally strong affinity to albumin with 

CMPF showing more than 99% of its plasma pool to be protein-bound. This makes them 

particularly difficult to remove during haemodialysis procedure14–16. The reason for the 

variable protein-binding affinity between the compounds lay in their highly different physico-

chemical properties. Additionally, albumin has specific binding sites for toxins indoxyl sulfate 

and p-cresyl sulfate called Sudlow's sites I and II17. In fact, the binding of a variety of 

endogenous and exogenous compounds (e.g. vitamins and drugs), but also uremic toxins, is 

one of the main physiological functions of plasma albumin17. Albumin binding often lowers 

compounds’ toxicity and hence protects the organism from their deleterious effects. Impaired 

kidney function causes increased levels of uremic toxins in the circulation (up to 116 times of 

the normal concentration in case of indoxyl sulfate18), leading to saturation of albumin binding 

sites and increased levels of unbound toxic compounds. Moreover, saturation of albumin 

binding capacity also prevents other drugs from binding increasing their toxicity and 

interfering with delivery to the targets, which can be a serious limitation in heavily medicated 

people with chronic conditions 19,20. 

Due to their high protein affinity, PBUTs behave more like middle or high than small molecular 

weight toxins. This fact makes them difficult to remove with the conventional dialysis 

techniques optimized for removal of small free solutes in the plasma. Thus, different 

approaches are required for adequate removal of these molecules from the circulation. 
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Prevention of production or elimination of their precursors could be an effective approach to 

reduce PBUT levels. Most PBUTs, or their precursors, originate from the gut21. This is true, for 

example, for indoxyl sulphate precursor, indole, which is a product of (often protein derived) 

tryptophan metabolism by bacteria Escherichia coli22. Gut derived indole is taken up into 

circulation and is transported to the liver where it is converted into indoxyl sulfate11,23. Hence, 

high dietary protein intake is known to increase blood indoxyl sulfate levels. Toxins 

indoleacetic acid and indoxyl-β-d-glucuronide are generated in a similar fashion. Phenolic 

compounds, such as p-cresyl sulphate, are also produced by gut bacteria23,24.  

Thus, it is not surprising that several uremic toxin eliminating methods interfere with their 

formation in the intestine. For instance, AST-120 (Kremezin®) is an oral spherical activated 

carbon that is prescribed to patients with CKD to delay the need for dialysis and improve the 

symptoms of uremia25–27. It acts by adsorbing and improving removal of low molecular weight 

substances from the intestinal lumen due to its high porous surface area. In Chapter 2, we 

demonstrate that oral supplementation of patient on haemodialysis with AST-120 showed the 

highest reduction ratios of both indoxyl sulphate and p-cresyl sulphate in longitudinal trials. 

AST-120 was also shown in a recent systematic review and meta-analysis, that involved 

integrative analysis of data from 3,763 patients from 15 randomized controlled trials, to have 

significant beneficial effects towards delaying the progression of the kidney disease in pre-

dialysis patients28. Hence, this therapy proves to be an effective technique for reduction of 

the gut-originating PBUTs such as indoxyl sulphate and p-cresyl sulphate. 

Other approaches for the PBUTs removal described in Chapter 2 include the use of adsorbents 

or binding competitors, increasing the frequency or duration of dialysis or the size of the 

dialyzer, or applying hemofiltration or hemodiafiltration. One particularly effective technique 

to reduce PBUT levels in our study was fractionated plasma separation and adsorption dialysis 

by an extracorporeal liver support adsorption-dialysis system. This system affects separation 

of plasma albumin and clearance of the bound toxins by adsorbing materials in a separate 

circuit29,30. It is an effective procedure for removal of both water-soluble and hydrophobic 

toxins commonly used in liver failure. This technique could be a promising approach for 

reduction of the PBUTs in CKD parties, however, to the best of our knowledge, it has not been 

implemented for this purpose on a regular basis so far. 

Removal of uremic toxins in CKD is relevant for preserving cardiovascular system in the 

patients since PBUTs have been linked to worsened outcomes in this population. Barreto and 

colleagues conducted a study on 139 patients with CKD and found that high levels of serum 

indoxyl sulfate were associated with mortality, including cardiovascular-related death, and 

was predictive for mortality independently of other conventional markers 31. Moreover, free 

(non-protein-bound) concentrations of p-cresyl sulfate, but not total concentrations, have 

also been directly associated with CVD and overall mortality in pre-dialysis as well as dialysis 

patients32–35. In addition, free p-cresyl glucuronide, a metabolite formed by glucuronidation 

of p-cresol, was linked to all-cause and cardiovascular mortality in patients with CKD and 

showed predictive power for cardiovascular events beyond traditional markers36,37. Taken 
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together, these findings and numerous in vitro studies of cytotoxic effects of indoxyl and p-

cresyl sulphates (reviewed12) strongly suggest that uremic toxins have a causal relationship to 

CVD. 

By now, 33 PBUTs have been identified, including indoles, phenols, advanced glycation end 

products, and others16. In view of their chemical heterogeneity, it is unlikely that a single 

solution exists for effective PBTUs removal. Our findings show that, at least at the current 

moment, there is no universal technique suitable for reduction of all PBUTs. To bypass this 

limitation and achieve the best possible outcome for the patients, kidney therapies could be 

tuned to the needs of a particular patient, combining several kidney replacement techniques 

as well as supplements based on a patient’s PBTU profile, individual metabolic status, co-

morbidities, gut microbiota, and other factors. Such personalized approach requires further 

research before it can be implemented in the clinic. 

1.2. Protein carbamylation and cardiorenal disease 

As mentioned above, kidney function decline is associated with a significant, up to 10-fold, 

increase in plasma urea concentrations38. Urea is known for its cellular toxicity as well as 

modifying properties resulting in protein carbamylation. Protein carbamylation is 

demonstrated to be significantly increased with kidney function decline and, similarly to some 

PBUTs, associated with decreased survival rates in CKD population showing strong adverse 

effects on the cardiovascular system39–42. Amongst others, this modification affects protein 

charge resulting in alterations of its folding, function, and interactions with other molecules43. 

However, unlike PBUTs, binding of the carbamoyl group to proteins is covalent which renders 

it difficult, if not impossible, to remove.  

Chapter 3 demonstrates that protein carbamylation is abundant in advanced atherosclerotic 

plaque, which is in line with published data44,45. We showed that total carb-lys positive area 

percentage increases with the plaque progression, particularly in patients with reduced kidney 

function. This could be caused by increased intracellular accumulation of carbamylated LDL 

particles taken up by plaque macrophages which causes foam cell formation and inflammatory 

pathway activation, albeit differently than that by the oxLDL uptake. 

What could this accumulation mean functionally for the macrophages and, consequently, for 

the plaque phenotype? The fact that carbLDL uptakes caused no stimulatory effect on PLIN2, 

MPO or CD36 expression could indicate that carbLDL elements are not recognized by the 

peroxisome proliferator-activated receptor gamma (PPARγ) since CD36 is a known reporter of 

PPARγ 46 while both MPO and PLIN2 expression is induced by this nuclear receptor and 

transcription factor47–49.  PPARγ recognizes such molecules as oxidized free fatty acids and 

phospholipid LPA which are common components of oxidized LDL46,50. Since carbLDL was not 

subjected to oxidation, such elements are likely lacking in these particles. CarbLDL uptake, 

however, seem to trigger another nuclear receptor, liver x receptor alpha (LXRα) which, in 

turn, activates expression of the cholesterol transporters ABCA1 and ABCG151. It is known as 

a “cholesterol sensor” recognizing oxysterols molecules in the cell52 indicating that these 



 

164 
 

molecules are preserved in the carbamylated LDL. Upregulation of the cholesterol 

transporters by carbLDL uptake in the absent of PLIN2 induction could indicate faster 

cholesterol turnover since PLIN2 was shown to protect lipid droplets from disintegration and 

processing by lipases53,54. Additionally, carbLDL uptake did not cause ROS production or 

apoptosis in the macrophages unlike oxLDL treatment. Taken together, it seems that carbLDL 

particles are in general less harmful to macrophages, resulting in lower inflammatory 

response, however still promoting foam cell phenotype. Nevertheless, considering the diverse 

role of PPARγ in macrophage functioning, its involvement in both lipid uptake and cholesterol 

efflux55, the exact functional consequences of carbLDL uptake, and its effects on other PPARs, 

need to be elucidated further. RNA sequencing and electron microscopy could help solve 

these questions.  

The physiological relevance of these findings for the atherosclerosis development are, 

however, yet to be established. A complicating factor is that carbLDL and oxLDL will be 

generated simultaneously and thus taken up in parallel, as also suggested by the correlation 

between PLIN2 and carb-lys signals in the absence of the effects on PLIN2 expression levels by 

the carbLDL in vitro. What is more, double modified carb-oxLDL levels were shown by 

Apostolov et al. to exceed those of single modified LDL in CKD mouse model56. Thus, it is 

unclear if reduction of carbLDL levels or prevention of its uptake would have any 

physiologically significant effects on the cells and atherosclerosis progression. As certain 

differences were observed between carbLDL and oxLDL mode of action, further investigation 

is required to fully elucidate the mechanistic consequences of the carbLDL and how this could 

be intervened. 

Besides LDL, also its functional counterpart HDL, known to mediate reverse cholesterol 

transport from periphery to the liver57, was recently reported to be affected by carbamylation. 

Carbamylation of ApoA-1, the major protein constituent of HDL, was shown to impair its 

cholesterol efflux properties and induce lipid droplet formation in the macrophages by 

disrupting the interaction between the HDL particles and scavenger receptor class B, type 

I58,59.  Additionally, Hazen and coworkers have demonstrated abundant presence of 

carbamylated ApoA-1 in plaque and discovered its impaired cholesterol efflux-promoting 

ability as well as pro-inflammatory properties on endothelial cells45,60. Besides ApoA-1, also 

paraoxonase-1, another HDL associated protein, was shown to be affected by carbamylation 

in patients with uremia, disrupting the antioxidant activity of HDL61. A different group also 

observed that in vitro carbamylated HDL particles significantly inhibited migration, 

angiogenesis, and proliferation in endothelial cells in vitro62. However, it is important to 

remember that the cyanate concentrations used for the in vitro modification are often much 

higher than those found in patients with CKD to compensate for the shorter exposure time 

e.g., 1-100 mM vs 141 nM63, respectively. Hence, in vitro experimental results should be 

interpreted with caution. 

In general, the effects of carbamylation seem to be protein specific. For instance, there is 

ample literature showing that carbamylation of such long turnover proteins as collagen, fibrin, 
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and albumin causes their structural alterations, loss of cell binding ability, and resistance to 

degradation 64–68. We have also observed more diffused extracellular carb-lys signal in human 

atherosclerotic plaque (Chapter 3) indicating potential modification of the extracellular matrix 

proteins. The significance of these findings would need to be elucidated in further studies. 

Carbamylation was also shown to cause gain of function of some proteins. For example, 

carbamylation of haemoglobin is known to increase its oxygen binding abilities, a finding that 

is used in sickle-cell disease therapy69. Additionally, carbamylation of histone 1 was shown to 

play a role in gene expression regulation. As Joshi et al. demonstrated, this is mediated by 

carbamoyl phosphate synthase 1 which is recruited to DNA enhancer sites in the genome. 

This, in turn, results in enzyme-independent carbamylation of specific lysines of the linker 

histone H1 protein, leading to conformational changes of the chromatin and promoting gene 

expression70.  

Several papers highlight the positive correlation between carbamylated plasma protein levels 

and increased all-cause and cardiovascular mortality in CKD patients39–41,71,72. This could be 

caused by the deleterious effects of carbamylated proteins on the vasculature as reviewed by 

Delanghe et al. and Gorisse et al.43,73. In addition to the above mentioned pro-inflammatory 

and pro-atherogenic effects of modified lipoproteins, carbamylated collagen type I, for 

instance, showed significantly higher monocyte adhesion and activation ability than non-

modified collagen67, while carbamylated but not non-modified sortilin was shown to promote 

smooth muscle cell calcification74. End-stage kidney disease patients that showed greater 

reduction of carbamylated albumin blood levels after initiation of maintenance haemodialysis 

demonstrated higher survival rates compared to the less responsive patient group39. Thus, 

reduction or possibly prevention of carbamylation seems to be beneficial for the CKD patients. 

In addition to reduction of blood urea levels with dialysis, attenuating inflammation and MPO 

activity in general with healthy lifestyle and anti-inflammatory agents, e.g. poly-unsaturated 

free fatty acids75,76, could potentially be another way of managing protein carbamylation 

levels in the organism. However, data on direct anti-carbamylation therapies is scarce. One 

study describes a successful in vitro experiment using glycylglycine that allowed to reduce 

albumin carbamylation by 63%41. However, the therapy was not implemented in humans thus 

far. Another approach, supplementation of dialysis patients with free amino acids, showed 

promising results in carbamylation levels reduction in a pilot clinical trial77 and is undergoing 

further investigation at the moment (clinical trial number NCT02472834).  

Carbamylated proteins have also been shown to play a significant role in rheumatoid arthritis 

with certain patient population developing anti-carbamylated protein (anti-CarP) 

autoantibodies that are detectable already at the early onset of the disease78. The anti-CarP 

antibodies were shown to be predictive for more severe disease course and joint damage and 

proposed as biomarkers by multiple studies78–82. Presence of anti-CarP in patients with kidney 

disease remains to be described. This would be especially interesting in the context of 

cardiorenal syndrome since anti-CarP were associated with endothelial disfunction and 

atherosclerosis in rheumatoid arthritis patients without evident cardiovascular disease or 
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traditional risk factors83. Of note, autoantibodies against other factors, e.g. oxLDL, ApoA1 and 

phospholipids, were previously proposed as biomarkers for increased risks of cardiovascular 

disease (reviwed84). 

Carbamylation was proposed in several studies as a biomarker for kidney disease progression 

as well as mortality risks. Homocitrulline, formed as a result of lysine carbamylation, is a 

promising biomarker that allows to distinguish between acute and chronic renal patients85. It 

was also shown that carbamylated albumin levels are associated with elevated serum markers 

of cardiac stress as well as cardiovascular mortality. Moreover, carbamylated HDL was 

proposed as biomarker for kidney disease progression86. However, carbamylation 

measurements are not implemented in a standard clinical practise thus far. 

1.3. Methods and hurdles of PTM analysis 

Most powerful and reliable method for PTM detection to this day remains to be mass 

spectrometry (MS), which provides highly specific, large-scale, quantitative profiling of 

proteins and their PTMs87. Conventionally, after initial degradation by proteolytic enzymes, 

peptides can be subjected to an enrichment step by e.g. cationic exchange, ion affinity or 

immunoaffinity chromatography. After that, the peptides are analyzed using high-

performance liquid chromatography (HPLC)-coupled tandem MS/MS technique and their 

generated spectra are compared to existing databases with the adjustment for the mass of a 

specific modification88. Quantification of the modification levels is also possible if a reference 

molecule with known concentration is available. Due to substoichiometric, transient, and 

fragile nature of PTMs, additional experimental step, such as enrichment, is frequently 

necessary for preservation and identification of the modifications. This step, however, 

depends on the availability of a good technique for a particular modification, e.g. antibodies, 

affinity chromatography or metabolic tagging, and might suffer from low specificity89. 

MS-based techniques are usually accompanied by high costs, requiring special equipment and 

extensive training of the personnel and are thus not implemented broadly in the clinics. An 

alternative strategy for PTMs analysis involves antibody-based approaches such as ELISA, 

Western blot, and immunohistochemistry (IHC). These approaches, however, are strongly 

dependent on the antibody specificity and might suffer from weak signal due to low 

abundancy of modification, low affinity of the antibody or its cross-reaction with other 

substances giving a false-positive result. Attempts have been made to improve affinity and 

decrease non-specific binding of the antibodies based on the crystal structure of the antibody-

PTM binding sites90.  Additionally, many PTMs have no antibodies developed for their 

detection so far (e.g. guanidinylation).  

Nowadays, modern techniques allow retrieval of spatial information of the PTM localization 

in a tissue sample by applying MS imaging and spatial multiomics. For instance, Krahmer and 

colleagues developed a mass spectrometric workflow for protein and phosphopeptide 

correlation profiling. This method revealed subcellular rearrangements and organelle-specific 

phosphorylation accompanying the development of hepatic steatosis91. Additionally, spatial 
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multiomics approaches can be used for in-depth characterization of the epigenetic landscape 

by e.g. combining histone modification data with transcriptomics which provides spatially 

resolved information on epigenetic priming, differentiation, and gene regulation processes on 

a cellular level92. Progress in spatial multiomics approaches increases our understanding of 

the convoluted cellular processes and sheds light on underlying mechanisms of the disease 

development facilitating discovery of new biomarkers, development of novel therapeutic 

approaches, and guiding precision medicine93–97.  

To summarize, kidney function decline is accompanied by augmented cardiovascular toxicity 

that manifests, amongst others, through increase in toxic uremic milieu and undesirable 

protein modifications. PTMs, in particular, can serve as an example of how minute alterations 

in molecular composition can result in dramatic changes in protein function leading to 

pathological consequences for the organism. Thus, deepening our understanding of these 

intricate mechanisms is crucial for finding of an effective preventive and therapeutic solutions 

for cardiorenal syndrome. 

2. CVD-promoting effects of CKD: vascular calcification 

Vascular calcification is one of the major processes connecting CKD to cardiovascular diseases. 

In CKD condition, distortion of mineral balance, elevated parathyroid hormone levels, changes 

in vitamin D metabolism, as well as increased inflammation and oxidative stress4,98 result in 

increased calcium and phosphate deposition in the vascular wall, osteochondrogenic 

dedifferentiation of smooth muscle cells and apoptosis that leads to release of apoptotic 

bodies and formation of calcium crystal nucleation sites99. These processes give rise to 

vascular stiffening, arterial stenosis, hypertension, plaque vulnerability, and are associated 

with increased cardiovascular mortality in CKD patients4,100,101.  CKD was also seen to affect 

activity and levels of important anti-calcification factors, such as matrix gla protein and Klotho, 

an effect that is detectable already at an early stage of the disease102–104. 

2.1. Anti-calcification agents: soluble Klotho 

Low levels of Klotho are associated with increased vascular calcification, fibrosis, and 

inflammation105–108. As discussed in detail in Chapter 4, Klotho is an important cofactor, 

produced by kidney tubule cells, that forms a complex with the fibroblast growth factor 

receptors (FGFR), thus allowing binding of FGF23109. FGF23, in turn, serves as a mediator for 

several processes, e.g. regulation of phosphate-calcium balance, and vitamin D 

homeostasis110. Hence, it is not surprising that dysregulation in membrane-bound Klotho 

promotes calcification111. In addition, soluble Klotho, generated through proteolytic cleavage 

of the membrane-bound form105,112, was demonstrated to have anti-inflammatory and 

vascular-protective properties113,114 and was independently associated with a lower likelihood 

of CVD in a population study115. However, the exact mechanisms of soluble Klotho regulation 

and its vasoactive properties are not fully understood.   
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Due to its apparent beneficial properties, Klotho represents a promising therapeutic target for 

various indications including vascular disease, kidney disease, diabetes, and cancer116. 

However, no therapies based on Klotho protein reached clinical trials stage so far117. This could 

be partially attributed to the difficulties associated with Klotho delivery such as a relatively 

large size of the protein (∼130 kDa for the full-length)105 and its instability118. Nevertheless, 

extensive studies continue to address various possibilities of recombinant Klotho delivery, as 

well as target mechanisms of its upregulation (reviewed116,117). 

2.2. Novel calcification regulators: CDK5 

Advanced computational analysis, data mining, as well as single cell sequencing approaches 

allow to identify novel players in calcification and other conditions that could have been 

otherwise left unnoticed. Thus, in this work, using weighted gene co-expression network 

analysis, we have discovered macrophage cyclin-dependent kinase 5 (CDK5) to exert pro-

calcifying activity (Chapter 5). CDK5 was demonstrated earlier to regulate inflammation, as 

inhibition of CDK5 resulted in reduced inducible nitric oxide synthase and cytokine expression 

and NO generation in inflammatory macrophages119,120 highlighting its pro-inflammatory 

properties. Our study confirms these findings showing significantly supressed cytokine 

secretion by the CDK5-deficient macrophages after inflammatory stimulation. A link between 

vascular calcification and inflammation is well established with inflammation preceding and 

exacerbating calcification, and both processes being major factors contributing to 

atherosclerosis development121,122. However, the connection between CDK5 and calcification 

has not been studied so far. Our results demonstrate that conditional deletion of CDK5 in 

mouse myeloid cells resulted in a less severe plaque phenotype and reduced calcification 

propensity. Bai and colleagues have shown earlier that pharmacological long term CDK5 

inhibition with semi-specific drug roscovitine, that also shows inhibitory properties towards 

other CDKs123, attenuated cellular senescence and aorta atherosclerosis in ApoE-deficient 

mice124, making CDK5 an interesting drug target for CVD therapy. It is important to remember, 

however, that CDK5 is ubiquitously expressed and plays an important role in various 

physiological cell processes, e.g. adhesion, cytoskeleton regulation, and cell cycle, as well as 

in neuronal development125. Whole-body CKD5 knockout mice die shortly after birth126 

underpinning its critical function in organism’s development. Thus, to avoid possible 

undesirable side effects, a more targeted cell-specific approach would be preferable in 

tackling atherosclerosis through CDK5. Solution may lay, for instance, in novel techniques 

using antibody-drug conjugates that have been actively implemented in cancer therapy 

allowing cell-specific delivery of cytotoxic compounds127,128. If similar techniques could be 

applied to deliver protein inhibitors to hamper atherosclerosis development remains to be 

investigated. 

Besides atherosclerosis, CDK5 inhibition could potentially be particularly relevant for patients 

with diabetic nephropathy and acute kidney injury, where CDK5 upregulation promotes 

tubular fibrosis and aggravates kidney damage129,130. Further studies are required to 

investigate CDK5 regulation and activity in kidney disease-associated cardiovascular 
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complications, which might not be strictly mediated through the myeloid cell types. 

Additionally, inhibitors of CDK5 and other CDK isoforms, are currently being actively studied 

for treatment of various types of cancer. For instance, R-roscovitine has recently completed 

Phase I clinical trials for treatment of advanced solid tumours (study NCT00999401), while 

small molecule AT7519 is in Phase I trial at the moment for advanced or metastatic solid 

tumours (study NCT02503709)131. 

Concluding remarks and future perspectives 

Cardiorenal syndrome, in particular type 4 discussed in this thesis, is a complex medical 

disorder arising from bidirectional relationship between chronic kidney disease and 

cardiovascular complications. Taking into account the heterogeneity and multifactorial 

character of the pathological mechanisms underlying cardiorenal syndrome, it is important to 

consider this condition from various perspectives. Thus, in this work we addressed the role of 

uremic toxins, protein modification induced by uremia, as well as the role of macrophage gene 

programs in plaque calcification regulation. 

It can be concluded that: 

1) Protein-bound uremic toxins exhibit high physico-chemical heterogeneity rendering it 

difficult to find a universal technique for their effective reduction in the CKD patients. 

Hence, more personalized approaches customized to individual patients' metabolic 

status, co-morbidities, gut microbiota, and other factors combining various kidney 

replacement therapies and supplements might be needed to achieve better outcomes 

for the patients. 

 

2) Pathological protein modifications, such as carbamylation, have only limitedly been 

elucidated so far. They play a crucial role in mediating proteins’ biology and interaction 

with the surrounding environment, thus more research should be attempted to 

comprehend the full spectrum of different protein modifications and their impact on 

cellular behaviour and disease outcomes before this knowledge can be translated into 

effective therapies. 

 

3) Modern omics and computational techniques allow identification of novel players in 

known pathological processes. Firstly, this enhances our understanding of the complex 

pathophysiological mechanisms of e.g. plaque calcification, revealing macrophage 

inflammation as important regulatory cue in this process. Secondly, its implications go 

further also allowing discovery of promising drug development targets. Indeed, we 

provide in vitro and in vivo evidence for the validity of this approach and the potential 

of macrophage CDK5 as a target for intervention. 

 

To advance our understanding of the mechanisms behind cardiorenal syndrome and reveal 

novel therapeutic opportunities, further research is required. For instance, long-term, 
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multicentre, cross-over clinical trials combining several promising techniques, e.g. 

haemodiafiltration or high-flux haemodialysis and oral supplement AST-120, are necessary to 

confirm the effectiveness of this approach. Additionally, latest advances in multiomics 

techniques including epigenomics, transcriptomics, metabolomics, in combination with global 

analyses of PTMs, will allow to map protein modifications in healthy and diseased tissue, 

shedding light on their role in cellular processes and opening opportunities for novel 

therapies. This stands true as well for the discovery of novel protein biomarkers and drug 

targets, such as CDK5, that previously escaped our attention. 

Taken together, this work highlights the importance of a holistic approach in tackling such 

complex health disorders as cardiorenal syndrome that needs to be guided by the individual 

differences of the involved players. Thus, continuous improvement of the research techniques 

could make it possible to develop highly precise and personalized combinational therapies to 

provide better solutions for treatment of cardiovascular disease in the future. 
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Summary 

Cardiovascular disease (CVD) is the main cause of death worldwide. The major underlaying 

reason for CVD development is atherosclerosis, which is accumulation of lipids and 

inflammatory factors within the artery wall. It can lead to near occlusion of the vessel or to 

thrombosis, after rupture of the diseased artery wall, resulting in stroke or a heart attack. 

There are several risk factors for atherosclerosis, such as high blood pressure, smoking, 

obesity, sedentary lifestyle, as well as kidney function decline. Kidneys fulfill numerous 

activities in the organism, but most notably they help sustain a healthy mineral balance and 

excrete toxic waste products. Therefore, it is not surprising that worsening of kidney function 

negatively affects that of the heart and vessels. In fact, kidney disease patients often die 

because of cardiovascular problems and chronic kidney disease (CKD) is an independent risk 

factor for CVD1. The interplay between CKD and subsequent cardiovascular complications is 

called the “cardiorenal syndrome”. However, the molecular processes behind this complex 

syndrome are not entirely understood. 

This thesis is dedicated to understanding of several processes involved in cardiorenal 

syndrome. In Chapter 2, we look at small molecules and toxic waste products (the so-called 

protein bound uremic toxins, or PBUTs), that accumulate in the organism during kidney 

function decline, with the goal to identify the best approach for their reduction. In a healthy 

organism PBUTs are removed by the kidneys. However, with the start of CKD, the levels of 

these molecules begin to rise imposing severe toxicity on the cells, causing cardiovascular 

complications, and increasing the risk of CVD.  A large part of PBUTs is strongly attached to 

plasma proteins making them difficult to remove with conventional dialysis that is based on 

filtering out small, water-soluble compounds. We conducted a systematic review of literature 

published between 1980 and 2020 to identify the best possible approach for reduction of 

PBUTs’ blood levels in patients on dialysis. Our analysis revealed that there is currently no 

“one-size-fits-all” technique for effective reduction of all 33 known compounds. Nevertheless, 

certain methods, such as use of oral supplement AST-120 (Kremezin®), or implementation of 

fractionated plasma separation and adsorption dialysis, showed the highest degree of 

reduction in long-term and single treatment trials, respectively, for such well-studied PBUTs 

as indoxyl sulphate and p-cresyl sulphate. Further research is needed to pinpoint techniques 

for most effective removal of PBUTs from blood in an individual CKD patient. 

Next, in Chapter 3, we studied a common protein modification found in CKD patients, 

carbamylation, and its role in atherosclerosis. We used conventional and fluorescent staining 

to map the extent and localization of carbamylation in atherosclerotic plaque of different 

stages and compare staining of plaques from patients with kidney failure to those with healthy 

kidneys. We discovered that plaque carbamylation significantly increases with atherosclerosis 

progression in patients with CKD. We also identified the uptake of carbamylated low density 

lipoprotein (carbLDL) by plaque macrophages as a major contributor to this increase. Our cell 

experiments showed, however, that the uptake of carbLDL is less toxic to the cells than 
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oxidized LDL, a well-studied modified cholesterol carrier known to induce atherosclerosis. 

Further studies are required to elucidate the physiological effects of carbamylation on 

atherosclerosis in CKD. 

In Chapter 4 we conducted a mini literature review to discuss an important anti-calcification 

factor that is negatively affected by CKD, Klohto. Calcification is a major complication of kidney 

disease and is strongly associated with worsening of cardiovascular health. Klotho is one of 

the protective factors that regulates blood phosphate levels and prevents vascular 

calcification in a healthy organism. However, its levels are significantly reduced already at the 

early stages of CKD. Klotho is produced in the kidney and needs to be cleaved from the cell 

surface before it can enter the circulation and fulfill its functions throughout the body. 

Depending on the cleavage mechanism, different variants of Klotho protein can be produced 

which also potentially possess different functional properties. Our review identifies the 

knowledge gap in different Klotho protein variants research highlighting the importance of 

further studies that could potentially reveal new mechanisms for preventing calcification and 

accompanying cardiovascular complications in patients with CKD. 

Thanks to the advancement in gene expression profiling and data analysis, novel players can 

be identified within cardiovascular field that were previously left unnoticed. Thus, in Chapter 

5, we used a new technique, weighted gene co-expression network analysis, to discover the 

association of macrophage cyclin-dependent kinase 5 (CDK5) with plaque calcification. CDK5 

was known previously for its regulatory and proinflammatory functions, however the link with 

calcification has not been established. Our study demonstrated that specific deletion of CDK5 

in a specific type of white blood cells (i.e. myeloid cells) resulted in less advanced 

atherosclerotic plaques with lower calcification levels in mice. These findings make CDK5 an 

attractive target for drug development for atherosclerosis. 

To summarize, this thesis tackled several aspects of cardiorenal syndrome: from small 

molecules accumulating with kidney function decline, to protein modifications caused by 

these toxins and associated with CVD, to calcification-promoting proteins that hold potential 

for promising drug targets. It is important to understand the complexity and all the players 

involved in development of such multifactorial condition as cardiorenal syndrome to be able 

to effectively prevent and treat it in future. 
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Samenvatting 

Hart- en vaatziekten (HVZ) zijn wereldwijd de belangrijkste doodsoorzaak. De belangrijkste 

onderliggende oorzaak van hart- en vaatziekten is de ontwikkeling van atherosclerose, een 

ophoping van vetten en ontstekingsfactoren in de slagaderwand die kan leiden tot afsluiting 

van het bloedvat of trombose na openscheuren van de plaque, met een beroerte of hartaanval 

als gevolg. Er zijn verschillende oorzaken en verergerende factoren voor atherosclerose, zoals 

hoge bloeddruk, roken, obesitas, een zittende levensstijl en een verminderde nierfunctie. 

Nieren vervullen tal van functies in het organisme, zoals het in stand houden van een gezonde 

mineralenbalans en het uitscheiden van giftige afvalstoffen. Dus het is niet verwonderlijk dat 

een verslechtering van de nierfunctie een negatieve invloed heeft op hart en bloedvaten. Het 

is zelfs aangetoond dat nieraandoeningen de kans om te overlijden aan hart- en vaatziekten 

sterk verhoogd1. Het samenspel tussen de ontwikkeling van een chronische nierziekte (CKD) 

en daaropvolgende HVZ wordt het “cardiorenaal syndroom” genoemd. De moleculaire 

mechanismen achter dit syndroom worden echter niet volledig begrepen. 

Dit proefschrift is gewijd aan het begrijpen van verschillende processen die betrokken zijn bij 

het cardiorenaal syndroom. In Hoofdstuk 2 kijken we naar kleine moleculen, of eiwitgebonden 

uremische toxinen (PBUT's), die zich ophopen in het organisme tijdens de achteruitgang van 

de nierfunctie, met als doel het identificeren van de beste aanpak voor de vermindering ervan. 

PBUT's zijn een groep toxische afvalproducten die in een gezond organisme door de nieren 

worden verwijderd. Als gevolg van CKD zullen de bloedspiegels van deze moleculen echter 

stijgen, wat toxisch kan zijn voor de cellen in het lichaam en wat uiteindelijk kan bijdragen tot 

het ontstaan van HVZ.  Een groot deel van de PBUT's is sterk gebonden aan plasma-eiwitten 

waardoor ze moeilijk te verwijderen zijn met conventionele nierdialyse, die gebaseerd zijn op 

het filtreren van kleine, in water-oplosbare verbindingen. We hebben een systematisch 

overzicht uitgevoerd van de literatuur die tussen 1980 en 2020 is gepubliceerd om de best 

mogelijke aanpak te identificeren voor het verlagen van de bloedspiegels van PBUT's bij 

patiënten die dialyse ondergaan. Uit onze analyse bleek dat er momenteel geen "one-size-fits-

all" techniek bestaat die alle 33 bekende verbindingen effectief kan verwijderen. Niettemin 

bleken bepaalde methoden, zoals het gebruik van het orale supplement AST-120 (Kremezin®), 

of de toepassing van gefractioneerde plasmascheiding en adsorptiedialyse, op dit moment het 

effectiefste te zijn, bij langdurig gebruik en na eenmalige toepassing, respectievelijk, voor 

goed onderzochte PBUT's als indoxylsulfaat en p-cresylsulfaat. Er is ongetwijfeld verder 

onderzoek nodig om effectieve technieken te identificeren voor het aanpakken van de 

toename van PBUT's bij CKD-patiënten, die waarschijnlijk gebaseerd zouden zijn op de 

kenmerken van de individuele patiënt. 

Vervolgens bestudeerden we in Hoofdstuk 3 een veel voorkomende eiwitmodificatie bij CKD-

patiënten, carbamylering, en de rol hiervan bij atherosclerose. Kleuring van de plaque met 

behulp van (fluorescerende) antilichamen stelde me in staat om de mate en lokalisatie van 

carbamylering in verschillende stadia van het ziekteproces in kaart te brengen en plaques van 
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patiënten met nierinsufficiëntie te vergelijken met die van patiënten met een behouden 

nierfunctie. We ontdekten dat carbamylering toeneemt met het voortschrijden van de ziekte 

met name in patiënten die ook aan nierfalen leiden. We hebben daarnaast de opname van 

gecarbamyleerd LDL, een cholesterol vervoerend eiwit in bloed (carbLDL) door macrofagen in 

de plaque als een belangrijke oorzaak van deze toename. Onze in vitro experimenten toonden 

echter aan dat de opname van carbLDL minder toxische effecten op de cellen had dan de 

opname van geoxideerd LDL, een goed bestudeerd gemodificeerd deeltje waarvan bekend is 

dat het atherosclerose induceert. Verdere studies zijn nodig om de fysiologische gevolgen van 

carbamylering op atherosclerose bij CKD op te helderen. 

In Hoofdstuk 4 hebben we een mini literatuuroverzicht uitgevoerd om een belangrijke 

antikalkfactor te bespreken die negatief beïnvloed wordt door CKD, Klohto. Verkalking is een 

belangrijke complicatie van nierinsufficiëntie die sterk geassocieerd is met cardiovasculaire 

morbiditeit. Klotho is een van de beschermende factoren die de fosfaatspiegels in het bloed 

reguleert en vaatverkalking voorkomt in een gezond organisme. De niveaus ervan zijn echter 

al in de vroege stadia van CKD aanzienlijk verlaagd. Klotho wordt geproduceerd in de nieren 

en moet worden gesplitst van het celoppervlak voordat het de bloedsomloop kan 

binnentreden om zijn rol elders in het lichaam  te vervullen. Afhankelijk van het 

splitsingsmechanisme kunnen verschillende varianten van het Klotho eiwit geproduceerd 

worden die mogelijk ook verschillende functionele eigenschappen bezitten. Onze review 

identificeert de kennisleemte in het onderzoek naar verschillende Klotho eiwitvarianten en 

benadrukt het belang van verdere studies die mogelijk nieuwe mechanismen kunnen 

onthullen voor het tegengaan van verkalking en de bijbehorende cardiovasculaire 

complicaties bij patiënten met CKD. 

Dankzij de recente vooruitgang in de analyse van (gen)expressieprofielen kunnen nieuwe 

spelers inde ontwikkeling of escalatie van HVZ worden geïdentificeerd, die voorheen 

onopgemerkt bleven. Zo hebben we in Hoofdstuk 5 een nieuwe techniek, gewogen gen-

coexpressienetwerkanalyse, toegepast en daarmee cycline-afhankelijk kinase 5 (CDK5) 

ontdekt als mogelijke speler in de aderverkalking. CDK5 was al eerder bekend om zijn 

regulerende en ontstekingsbevorderende functies, maar het verband met verkalking was nog 

niet aangetoond. Onze studie toonde aan dat specifieke verwijdering van CDK5 in bepaalde 

(myeloïde) witte bloedcellen in de muis resulteerde in een verminderd voortschrijden van de 

plaquevorming en  een verlaagde verkalkingsgraad. Deze bevindingen maken CDK5 een 

aantrekkelijk doelwit voor de ontwikkeling van medicijnen tegen atherosclerose. 

Samenvattend behandelde dit proefschrift verschillende aspecten van het cardiorenaal 

syndroom: van kleine moleculen die zich ophopen bij een afname van de nierfunctie, tot 

eiwitmodificaties veroorzaakt door deze toxines en geassocieerd met CVD, tot verkalking 

bevorderende eiwitten die potentieel veelbelovende doelwitten voor geneesmiddelen zijn. 

Het is belangrijk om de complexiteit en alle spelers te begrijpen die betrokken zijn bij de 

ontwikkeling van zo'n multifactoriële aandoening als het cardiorenaal syndroom om het in de 

toekomst effectief te kunnen voorkomen en behandelen. 
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Краткое Содержание 

Сердечно-сосудистые заболевания (ССЗ) являются первостепенной причиной 

смертности во всем мире. Основным источником развития ССЗ является атеросклероз - 

накопление липидов и воспалительных факторов в стенке артерии. Атеросклероз может 

вызвать закупорку сосудов или тромбоз, образованный разрывом стенки пораженной 

артерии, что неминуемо приводит к инсульту или инфаркту. Существует несколько 

факторов риска развития атеросклероза, таких как повышенное артериальное давление, 

курение, ожирение, малоподвижный образ жизни, а также почечная недостаточность. 

Почки выполняют множество функций в организме, но прежде всего они способствуют 

поддержанию здорового минерального баланса и выведению токсичных продуктов 

жизнедеятельности. Поэтому неудивительно, что ухудшение функции почек негативно 

сказывается на работе сердца и сосудов. Более того, пациенты с заболеваниями почек 

часто умирают из-за сердечно-сосудистых проблем, а хроническая болезнь почек (ХБП) 

является независимым фактором риска развития ССЗ1. Взаимосвязь между ХБП и 

последующими сердечно-сосудистыми осложнениями получила название 

"кардиоренальный синдром". Однако молекулярные процессы, лежащие в основе этого 

сложного синдрома, до конца не изучены. 

Данная диссертация посвящена исследованию ряда процессов, участвующих в развитии 

кардиоренального синдрома. В Главе 2 мы рассматриваем токсичные малые молекулы 

(так называемые связанные с белками уремические токсины, или PBUTs), которые 

накапливаются в организме при ухудшении функции почек, с целью определения 

оптимального клинического метода для выведения их из организма. В здоровом 

организме PBUTs выводятся почками. Однако с началом ХПН уровень этих молекул 

начинает расти, оказывая сильное токсическое воздействие на клетки, вызывая 

сердечно-сосудистые осложнения и повышая риск развития ССЗ.  Значительная часть 

PBUTs прочно связана с белками плазмы, что затрудняет их удаление традиционным 

диализным методом, который основан на отфильтровывании мелких водорастворимых 

частиц. Мы провели систематический обзор литературы, опубликованной в период с 

1980 по 2020 год, с целью выявления оптимального подхода к снижению уровня PBUTs 

в крови у пациентов, находящихся на диализе. Проведенный анализ показал, что в 

настоящее время не существует универсальной методики эффективного снижения 

уровня всех 33 известных токсинов. Тем не менее, некоторые методы, такие как 

использование пероральной добавки АСТ-120 (Кремезин®), проведение 

фракционированного разделения плазмы и адсорбционного диализа, показали 

наибольшую степень снижения уровня таких хорошо изученных PBUTs, как 

индоксилсульфат и п-крезилсульфат, в долгосрочном и однократном исследовании 

соответственно. Необходимы дальнейшие исследования для определения методов 

наиболее эффективного удаления PBUTs из крови основываясь на индивидуальных 

показателях пациентов с почечной недостаточностью. 
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В Главе 3, мы изучили распространенную модификацию белков, встречающуюся у 

больных ХПН, карбамилирование, и её роль в развитии атеросклероза. При сравнении 

окрашивания бляшек на разной стадии развития взятых у пациентов с почечной 

недостаточностью и пациентов со здоровыми почками обычным и флуоресцентным 

методами была определена степень и локализация карбамилирования, что в свою 

очередь выявило значительное увеличение карбамилирования прогрессивных бляшек 

у пациентов с ХПН. Мы также определили, что основной вклад в это увеличение вносит 

поглощение карбамилированного липопротеина низкой плотности (carbLDL) 

макрофагами бляшки. Однако, клеточные эксперименты показали, что поглощение 

carbLDL менее токсично для клеток, чем поглощение окисленного LDL - хорошо 

изученного модифицированного носителя холестерина, который, как известно, 

вызывает атеросклероз. Для выяснения физиологических эффектов карбамилирования 

на развитие атеросклероза при ХПН необходимы дальнейшие исследования. 

В Главе 4 был проведён мини-обзор литературы, где обсуждается важный 

антикальцификационный фактор, подверженный негативному влиянию ХПН, Klotho. 

Кальцификация является одним из основных осложнений заболевания почек и тесно 

связана с ухудшением сердечно-сосудистого здоровья. Klotho - один из защитных 

факторов, регулирующий уровень фосфатов в крови и предотвращающий 

кальцификацию сосудов в здоровом организме. Однако уже на ранних стадиях ХПН его 

уровень значительно снижается. Чтобы попасть в кровообращение и выполнять свои 

функции в организме Klotho, который вырабатывается непосредственно в почках, 

должен пройти процесс отщепления с поверхности клетки. В зависимости от механизма 

отщепления могут образовываться различные варианты белка Klotho, которые также 

потенциально обладают различными функциональными свойствами. Наш обзор 

выявляет пробел в знаниях о различных вариантах белка Klotho, подчеркивая важность 

дальнейших исследований, которые в свою очередь могут раскрыть новые механизмы 

предотвращения кальцификации и сопутствующих сердечно-сосудистых осложнений у 

пациентов с ХПН. 

Благодаря последним развитиям в сфере анализа экспрессии генов появилась 

возможность обнаружить ранее незамеченные факторы, играющие важную роль в 

работе сердечно-сосудистой системы. Так, в Главе 5 представлены 

результаты выявления связи макрофагальной циклин-зависимой киназы 5 (CDK5) с 

кальцификацией бляшек при помощи использования нового метода, такого как анализ 

взвешенной сети коэкспенсии генов. Ранее было известно, что CDK5 выполняет 

регуляторные и провоспалительные функции, однако её связь с кальцификацией не 

была установлена. Наше исследование на мышцах показало, что специфическая 

делеция CDK5 в определенном типе лейкоцитов (миелоидных клетках) приводит к 

образованию менее развитых атеросклеротических бляшек с более низким уровнем 

кальцификации. Полученные оптимистические результаты показывают необходимость 
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продолжения исследования CDK5 и её возможном применении при разработке 

препаратов против атеросклероза. 

Подводя итог, можно сказать, что в данной диссертации рассмотрены несколько 

аспектов кардиоренального синдрома: от малых молекул, накапливающихся при 

снижении функции почек, до модификаций белков, вызываемых этими токсинами и 

связанных с ССЗ, а также белков, способствующих кальцификации, потенциально 

являющимися целями для разработки лекарственных препаратов.  Важно понимать всю 

сложность и характер развития такого многофакторного заболевания как 

кардиоренальный синдром для улучшения эффективности методов его 

предотвращения и повышении результативности лечения. 
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Kokkuvõte 

Südame-veresoonkonnahaigused (SVH) on peamine surma põhjus kogu maailmas. Südame-

veresoonkonna haiguste peamiseks tekitajaks on ateroskleroos, mis on lipiidide ja 

põletikufaktorite kogunemine arteri seintesse. See võib viia veresoone järkjärgulise 

sulgumiseni või tromboosini kui haigestunud arteri sein rebeneb ning mille tulemuseks on 

insult või südameinfarkt. Ateroskleroosil on mitmeid riskifaktoreid, näiteks kõrge vererõhk, 

suitsetamine, ülekaalulisus, istuv eluviis, samuti neerufunktsiooni langus. Neerud täidavad 

organismis arvukaid ülesandeid, kuid eelkõige aitavad nad säilitada tervislikku mineraalide 

tasakaalu ja väljutada mürgiseid jääkaineid. Seetõttu ei ole üllatav, et neerufunktsiooni 

halvenemine mõjutab negatiivselt südame ja veresoonte funktsiooni. Paraku surevad 

neeruhaiged sageli SVH probleemide tõttu ja krooniline neeruhaigus on iseseisev riskifaktor 

südame-veresoonkonna haiguste tekkeks. Neeruhaigus ja hilisemate SVH tüsistuste 

vastastikust mõju nimetatakse kardiorenaalseks sündroomiks (KRS). Selle keerulise sündroomi 

taga olevad molekulaarsed protsessid ei ole siiani täielikult uuritud ja mõistetud. 

Käesolev doktoritöö on pühendatud mitmete kardiorenaalse sündroomiga seotud protsesside 

mõistmisele. Peatükis 2 vaatleme valkudega seotud väikese molekulkaaluga toksilisi 

jääkaineid (nn valkudega seotud ureemilisi toksiine ehk PBUT), mis akumuleeruvad organismis 

neerufunktsiooni languse tagajärjel, eesmärgiga leida parim lähenemine nende taseme 

alandamiseks veres. Terves organismis eemaldavad valkudega seotud ureemilisi toksiine 

neerud. Kui aga tekib neeruhaigus, hakkab nende molekulide tase veres tõusma, omades 

rakkudele tõsist toksilist toimet, suurendades südame-veresoonkonna haiguste riski ning 

tekitades SVH tüsistusi.  Suur osa PBUT-dest on tugevalt seotud plasmavalkudega, mistõttu on 

neid raske eemaldada tavalise dialüüsi abil, mis keskendub väikeste, vees lahustuvate 

ühendite verest väljafiltreerimisele. Viisime läbi süstemaatilise kirjanduse ülevaate 1980 ja 

2020 aasta vahel avaldatud materjalides, et leida parim võimalik meetod PBUT-de verest 

eemaldamiseks dialüüsipatsientidel. Meie analüüs näitas, et praegu ei ole olemas üht 

meetodit kõigi 33 teadaoleva valkudega seotud toksiini tõhusaks eemaldamiseks. Siiski 

näitasid teatud meetodid, nagu suukaudse toidulisandi AST-120 (Kremezin®) kasutamine või 

fraktsioneeritud plasma eraldamine ja adsorptsioondialüüs, pikaajalistes ja ühekordse ravi 

uuringutes vastavalt kõige suuremat vere taseme alanemist selliste põhjalikult uuritud PBUT-

de nagu indoksüülsulfaat ja p-kresüülsulfaat puhul. Täiendavad uuringud on vajalikud, et 

määrata kindlaks meetodid, mis võimaldavad kõige tõhusamalt eemaldada PBUT-e kroonilise 

neeruhaigusega patsientide verest . 

Järgmisena uurisime Peatükis 3 neeruhaigusega patsientidel tihti esinevat valkude 

modifikatsiooni, karbamüleerimist, ja selle rolli ateroskleroosis. Kasutasime tavapärast ja 

fluorestsentsvärvimist, et kaardistada karbamüleerimise ulatust ja lokatsiooni eri staadiumi 

aterosklerootilistes naastudes ning võrrelda neerupuudulikkusega patsientide ja tervete 

uuritavate naaste. Avastasime, et naastu karbamüleerimine suureneb oluliselt ateroskleroosi 

progresseerumisega neeruhaigusega patsientidel. Samuti tuvastasime, et selle suurenemise 
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peamiseks põhjuseks on karbamüleeritud madala tihedusega lipoproteiini (carbLDL) 

vastuvõtmine naastu makrofaagide poolt. Meie rakukatsed näitasid siiski, et carbLDL-i 

omastamine on rakkude jaoks vähem toksiline kui oksüdeeritud LDLi omastamine, mis on 

rohkelt uuritud modifitseeritud kolesteroolikandja, mis teadaolevalt põhjustab ateroskleroosi. 

On vaja täiendavaid uuringuid, et selgitada karbamüleerimise füsioloogiline mõju 

ateroskleroosile kroonilise neeruhaiguse korral. 

Peatükis 4 teostasime väiksemahulise kirjanduse ülevaate, et kirjeldada ja diskuteerida 

Klothot kui olulist kaltsifikatsioonivastast tegurit, mida neeruhaigus negatiivselt mõjutab. 

Kaltsifikatsioon on neeruhaiguse peamine tüsistus ja on tugevalt seotud südame-

veresoonkonna olukorra halvenemisega. Klotho on üks kaitsvatest teguritest, mis reguleerib 

vere fosfaadi taset ja takistab veresoonte kaltsifikatsiooni terves organismis. Selle tase 

väheneb aga oluliselt juba kroonilise neeruhaiguse varajases staadiumis. Klothot toodetakse 

neerudes ja see peab raku pinnalt lahustuma, enne kui see satub vereringesse ja täidab oma 

funktsioone kogu organismis. Sõltuvalt lõhustumismehhanismist võivad tekkida erinevad 

Klotho valgu variandid, millel on potentsiaalselt ka erinevad funktsionaalsed omadused. Meie 

ülevaates tuuakse välja teadmiste lünk erinevate Klotho valgu variantide uurimisel, rõhutades 

edasiste uuringute tähtsust, mis võivad potentsiaalselt paljastada uusi mehhanisme 

kaltsifikatsiooni ja sellega kaasnevate SVH tüsistuste ennetamiseks neeruhaigusega 

patsientidel. 

Tänu edusammudele geeniekspressiooni profiilide koostamisel ja andmete analüüsimisel saab 

SVH valdkonnas tuvastada uusi tegureid, mis varem jäid märkamatuks. Seega kasutasime 

Peatükis 5 uut tehnikat, kaalutud geenide koekspressioonivõrgustiku analüüsi, et avastada 

makrofaagide tsükliinist sõltuva kinaasi 5 (CDK5) seos naastude kaltsifikatsiooniga. CDK5 oli 

varem tuntud oma regulatiivsete ja proinflammatoorsete funktsioonide poolest, kuid seost 

kaltsifikatsiooniga ei olnud uuritud. Meie uuring näitas, et CDK5 spetsiifiline deletsioon teatud 

tüüpi valgelibledes (st müeloidrakkudes) põhjustas hiirtel vähem arenenud aterosklerootilisi 

naastusid, mille kaltsifikatsioonitase oli madalam. Need leiud muudavad CDK5 atraktiivseks 

sihtmärgiks ateroskleroosi ravimite arendamisel. 

Kokkuvõttes käsitleti käesolevas väitekirjas mitmeid kardiorenaalse sündroomi aspekte: alates 

neerufunktsiooni langusega akumuleeruvatest väikestest molekulidest ja nende toksiinide 

põhjustatud südame-veresoonkonna haigustega seotud valkude modifikatsioonist kuni 

kaltsifikatsiooni soodustavate valkudeni, millel on potentsiaal olla paljulubavate ravimite 

sihtmärkideks. Oluline on mõista kardiorenaalse sündroomi kui multifaktoriaalse haiguse 

arengu keerukust ja kõiki tegureid, et seda tulevikus tõhusalt ennetada ja ravida. 
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Unmet need in dialysis research 

This thesis is dedicated to studying the mechanisms underlying cardiorenal syndrome type IV, 

which describes cardiovascular complications caused by renal insufficiency1. Increased 

cardiovascular morbidity is, amongst others, associated with elevated concentrations of the 

uremic milieu in patients with chronic kidney disease (CKD)2. In Chapter 2 of this thesis, we 

provide evidence that there is currently no universally suitable technique for reduction of all 

known 33 protein-bound uremic toxins (PBUTs), yet several approaches showed promising 

results for certain compounds, e.g. supplementation of haemodialysis patients with oral 

adsorbent AST-120 (Kremezin®) for reduction of indoxyl sulphate and p-cresyl sulphate in 

long-term trials. The systematic analysis made it clear that, due to the high heterogeneity of 

PBUTs, it is unlikely to achieve optimal reduction of all the compounds with a single therapy. 

Our work identifies the need for bigger longitudinal multicentre trials to study the 

effectiveness of combination therapies targeting compounds of different nature. Additionally, 

the review demonstrates the evident lack of research for reduction of certain PBUTs, e.g. 2-

methoxyresorcinol, hydroquinone, putrescine and others, and serves as a helpful starting 

point for future studies targeting management of these understudied toxins. In a healthy 

kidney PBUTs are removed predominantly though tubular secretion, which is challenging to 

replicate with conventional dialysis. Thus, preservation of residual kidney function by, for 

instance, controlling blood pressure and minimizing use of nephrotoxic agents (e.g. 

radiocontrast dyes), as well as dietary interventions such as restriction of protein and increase 

of fibre and complex carbohydrates intake, can help to deceleration CKD progression and 

improve patients’ survival3,4. 

Role of post-translational protein modifications 

Another factor that may link CKD to cardiovascular disease (CVD) risk increment is protein 

carbamylation, one of the first identified post translational protein modification (PTM) shown 

to be associated with uremia5,6. Its major role in cardiovascular disease was first brought to 

light by the group of Prof. S.L. Hazen with their work published in 2007 in Nature Medicine 

showing protein carbamylation resulting from myeloperoxidase activity in atherosclerotic 

plaque and blood carbamylation levels being predictive for patient death7. Leaving aside anti-

carbamylation antibodies that are recently becoming recognized as a promising biomarker for 

rheumatoid arthritis and other diseases8–10, carbamylation research received modest interest 

for the past decade with 20-30 articles per year. With our work in Chapter 3, we show that 

this type of protein modification is worth attention demonstrating its abundance in late stage 

hemorrhaged plaques of patients with kidney insufficiency and association with foam cells. 

CKD patients are known to have increased burden of atherosclerosis with plaques showing 

elevated risk of rupture11,12. It remains to be determined if plaque carbamylation is causally 

related to its vulnerability in patients with CKD. Additionally, we have seen differential cellular 

effects of carbLDL uptake by human macrophages compared to oxLDL uptake. This raises 

many questions such as: what the exact mechanism is of carbLDL trafficking, processing, and 
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storage by the cells compared to that of oxLDL; to which extent these processes are affected 

by the severity of the modification, and if they can be interfered with or, on the contrary, 

taken advantage of to influence the cells’ faith and, as a result, plaque progression. Moreover, 

it is known that LDL proteins are not the only targets of carbamylation. In our results, a big 

portion of the extracellular matrix material in plaque, e.g. collagens, were also seen to stain 

positive for carb-lys. How this affects activity of the surrounding cells in the plaque as well as 

biomechanical properties of the protein itself and, consequently, plaque phenotype, remains 

to be determined. Finally, our confocal images revealed a strong nuclear carb-lys signal 

present in human macrophages. The mechanisms and significance of this nuclear 

carbamylation are yet to be dissected but may potentially hold a key to yet unknown gene 

expression regulation processes. To summarise, Chapter 3 of this thesis highlights the 

necessity for future PTM studies and unveils possibilities for new discoveries of carbamylation-

related cellular mechanisms. 

PTM formation is not only an adverse process. In fact, practically all proteins require PTMs for 

proper functioning. In a mini review in Chapter 4 we highlight the importance of post-

translational cleavage of Klotho protein for its systemic function pointing out the difference 

between various forms of secreted Klotho, e.g. KL1, KL2, and full-length proteins. As can be 

seen from the review, higher levels of soluble Klotho in human were shown to be associated 

with lower risk of kidney disease while beneficial effects of its administration or 

overexpression have been plentifully demonstrated in mice, e.g. reduction of renal injury, 

improved recovery and survival, as well as prevention of calcification. However, no distinction 

has been made between the roles of full vs shorter Klotho forms while no information is 

available on the functions of KL2 thus far due to the lack of specific antibodies. This highlights 

the need for further studies to elucidate the molecular mechanisms behind generation of 

Klotho variants and the lack of knowledge regarding their, possibly, distinct functions. Better 

understanding of soluble Klotho generation and functioning could allow future drug discovery 

and generation of more precise therapies to target calcification and age-related 

complications. 

Novel drug targets in atherosclerosis 

The identification of novel drug targets holds paramount importance in the development of 

efficacious therapeutic interventions across various pathological conditions. In this context, 

computational methodologies, such as weighted gene co-expression network analysis, offer a 

transformative solution allowing researchers to uncover hidden relationships between genes 

and their functions and providing insights into the molecular mechanisms underlying disease. 

Notably, our discovery of CDK5 as a previously unrecognized contributor to calcification 

(Chapter 5), underscores this potential. By analysing large sets of genetic data, macrophage 

CDK5 emerged as a central regulator of a gene program linked to calcification. Indeed, its 

deficiency led to reduced vascular calcification possibly by dampening inflammation in vitro 

and in vivo. This demonstrates how computational methods can reveal novel targets that 
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might have been overlooked using traditional approaches. The comprehension of the intricate 

molecular interactions allows discovery of innovative therapeutics tailored towards these new 

factors, thereby promoting development of enhanced and targeted interventions for 

cardiovascular disease and accompanying morbidities. Our work shows that myeloid-specific 

inhibition of CDK5 would potentially reduce plaque burden through decreasing inflammation 

and, subsequently, calcification.  

However, a few hurdles remain to be addressed. Firs, to the best of our knowledge, there is 

only one specific CDK5 inhibitor described in the literature so far that still requires testing in 

vivo13 while there are currently no CDK5-specific inhibitors being tested in clinical trials. 

Additionally, the therapeutic benefits of CDK5 inhibitors for atherosclerosis alleviation need 

to be investigated, as CDK5 is ubiquitously expressed by many other cell types, e.g. pancreatic 

β cells and neurons, and shown to play a vital role in neuronal development and cell 

survival14,15. Thus, a more targeted approach might be required to avoid possible side effects 

of systemic CDK5 inhibition. This could be achieved through, for example, implementation of 

antibody-drug conjugate technology for plaque macrophage targeting. However, such system 

remains to be developed. It would be also interesting to study the downstream targets of 

CDK5 in the plaque to possibly reveal a more precise targets for attenuation of plaque 

inflammation and calcification. Taken together, our study sheds light on possibilities for novel 

drug targets for treatment of atherosclerosis. 

Importance of scientific collaboration 

In the environment of high competition and scares financial resources, researchers should be 

encouraged and incentivised to put aside their personal interests and engage in transparent 

exchange of knowledge and discoveries for the sake of societal progress. Hence, this work 

would have not been possible without collaborative effort from several parties. With this 

thesis we established diverse collaboration network between University of Maastricht and a 

number of other of universities in Germany, UK, Sweden, and Italy. Projects initiated with this 

work continue to develop beyond the scope of the thesis bringing a possibility of promising 

high impact publications and valuable scientific contribution in the future. 

Taken together, this thesis broadens our understanding of complex processes of cardiorenal 

syndrome opening up opportunities for future drug discovery and personalized therapies to 

reduce the burden of CDK-associated cardiovascular disease.  
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