Uremic Toxins

Subjects: Biochemistry & Molecular Biology

Contributor: Anna Pienigzek
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N-oxide, and hydrogen sulfide in the blood of CKD patients come from the metabolism of bacteria in the gut. As a result of
the conducted research, the list of potential uremic toxins is constantly being modified. For example, it is suggested that
the current list of cytokines that are considered potential uremic toxins is incomplete and excessive.
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| 1. Introduction

Chronic kidney disease leads to uremia associated with the accumulation of uremic toxins in the body. That causes
unfavorable changes in the cardiovascular system, some of them lead to chronic inflammation, endothelial dysfunction,
damage to the mitochondria and, consequently, oxidative stress. In 2003, the European Uremic Toxin Work Group
(EUTox) classified 90 substances as uremic toxins . Among them, there are advanced glycation end products (AGE),
phenolic derivatives (including p-cresol), indole derivatives, hippurates, polyamines, peptides, homocysteine, 3-carboxy-4-
methyl-5-propyl-2-furanopropionic acid (CMPF), and trimethylamine-N-oxide (TMAO).

The toxins dissolved in uremia were classified based on their size and binding properties. Free, water-soluble compounds
of low molecular weight (500 g/mol) accounted for 46% of the 88 solutes; 28% of the solutes were particles with a mass of
500—60,000 g/mol, and 24% of the solutes were associated with proteins solutes [,

Most of them are peptides that are difficult to remove during hemodialysis unless the pore size of the dialyzer is large
enough. In turn, removal of toxins associated with proteins from the body of a patient with CKD is almost impossible using
dialysis [31.

Some uremic toxins such as indol acetic acid, indoxyl sulfate, p-cresyl sulfate hippuric acid, phenyl sulfate, trimethylamine
N-oxide, and hydrogen sulfide in the blood of CKD patients come from the metabolism of bacteria in the gut A&l As a
result of the conducted research, the list of potential uremic toxins is constantly being modified. For example, it is
suggested that the current list of cytokines that are considered potential uremic toxins is incomplete and excessive (61,

Many toxins presented in this review can release ROS enhancing oxidative stress in organism of CKD patients. Uremic
toxins and oxidative stress lead to modifications of proteins, lipids, and DNA. Some of these modifications are protein
carbonyl compounds as products of protein oxidation, lipids oxidation (thiobarbituric acid reactive substances (TBARS), In
addition, hemodialysis worsens these processes, especially those related to oxidative stress 4.

In this review, we summarize recent research showing that uremic toxins have a biological effect on the cells and tissues
of CKD patients as well as on the development of the disease. Modified biomolecules as a result of carbamylation,
oxidative stress, and covalent adducts formation of uremic toxins with biopolymers can lead to cardiovascular diseases,
increased risk, and mortality in patients with CKD [EI[2110],

| 2. Urea Toxicity

It is known that elevated urea levels can lead to molecular changes related to insulin resistance, generation of reactive
oxygen species, apoptosis, and disruption of the intestinal protective barrier 11, Urea is one of the earliest known uremic
toxins in chronic kidney disease (CKD); its concentration in patients is about 5-7 times higher than in healthy individuals.
Isocyanic acid reacts with the thiol and amino groups of proteins, amino acids, sugars, etc. Modifications also apply to
amino acids such as cysteine, histidine, arginine, lysine, valine, tryptophan, and threonine, as well as proteins containing
these amino acids 12I13],



Carbamylation also affects such macromolecules as hemoglobin, plasma lipoproteins, albumin, membrane proteins, and
erythropoietin in patients with chronic renal failure 4. For example, carbamylated hemoglobin concentration was about
three times higher in people with chronic renal failure undergoing both hemodialysis or peritoneal dialysis patients &, In
addition, changes in the structure of hemoglobin and non-hem proteins of erythrocyte were observed in patients with CKD
@ In turn, carbamylated low density lipoproteins (LDL) affect atherosclerotic through the participation in the formation of
foam cells, induction of apoptosis of endothelial cells, and proliferation of smooth muscle cells; myeloperoxidase is
involved in this process [X2I161L7],

The carbamylation process is thought to be responsible for the post-translational modifications of proteins that are related
to atherogenesis and other functional changes. In clinical trials, carbamylated proteins, amino acids, and other
compounds have been associated with cardiovascular disease and overall morbidity and mortality 2. It was shown that
treatment of 3T3-L1 adipocytes with urea at concentrations similar to those in CKD patients led to the production of ROS,
caused insulin resistance, increased the expression of adipokines, retinol-binding protein 4 (RBP4), and resistin, and
increased the level of O-linked N-acetylglucosamine (O-GIcNAc) In-vivo studies using uremic mice, a mouse model of
surgically induced renal failure, showed ROS production, modification of insulin signaling molecules by O-GIcNAc, and an
increased expression of RBP4 and resistin in visceral adipose tissue.

In vitro, after treatment of red blood cells (RBC) with urea, there was an increase in the fluidity of the lipid membrane in
the polar and hydrophobic regions of the cores. The changes in the fluidity of membranes were accompanied by changes
in the RBC membrane cytoskeleton. It seems that carbamylated proteins are more sensitive to oxidation than native
proteins 18, Carbamylated proteins may activate mesangial cells to a profibrogenic form, which may contribute to the
development of renal failure [,

One of the products of protein carbamylation is homocitrulline, which is formed by binding isocyanic acid to the e-
NH2group of the side chain of lysine residues 2%, Nowadays, homocitrulline is an important biomarker in patients with
uremia and its increase in concentration allows distinguishing acute from chronic renal failure and is a risk factor of
mortality 29, The observations presented here show that urea concentration in CKD patients, long considered
insignificant, may lead to increased ROS production, cause insulin resistance in vitro and in vivo, and lead to
cardiovascular disease and mortality in CKD patients.

This likely has to do with defective insulin secretion, which may be the result of a direct action of urea on pancreatic
cells. These results are indicative of an impaired insulin secretion in CKD caused by elevated blood urea levels that lead
to an increase in O-GIcNCylation of islet protein and impair glycolysis [21. A good way to reduce urea levels in CKD
patients is nutritional therapy with low protein content. It has been demonstrated that low protein diet may decrease urea
levels and reduce protein carbamylation as well as cyanate production 121,

| 3. Polyamines

The research carried out in 1983 showed that in patients with CKD, the level of polyamines (putrescine, spermine, and
spermidine) (Figure 1) increases significantly in comparison to healthy volunteers (22,
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Figure 1. Chemical structure of polyamines and their derivative, classified as protein-binding uremic toxins.

17-39 pg/L in healthy people and 50-84 pg/L in patients with CKD [231241125] \yhich means that in CKD patients, the level
of free acrolein was 3-5-fold higher when compared to control subjects. The authors also suggest that oxidative stress in
patients with CKD may contribute to an increase in acrolein production during hemodialysis, and thus reduce the kinetics
of its removal 24, On the other hand, a recent report demonstrated that in non-hemodialyzed patients, the levels of
acrolein and protein-conjugated acrolein were even higher than in hemodialyzed patients 28, Considering the fact that
polyamines are necessary for cellular growth, some research suggests that it is in fact acrolein and not polyamines, that
functions as a uremic toxin in patients with CKD.



In high doses of acrolein, the concentration of GSH is low to provide cellular protection against this toxin ZZ. Its reaction
with the cysteine thiol group was about 110-150 times faster than HNE, a famous product of lipid peroxidation. Given its
high affinity for thiols, it could be possible to lower its concentration by administering N-acetlcysteine or other thiols used
in the treatment of heavy metal poisoning. Acrolein toxicity is related to the formation of covalent adducts of DNA and
proteins via cysteinyl, histidyl, and lysyl residues as well as free N-terminal amino groups 281129

4. Implications of Uremic Toxins and Oxidative Stress in Cardiovascular
Disease

In recent years, ROS that initiate oxidative stress have been shown to perform a key role in the development and
maintenance of inflammation, contributing to the pathophysiology of many debilitating diseases such as cardiovascular
diseases (CVD), diabetes, cancer or neurodegenerative diseases 2. ROS affect all stages of the inflammatory response,
releasing molecules from damaged tissues that act as endogenous signals of danger. These signals are recorded by the
innate immune receptors Toll (TLR) and NOD-like (NLR) and activate signaling pathways that initiate an adaptive cellular
response to such signals 21,

CKD is accompanied by oxidative stress and chronic inflammation 22, Inflammation is caused by a variety of factors, such
as increased production and decreased clearance of inflammatory cytokines, oxidative stress, acidosis, chronic and
recurrent infections, also associated with dialysis. Figure 2 presents the complexity of the interactions between uremic
toxins and oxidative stress in patients with CKD.
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Figure 2. Cells and tissue damage in chronic kidney disease.

This applies to both the enzymatic defense related to the activity of enzymes such as superoxide dismutase (SOD1),
catalase (Cat), glutathione peroxidase (GPx), and low molecular weight antioxidants, e.g., glutathione, ascorbic acid, o-
tocopherol, B-carotene, ubiquinol, bilirubin, and others. In CKD, an impaired antioxidant system is observed, which is
associated with decreased activity of GPx and Cat in the plasma, and increased activity of GPx and SOD1 (CuZnSOD) in
RBC [38I34] |n other studies, decreased glutathione peroxidase activity and decreased SOD1 activity were observed £,
Another marker of antioxidant activity was paraoxonase, which is an esterase enzyme related to high density lipoproteins
(HDL) and works to protect LDL and HDL from oxidation.

Moreover, in CKD, there is a high concentration of uric acid in the plasma (hyperuricemia). Uric acid synthesis can
promote oxidative stress directly through the activity of xanthine oxidoreductase €. This enzyme is synthesized as
xanthine dehydrogenase and is converted to xanthine oxidase 4. The low biocompatibility of dialysis membranes leads
to the activation of neutrophils and a respiratory burst in which superoxide anion radical, hydrogen peroxide, hydroxyl
radicals, singlet oxygen, nitric oxide, and hypochlorous acid are produced 28!,

Impaired glomerular filtration of the kidneys leads to the retention of toxic solutes that affect all organs of the body. The
consequences of kidney dysfunction are CVD and infections, which increase the morbidity and mortality of patients with
CKD. The roles of cells such as polymorphonuclear leukocytes, monocytes/macrophages, lymphocytes, and antigen



presenting cells in maintaining an effective immune response are disrupted. As a result, their normal response may be
impaired, leading to infectious diseases or CVD [,

Uremic toxins, oxidative stress, and permanent inflammation lead to a CVD in patients with CKD (49 Both CVD and CKD,
the so-called "cardiorenal or renocardiac syndrome”, are directly associated with increased cardiovascular morbidity and
mortality 2. About half of all deaths of CKD patients are thought to be a direct consequence of CVD. Successful kidney
transplantation significantly reduces the risk of death compared to long-term dialysis treatment, but also in this group of
patients, the incidence of CVD remains high and amounts to approximately 20-35% of mortality in patients with kidney
transplants 42!,

CKD patients have cardiac arrhythmias, especially atrial fibrillation. (decreased left ventricular contraction/expansion
function leading to heart failure) Initially, this condition is associated with left ventricular hypertrophy (LVH) and the
characteristic fibrosis of the heart muscle, thickening of the wall of arterioles inside the heart muscle, and diastolic
dysfunction, followed by systolic dysfunction, leading to overt heart failure at a later stage An additional risk factor for
vascular diseases in CKD is hyperuricemia, which is associated with coronary artery disease, left ventricular hypertrophy,
atrial fibrillation, myocardial infarction, and ischemic stroke [431[44][45]

In patients with CKD, accelerated atherosclerosis and reduced bioavailability of nitric oxide in vascular tissues are
observed. The overproduction of ROS in CKD promotes reduced bioavailability of nitric oxide, which quickly reacts with
the superoxide anion to form peroxynitrite, which in turn leads to oxidative stress and endothelial cell dysfunction, and
consequently to atherosclerosis. Moreover, in CKD, the balance between pro and anti-inflammatory factors and between
pro and anti-apoptotic factors is disturbed B2, It has been shown that LDL isolated from CKD patients is more susceptible
to peroxidation in vitro than LDL from healthy subjects 48],

Moreover, patients with high levels of TMAO in plasma are at increased risk of myocardial infarction or stroke 44, CKD
patients have significantly higher rates of the diagnosis of sepsis compared to patients without diagnosed CKD. Bacterial
infections are the leading cause of hospitalization of CKD patients and are related to vascular access, which is the most
common source of bacteremia in hemodialyzed patients. Sepsis is associated with an increased risk of thrombosis,
myocardial infarction, congestive heart failure, stroke, and peripheral arterial disease [48149],

Recently, it has been shown that the mortality rate of COVID-19 is higher in the group of patients with chronic kidney
disease. This also applies to the acute kidney injury from COVID-19 infection (29,
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