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Abstract: Chronic kidney disease (CKD) is a progressive loss of renal function. The gradual decline
in kidney function leads to an accumulation of toxins normally cleared by the kidneys, resulting
in uremia. Uremic toxins are classified into three categories: free water-soluble low-molecular-
weight solutes, protein-bound solutes, and middle molecules. CKD patients have increased risk of
developing cardiovascular disease (CVD), due to an assortment of CKD-specific risk factors. The
accumulation of uremic toxins in the circulation and in tissues is associated with the progression of
CKD and its co-morbidities, including CVD. Although numerous uremic toxins have been identified
to date and many of them are believed to play a role in the progression of CKD and CVD, very few
toxins have been extensively studied. The pathophysiological mechanisms of uremic toxins must be
investigated further for a better understanding of their roles in disease progression and to develop
therapeutic interventions against uremic toxicity. This review discusses the renal and cardiovascular
toxicity of uremic toxins indoxyl sulfate, p-cresyl sulfate, hippuric acid, TMAO, ADMA, TNF-«, and
IL-6. A focus is also placed on potential therapeutic targets against uremic toxicity.

Keywords: uremic toxins; chronic kidney disease; cardiovascular disease; indoxyl sulfate; p-cresyl
sulfate; hippuric acid; trimethylamine N-oxide; asymmetric dimethylarginine; tumor necrosis factor
al-pha; interleukin 6

Key Contribution: This review provides an overview of the pathophysiological mechanisms of
uremic toxins in the progression of CKD and CVD; and describes therapeutic interventions currently
being investi-gated for preventing uremic toxin mediated disease progression.

1. Introduction
1.1. Chronic Kidney Disease

Chronic kidney disease (CKD) is defined as abnormalities of kidney structure or
function present for more than three months [1]. Globally, CKD is estimated to affect 8-16%
of the population, with the prevalence increasing with age [1,2]. The Kidney Disease:
Improving Global Outcomes (KDIGO) guidelines classifies CKD into five categories based
on glomerular filtration rate (GFR) and three categories based on level of albuminuria,
where GFR <60 mL/min/1.73 m?, albuminuria >30 mg/24 h, or presence of other markers
of kidney damage (i.e., electrolyte abnormalities or histological/structural abnormalities)
for longer than three months indicates CKD [3]. The loss of kidney function in CKD is
progressive and irreversible. Renal replacement therapies, including dialysis and kidney
transplantation, are necessary for patients who progress into end stage renal disease (ESRD;
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GFR <15 mL/min/1.73 m?). Late-stage CKD patients have a 3.6-fold increased risk for
mortality compared to the general population, with risk being further increased to 9- to
12-fold for patients receiving dialysis treatment [4]. The life expectancy of a 55-year-old
patient with stage 5 CKD or ESRD is only 5.6 years, worse than some forms of cancer [5].

1.2. Chronic Kidney Disease and Cardiovascular Disease

It is well established that CKD patients have increased risk for cardiovascular disease
(CVD), with increasing incidence of cardiovascular events as CKD progresses [6]. Although
the traditional risk factors for CVD such as hypertension, advanced age, dyslipidemia,
and diabetes mellitus are prevalent in CKD, CKD patients are faced with additional “non-
traditional” CKD-specific risk factors such as volume overload, malnutrition, anemia,
oxidative stress and inflammation [7]. Cardiovascular complications such as left ventric-
ular abnormalities, cardiomyopathy, atherosclerosis, and vascular calcification are more
prevalent and/or accelerated in CKD patients as a result of decreased kidney function [7].
Consequently, CVD significantly increases the risk for morbidity and mortality in CKD pa-
tients and is the most common cause of death in patients with CKD [8,9]. Additionally, the
risk of CKD progression to ESRD increases in conjunction with the severity of hypertension;
CKD patients with a baseline blood pressure >180/100 mmHg have an approximately
15-fold greater risk of developing ESRD compared to normotensive CKD patients [10].

1.3. Uremia

Uremia is a complication of CKD and is defined as the accumulation of solutes that
are normally cleared by the kidneys [11]. If left untreated, uremia is a life-threatening
condition. Though dialysis greatly prolongs the survival of ESRD patients, it is unable
to completely mitigate the uremic condition, leaving patients with what is referred to as
“residual syndrome” [11]. Despite regular dialysis treatment, the incomplete removal of
organic waste compounds results in accumulation of uremic toxins, which play a crucial
role in the progression of CKD and CVD. To date, over 100 uremic toxins have been
identified and classified by The European Uremic Toxin Work Group (EUTox) [12]. The
EUTox classifies uremic toxins by their physicochemical properties into the following
categories: free water-soluble low-molecular-weight solutes (<500 Da), protein-bound
solutes, and middle molecules (>500 Da) [12].

2. Protein-Bound Uremic Toxins

Protein-bound uremic toxins constitute approximately 25% of all currently identified
uremic toxins [12]. As a consequence of being highly bound to plasma proteins, protein-
bound uremic toxins are poorly cleared by dialysis [13]. Many of these protein-bound
uremic toxins are gut-derived and are the by-products of aromatic amino acid breakdown
by intestinal bacteria.

2.1. Indoxyl Sulfate

Indole is a metabolic product of tryptophan decomposition by bacterial tryptophanase.
Once produced by intestinal bacteria, indole is absorbed into the portal circulation and
enters the liver (Figure 1) [14]. In the liver, indole is hydroxylated by cytochrome P450 2E1
(CYP2EL1) to form 3-hydroxy indole [15] and subsequently sulfated by sulfotransferase 1A1
(SULT1A1) to produce indoxyl sulfate (IS) [16]. IS is extensively excreted in the urine by
proximal tubular secretion through basolateral organic anion transporter 1 (OAT1) and
OATS3 [17]. IS is highly protein-bound (Table 1) to albumin in the circulation (93%) [18]
and is consequently poorly cleared by dialysis [19]. As kidney function declines, IS levels
increase in the blood and this elevation contributes to further progression of CKD [20].
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Figure 1. Absorption, and excretion pathway of gut-derived uremic toxins. (A) Indoxyl sulfate is produced when dietary
tryptophan is converted into indole by bacterial tryptophan indole-lyase (TIL) and subsequent absorption into the portal
circulation for further metabolism by cytochrome P450 2E1 (CYP2E1) and sulfotransferase 1A1 (SULT1A1). (B) P-cresyl
sulfate begins as dietary tyrosine which is metabolized by tyrosine aminotransferase (TAT) into p-cresol. These intermediates
are converted into p-cresyl sulfate through SULT1Al. (C) Various dietary polyphenols are converted through multiple
phenolic reactions by colon bacteria into benzoic acid which is then conjugated with glycine by glycine-N-acyltransferase
(GLYAT) to produce hippuric acid. (D) TMAO is the product of TMA oxidation by flavin-containing monooxygenase 3
(FMO3), where TMA is the intermediate metabolite of carnitine trimethylamine lyase (CTMAL) breakdown of various
dietary molecules such as choline, L-carnitine, betaine, and phosphatidylcholine. (A-D) Uremic toxins are secreted by renal
tubular cell via drug transporters (organic anion transporter 1/3, OAT1/3; and multidrug resistance-associated proteins
2/3, MRP2/3 and subsequently excreted in the urine. Image created with BioRender.com.
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Table 1. Summary of uremic toxin properties, toxicity, and therapeutic interventions.

. e e qs . o Fold Change . . . . . Mechanism of Therapeutic
Molecule Size (MW) Protein Binding Dialyzability (M/N) * Origin Site of Toxicity Toxicity Interventions
Kidney proximal Generation of ROS,
Metabolism of tubule cells, .1nd.uct10n of f}broi AST-120. Pre-, pro-,
93% bound to 32% cleared . sis/inflammation in .
Indoxyl Sulfate 213.2 . . . 43.2 [12] tryptophan by colon cardiomyocytes, . and synbiotics.
albumin through dialysis . . kidneys. Induce . .
microbes. endothelial cells, R . Dietary modulation.
and VSMCs oxidative stress in
’ VSMC.
Metabolism of Generation of ROS,
. . Kidney proximal induction of fibro- AST-120. Pre-, pro-,
90% bound to 29% cleared aromatic amino .. .. .
p-Cresyl Sulfate 188.2 . A 11.0[12] . tubule cells and sis/inflammation in and synbiotics.
albumin through dialysis acids by colon . . . .
microb endothelial cells. kidneys and Dietary modulation.
Crobes. endothelial cells.
Generation of ROS, Potential
. . . 34-40% bound to 64% cleared . Metabolism of Renal tubular C.ells pr(.)mot.es renal interventions: Pre-,
Hippuric Acid 179.2 . R 23.8[12] dietary polyphenols and endothelial fibrosis and _—
albumin through dialysis : . pro-, and synbiotics.
by colon microbes. cells. endothelial Di .
. ietary modulation.
dysfunction.
Metabolism of
dietary precursors Induction of renal Diet modulation.
. . choline, phos- Renal tubular cells, . - Probiotics. Choline
Trimethylamine 85% cleared . . . fibrosis. Enhance
N-oxide (TMAO) 75.1 Free water soluble thoueh dialvsis 28.6 [21] phatidylcholine, endothelial cells and mmUne response in analogues such as
gh dialy L-carnitine, and VSMCs. e 1pr : DMB, IMC and
betaine by colon Atheroscierosts. FMC.
microbes.
Renal fibrosis Potentiate ADMA
Non-proteinogenic . ! metabolism by
amino acid generation of increasing DDAH
Asymmetric o 20-40% cleared . Renal tubular cells, ROSInhibitor of .. ;
. .. 30% bound to . . synthesized through . activity. Dietary
Dimethylarginine 202.3 . through dialysis >6.4 [12] . vasculature, and NOS leading to L .
albumin [22] post translational . . . antioxidants (i.e.,
(ADMA) [23] . cardiomyocytes. impaired NO .
methylation of sionaling. Promote Quercetin).
arginine by PRMTs. & &: L-arginine

foam cell formation.

supplementation.
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Table 1. Cont.

. c e . . Fold Change .. . . Mechanism of Therapeutic
Molecule Size (MW)  Protein Binding Dialyzability (M/N) * Origin Site of Toxicity Toxicity Interventions
Largely from
immune cells (T Fibrosis,
lymphocytes, glomerulosclerosis, TNF- « blockers
macrophages, mast Renal proximal superoxide (e.g., Adalimumab,
Tumor Necrosis Factor L. cells), and vascular tubule, glomerulus generation, etanercept,
alpha (TNF «) 17,300 N/A Minimal 3090121 endothelial cells, and interstitium, macrophage infliximab). ACE
renal tubular vasculature. infiltration, vascular inhibitors (e.g.,
epithelial and calcification, Captopril).
mesangial cells, atherosclerosis.
cardiomyocytes.
Hepatocytes, Renal tubules, . . Neutralization of
meeakarvocytes lomerulus Renal fibrosis, soluble and
irrglmunz ce}llls ’ intelititium Car, diac cardiac fibrosis (left membrane bound
Interleukin- 6 (IL- 6) 21,000 N/A Minimal 1.48 [12] . . ’ ventricular IL-6 receptors (e.g.,
(neutrophils, B- and fibroblasts and h -
ypertrophy), Tocilizumab) and
some T-cells, mono- myocytes, .
cytes/macrophages) vasculature atherosclerosis. gp130 (e.5,
Y ’ Bazedoxifene).

* Concentration fold change (M/N) calculated by comparing the average concentration in adult hemodialysis patients (M) with the normal concentration (N) measured in healthy controls.
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2.1.1. Mechanisms for the Progression of CKD

IS has shown nephrotoxic effects through generation of reactive oxygen species
(ROS) [24], depletion of anti-oxidative systems [25], and induction of fibrosis and in-
flammation (Figure 2). NF-«B plays a central role in the pathological effects of IS in the
kidneys. In human proximal tubule cells (HK-2) the activation of NF-«kB by IS suppressed
cellular proliferation, induced and accelerated senescence through induction of p53, and
promoted fibrosis by inducing TGF-1 and PAI-1 expression [24,26]. p53 induction was
also proposed to contribute to renal fibrosis by stimulating the expression of TGF-f1 and
subsequent activation of Smad3 [27]. Epithelial-mesenchymal transition (EMT) of tubu-
lar epithelial cells has long been considered a pro-fibrotic mechanism. Recent evidence
indicates that renal epithelial cells undergo a partial-EMT where epithelial cells develop
fibroblast-like characteristics, without a complete conversion to fibroblasts [28]. IS in-
duced an EMT-like process in vitro and in vivo through activation of the renin-angiotensin
system (RAS), further contributing to renal fibrosis [29]. Moreover, IS induces renal expres-
sion of intercellular adhesion molecule 1 (ICAM-1), which is associated with monocyte
infiltration into the kidney [30], and monocyte chemoattractant protein (MCP-1), a chemo-
tactic cytokine implicated in macrophage recruitment and activation in tubulointerstitial
inflammation [31].

Indoxyl Sulfate and p-Cresyl Sulfate
Renal Tubular Cell Toxicity

————

T AhR/IS/HSP90 to nucleus
T pro-inflammatory &
T pro-fibrotic genes

fibrosis
I -~ TRAAS

partial EMT *= . tivation

4 Klotho ? p53

{ proliferation
T senescence

collagen

Renal Tubular Cells

-/

T ICAM1 and MCP-1
- macrophage recruitment
- tubulointerstitial inflammation

Figure 2. Overview of putative mechanisms of renal toxicity for IS and pCS. Through various inflammatory and fibrotic
pathways, both IS and pCS have been described to mediate toxicity to renal tubular cells in similar ways. Increased
expression of various fibrotic genes such as TGF-31, TIMP-1, pro-«1 (I) collagen contribute to alterations in the tubular cell
morphology and structure of the ECM. Involvement of ROS and NF-«B reduce the proliferative capacity of tubular cells,
contribute to partial EMT leading to fibrosis, and recruit macrophages to produce additional tubulointerstitial inflammation.
Image created with BioRender.com.
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The expression of Klotho, an anti-aging gene with renoprotective properties [32],
is reduced in CKD patients [33]. IS was shown induce Klotho depletion in vitro and
in vivo [34], which has been linked with increased activation of NF-kB [35]. IS-induced
Klotho depletion may be facilitated epigenetically through the CpG hypermethylation of
the Klotho gene [36].

2.1.2. Mechanisms for the Progression of CVD

IS is also implicated with CVD and has clinically been correlated with mortality and
comorbidities such as vascular calcification, vascular stiffness, and congestive heart failure
in patients with ESRD [37]. IS is proposed to have detrimental effects on both cardiac
cells and the vasculature (Figure 3). In vitro studies have shown that IS may play a role
in endothelial dysfunction — an early marker of atherosclerosis [37]. In human umbilical
vein endothelial cells (HUVECs), IS increased ROS production, decreased nitric oxide
(NO) production and cell viability, and induced mRNA expression of NADPH oxidase
4 (Nox4) [38]. IS upregulates the expression of MCP-1 [39] and cell adhesion molecules
E-selectin [40] and ICAM-1 [39], enhancing leukocyte interaction with endothelial cells and
facilitating inflammation.
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. =) 1036 .
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Figure 3. Vascular toxicity of uremic toxins through impacts on endothelial cell function, vascular smooth muscle cell
morphology, and macrophage recruitment and transformation into foam cells of atherosclerotic plaques. Each coloured dot
(see below and legend in figure) represents a uremic toxin having evidence in the literature to contribute to the various
processes, or changes in cell activity and function described. Indoxyl sulfate (e; black), p-cresyl sulfate (e; blue), hippuric
acid (e; orange), TMAOQ (e; purple), ADMA (e; green), TNF-« (eo; red), and IL-6 (¢; yellow) are shown to have varying effects
in the cell types and cellular processes described above. Endothelial dysfunction and inflammation, vascular calcification
and stiffness, enhanced interactions between macrophages and endothelial cells, as well as formation of foam cells are critical
components to the various uremic toxins’ vascular toxicities. Some toxins may contribute to these mechanisms of toxicity
but have yet to be elucidated or confirmed in the literature; some toxins have contradicting evidence that needs further
investigation. This figure does not necessarily describe the complex interplay between the uremic toxins, inflammatory
markers, and immune system that likely play a large interconnected role in the vascular toxicity contributing to CVD. Image
created with BioRender.com.
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Another common vascular complication in CKD is vascular calcification (Figure 3),
which increases in prevalence as kidney function declines [41]. Vascular calcification is a
risk factor for cardiovascular mortality and morbidity [41]. The differentiation of vascular
smooth muscle cells (VSMCs) from a contractile to osteogenic phenotype is believed to be
a key player in the development of vascular calcification in CKD. In both in vitro [42] and
in vivo [43] experiments, IS has been shown to increase the expression of osteoblast-specific
proteins, including runt-related transcription factor 2 (Runx2) and osteopontin (OPN).
The activation of a PI3K/Akt/NF-«kB pathway was shown to play a potential role in the
osteogenic effects of IS [44].

IS also has direct pro-hypertrophic, pro-fibrotic, and pro-inflammatory effects on
cardiomyocytes and cardiac fibroblasts. IS stimulated hypertrophy of neonatal rat car-
diomyocytes, collagen synthesis in neonatal rat cardiac fibroblasts, and increased mRNA
expression of pro-inflammatory cytokines in THP-1 cells (immortalized monocyte-like
cell line), ultimately contributing to cardiac remodeling. These effects were proposed
to be mediated through the activation of mitogen-activated protein kinase (MAPK) and
NF-kB pathways [45]. Furthermore, cardiomyocytes treated with IS exhibited increased
oxidative stress and reduced expression of UCP2, a member of the mitochondrial uncou-
pling proteins family with cardio-protective properties against ROS [46]. Restoring UCP2
in cardiomyocytes conferred protection against IS-induced oxidative stress and UCP2
downregulation [46].

2.2. p-Cresyl Sulfate

Metabolism of tyrosine and phenylalanine by intestinal bacteria yields a number of
phenol derivatives, one of which is p-cresol [47]. P-cresol is absorbed and subsequently
sulfated in the liver by SULT1A1 to produce p-cresyl sulfate (pCS) [48] (Figure 1). In vivo,
more than 95% of p-cresol circulates as pCS [49]. Like IS, pCS is highly bound (90%) to
albumin and is poorly cleared by dialysis [50] (Table 1). pCS is mainly cleared from the
body by tubular secretion facilitated by basolateral uptake by OATs, namely OAT1/3 [51].

2.2.1. Mechanisms for the Progression of CKD

The accumulation of pCS shows similar toxic effects to IS. Much like IS, pCS induces
oxidative stress and renal fibrosis/inflammation, and clinical studies have associated
pCS with CKD progression [47] (Figure 2). pCS-treated HK-2 cells showed decreased
viability, increased NADPH oxidase activity, and increased mRNA expression of TGF-
1, TIMP-1, and pro-«1 (I) collagen [52]. Similarly, kidneys from nephrectomised rats
had increased tubular degeneration and fibrosis, increased TGF-31 production, increased
superoxide production, and upregulation of NADPH oxidase activity and expression [52].
pCS administration to nephrectomised rats resulted in CpG hypermethylation of the Klotho
gene and reduced expression of Klotho in renal tubular cells [36]. Like IS, pCS also induces
an EMT-like process through the activation of the RAS pathway, and the fibrotic effects
of pCS were attenuated by inhibition of the RAS pathway [29]. P-cresyl sulfate has been
shown to inhibit efflux transporters MRP4 and BCRP in proximal tubule cells, which may
cause intracellular accumulation of toxins, including p-cresyl sulfate itself [53].

2.2.2. Mechanisms for the Progression of CVD

In hemodialysis patients, serum pCS levels were reported to be higher in patients with
carotid atherosclerotic plaque and positively correlated with increased total plaque area.
Serum pCS levels were also independently associated with the incidence and progression
of carotid atherosclerotic plaque [54] and a significant independent predictor of plaque
burden in patients attending vascular prevention clinics [55].

pCS has been implicated in vascular inflammation, vascular calcification, and athero-
genesis. Cultured human endothelial and aortic smooth muscle cells treated with pCS
showed enhanced ROS production, increased NADPH oxidase expression [56], and in-
creased expression of pro-inflammatory factors MCP-1 and TNF-« [54]. pCS also increased
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mRNA levels of osteoblast-specific proteins in HASMCs, including alkaline phosphatase
(ALP) and OPN, indicating a potential role of pCS in vascular calcification [56]. A recent
study demonstrated pCS-induced ROS induces the phosphorylation of JNK, p38, and ERK,
subsequently leading to increased NF-«B mediated expression of Runx2 and ALP [57]. pCS
was also shown to increase the expression of adhesion molecules E-selectin, ICAM-1, and
vascular cell adhesion molecule 1 (VCAM-1), promoting leukocyte-endothelium interaction
in both endothelial cells and nephrectomised apoE-/- mice [54].

2.3. Targets for Therapeutic Intervention—IS and pCS

The most extensively studied method for lowering serum levels of gut-derived uremic
toxins is oral administration of the spherical carbon adsorbent AST-120. AST-120 adsorbs
precursors of gut-derived uremic toxins, including indole and p-cresol, in the colon and
prevents their absorption into the circulation. A number of studies have demonstrated the
ability of AST-120 administration to reduce plasma concentration of IS and pCS in both
animal models [58] and hemodialysis patients [59]. In vivo, AST-120 has shown reno- and
cardio-protective effects against uremic toxins [60,61]. Clinically, the benefits of AST-120
remain controversial. Although AST-120 has been shown to slow the decline of GFR in some
studies [62], the large international randomized controlled trials EPPIC-1/EPPIC-2 showed
a lack of benefit in delaying the progression of CKD, based on the primary endpoints of
doubling of serum creatinine and initiation of dialysis or transplantation [63]. However,
eGFR, a secondary endpoint in the EPPIC trials, declined significantly less with AST-120
treatment than placebo in EPICC-2 and in a pooled analysis of both trials. Furthermore,
upon post hoc analysis of the EPPIC trials, it was suggested that AST-120 may delay CKD
progression in certain patient subgroups [64,65]. While this post hoc analysis is intriguing,
the best available evidence suggests AST-120 does not slow progression of CKD and further
studies may be warranted in specific patient subgroups.

In addition to decreased clearance of gut-derived uremic toxins, CKD patients have a
greater abundance of intestinal bacteria that produce indole and p-cresol [66]. Manipulation
of the gut microbiome through the administration of pre-, pro- and synbiotics has been
investigated as a therapeutic strategy for reducing the production of gut-derived uremic
toxins. Overall, in healthy subjects, CKD patients, and hemodialysis patients, pre-, pro-,
and synbiotics are reported to have a positive benefit in reducing the production of IS and
pCS [67,68]. Currently, there are multiple registered clinical trials with plans to further
investigate the effects of probiotics (NCT04390347) and synbiotics (NCT04527640) on IS
and pCS levels in the setting of kidney disease. Using small molecules for targeting the
gut microbiome may be another method of manipulating synthesis of gut-derived uremic
toxins. Isoquercitrin, a naturally occurring small molecule, was recently demonstrated to
reduce indole production without having microbicidal activity or inhibiting tryptophanase
activity. It was proposed that isoquercitrin suppressed indole production by reducing
tryptophan transport into bacteria through inhibition of the bacterial electron transport
chain protein complex I and weakening the proton motive force [69].

By a similar rationale, modification of diet is another strategy to reduce uremic
toxin production by gut bacteria. As IS and pCS are the result of bacterial breakdown of
tryptophan and tyrosine/phenylalanine, respectively, reducing the dietary intake of these
amino acid precursors via protein restriction can reduce the production of these gut-derived
uremic solutes. In a protein restriction study, healthy subjects receiving a low protein diet
had lower plasma levels and 24-h urinary excretion of IS than those receiving a high protein
diet [70]. A decreasing trend in plasma levels and 24-h urinary excretion of pCS was also
observed with the low protein diet, although the difference was not statistically significant
(p =0.07) [70]. It was also demonstrated that the dietary protein to fiber ratio was associated
with both total serum IS and pCS levels in CKD patients [71]. Although evidence exists for
the beneficial effects of protein restriction, protein malnutrition is common in CKD patients
and may be exacerbated by dietary protein restriction [72]. Many clinical trials are planning



Toxins 2021, 13, 142

10 of 26

to investigate the efficacy of dietary modulation in kidney disease (i.e., NCT03959228,
NCT04505462).

2.4. Hippuric Acid

Hippuric acid is a gut-derived, protein-bound uremic toxin elevated in CKD [12]. The
gut microbiome converts dietary polyphenols into benzoic acid through multiple phenolic
reaction pathways, which is subsequently converted into hippuric acid via conjugation
with glycine in the liver or kidneys [73] by glycine-N-acyltransferase (GYLAT) [74]. In
circulation, hippuric acid is approximately 34% bound to albumin [75] and clearance of
hippuric acid by dialysis is 64% [76]. OATs may play a role in the excretion of hippuric acid
by the kidney [77].

2.4.1. Mechanisms for the Progression of CKD

Although there is some evidence suggesting hippuric acid contributes to the progres-
sion of renal fibrosis, the mechanisms of toxicity are not as well defined as IS and pCS.
Hippuric acid has been implicated in promoting renal fibrosis and endothelial dysfunction
by inducing oxidative stress. A recently published study demonstrated that hippuric acid
contributes to the progression of renal fibrosis by disrupting redox homeostasis [78]. In this
study, incubation of HK-2 cells with hippuric acid resulted in expression of fibrosis markers
and induced extracellular matrix (ECM) imbalance, increased ROS and Nox4 expression,
and activated TGF-f3/Smad signaling. Nuclear factor erythroid 2-related factor 2 (NRF2) is
a transcription factor that regulates the expression of thiol molecules, antioxidants, and
detoxifying enzymes [78]. The formation of a NRF2-KEAP1-CUL3 complex negatively
regulates NRF2 by ubiquitinating it for degradation. Under oxidative stress, the NRF2-
KEAP1-CUL3 complex is disrupted and NRF2 can translocate into the nucleus to drive
expression of the antioxidant network. Hippuric acid was shown to decrease the expression
of NRF2 and its downstream antioxidant enzymes, and increase oxidative stress. Treatment
with an NRF2 activator alleviated the reductions in NRF2 and antioxidant activity, and
NRF2 was therefore proposed to be a potential therapeutic target against hippuric acid
induced fibrosis [78].

2.4.2. Mechanisms for the Progression of CVD

Hippuric acid has been reported to promote endothelial dysfunction in vitro and
in vivo, via generation of mitochondrial ROS. A shift in the balance between mitochondrial
fusion and mitochondrial fission towards mitochondrial fission results in mitochondrial
fragmentation and increased ROS generation. Treatment of human aortic endothelial
cells (HAECs) with hippuric acid induced mitochondrial ROS production, reduced eNOS
expression and increased expression of endothelial dysfunction markers ICAM-1 and von
Willebrand factor (vWF). The mitochondria of HAECs treated with hippuric acid also
exhibited morphological changes indicative of mitochondrial fragmentation and increased
expression of Dynamin-related protein 1 (Drp1), a major regulator of mitochondrial fission.
These effects on the endothelium were confirmed in vivo using nephrectomised CKD rats
and healthy rats treated with hippuric acid. Collectively, these results suggest that hippuric
acid promotes endothelial dysfunction at least partly by inducing mitochondrial fission
and mitochondrial ROS production [79].

Another mechanism of hippuric acid-induced endothelial dysfunction may be through
induction of miR-92a in endothelial cells. Hippuric acid was shown to induce miR-92a, a
microRNA induced by oxidative stress in endothelial cells. miR-92a has been implicated
in the angiogenic and atherosclerotic process and is increased in patients with CKD and
pre-clinical models of CKD [80].

In a clinical study involving 80 hemodialysis patients, hippuric acid was associated
with left ventricular hypertrophy (LVH), and hemodialysis patients with LVH had higher
median pre-dialysis serum hippuric acid levels [81].
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3. Free Water-Soluble Low-Molecular-Weight Uremic Toxins

Free water-soluble low-molecular-weight uremic toxins account for 46% of identified
uremic toxins [12]. The upper molecular weight limit for water-soluble toxins is 500 Daltons
(Da), and protein binding must be minimal. Water-soluble low-molecular-weight toxins
tend to be among the uremic solutes with the highest fold change in kidney disease patients
compared to healthy controls [12].

3.1. Trimethylamine N-Oxide

Trimethylamine N-oxide (TMAO) is a gut-derived free water-soluble low-molecular-
weight uremic toxin [82]. Intestinal bacteria produce trimethylamine (TMA) from dietary
choline, phosphatidylcholine, L-carnitine, and betaine. Conversion of choline to TMA
occurs through TMA-lyase enzyme complex CutC/D [83], while L-carnitine and its deriva-
tive gamma-butyrobetaine are converted to TMA through the action of TMA-lyase enzyme
complexes CntA /B [84] and YeaW /X [85]. TMA is subsequently converted to TMAO in the
liver (Figure 1) by flavin-containing monooxygenases (FMO), namely FMO3 [86]. TMAO
has been shown to accumulate in the plasma of CKD patients [87], and increased TMAO
concentrations correlated with coronary atherosclerosis burden [21]. Patients with both
type 2 diabetes and CKD were reported to have an increased abundance of TMA-producing
gut bacteria compared to healthy patients [88]. TMAO is efficiently removed by dialytic
clearance [87].

3.1.1. Mechanisms for the Progression of CKD

Although the majority of research on TMAO has focused on its cardiovascular effects
(as described in the next section), there is evidence that TMAOQO contributes to renal fibrosis.
In a study of adult subjects undergoing coronary angiography, CKD patients with higher
serum TMAO levels were found to be at higher risk for all-cause mortality [86]. In vivo
studies have shown that a high-fat diet (HFD) or dietary supplementation of choline or
TMAO promotes tubulointerstitial fibrosis and increases expression of pro-fibrotic genes
and kidney injury markers [86,89]. Furthermore, HFD or supplementation with choline
or TMAO increased phosphorylation of Smad3, suggesting an interaction of TMAO and
the pro-fibrotic TGF-31/Smad3 pathway [86,89]. Pharmacological inhibition of TMA
production using choline analogues attenuated the detrimental effects of HFD [89] and
choline/TMAO [90] and prevented renal dysfunction and fibrosis.

3.1.2. Mechanisms for the Progression of CVD

Atherosclerosis is a chronic inflammatory disease with an autoimmune component
in which the cells of the innate and adaptive immune systems are attracted into the
atherosclerotic plaque [91]. TMAOQO has been implicated in this immune response observed
in atherosclerosis. Dietary supplementation of either TMAO or choline to apoE-/- mice in-
creased expression of the scavenger receptors SR-Al and CD36 in peritoneal macrophages,
increased macrophage recruitment to aortic lesions [92,93], and increased proatherogenic
factors in the aortic arch [93]. The increased expression of CD36 and foam cell formation
was mediated at least partly through the p38 MAPK and JNK1/2 pathway [93].

TMAO is also associated with the activation of the NLRP3 inflammasome, which
has recently been implicated in the atherosclerotic process [94]. NLRP3 is a proteolytic
complex composed of NLRP3, adapter protein ASC, and procaspase-1. When the inflam-
masome forms, procaspase-1 is cleaved to active caspase-1 and leads to the secretion of
pro-inflammatory cytokines IL-13 and IL-18 through proteolytic cleavage of their respec-
tive precursors [94]. The activation of the NLRP3 inflammasome has been shown to induce
inflammation and endothelial dysfunction. TMAO induced the formation and activation
of the NLRP3 inflammasome and increased endothelial permeability. Disruption of the
endothelial tight junction was prevented by silencing Nlrp3, suggesting this endothelial
hyperpermeability was inflammasome-mediated [94]. ROS appears to play an important
role in activating the NLRP3 inflammasome, as TMAO-induced mitochondrial ROS pro-
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duction was able to activate the NLRP3 inflammasome by decreasing the expression of
sirtuin 3, a mitochondrial enzyme responsible for deacetylating and increasing the activity
of superoxide dismutase 2 (SOD2) [95].

NF-«B signaling is also implicated in the atherogenic mechanisms of TMAO. TMAO
has been shown to increase vascular inflammatory signaling [96] and promote leukocyte-
endothelial cell adhesion [97], with NF-«B playing a role in both processes. Furthermore,
activation of the NLRP3 inflammasome and NF-«B signaling by TMAO was recently
reported to promote vascular calcification. Plasma levels of TMAO were found to be signif-
icantly higher in CKD patients with aortic arch calcification compared to patients without
aortic arch calcification. TMAQ induced calcification of VSMCs and upregulated expression
of osteoblast-specific proteins in vitro and ex vivo. In vivo, administration of exogenous
TMAO to nephrectomised mice exacerbated calcification compared to nephrectomy alone,
while also increasing phosphorylated NF-kB and NLRP3 expression. Collectively, it was
suggested that TMAO facilitates vascular calcification through both NF-kB signaling and
NLRP3 inflammasome activation, and that these two mechanisms positively feedback with
each other [98].

3.1.3. Targets for Therapeutic Intervention-TMAO

TMAQO is derived from dietary precursors and thus diet modulation has been investi-
gated as a therapeutic intervention, with varying results. Choline and L-carnitine (TMAO
precursors) are found in high abundance in red meat, eggs, and shellfish [99]. The effect
of a Mediterranean diet on plasma TMAO levels has been investigated, with conflicting
results. Urinary TMAO was reported to be significantly lower in vegetarian and vegan
subjects compared to omnivorous subjects [100]. Conversely, in vascular patients, neither
the intake of dietary precursors of TMAO nor Mediterranean diet adherence score were
able to predict plasma levels of gut-derived metabolites, including TMAO [101]. A 6-month
dietary intervention with the Mediterranean diet or the “Healthy Eating” diet (restriction
on fat intake, and promotion of the consumption of fruits, vegetables, and whole grains) in
healthy adult subjects also had no effect on fasting plasma TMAO levels [102]. Dietary in-
tervention for the reduction of circulating TMAO remains a point of interest (NCT02016430,
NCT03327805).

The use of probiotics to modulate the intestinal bacteria-mediated production of
TMAO has also been investigated. Although pre-clinical experiments have demonstrated
beneficial effects of probiotics in reducing plasma TMAO and protecting against atheroscle-
rosis, [103,104], human clinical trials have reported varying results in the efficacy of pro-
biotic supplementation. In a clinical trial of patients with cardiovascular risk factors,
the administration of either lactofermented Annurca apple puree or Lactobacillus bacte-
ria decreased plasma TMAO levels compared to baseline TMAO [105]. On the contrary,
administration of a probiotic supplementation including lactobacilli and bifidobacteri to
healthy subjects ingesting a high-fat, hypercaloric diet for 4 weeks had no effect on plasma
TMAO concentrations [106]. Furthermore, three months of probiotic supplementation
did not alter TMAO levels in either patients with metabolic syndrome or hemodialysis
patients [107]. Clinical trials to assess the effects of probiotics, including assessing effects
on plasma TMAO levels, are currently recruiting (NCT03418857, NCT03267758).

As previously mentioned, the synthesis of TMA from dietary precursors depends
on the enzyme complexes CutC/D, CntA /B, and YeaW /X. As such, inhibition of these
protein complexes may serve has a therapeutic target for reducing bacterial production
of TMA. A choline analogue, 3,3-dimethyl-1-butanol (DMB) was demonstrated to inhibit
CutC/D-mediated TMA synthesis and attenuate foam cell formation and atherosclero-
sis [108]. Based on the results from DMB, choline analogues iodomethylcholine (IMC)
and fluoromethylcholine (FMC) were designed as non-lethal suicide substrate inhibitors
for CutC. IMC and FMC both suppressed TMAO production, inhibited choline-induced
platelet aggregation, and suppressed thrombus formation [109]. The gamma-butyrobetaine
aza-analogue meldonium, a proposed inhibitor of CntA /B, also reduced the intestinal
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production of TMA and TMAO from L-carnitine, without affecting bacterial growth [110].
In a clinical study of 8 healthy subjects, the addition of meldonium to a TMA-rich diet
decreased the diet-induced rise in plasma TMAO levels and increased urinary excretion of
TMAO [111].

3.2. Asymmetric Dimethylarginine

Asymmetric dimethylarginine (ADMA) is a non-proteinogenic amino acid that is an
endogenous competitive inhibitor of NOS and therefore NO production [112]. NOS uses
L-arginine as a substrate to generate NO and L-citrulline. ADMA is synthesized through
post-translational methylation of arginine in proteins by a family of protein arginine methyl-
transferases (PRMTs), specifically, type I PRMTs. Free ADMA is released upon proteolysis
of ADMA-incorporated proteins. Circulating levels of ADMA are elevated in patients with
CKD, even before alterations in GFR [113]. Approximately 20% of ADMA is excreted into
the urine [112]. ADMA is primarily metabolized by dimethylaminohydrolase-1 (DDAH-1)
and -2 (DDAH-2) [114], and alanine glyoxylate aminotransferase 2 (AGXT2) [115]. The
kidneys play a central role in ADMA metabolism, as DDAH-1 and -2 are highly expressed
in the kidneys and AGXT2 is found primarily in the kidneys [116]. The increased levels
of ADMA observed in CKD are largely attributed to decreased activity of the metabolic
enzymes of ADMA in CKD rather than decreased direct urinary excretion of ADMA [117].

3.2.1. Mechanisms for the Progression of CKD

In a one-year follow up study of non-dialysis stage 3-5 CKD patients, elevated ADMA
was shown to be a strong predictor of CKD progression for patients with baseline eGFR
>36 mL/min/1.73 m? [118]. While ADMA is implicated in renal fibrosis in CKD, whether
it is fibrotic or anti-fibrotic is controversial. In vitro, ADMA was shown to increase cell
proliferation, cell migration, and cell invasion of cultured rat kidney fibroblasts (NRK-
49F) and mesangial cells, and increased the expression of fibrotic markers in rat kidney
fibroblasts [119]. ADMA also induced ROS through upregulation of NOX4 expression,
and it was proposed that ROS generated by NOX4 resulted in the phosphorylation of
ERK1/2 and the activation of myofibroblasts [119]. In in vivo models of CKD, ADMA
was associated with a decreased number of peritubular capillaries and increased renal
fibrosis [120], and high levels of ADMA induced oxidative stress, expression of interstitial
ECM proteins, and renal TGF-f31 expression [121]. Although these previous studies suggest
a deleterious effect of ADMA in the progression of CKD, there are contradicting studies
that indicate ADMA may have a protective effect against kidney damage. Proximal
tubule specific knockout of Ddah-1 increased ADMA and was protective against the
renal injury and fibrosis induced by both folate and unilateral ureteric obstructive (UUO)
nephropathy [122]. Another study demonstrated that decreasing renal ADMA production
by inhibiting type I PRMTs exacerbated renal fibrosis in UUO mice compared to control
UUO mice. Interestingly, the addition of ADMA to NRK-49F cells treated with TGF-{3
reduced fibrosis, in contrast to the aforementioned study using the same cell line at an
equal concentration of ADMA (100 uM) [119,123]. Evidently, there is much uncertainty to
the role of ADMA with respect to renal fibrosis and kidney disease. It has been suggested
that the effects of circulating ADMA and renal ADMA may have the opposite effects on
fibrosis [122].

3.2.2. Mechanisms for the Progression of CVD

Many studies have shown the association between circulating ADMA and CVD risk
and mortality in a number of different populations. ADMA has been implicated with
atherosclerosis, through the induction of oxidative stress and endothelial dysfunction. As
previously mentioned, the most well-known effect of ADMA is inhibition of NO through
competitive inhibition of eNOS. NO is well documented to be crucial in the maintenance
of cardiovascular function, and impaired NO signaling has been shown to result in detri-
mental effects in both the vasculature and cardiac cells. ADMA has been shown to reduce
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NO synthesis both in vitro and in vivo [124], and vascular endothelial specific knockout of
DDAH-1 in mice increased ADMA levels and reduced NO production in aortic rings [125].
ADMA was shown to drive ICAM-1 and VCAM-1 expression through the induction
of NF-«kB, and this ADMA-induced NF-«kB signaling was regulated by p38 MAPK and
ERK1/2[126]. Long term ADMA treatment in mice induced superoxide production, medial
thickening, and perivascular fibrosis in coronary microvessels, and increased angiotensin-
converting enzyme (ACE) expression in the perivascular areas. Treatment with an ACE
inhibitor and angiotensin receptor blocker prevented lesion formation and normalized
ROS production, suggesting an interaction between ADMA and the RAS pathway [127].
ADMA was proposed to activate the RAS system, which leads to the activation of NADPH
oxidases, further increasing ROS production and causing vascular dysfunction [128].

ADMA may additionally contribute to atherogenesis by promoting foam cell for-
mation. ADMA induced the expression of scavenger receptor LOX-1 in HL-60 (human
monocytic leukemia) cells, increased oxLDL uptake by more than 2-fold, and resulted in the
accumulation of lipid droplets [129]. oxLDL decreased DDAH-2 expression in macrophages
and increased intracellular ADMA levels, while ADMA potentiated lipid accumulation in
the macrophages, suggesting a feedback effect between oxLDL and ADMA [129]. Addition-
ally, ADMA reduced cholesterol efflux in macrophages, potentially by activating NADPH
oxidases and increasing ROS. It was proposed that the increased ROS in the macrophages
reduces liver X receptor alpha activity and consequently downregulates the expression of
ABC transporters responsible for cholesterol efflux [130].

3.2.3. Targets for Therapeutic Intervention-ADMA

The main therapeutic strategy currently being investigated for reducing circulating
ADMA is increasing DDAH activity [131]. A number of in vivo studies have shown that in-
creasing DDAH expression or activity reduces circulating ADMA and has beneficial effects
in preserving endothelial function, preventing hypertension, and attenuating atheroscle-
rosis [112]. The GW4064 (an FXR agonist), telmisartan, rosuvastatin and atorvastatin,
and melatonin, among other compounds, were shown to either increase or prevent the
decrease of DDAH activity /expression and exert cardioprotective effects [112]. Recently,
quercetin, a dietary antioxidant, was shown to protect HUVECs against vascular damage
caused by iron overload. It was determined that iron overload increased ADMA levels and
decreased DDAH-2 activity /expression and NO production, all of which were reversed
by quercetin. These protective effects of quercetin were negated by silencing DDAH-2,
and it was proposed that quercetin likely reduced intracellular ROS, increasing DDAH-2
expression and preventing ADMA accumulation while increasing NO production [132].

L-arginine is the substrate for NOS in the production of NO. Lower L-arginine/ ADMA
ratio has been clinically associated with atherosclerosis, and thus increasing the L-arginine
/ADMA ratio through supplementation with L-arginine or L-citrulline is another proposed
therapeutic strategy against the effects of ADMA [112,133]. L-citrulline is converted into
L-argininosuccinate by argininosuccinate synthetase, which can be subsequently converted
back into L-arginine [134]. The addition of ADMA to isolated porcine coronary artery
impaired vasodilation, downregulated eNOS expression and eNOS phosphorylation, de-
creased expression of argininosuccinate synthetase, reduced endothelial NO production,
and increased superoxide production. Co-treatment of ADMA and L-citrulline significantly
diminished the effects of ADMA, indicating that L-citrulline supplementation was able to
preserve endothelial function [134].

Although a few recruiting or active clinical studies investigating the cardiovascular
benefits of various compounds in kidney disease include the measurement of serum
ADMA, the changes in ADMA levels are generally secondary or alternative outcomes in
these investigations (NCT04635670, NCT03471117).
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4. Middle Molecule Uremic Toxins

Middle molecules account for approximately 28% of currently identified uremic
toxins [12]. Middle molecules have a molecular weight of over 500 Da and their size
restricts clearance during hemodialysis [135]. There is evidence to support middle molecule
contribution to morbidity and mortality in dialysis patients driving changes in dialysis
technology to facilitate their clearance [135]. For example, cytokines are middle molecules
that have received substantial interest as uremic toxins given their widely appreciated role
in mediating inflammation, a key factor in CKD and CVD pathogenesis.

4.1. Tumor Necrosis Factor Alpha

Tumor necrosis factor alpha (TNF-«) is a proinflammatory cytokine produced by
cells of the immune system such as activated T-lymphocytes, macrophages and mast
cells, as well as other cells including vascular endothelial cells, tubular epithelial and
mesangial cells of the kidney, and cardiomyocytes [136]. TNF-« exists in both soluble
and transmembrane bound forms. Transmembrane TNF-« is presented as a cell surface
type Il polypeptide on activated T cells and macrophages and requires cleavage by TNF-«
converting enzyme (TACE) into its 17 kDa soluble form, which can then bind receptors.
Soluble TNF-« binds membrane bound TNF-« receptor type 1 (TNFR1) and TNF-o receptor
type 2 (TNFR2), which are found on nearly all nucleated cells [137]. TNF-« levels in
circulation are considered negligible or undetectable in the healthy state but increase in
acute and chronic inflammation [136].

4.1.1. Mechanisms for the Progression of CKD

CKD presents as a low grade, persistent, chronic inflammatory state. Research has
focused on unravelling the complex role of innate and adaptive immunity in the sustained
inflammatory milieu that ultimately leads to renal fibrosis and ESRD [138]. It has been
documented that HD patients have elevated levels of TNF-« and IL-6, as they are not
effectively cleared due to size restrictions of traditional dialytic membranes [139]. A
relationship between TNF-« and renal function has been explored in both animal models
and in humans with varying stages of CKD. In 75 CKD patients ranging from stage 2-5, it
was demonstrated that plasma TNF-« levels were inversely related to GFR, beginning to
accumulate at GFR <81 mL/min/1.73 m? [140].

TNEF-o is involved in the pathophysiology of hypertensive kidney disease and down-
stream renal damage [136]. Experimental evidence indicates that TNF-o contributes to
renal vasoconstriction through an increase in superoxide generation, which reduces NO
bioavailability, and leads to a subsequent reduction in GFR [141]. Binding of TNF-« to
TNFRI1 is reported to alter renal hemodynamics, reducing GFR and renal blood flow, while
binding to TNFR2 signals for increased macrophage infiltration to the renal interstitium,
ultimately leading to renal injury in the form of interstitial fibrosis and glomeruloscle-
rosis [142]. This finding is in line with accumulating evidence that renal inflammation
activates cells of the immune system, which plays a key role in pro-fibrotic mechanisms
leading to ESRD [138].

4.1.2. Mechanisms for the Progression of CVD

Both TNF-a& and IL-6 have been identified as promoters of vascular calcification that
can lead to phenotypic switching of VSMCs [143]. It has been recently discovered that
phenotypical switching to osteoblastic VSMC and subsequent calcification is mediated
through TNF-« [139]. Using human VSMCs and a uremic serum pool generated from
samples of 14 patients undergoing HD, TNF-« was shown to induce IL-6 expression in
VSMCs through the transcription factor AP-1 and proto-oncogene c-FOS pathway [139].
Blocking this signaling pathway almost entirely attenuated the calcification induced by
uremic serum [139].

In addition to vascular calcification, TNF-« contributes to the progression of atheroscle-
rosis at almost every stage of atherogenesis. In HUVECs, TNF-« stimulates expression
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of VCAM-1, ICAM-1 and E-selectin [144] by binding to TNFR1 and eliciting downstream
NF-kB activation [144]. Expression of factors that promote interaction with the endothe-
lium also enhance leukocyte rolling and firm adhesion [145], contributing to inflammation
within the vascular wall in the formation of atherosclerotic plaques [146]. Indeed, a sta-
tistically significant relationship has been demonstrated between TNF-a and presence of
carotid plaques in ESRD patients [147]. TNF-« is also capable of mediating blood lipid
composition which is paramount in atherogenesis.

4.1.3. Targets for Therapeutic Intervention—TNF-o

Generally targeting TNF-o would result in immune suppression, thereby potentially
being more harmful, due to the attenuated ability to resolve acute infection [136]. How-
ever, modulation of TNF-« and other cytokine activity has yielded promising, and even
successful, results in diseases such as psoriasis, rheumatoid arthritis and Crohn’s disease,
by modulation of characteristically aberrant immune-inflammatory response [148]. Anti-
TNEF-a monoclonal antibody treatment (TNF-« blockers), have been clinically used in the
treatment of the aforementioned diseases, which also carry a high risk of atherosclerosis
and cardiovascular complications. In a study involving over 200 patients with psoriatic
arthritis, half receiving traditional disease-modifying antirheumatic drugs (DMARDs) and
half receiving a TNF-o blocker, patient carotid intima-media thickness (C-IMT) was mea-
sured as an indicator of subclinical atherosclerosis [149]. It was found that the C-IMT was
significantly lower in patients on TNF-« blockers compared to those receiving traditional
treatment [149]. However, not all TNF-o blockers have the same biologic activity, which
leads to confounding factors when comparing their clinical effects, especially amongst
heterogeneous patient populations [150].

A variety of other classes of drugs are also effective in limiting TNF-« production,
beyond the direct neutralization activity of TNF-« blockers. ACE inhibitors are used in
the treatment of kidney diseases to limit hypertensive renal injury, with much interest
surrounding the immunomodulatory activity of captopril [151]. An in vivo experiment
involving spontaneously hypertensive rats (SHR) demonstrated that higher mRNA and
protein expression of inflammatory cytokines, such as TNF-o and IL-6, could be attenuated
by captopril treatment [151]. Further, the group also observed higher phosphorylation of
NF-kB and associated activation kinases in SHR than in controls, which could be suppressed
by captopril treatment [151]. This demonstrates that the renoprotective effects of captopril
may take place not only through lowering of blood pressure, but through modulation of
pro-inflammatory gene transcription via NF-kB [151]. The association of ACE inhibitor
treatment and lower plasma TNF-« levels has also been observed in ESRD patients [152].

Currently active or recruiting clinical trials that include measurement of TNF-« in
the setting of CKD are mainly focused on studying the effects of pre/probiotics or dietary
supplementation on cardiovascular/renal outcomes (i.e., NCT03228563, NCT03475017
NCT03689569).

4.2. Interleukin 6

IL-6, like TNF-«, is an inflammatory cytokine that plays a key role in both acute
and chronic inflammation [153]. IL-6 binds the IL-6 a-receptor (IL-6R), which requires
signal transducing 3 subunit glycoprotein 130 (gp130), together forming a heterodimeric
signaling complex [154]. Membrane bound IL-6R (mIL-6R) is expressed on hepatocytes,
megakaryocytes [154] and immune cells such as neutrophils, B and some T lymphocytes,
and monocytes/macrophages [155], while gp130 is ubiquitously expressed [154]. IL-6
can also bind soluble IL-6R (sIL-6R), which then forms the required signaling complex
with cell surface gp130, thereby allowing cells that do not express IL-6R to contribute to
IL-6 signaling activity [154]. Binding of membrane bound IL-6R constitutes the classical
pathway of IL-6 activation, which is involved in regulatory anti-inflammatory activity and
hepatic acute phase response, whereas binding of sIL-6R represents IL-6 trans-signaling,
which is responsible for the pro-inflammatory effects of IL-6 [154].
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Synthesis of IL-6 can be induced by other cytokines also involved in inflammation,
including TNF-« and IL-1«, as well as bacterial infection associated lipopolysaccharide,
and viral infections [154]. These factors can activate NF-«kB mediated transcription of the
IL-6 gene, which is considered key for IL-6 expression; However, the IL-6 promoter region
also contains binding motifs for AP-1, cAMP and CCAAT enhancer binding protein f3, also
known as NF-IL6 [154].

4.2.1. Mechanisms for the Progression of CKD

IL-6 levels are commonly elevated in CKD patients [156], with a reported increase
of 1.48-fold in the plasma of uremic patients [157]. In the analysis of mRNA expression
in human CKD patient kidney biopsies, IL-6 was increased when compared with con-
trols [158]. Although the involvement of IL-6 in the development and progression of renal
interstitial fibrosis has been controversial, emerging experimental evidence points to a
role of IL-6 trans-signaling [156]. In a study by Chen et al., it was shown that antago-
nism of the IL-6/sIL-6R complex by IgG Fc linked gp130 (Fc-gp130) decreased STAT3
phosphorylation and attenuated the development of renal fibrosis by interfering with IL-6
trans-signaling [156]. The authors addressed the discrepancy in the literature concerning
the role of IL-6 in renal fibrosis, pointing to the inadequacy of comparing wildtype and
IL-6 knockout mice, due to loss of classical IL-6 signaling which is responsible for anti-
inflammatory activity in injured tissues [156]. Another compound associated with renal
fibrosis is endothelin-1 (ET-1), which is a potent vasoconstrictor that has been implicated in
hypertension [159]. Angiotensin II has been implicated in the induction of IL-6 expression
through a variety of mechanisms and in a number of pathological settings [159]. PreproET-1
mRNA was significantly increased in the kidneys of angiotensin II infused C57BL/6 mice,
and this upregulation was shown to be facilitated by IL-6 [159]. Inhibition or genetic
deletion of IL-6 prevented the detrimental effects of angiotensin II, including hypertension,
ET-1 expression, and renal injury/fibrosis [159]. The same study demonstrated that IL-6
was elevated in renal glomeruli and tubules of both hypertensive and normotensive CKD
patients, although the extent of elevation was significantly higher in hypertensive CKD
patients compared to normotensive CKD patients [159].

IL-6 trans-signaling has been suggested to be involved in expression of fibroblast
growth factor 23 (FGF23), which has been well documented to not only be elevated in
serum of CKD patients, but also strongly associated with mortality [160]. FGF23 is a
key regulator of systemic phosphate homeostasis [161]. It has been demonstrated in vivo
that IL-6 is necessary for increased expression of FGF23 in uremia [160]. FGF23 has been
shown to bind hepatic FGF23 receptor 4, leading to increased expression of inflammatory
cytokines such as IL-6, TNF-oc and C reactive protein (CRP) [160], potentially indicating the
role of a positive feedback loop between expression of IL-6 and FGF23. A cross-sectional
analysis of FGF23 and markers of inflammation in the Chronic Renal Insufficiency Cohort
(CRIC), a multicenter cohort comprised of nearly 4000 adult, Stage 2—4 CKD patients, has
shown that FGF23 was independently associated with high levels of IL-6, fibrinogen, CRP
and TNF-«, with correlation being strongest with IL-6 and fibrinogen [162]. Despite the
strong correlation with inflammatory markers [162] and mortality [160], the prognostic
relevance of FGF23 in patients with CKD is yet uncertain [161].

4.2.2. Mechanisms for the Progression of CVD

IL-6 is considered a chief biomarker for cardiovascular risk in CKD with and without
hypertension [163], and has been evaluated clinically in dialysis [164] and non-dialysis [165]
patients. Specifically, investigation into prognostic ability of IL-6 has been of interest
as a G/C polymorphism at the -174 position in the promotor region of the IL-6 gene,
resulting in IL-6 overexpression, has been linked to all-cause mortality in peritoneal dialysis
(PD) patients [164], as well as elevated risk of cardiovascular disease incidence [165]. A
significant increase in serum IL-6 compared to baseline was associated with longer time
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receiving PD treatment and was predictive of cardiovascular events and suggestive of
all-cause mortality [164].

IL-6 trans-signaling has been shown experimentally to mediate aldosterone induced
cardiac fibrosis, which is supported by clinical evidence [166]. Aldosterone is well known to
be released from the adrenal cortex and promote renal sodium retention and potassium ex-
cretion; However, aldosterone is also made elsewhere in the body, including the vasculature
and myocardium [167], and participates in pathological roles that precipitate cardiovascular
and renal injury [168]. Interference with the RAS system through ACE inhibition is common
in the treatment of kidney disease, resulting in the decrease of aldosterone levels [167]. This
effect is transient and often leads to a phenomenon termed “aldosterone breakthrough”,
whereby aldosterone levels eventually increase in RAS antagonism [167]. Treatment of
HUVECs with aldosterone has been shown to significantly increase IL-6 promoter activity,
as well as IL-6 expression through mineralocorticoid receptor/PI3K/Akt/NF-«B signal-
ing [166]. Additionally, cell culture experiments using human cardiac fibroblasts have
demonstrated the role of IL-6 trans-signaling in the production of fibronectin and type
I collagen after aldosterone treatment, as antagonism of sIL-6R with gp130 suppressed
both mRNA and protein levels of fibrotic elements [166]. These results were confirmed in
a mouse model, as continuous aldosterone infusion significantly increased cardiac inter-
stitial and perivascular fibrosis, and these manifestations were rescued by antagonism of
mineralocorticoid receptors and sIL-6R [166].

Elevated FGF23 in CKD has been independently associated with increased left ven-
tricular mass index and LVH [169]. It has been demonstrated that FGF23 is directly capable
of inducing pro-hypertrophic factors in isolated neonatal rat ventricular cardiomyocytes
through binding of FGF receptor, and activation of associated calcineurin-NFAT signaling
cascade [170]. The ability of FGF23 to promote hypertrophic growth of cultured cells was
further confirmed in a mouse model, where injection of FGF23 lead to development of
LVH [170]. The association of FGF23, IL-6 and LVH has also been identified in a cohort of 62
CKD patients receiving continuous ambulatory peritoneal dialysis [171], where circulating
levels of FGF23 and IL-6 were most significantly increased in patients with LVH [171].

4.2 3. Targets for Therapeutic Intervention—IL-6

Tocilizumab is a humanized anti-IL6R monoclonal antibody belonging to the IgG1
class that has shown considerable success in the treatment of chronic inflammatory dis-
ease [172], but has not previously been used in the treatment of CKD or associated car-
diovascular complications. Tocilizumab mediates the IL-6 signal cascade by preventing
binding to both soluble and transmembrane forms of IL-6R, and thereby disrupting trans-
and classical IL-6 signaling, respectively [172]. Use of tocilizumab has been approved for
the treatment of rheumatoid arthritis in over 100 countries, and is considered a safe and
well tolerated drug in this patient population [172]. A significant body of literature exists
for the success of tocilizumab in off-label uses in the treatment of a number of immune
mediated and chronic inflammatory diseases, such as Crohn’s disease, atherosclerosis and
type 2 diabetes mellitus [172], which may suggest a place for tocilizumab in the treatment
of CKD. However, as mentioned earlier, IL-6 signaling through membrane bound IL-6R me-
diates anti-inflammatory and regenerative processes after wounding, thus global blockade
of IL-6R may attenuate these effects [173]. Soluble gp130 (sgp120) acts as an endogenous
inhibitor of sIL-6R and trans-signaling, thereby holding therapeutic potential [173]. An-
tagonism of IL-6 trans-signaling through administration of Fc-sgp130 protein has shown
promising results in animal models of inflammatory bowel disease and colon cancer [173].
Therefore, direct neutralization of IL-6R and cofactor gp130 may offer therapeutic potential
in CKD, however, questions remain into how effective these prospective treatments may
be in downstream IL-6 effects, such as FGF23 and aldosterone attenuation.

There is widespread interest in the removal or inhibition of IL-6, and many clinical
trials are investigating or are planning to investigate the effects of therapeutic interventions
on IL-6 levels. For example, recruitment is currently ongoing for a phase 2 clinical trial
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evaluating the anti-inflammatory effects of an anti-IL-6 monoclonal antibody, ziltivekimab,
in CKD patients (NCT04626505).

5. Conclusions

Many uremic toxins have been identified, but there are many more that are likely
yet to be discovered. Out of the 100+ uremic toxins that are known, only a few have
been extensively studied. Investigations of uremic toxins have generally been investigated
independently, despite the fact that many toxins are elevated in the setting of CKD and
likely work together in the progression of CKD and CVD. This review illustrates the point
that uremic toxins modulate many of the same pathways to mediate toxicity and may
therefore have additive effects. Both the individual and combined pathophysiological
mechanisms of uremic toxins must be studied further for a better understanding of their
roles in the progression of CKD and CVD. Additionally, highlighted in this review are
potential targets for therapeutic intervention against the toxic effects of uremic solutes,
many of which focus on reducing serum levels of uremic toxins. Further investigation
is required to assess the benefit of currently known therapeutic targets and to identify
additional novel therapeutic targets for the treatment of CKD and CVD. However, it is
important to note that uremic toxins are not the only driver of disease progression in CKD
and CVD, and many other factors contribute to disease progression [174]. Thus, targeting
uremic toxins alone may be insufficient in slowing down or treating disease outcomes. For
example, other non-uremic toxin related therapeutic options exist for mitigating CVD in
CKD, such as anticoagulant, antiplatelet or lipid lowering therapies to reduce the risk of
cardiovascular disease in CKD patients [175]. Perhaps a combined approach of targeting
uremic toxins and managing the other aspects of disease progression is necessary for
treating CKD and CVD.

Author Contributions: Y.J.L. and B.L.U. derived the concept and subject areas to be covered in the
manuscript. Y.J.L. and N.A.S. wrote the first draft of the manuscript. N.C.T. and A.C. created the
figures and table, respectively, including literature review to ensure their accuracy. N.C.T. and A.C.
also provided critical evaluation of the manuscript. B.L.U. edited the manuscript, added or removed
text as necessary and is responsible for the final version. All authors have read and agreed to the
published version of the manuscript.

Funding: This research received no external funding.
Institutional Review Board Statement: Not applicable.
Informed Consent Statement: Not applicable.
Acknowledgments: Images were created using BioRender.com.

Conflicts of Interest: The authors declare no conflict of interest.

References

1.  Stevens, PE.; Levin, A. Evaluation and management of chronic kidney disease: Synopsis of the kidney disease: Improving global
outcomes 2012 clinical practice guideline. Ann. Intern. Med. 2013, 158, 825-830. [CrossRef] [PubMed]

2. Chen, T.K,; Knicely, D.H.; Grams, M.E. Chronic Kidney Disease Diagnosis and Management: A Review. JAMA |. Am. Med. Assoc.
2019, 322, 1294-1304. [CrossRef]

3. KDIGO Clinical Practice Guideline for the Evaluation and Management of Chronic Kidney Disease. Kidney Int. Suppl. 2013, 3, 1-150.

4. Neovius, M.; Jacobson, S.H.; Eriksson, ].K.; Elinder, C.G.; Hylander, B. Mortality in chronic kidney disease and renal replacement
therapy: A population-based cohort study. BM] Open 2014, 4, 1-9. [CrossRef]

5. Gansevoort, R.T.; Correa-Rotter, R.; Hemmelgarn, B.R,; Jafar, T.H.; Heerspink, H.J.L.; Mann, ].E; Matsushita, K.; Wen, C.P. Chronic
kidney disease and cardiovascular risk: Epidemiology, mechanisms, and prevention. Lancet 2013, 382, 339-352. [CrossRef]

6. Go, AS,; Chertow, G.M,; Fan, D.; McCulloch, C.E.; Hsu, C.Y. Chronic kidney disease and the risks of death, cardiovascular events,
and hospitalization. N. Engl. J. Med. 2004, 351, 1296-1305. [CrossRef]

7. Sarnak, M.]; Levey, A.S.; Schoolwerth, A.C.; Coresh, J.; Culleton, B.; Hamm, L.L.; McCullough, P.A.; Kasiske, B.L.; Kelepouris, E.;

Klag, M.].; et al. Kidney Disease as a Risk Factor for Development of Cardiovascular Disease: A Statement From the American
Heart Association Councils on Kidney in Cardiovascular Disease, High Blood Pressure Research, Clinical Cardiology, and
Epidemiology and Prevention. Circulation 2003, 108, 2154-2169. [CrossRef] [PubMed]


http://doi.org/10.7326/0003-4819-158-11-201306040-00007
http://www.ncbi.nlm.nih.gov/pubmed/23732715
http://doi.org/10.1001/jama.2019.14745
http://doi.org/10.1136/bmjopen-2013-004251
http://doi.org/10.1016/S0140-6736(13)60595-4
http://doi.org/10.1056/NEJMoa041031
http://doi.org/10.1161/01.CIR.0000095676.90936.80
http://www.ncbi.nlm.nih.gov/pubmed/14581387

Toxins 2021, 13, 142 20 of 26

10.

11.
12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

Rahman, M.; Xie, D.; Feldman, H.I.; Go, A.S.; He, ]J.; Kusek, ].W,; Lash, J.; Miller, E.R.; Ojo, A.; Pan, Q.; et al. Association between
chronic kidney disease progression and cardiovascular disease: Results from the CRIC study. Am. ]. Nephrol. 2014, 40, 399—407.
[CrossRef]

Palit, S.; Kendrick, J. Vascular Calcification in Chronic Kidney Disease: Role of Disordered Mineral Metabolism. Curr. Pharm. Des.
2014, 20, 5829-5833. [CrossRef]

Tozawa, M.; Iseki, K.; Iseki, C.; Kinjo, K.; Ikemiya, Y.; Takishita, S. Blood pressure predicts risk of developing end-stage renal
disease in men and women. Hypertension 2003, 41, 1341-1345. [CrossRef] [PubMed]

Meyer, T.W.; Hostetter, T.H. Uremia. N. Engl. ]. Med. 2007, 357, 1316-1325. [CrossRef]

Duranton, E; Cohen, G.; De Smet, R.; Rodriguez, M.; Jankowski, J.; Vanholder, R.; Argiles, A. Normal and pathologic concentra-
tions of uremic toxins. J. Am. Soc. Nephrol. 2012, 23, 1258-1270. [CrossRef] [PubMed]

Madero, M.; Cano, K.B.; Campos, I.; Tao, X.; Maheshwari, V.; Brown, ].; Cornejo, B.; Handelman, G.; Thijssen, S.; Kotanko, P.
Removal of protein-bound uremic toxins during hemodialysis using a binding competitor. Clin. J. Am. Soc. Nephrol. 2019, 14,
394-402. [CrossRef]

Leong, S.C.; Sirich, T.L. Indoxyl sulfate-review of toxicity and therapeutic strategies. Toxins 2016, 8, 358. [CrossRef]

Banoglu, E.; Jha, G.G.; King, R.S. Hepatic microsomal metabolism of indole to indoxyl, a precursor of indoxyl sulfate. Eur. J. Drug
Metab. Pharmacokinet. 2001, 26, 235-240. [CrossRef]

Banoglu, E.; King, R.S. Sulfation of indoxyl by human and rat aryl (phenol) sulfotransferases to form indoxyl sulfate. Eur. |. Drug
Metab. Pharmacokinet. 2002, 27, 135-140. [CrossRef] [PubMed]

Enomoto, A.; Takeda, M.; Tojo, A.; Sekine, T.; Cha, S.H.; Khamdang, S.; Takayama, F.; Aoyama, I.; Nakamura, S.; Endou, H.; et al.
Role of organic anion transporters in the tubular transport of indoxyl sulfate and the induction of its nephrotoxicity. J. Am. Soc.
Nephrol. 2002, 13, 1711-1720. [CrossRef]

Devine, E.; Krieter, D.H.; Riith, M.; Jankovski, J.; Lemke, H.D. Binding affinity and capacity for the uremic toxin indoxyl sulfate.
Toxins 2014, 6, 416-430. [CrossRef] [PubMed]

Fagugli, R.M.; De Smet, R.; Buoncristiani, U.; Lameire, N.; Vanholder, R. Behavior of non-protein-bound and protein-bound
uremic solutes during daily hemodialysis. Am. J. Kidney Dis. 2002, 40, 339-347. [CrossRef]

Fujii, H.; Goto, S.; Fukagawa, M. Role of uremic toxins for kidney, cardiovascular, and bone dysfunction. Toxins 2018, 10, 202.
[CrossRef]

Stubbs, ].R.; House, ].A.; Ocque, A.].; Zhang, S.; Johnson, C.; Kimber, C.; Schmidt, K.; Gupta, A.; Wetmore, J.B.; Nolin, T.D.; et al.
Serum Trimethylamine-N-Oxide is Elevated in CKD and Correlates with Coronary Atherosclerosis Burden. J. Am. Soc. Nephrol.
2016, 27, 305-313. [CrossRef] [PubMed]

Sitar, M.E.; Kayacelebi, A.A.; Beckmann, B.; Kielstein, ].T.; Tsikas, D. Asymmetric dimethylarginine (ADMA) in human blood:
Effects of extended haemodialysis in the critically ill patient with acute kidney injury, protein binding to human serum albumin
and proteolysis by thermolysin. Amino Acids 2015, 47, 1983-1993. [CrossRef] [PubMed]

Jacobi, J.; Tsao, P.S. Asymmetrical Dimethylarginine in Renal Disease: Limits of Variation or Variation Limits? Am. J. Nephrol.
2008, 28, 224-237. [CrossRef]

Motojima, M.; Hosokawa, A.; Yamato, H.; Muraki, T.; Yoshioka, T. Uremic toxins of organic anions up-regulate PAI-1 expression
by induction of NF-«kB and free radical in proximal tubular cells. Kidney Int. 2003, 63, 1671-1680. [CrossRef]

Owada, S.; Goto, S.; Bannai, K.; Hayashi, H.; Nishijima, F.; Niwa, T. Indoxyl sulfate reduces superoxide scavenging activity in the
kidneys of normal and uremic rats. Am. J. Nephrol. 2008, 28, 446—454. [CrossRef]

Shimizu, H.; Bolati, D.; Adijiang, A.; Muteliefu, G.; Enomoto, A.; Nishijima, F.; Dateki, M.; Niwa, T. NF-«b plays an important
role in indoxyl sulfate-induced cellular senescence, fibrotic gene expression, and inhibition of proliferation in proximal tubular
cells. Am. J. Physiol. Cell Physiol. 2011, 301, 1201-1212. [CrossRef] [PubMed]

Shimizu, H.; Yisireyili, M.; Nishijima, F.; Niwa, T. Indoxyl sulfate enhances p53-tgf-B31-smad3 pathway in proximal tubular cells.
Am. ]. Nephrol. 2013, 37, 97-103. [CrossRef] [PubMed]

Sheng, L.; Zhuang, S. New Insights Into the Role and Mechanism of Partial Epithelial-Mesenchymal Transition in Kidney Fibrosis.
Front. Physiol. 2020, 11, 1-11. [CrossRef] [PubMed]

Sun, C.Y,; Chang, S.C.; Wu, M.S. Uremic toxins induce kidney fibrosis by activating intrarenal renin-angiotensin-aldosterone
system associated epithelial-to-mesenchymal transition. PLoS ONE 2012, 7, 1-10. [CrossRef] [PubMed]

Miyazaki, T.; Ise, M.; Seo, H.; Niwa, T. Indoxyl sulfate increases the gene expressions of TGF-beta 1, TIMP-1 and pro-alpha 1(I)
collagen in uremic rat kidneys. Kidney Int. Suppl. 1997, 62, S15-522.

Shimizu, H.; Bolati, D.; Higashiyama, Y.; Nishijima, F,; Shimizu, K.; Niwa, T. Indoxyl sulfate upregulates renal expression of
MCP-1 via production of ROS and activation of NF-«B, p53, ERK, and JNK in proximal tubular cells. Life Sci. 2012, 90, 525-530.
[CrossRef] [PubMed]

Haruna, Y.; Kashihara, N.; Satoh, M.; Tomita, N.; Namikoshi, T.; Sasaki, T.; Fujimori, T.; Xie, P.; Kanwar, Y.S. Amelioration of
progressive renal injury by genetic manipulation of Klotho gene. Proc. Natl. Acad. Sci. USA 2007, 104, 2331-2336. [CrossRef]
[PubMed]

Koh, N.; Fujimori, T.; Nishiguchi, S.; Tamori, A.; Shiomi, S.; Nakatani, T.; Sugimura, K.; Kishimoto, T.; Kinoshita, S.; Kuroki, T.;
et al. Severely reduced production of klotho in human chronic renal failure kidney. Biochem. Biophys. Res. Commun. 2001, 280,
1015-1020. [CrossRef] [PubMed]


http://doi.org/10.1159/000368915
http://doi.org/10.2174/1381612820666140212194926
http://doi.org/10.1161/01.HYP.0000069699.92349.8C
http://www.ncbi.nlm.nih.gov/pubmed/12707291
http://doi.org/10.1056/NEJMra071313
http://doi.org/10.1681/ASN.2011121175
http://www.ncbi.nlm.nih.gov/pubmed/22626821
http://doi.org/10.2215/CJN.05240418
http://doi.org/10.3390/toxins8120358
http://doi.org/10.1007/BF03226377
http://doi.org/10.1007/BF03190428
http://www.ncbi.nlm.nih.gov/pubmed/12064372
http://doi.org/10.1097/01.ASN.0000022017.96399.B2
http://doi.org/10.3390/toxins6020416
http://www.ncbi.nlm.nih.gov/pubmed/24469432
http://doi.org/10.1053/ajkd.2002.34518
http://doi.org/10.3390/toxins10050202
http://doi.org/10.1681/ASN.2014111063
http://www.ncbi.nlm.nih.gov/pubmed/26229137
http://doi.org/10.1007/s00726-015-1991-4
http://www.ncbi.nlm.nih.gov/pubmed/25921952
http://doi.org/10.1159/000110092
http://doi.org/10.1046/j.1523-1755.2003.00906.x
http://doi.org/10.1159/000112823
http://doi.org/10.1152/ajpcell.00471.2010
http://www.ncbi.nlm.nih.gov/pubmed/21832251
http://doi.org/10.1159/000346420
http://www.ncbi.nlm.nih.gov/pubmed/23363842
http://doi.org/10.3389/fphys.2020.569322
http://www.ncbi.nlm.nih.gov/pubmed/33041867
http://doi.org/10.1371/journal.pone.0034026
http://www.ncbi.nlm.nih.gov/pubmed/22479508
http://doi.org/10.1016/j.lfs.2012.01.013
http://www.ncbi.nlm.nih.gov/pubmed/22326498
http://doi.org/10.1073/pnas.0611079104
http://www.ncbi.nlm.nih.gov/pubmed/17287345
http://doi.org/10.1006/bbrc.2000.4226
http://www.ncbi.nlm.nih.gov/pubmed/11162628

Toxins 2021, 13, 142 21 of 26

34.

35.

36.

37.

38.

39.

40.

41.
42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

Shimizu, H.; Bolati, D.; Adijiang, A.; Adelibieke, Y.; Muteliefu, G.; Enomoto, A.; Higashiyama, Y.; Higuchi, Y.; Nishijima, F.; Niwa,
T. Indoxyl sulfate downregulates renal expression of Klotho through production of ros and activation of nuclear factor-xB. Am. J.
Nephrol. 2011, 33, 319-324. [CrossRef]

Zhao, Y.; Banerjee, S.; Dey, N.; LeJeune, W.S; Sarkar, P.S.; Brobey, R.; Rosenblatt, K.P; Tilton, R.G.; Choudhary, S. Klotho depletion
contributes to increased inflammation in kidney of the db/db mouse model of diabetes via RelA (serine)536 phosphorylation.
Diabetes 2011, 60, 1907-1916. [CrossRef]

Sun, C.Y.; Chang, S.C.; Wu, M.S. Suppression of Klotho expression by protein-bound uremic toxins is associated with increased
DNA methyltransferase expression and DNA hypermethylation. Kidney Int. 2012, 81, 640-650. [CrossRef] [PubMed]

Hung, S.; Kuo, K.; Wu, C.; Tarng, D. Indoxyl Sulfate: A Novel Cardiovascular Risk Factor in Chronic Kidney Disease. J. Am. Heart
Assoc. 2017, 6, e005022. [CrossRef]

Tumur, Z.; Niwa, T. Indoxyl sulfate inhibits nitric oxide production and cell viability by inducing oxidative stress in vascular
endothelial cells. Am. J. Nephrol. 2009, 29, 551-557. [CrossRef]

Tumur, Z.; Shimizu, H.; Enomoto, A.; Miyazaki, H.; Niwa, T. Indoxyl sulfate upregulates expression of ICAM-1 and MCP-1 by
oxidative stress-induced NF-«B activation. Am. J. Nephrol. 2010, 31, 435-441. [CrossRef]

Ito, S.; Osaka, M.; Higuchi, Y.; Nishijima, F; Ishii, H.; Yoshida, M. Indoxyl sulfate induces leukocyte-endothelial interactions
through up-regulation of E-selectin. . Biol. Chem. 2010, 285, 38869-38875. [CrossRef]

Zou, D.; Wu, W,; He, Y;; Ma, S.; Gao, J. The role of klotho in chronic kidney disease. BMC Nephrol. 2018, 19, 1-12. [CrossRef]
Muteliefu, G.; Enomoto, A.; Jiang, P.; Takahashi, M.; Niwa, T. Indoxyl sulphate induces oxidative stress and the expression of
osteoblast-specific proteins in vascular smooth muscle cells. Nephrol. Dial. Transplant. 2009, 24, 2051-2058. [CrossRef]

Adijiang, A.; Goto, S.; Uramoto, S.; Nishijima, F.; Niwa, T. Indoxyl sulphate promotes aortic calcification with expression of
osteoblast-specific proteins in hypertensive rats. Nephrol. Dial. Transplant. 2008, 23, 1892-1901. [CrossRef]

He, X,; Jiang, H.; Gao, F; Liang, S.; Wei, M.; Chen, L. Indoxyl sulfate-induced calcification of vascular smooth muscle cells via the
PI3K/Akt/NF-«B signaling pathway. Microsc. Res. Tech. 2019, 82, 2000-2006. [CrossRef]

Lekawanvijit, S.; Adrahtas, A.; Kelly, D.J.; Kompa, A.R.; Wang, B.H.; Krum, H. Does indoxyl sulfate, a uraemic toxin, have direct
effects on cardiac fibroblasts and myocytes? Eur. Heart ]. 2010, 31, 1771-1779. [CrossRef]

Yang, K.; Xu, X,; Nie, L.; Xiao, T.; Guan, X.; He, T.; Yu, Y.; Liu, L.; Huang, Y.; Zhang, J.; et al. Indoxyl sulfate induces oxidative
stress and hypertrophy in cardiomyocytes by inhibiting the AMPK/UCP2 signaling pathway. Toxicol. Lett. 2015, 234, 110-119.
[CrossRef] [PubMed]

Gryp, T.; Vanholder, R.; Vaneechoutte, M.; Glorieux, G. p-Cresyl Sulfate. Toxins 2017, 9, 52. [CrossRef] [PubMed]

Gamage, N.; Barnett, A.; Hempel, N.; Duggleby, R.G.; Windmill, K.F.; Martin, ].L.; McManus, M.E. Human Sulfotransferases and
Their Role in Chemical Metabolism. Toxicol. Sci. 2006, 90, 5-22. [CrossRef]

Meijers, B.K.I.; Van kerckhoven, S.; Verbeke, K.; Dehaen, W.; Vanrenterghem, Y.; Hoylaerts, M.E,; Evenepoel, P. The Uremic
Retention Solute p-Cresyl Sulfate and Markers of Endothelial Damage. Am. J. Kidney Dis. 2009, 54, 891-901. [CrossRef] [PubMed]
Martinez, A.W.; Recht, N.S.; Hostetter, T.H.; Meyer, T.W. Removal of P-Cresol Sulfate by Hemodialysis. ]. Am. Soc. Nephrol. 2005,
16, 3430-3436. [CrossRef]

Miyamoto, Y.; Watanabe, H.; Noguchi, T.; Kotani, S.; Nakajima, M.; Kadowaki, D.; Otagiri, M.; Maruyama, T. Organic anion
transporters play an important role in the uptake of p-cresyl sulfate, a uremic toxin, in the kidney. Nephrol. Dial. Transplant. 2011,
26,2498-2502. [CrossRef] [PubMed]

Watanabe, H.; Miyamoto, Y.; Honda, D.; Tanaka, H.; Wu, Q.; Endo, M.; Noguchi, T.; Kadowaki, D.; Ishima, Y.; Kotani, S.; et al.
P-Cresyl sulfate causes renal tubular cell damage by inducing oxidative stress by activation of NADPH oxidase. Kidney Int. 2013,
83, 582-592. [CrossRef]

Mutsaers, H.A.M.; Caetano-Pinto, P.; Seegers, A.E.M.; Dankers, A.C.A.; van den Broek, P.H.H.; Wetzels, ] FM.; van den Brand,
J.A.J.G.; van den Heuvel, L.P.; Hoenderop, J.G.; Wilmer, M.].G.; et al. Proximal tubular efflux transporters involved in renal
excretion of p-cresyl sulfate and p-cresyl glucuronide: Implications for chronic kidney disease pathophysiology. Toxicol. Vitr.
2015, 29, 1868-1877. [CrossRef]

Jing, Y.J.; Ni, JW,; Ding, EH.; Fang, Y.H.; Wang, X.Q.; Wang, H.B.; Chen, X.N.; Chen, N.; Zhan, WW.; Lu, L.; et al. P-Cresyl sulfate
is associated with carotid arteriosclerosis in hemodialysis patients and promotes atherogenesis in apoE-/- mice. Kidney Int. 2016,
89, 439-449. [CrossRef] [PubMed]

Bogiatzi, C.; Gloor, G.; Allen-Vercoe, E.; Reid, G.; Wong, R.G.; Urquhart, B.L.; Dinculescu, V.; Ruetz, K.N.; Velenosi, T.].; Pignanelli,
M.; et al. Metabolic products of the intestinal microbiome and extremes of atherosclerosis. Atherosclerosis 2018, 273, 91-97.
[CrossRef] [PubMed]

Watanabe, H.; Miyamoto, Y.; Enoki, Y.; Ishima, Y.; Kadowaki, D.; Kotani, S.; Nakajima, M.; Tanaka, M.; Matsushita, K.; Mori, Y.;
et al. p-Cresyl sulfate, a uremic toxin, causes vascular endothelial and smooth muscle cell damages by inducing oxidative stress.
Pharmacol. Res. Perspect. 2015, 3, 1-12. [CrossRef]

Chang, ].F; Hsieh, C.Y;; Liou, J.C,; Liu, S.H.; Hung, C.F; Lu, K.C,; Lin, C.C.; Wu, C.C.; Ka, S.M.; Wen, L.L.; et al. Scavenging
intracellular ros attenuates p-cresyl sulfate-triggered osteogenesis through mapk signaling pathway and NF-«B activation in
human arterial smooth muscle cells. Toxins 2020, 12, 472. [CrossRef] [PubMed]


http://doi.org/10.1159/000324885
http://doi.org/10.2337/db10-1262
http://doi.org/10.1038/ki.2011.445
http://www.ncbi.nlm.nih.gov/pubmed/22237753
http://doi.org/10.1161/JAHA.116.005022
http://doi.org/10.1159/000191468
http://doi.org/10.1159/000299798
http://doi.org/10.1074/jbc.M110.166686
http://doi.org/10.1186/s12882-018-1094-z
http://doi.org/10.1093/ndt/gfn757
http://doi.org/10.1093/ndt/gfm861
http://doi.org/10.1002/jemt.23369
http://doi.org/10.1093/eurheartj/ehp574
http://doi.org/10.1016/j.toxlet.2015.01.021
http://www.ncbi.nlm.nih.gov/pubmed/25703824
http://doi.org/10.3390/toxins9020052
http://www.ncbi.nlm.nih.gov/pubmed/28146081
http://doi.org/10.1093/toxsci/kfj061
http://doi.org/10.1053/j.ajkd.2009.04.022
http://www.ncbi.nlm.nih.gov/pubmed/19615803
http://doi.org/10.1681/ASN.2005030310
http://doi.org/10.1093/ndt/gfq785
http://www.ncbi.nlm.nih.gov/pubmed/21303967
http://doi.org/10.1038/ki.2012.448
http://doi.org/10.1016/j.tiv.2015.07.020
http://doi.org/10.1038/ki.2015.287
http://www.ncbi.nlm.nih.gov/pubmed/26466319
http://doi.org/10.1016/j.atherosclerosis.2018.04.015
http://www.ncbi.nlm.nih.gov/pubmed/29702430
http://doi.org/10.1002/prp2.92
http://doi.org/10.3390/toxins12080472
http://www.ncbi.nlm.nih.gov/pubmed/32722241

Toxins 2021, 13, 142 22 of 26

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

78.

79.

80.

Velenosi, T.].; Hennop, A.; Feere, D.A ; Tieu, A.; Kucey, A.S.; Kyriacou, P.; McCuaig, L.E.; Nevison, S.E.; Kerr, M.A.; Urquhart, B.L.
Untargeted plasma and tissue metabolomics in rats with chronic kidney disease given AST-120. Sci. Rep. 2016, 6, 1-12. [CrossRef]
[PubMed]

Yamamoto, S.; Kazama, J.J.; Omori, K.; Matsuo, K.; Takahashi, Y.; Kawamura, K.; Matsuto, T.; Watanabe, H.; Maruyama, T.;
Narita, I. Continuous Reduction of Protein-Bound Uraemic Toxins with Improved Oxidative Stress by Using the Oral Charcoal
Adsorbent AST-120 in Haemodialysis Patients. Sci. Rep. 2015, 5, 3-10. [CrossRef]

Nakagawa, N.; Hasebe, N.; Sumitomo, K.; Fujino, T.; Fukuzawa, J.; Hirayama, T.; Kikuchi, K. An oral adsorbent, AST-120,
suppresses oxidative stress in uremic rats. Am. J. Nephrol. 2006, 26, 455-461. [CrossRef] [PubMed]

Yamamoto, S.; Zuo, Y.; Ma, ].; Yancey, P.G.; Hunley, T.E.; Motojima, M.; Fogo, A.B.; Linton, M.E,; Fazio, S.; Ichikawa, I.; et al. Oral
activated charcoal adsorbent (AST-120) ameliorates extent and instability of atherosclerosis accelerated by kidney disease in
apolipoprotein E-deficient mice. Nephrol. Dial. Transplant. 2011, 26, 2491-2497. [CrossRef]

Asai, M.; Kumakura, S.; Kikuchi, M. Review of the efficacy of AST-120 (KREMEZIN®) on renal function in chronic kidney disease
patients. Ren. Fail. 2019, 41, 47-56. [CrossRef]

Schulman, G.; Berl, T.; Beck, G.J.; Remuzzi, G.; Ritz, E.; Arita, K.; Kato, A.; Shimizu, M. Randomized Placebo-Controlled EPPIC
Trials of AST-120 in CKD. J. Am. Soc. Nephrol. 2015, 26, 1732-1746. [CrossRef]

Schulman, G.; Berl, T.; Beck, G.J.; Remuzzi, G,; Ritz, E.; Shimizu, M.; Kikuchi, M.; Shobu, Y. Risk factors for progression of chronic
kidney disease in the EPPIC trials and the effect of AST-120. Clin. Exp. Nephrol. 2018, 22, 299-308. [CrossRef] [PubMed]
Schulman, G.; Berl, T.; Beck, G.J.; Remuzzi, G.; Ritz, E.; Shimizu, M.; Shobu, Y.; Kikuchi, M. The effects of AST-120 on chronic
kidney disease progression in the United States of America: A post hoc subgroup analysis of randomized controlled trials. BMC
Nephrol. 2016, 17, 141. [CrossRef] [PubMed]

Wong, J.; Piceno, Y.M.; DeSantis, T.Z.; Pahl, M.; Andersen, G.L.; Vaziri, N.D. Expansion of Urease- and Uricase-Containing, Indole-
and p-Cresol-Forming and Contraction of Short-Chain Fatty Acid-Producing Intestinal Microbiota in ESRD. Am. . Nephrol. 2014,
39, 230-237. [CrossRef]

Rossi, M.; Klein, K.; Johnson, D.W.; Campbell, K.L. Pre-, pro-, and synbiotics: Do they have a role in reducing uremic toxins? a
systematic review and meta-analysis. Int. ]. Nephrol. 2012, 2012. [CrossRef]

Rossi, M.; Johnson, D.W.; Morrison, M.; Pascoe, E.M.; Coombes, ].S.; Forbes, ].M.; Szeto, C.C.; McWhinney, B.C.; Ungerer, ].PJ.;
Campbell, K.L. Synbiotics easing renal failure by improving gut microbiology (SYNERGY): A randomized trial. Clin. ]. Am. Soc.
Nephrol. 2016, 11, 223-231. [CrossRef] [PubMed]

Wang, Y.; Li, J.; Chen, C.; Lu, J; Yu, J.; Xu, X,; Peng, Y.; Zhang, S.; Jiang, S.; Guo, J.; et al. Targeting the gut microbial metabolic
pathway with small molecules decreases uremic toxin production. Gut Microbes 2020, 12, 1-19. [CrossRef] [PubMed]

Poesen, R.; Mutsaers, H.A.M.; Windey, K.; Van Den Broek, PH.; Verweij, V.; Augustijns, P.; Kuypers, D.; Jansen, J.; Evenepoel, P;
Verbeke, K.; et al. The influence of dietary protein intake on mammalian tryptophan and phenolic metabolites. PLoS ONE 2015,
10, 1-12. [CrossRef]

Rossi, M.; Johnson, D.W.; Xu, H.; Carrero, J.J.; Pascoe, E.; French, C.; Campbell, K.L. Dietary protein-fiber ratio associates with
circulating levels of indoxyl sulfate and p-cresyl sulfate in chronic kidney disease patients. Nutr. Metab. Cardiovasc. Dis. 2015, 25,
860-865. [CrossRef]

Bammens, B.; Verbeke, K.; Vanrenterghem, Y.; Evenepoel, P. Evidence for impaired assimilation of protein in chronic renal failure.
Kidney Int. 2003, 64, 2196-2203. [CrossRef] [PubMed]

Pallister, T.; Jackson, M.A.; Martin, T.C.; Zierer, ].; Jennings, A.; Mohney, R.P.; MacGregor, A.; Steves, C.J.; Cassidy, A.; Spector,
T.D.; et al. Hippurate as a metabolomic marker of gut microbiome diversity: Modulation by diet and relationship to metabolic
syndrome. Sci. Rep. 2017, 7, 1-9. [CrossRef]

Badenhorst, C.P.S.; van der Sluis, R.; Erasmus, E.; van Dijk, A.A. Glycine conjugation: Importance in metabolism, the role
of glycine N -acyltransferase, and factors that influence interindividual variation. Expert Opin. Drug Metab. Toxicol. 2013, 9,
1139-1153. [CrossRef]

Deltombe, O.; Van Biesen, W.; Glorieux, G.; Massy, Z.; Dhondt, A.; Eloot, S. Exploring protein binding of uremic toxins in patients
with different stages of chronic kidney disease and during hemodialysis. Toxins 2015, 7, 3933-3946. [CrossRef] [PubMed]

Zaidi, N.; Ajmal, M.R.; Rabbani, G.; Ahmad, E.; Khan, R.H. A Comprehensive Insight into Binding of Hippuric Acid to Human
Serum Albumin: A Study to Uncover Its Impaired Elimination through Hemodialysis. PLoS ONE 2013, 8. [CrossRef] [PubMed]
Deguchi, T.; Ohtsuki, S.; Otagiri, M.; Takanaga, H.; Asaba, H.; Mori, S.; Terasaki, T. Major role of organic anion transporter 3 in
the transport of indoxyl sulfate in the kidney. Kidney Int. 2002, 61, 1760-1768. [CrossRef]

Sun, B.; Wang, X,; Liu, X.; Wang, L.; Ren, F; Wang, X.; Leng, X. Hippuric acid promotes renal fibrosis by disrupting redox
homeostasis via facilitation of NRF2-KEAP1-CULS3 interactions in chronic kidney disease. Antioxidants 2020, 9, 783. [CrossRef]
[PubMed]

Huang, M.; Wei, R.; Wang, Y.; Su, T.; Li, P.; Chen, X. The uremic toxin hippurate promotes endothelial dysfunction via the
activation of Drpl-mediated mitochondrial fission. Redox Biol. 2018, 16, 303-313. [CrossRef] [PubMed]

Shang, F.; Wang, S.-C.; Hsu, C.-Y.; Miao, Y.; Martin, M.; Yin, Y.; Wu, C.-C.; Wang, Y.-T.; Wu, G.; Chien, S.; et al. MicroRNA-92a
Mediates Endothelial Dysfunction in CKD. ]. Am. Soc. Nephrol. 2017, 28, 3251-3261. [CrossRef]


http://doi.org/10.1038/srep22526
http://www.ncbi.nlm.nih.gov/pubmed/26932318
http://doi.org/10.1038/srep14381
http://doi.org/10.1159/000096423
http://www.ncbi.nlm.nih.gov/pubmed/17057375
http://doi.org/10.1093/ndt/gfq759
http://doi.org/10.1080/0886022X.2018.1561376
http://doi.org/10.1681/ASN.2014010042
http://doi.org/10.1007/s10157-017-1447-0
http://www.ncbi.nlm.nih.gov/pubmed/28741050
http://doi.org/10.1186/s12882-016-0357-9
http://www.ncbi.nlm.nih.gov/pubmed/27716149
http://doi.org/10.1159/000360010
http://doi.org/10.1155/2012/673631
http://doi.org/10.2215/CJN.05240515
http://www.ncbi.nlm.nih.gov/pubmed/26772193
http://doi.org/10.1080/19490976.2020.1823800
http://www.ncbi.nlm.nih.gov/pubmed/33222612
http://doi.org/10.1371/journal.pone.0140820
http://doi.org/10.1016/j.numecd.2015.03.015
http://doi.org/10.1046/j.1523-1755.2003.00314.x
http://www.ncbi.nlm.nih.gov/pubmed/14633143
http://doi.org/10.1038/s41598-017-13722-4
http://doi.org/10.1517/17425255.2013.796929
http://doi.org/10.3390/toxins7103933
http://www.ncbi.nlm.nih.gov/pubmed/26426048
http://doi.org/10.1371/journal.pone.0071422
http://www.ncbi.nlm.nih.gov/pubmed/23951159
http://doi.org/10.1046/j.1523-1755.2002.00318.x
http://doi.org/10.3390/antiox9090783
http://www.ncbi.nlm.nih.gov/pubmed/32854194
http://doi.org/10.1016/j.redox.2018.03.010
http://www.ncbi.nlm.nih.gov/pubmed/29573704
http://doi.org/10.1681/ASN.2016111215

Toxins 2021, 13, 142 23 of 26

81.

82.

83.

84.

85.

86.

87.

88.

89.

90.

91.
92.

93.

94.

95.

96.

97.

98.

99.

100.

101.

102.

103.

Yu, T.-H.; Tang, W.-H.; Lu, Y.-C.; Wang, C.-P.; Hung, W.-C.; Wu, C.-C,; Tsai, I.-T.; Chung, E-M.; Houng, J.-Y.; Lan, W.-C.; et al.
Association between hippuric acid and left ventricular hypertrophy in maintenance hemodialysis patients. Clin. Chim. Acta. 2018,
484,47-51. [CrossRef]

Massy, Z.A.; Liabeuf, S. From old uraemic toxins to new uraemic toxins: Place of “omics”. Nephrol. Dial. Transplant. 2018, 33,
1ii2—iii5. [CrossRef]

Craciun, S.; Balskus, E.P. Microbial conversion of choline to trimethylamine requires a glycyl radical enzyme. Proc. Natl. Acad. Sci.
USA 2012, 109, 21307-21312. [CrossRef] [PubMed]

Koeth, R.A.; Levison, B.S.; Culley, M.K,; Buffa, ].A.; Wang, Z.; Gregory, ].C.; Org, E.; Wu, Y,; Li, L.; Smith, ].D.; et al. y-Butyrobetaine
is a proatherogenic intermediate in gut microbial metabolism of L-carnitine to TMAO. Cell Metab. 2014, 20, 799-812. [CrossRef]
[PubMed]

Zhu, Y.; Jameson, E.; Crosatti, M.; Schifer, H.; Rajakumar, K.; Bugg, T.D.H.; Chen, Y. Carnitine metabolism to trimethylamine by
an unusual Rieske-type oxygenase from human microbiota. Proc. Natl. Acad. Sci. USA 2014, 111, 4268-4273. [CrossRef] [PubMed]
Tang, WH.W.; Wang, Z.; Kennedy, D.J.; Wu, Y; Buffa, ].A.; Agatisa-Boyle, B.; Li, X.S.; Levison, B.S.; Hazen, S.L. Gut microbiota-
dependent trimethylamine N-oxide (TMAO) pathway contributes to both development of renal insufficiency and mortality risk
in chronic kidney disease. Circ. Res. 2015, 116, 448-455. [CrossRef] [PubMed]

Bain, M.A.; Faull, R.; Fornasini, G.; Milne, R.W.; Evans, A.M. Accumulation of trimethylamine and trimethylamine-N-oxide in
end-stage renal disease patients undergoing haemodialysis. Nephrol. Dial. Transplant. 2006, 21, 1300-1304. [CrossRef]
Al-Obaide, M.; Singh, R.; Datta, P.; Rewers-Felkins, K.; Salguero, M.; Al-Obaidj, I.; Kottapalli, K.; Vasylyeva, T. Gut Microbiota-
Dependent Trimethylamine-N-oxide and Serum Biomarkers in Patients with T2DM and Advanced CKD. J. Clin. Med. 2017, 6, 86.
[CrossRef] [PubMed]

Sun, G; Yin, Z,; Liu, N,; Bian, X.; Yu, R.; Su, X.; Zhang, B.; Wang, Y. Gut microbial metabolite TMAO contributes to renal
dysfunction in a mouse model of diet-induced obesity. Biochem. Biophys. Res. Commun. 2017, 493, 964-970. [CrossRef]

Gupta, N.; Buffa, J.A.; Roberts, A.B.; Sangwan, N.; Skye, SM.; Li, L.; Ho, KJ.; Varga, J.; DiDonato, J.A.; Tang, WH.W.;
et al. Targeted Inhibition of Gut Microbial Trimethylamine N-Oxide Production Reduces Renal Tubulointerstitial Fibrosis and
Functional Impairment in a Murine Model of Chronic Kidney Disease. Arterioscler. Thromb. Vasc. Biol. 2020, 40, 1239-1255.
[CrossRef]

Wolf, D.; Ley, K. Immunity and Inflammation in Atherosclerosis. Circ. Res. 2019, 124, 315-327. [CrossRef]

Wang, Z.; Klipfell, E.; Bennett, B.].; Koeth, R.; Levison, B.S.; Dugar, B.; Feldstein, A.E.; Britt, E.B.; Fu, X.; Chung, YM,; et al. Gut
flora metabolism of phosphatidylcholine promotes cardiovascular disease. Nature 2011, 472, 57-65. [CrossRef]

Geng, J.; Yang, C.; Wang, B.; Zhang, X.; Hu, T.; Gu, Y,; Li, ]. Trimethylamine N-oxide promotes atherosclerosis via CD36-dependent
MAPK/JNK pathway. Biomed. Pharmacother. 2018, 97, 941-947. [CrossRef] [PubMed]

Boini, K.M.; Hussain, T.; Li, P.-L.; Koka, S. Trimethylamine-N-Oxide Instigates NLRP3 Inflammasome Activation and Endothelial
Dysfunction. Cell. Physiol. Biochem. 2017, 44, 152-162. [CrossRef] [PubMed]

Sun, X,; Jiao, X,; Ma, Y,; Liu, Y.; Zhang, L.; He, Y.; Chen, Y. Trimethylamine N-oxide induces inflammation and endothelial
dysfunction in human umbilical vein endothelial cells via activating ROS-TXNIP-NLRP3 inflammasome. Biochem. Biophys. Res.
Commun. 2016, 481, 63-70. [CrossRef]

Seldin, M.M.; Meng, Y.; Qi, H.; Zhu, W.E; Wang, Z.; Hazen, S.L.; Lusis, A.J.; Shih, D.M. Trimethylamine N-oxide promotes
vascular inflammation through signaling of mitogen-activated protein kinase and nuclear factor-«b. J. Am. Heart Assoc. 2016, 5,
1-12. [CrossRef]

Ma, G.H,; Pan, B.; Chen, Y.; Guo, C.X,; Zhao, M.M.; Zheng, L.M.; Chen, B.X. Trimethylamine N-oxide in atherogenesis: Impairing
endothelial self-repair capacity and enhancing monocyte adhesion. Biosci. Rep. 2017, 37, 1-12. [CrossRef] [PubMed]

Zhang, X.; Li, Y;; Yang, P; Liu, X,; Lu, L.; Chen, Y.; Zhong, X; Li, Z.; Liu, H.; Ou, C,; et al. Trimethylamine-N-oxide promotes
vascular calcification through activation of NLRP3 (nucleotide-binding domain, leucine-rich-containing family, pyrin domain-
containing-3) inflammasome and NF-kB (nuclear factor kb) signals. Arterioscler. Thromb. Vasc. Biol. 2020, 3, 751-765. [CrossRef]
Yang, S.; Li, X;; Yang, F.; Zhao, R; Pan, X.; Liang, J.; Tian, L.; Li, X,; Liu, L.; Xing, Y.; et al. Gut microbiota-dependent marker
TMAO in promoting cardiovascular disease: Inflammation mechanism, clinical prognostic, and potential as a therapeutic target.
Front. Pharmacol. 2019, 10, 1-14. [CrossRef]

De Filippis, E; Pellegrini, N.; Vannini, L.; Jeffery, I.B.; La Storia, A.; Laghi, L.; Serrazanetti, D.I.; Di Cagno, R.; Ferrocino, I.; Lazzi,
C.; et al. High-level adherence to a Mediterranean diet beneficially impacts the gut microbiota and associated metabolome. Gut
2016, 65, 1812-1821. [CrossRef]

Pignanelli, M.; Just, C.; Bogiatzi, C.; Dinculescu, V.; Gloor, G.B.; Allen-Vercoe, E.; Reid, G.; Urquhart, B.L.; Ruetz, K.N.; Velenosi,
T.J.; et al. Mediterranean diet score: Associations with metabolic products of the intestinal microbiome, carotid plaque burden,
and renal function. Nutrients 2018, 10, 779. [CrossRef]

Griffin, L.E.; Djuric, Z.; Angiletta, C.J.; Mitchell, C.M.; Baugh, M.E.; Davy, K.P; Neilson, A.P. A Mediterranean diet does not
alter plasma trimethylamine N-oxide concentrations in healthy adults at risk for colon cancer. Food Funct. 2019, 10, 2138-2147.
[CrossRef] [PubMed]

Qiu, L.; Yang, D.; Tao, X.; Yu, J.; Xiong, H.; Wei, H. Enterobacter aerogenes ZDY01 attenuates choline-induced trimethylamine
N-oxide levels by remodeling gut microbiota in mice. J. Microbiol. Biotechnol. 2017, 27, 1491-1499. [CrossRef]


http://doi.org/10.1016/j.cca.2018.05.022
http://doi.org/10.1093/ndt/gfy212
http://doi.org/10.1073/pnas.1215689109
http://www.ncbi.nlm.nih.gov/pubmed/23151509
http://doi.org/10.1016/j.cmet.2014.10.006
http://www.ncbi.nlm.nih.gov/pubmed/25440057
http://doi.org/10.1073/pnas.1316569111
http://www.ncbi.nlm.nih.gov/pubmed/24591617
http://doi.org/10.1161/CIRCRESAHA.116.305360
http://www.ncbi.nlm.nih.gov/pubmed/25599331
http://doi.org/10.1093/ndt/gfk056
http://doi.org/10.3390/jcm6090086
http://www.ncbi.nlm.nih.gov/pubmed/28925931
http://doi.org/10.1016/j.bbrc.2017.09.108
http://doi.org/10.1161/ATVBAHA.120.314139
http://doi.org/10.1161/CIRCRESAHA.118.313591
http://doi.org/10.1038/nature09922
http://doi.org/10.1016/j.biopha.2017.11.016
http://www.ncbi.nlm.nih.gov/pubmed/29136772
http://doi.org/10.1159/000484623
http://www.ncbi.nlm.nih.gov/pubmed/29130962
http://doi.org/10.1016/j.bbrc.2016.11.017
http://doi.org/10.1161/JAHA.115.002767
http://doi.org/10.1042/BSR20160244
http://www.ncbi.nlm.nih.gov/pubmed/28153917
http://doi.org/10.1161/ATVBAHA.119.313414
http://doi.org/10.3389/fphar.2019.01360
http://doi.org/10.1136/gutjnl-2015-309957
http://doi.org/10.3390/nu10060779
http://doi.org/10.1039/C9FO00333A
http://www.ncbi.nlm.nih.gov/pubmed/30938383
http://doi.org/10.4014/jmb.1703.03039

Toxins 2021, 13, 142 24 of 26

104.

105.

106.

107.

108.

109.

110.

111.

112.

113.

114.

115.

116.

117.

118.

119.

120.

121.

122.

123.

124.

Qiu, L,; Tao, X.; Xiong, H.; Yu, J.; Wei, H. Lactobacillus plantarum ZDY04 exhibits a strain-specific property of lowering TMAO
via the modulation of gut microbiota in mice. Food Funct. 2018, 9, 4299-4309. [CrossRef]

Carlo Tenore, G.; Caruso, D.; Buonomo, G.; D’avino, M.; Ciampaglia, R.; Maisto, M.; Schisano, C.; Bocchino, B.; Novellino, E.
Lactofermented annurca apple puree as a functional food indicated for the control of plasma lipid and oxidative amine levels:
Results from a randomised clinical trial. Nutrients 2019, 11, 122. [CrossRef]

Boutagy, N.E.; Neilson, A.P.; Osterberg, K.L.; Smithson, A.T.; Englund, T.R.; Davy, B.M.; Hulver, M.W.; Davy, K.P. Probiotic
supplementation and trimethylamine-N-oxide production following a high-fat diet. Obesity 2015, 23, 2357-2363. [CrossRef]
[PubMed]

Borges, N.A.; Stenvinkel, P.; Bergman, P.; Qureshi, A.R.; Lindholm, B.; Moraes, C.; Stockler-Pinto, M.B.; Mafra, D. Effects of
Probiotic Supplementation on Trimethylamine-N-Oxide Plasma Levels in Hemodialysis Patients: A Pilot Study. Probiotics
Antimicrob. Proteins 2019, 11, 648-654. [CrossRef] [PubMed]

Wang, Z.; Roberts, A.B.; Buffa, ].A.; Levison, B.S.; Zhu, W,; Org, E.; Gu, X.; Huang, Y.; Zamanian-Daryoush, M.; Culley, M.K.; et al.
Non-lethal Inhibition of Gut Microbial Trimethylamine Production for the Treatment of Atherosclerosis. Cell 2015, 163, 1585-1595.
[CrossRef]

Roberts, A.B.; Gu, X.; Buffa, J.A.; Hurd, A.G.; Wang, Z.; Zhu, W.; Gupta, N.; Skye, SM.; Cody, D.B.; Levison, B.S.; et al.
Development of a gut microbe-targeted nonlethal therapeutic to inhibit thrombosis potential. Nat. Med. 2018, 24, 1407-1417.
[CrossRef] [PubMed]

Kuka, J.; Liepinsh, E.; Makrecka-Kuka, M.; Liepins, J.; Cirule, H.; Gustina, D.; Loza, E.; Zharkova-Malkova, O.; Grinberga, S.;
Pugovics, O.; et al. Suppression of intestinal microbiota-dependent production of pro-atherogenic trimethylamine N-oxide by
shifting L-carnitine microbial degradation. Life Sci. 2014, 117, 84-92. [CrossRef] [PubMed]

Dambrova, M.; Skapare-makarova, E.; Konrade, I.; Pugovics, O.; Grinberga, S.; Tirzite, D.; Petrovska, R.; Kalvins, I.; Liepins, E.
Meldonium decreases the diet-increased plasma levels of trimethylamine n-oxide, a metabolite associated with atherosclerosis. J.
Clin. Pharmacol. 2013, 53, 1095-1098. [CrossRef] [PubMed]

Tain, Y.L.; Hsu, C.N. Toxic dimethylarginines: Asymmetric dimethylarginine (ADMA) and symmetric dimethylarginine (SDMA).
Toxins 2017, 9, 92. [CrossRef] [PubMed]

Caglar, K.; Yilmaz, M.I,; Sonmez, A.; Cakir, E.; Kaya, A.; Acikel, C.; Eyileten, T.; Yenicesu, M.; Oguz, Y.; Bilgi, C.; et al. ADMA,
proteinuria, and insulin resistance in non-diabetic stage I chronic kidney disease. Kidney Int. 2006, 70, 781-787. [CrossRef]
[PubMed]

Leiper, ].M.; Santa Maria, J.; Chubb, A.; MacAllister, R.J.; Charles, I.G.; Whitley, G.S.; Vallance, P. Identification of two human
dimethylarginine dimethylaminohydrolases with distinct tissue distributions and homology with microbial arginine deiminases.
Biochem. J. 1999, 343 Pt 1, 209-214. [CrossRef]

Ogawa, T.; Kimoto, M.; Sasaoka, K. Dimethylarginine:pyruvate aminotransferase in rats. Purification, properties, and identity
with alanine:glyoxylate aminotransferase 2. J. Biol. Chem. 1990, 265, 20938-20945. [CrossRef]

Oliva-Damaso, E.; Oliva-Damaso, N.; Rodriguez-Esparragon, F; Payan, J.; Baamonde-Laborda, E.; Gonzalez-Cabrera, F; Santana-
Estupifian, R.; Rodriguez-Perez, ].C. Asymmetric (ADMA) and Symmetric (SDMA) Dimethylarginines in Chronic Kidney Disease:
A Clinical Approach. Int. J. Mol. Sci. 2019, 20, 3668. [CrossRef]

Vanholder, R.; Pletinck, A.; Schepers, E.; Glorieux, G. Biochemical and clinical impact of organic uremic retention solutes: A
comprehensive update. Toxins 2018, 10, 33. [CrossRef]

Eiselt, J.; Rajdl, D.; Racek, J.; Vostry, M.; Rulcova, K.; Wirth, ]. Asymmetric dimethylarginine and progression of chronic kidney
disease—A one-year follow-up study. Kidney Blood Press. Res. 2014, 39, 50-57. [CrossRef]

Jayachandran, I.; Sundararajan, S.; Venkatesan, S.; Paadukaana, S.; Balasubramanyam, M.; Mohan, V.; Manickam, N. Asymmetric
dimethylarginine (ADMA) accelerates renal cell fibrosis under high glucose condition through NOX4/ROS/ERK signaling
pathway. Sci. Rep. 2020, 10, 1-17. [CrossRef]

Matsumoto, Y.; Ueda, S.; Yamagishi, S.; Matsuguma, K.; Shibata, R.; Fukami, K.; Matsuoka, H.; Imaizumi, T.; Okuda, S.
Dimethylarginine dimethylaminohydrolase prevents progression of renal dysfunction by inhibiting loss of peritubular capillaries
and tubulointerstitial fibrosis in a rat model of chronic kidney disease. J. Am. Soc. Nephrol. 2007, 18, 1525-1533. [CrossRef]
[PubMed]

Mihout, F; Shweke, N.; Bigé, N.; Jouanneau, C.; Dussaule, J.-C.; Ronco, P.; Chatziantoniou, C.; Boffa, J.-]. Asymmetric dimethy-
larginine (ADMA) induces chronic kidney disease through a mechanism involving collagen and TGF-31 synthesis. J. Pathol. 2011,
223, 37-45. [CrossRef] [PubMed]

Tomlinson, J.A.P.,; Caplin, B.; Boruc, O.; Bruce-Cobbold, C.; Cutillas, P.; Dormann, D.; Faull, P.; Grossman, R.C.; Khadayate, S.;
Mas, V.R;; et al. Reduced Renal Methylarginine Metabolism Protects against Progressive Kidney Damage. |. Am. Soc. Nephrol.
2015, 26, 3045-3059. [CrossRef] [PubMed]

Wu, M.; Lin, P; Li, L,; Chen, D.; Yang, X.; Xu, L.; Zhou, B.; Wang, C.; Zhang, Y.; Luo, C; et al. Reduced asymmetric
dimethylarginine accumulation through inhibition of the type I protein arginine methyltransferases promotes renal fibrosis in
obstructed kidneys. FASEB |. 2019, 33, 6948-6956. [CrossRef]

Vallance, P.; Leone, A.; Calver, A.; Collier, J.; Moncada, S. Accumulation of an endogenous inhibitor of nitric oxide synthesis in
chronic renal failure. Lancet 1992, 339, 572-575. [CrossRef] [PubMed]


http://doi.org/10.1039/C8FO00349A
http://doi.org/10.3390/nu11010122
http://doi.org/10.1002/oby.21212
http://www.ncbi.nlm.nih.gov/pubmed/26465927
http://doi.org/10.1007/s12602-018-9411-1
http://www.ncbi.nlm.nih.gov/pubmed/29651635
http://doi.org/10.1016/j.cell.2015.11.055
http://doi.org/10.1038/s41591-018-0128-1
http://www.ncbi.nlm.nih.gov/pubmed/30082863
http://doi.org/10.1016/j.lfs.2014.09.028
http://www.ncbi.nlm.nih.gov/pubmed/25301199
http://doi.org/10.1002/jcph.135
http://www.ncbi.nlm.nih.gov/pubmed/23893520
http://doi.org/10.3390/toxins9030092
http://www.ncbi.nlm.nih.gov/pubmed/28272322
http://doi.org/10.1038/sj.ki.5001632
http://www.ncbi.nlm.nih.gov/pubmed/16820789
http://doi.org/10.1042/bj3430209
http://doi.org/10.1016/S0021-9258(17)45307-5
http://doi.org/10.3390/ijms20153668
http://doi.org/10.3390/toxins10010033
http://doi.org/10.1159/000355776
http://doi.org/10.1038/s41598-020-72943-2
http://doi.org/10.1681/ASN.2006070696
http://www.ncbi.nlm.nih.gov/pubmed/17409314
http://doi.org/10.1002/path.2769
http://www.ncbi.nlm.nih.gov/pubmed/20845411
http://doi.org/10.1681/ASN.2014030280
http://www.ncbi.nlm.nih.gov/pubmed/25855779
http://doi.org/10.1096/fj.201802585RR
http://doi.org/10.1016/0140-6736(92)90865-z
http://www.ncbi.nlm.nih.gov/pubmed/1347093

Toxins 2021, 13, 142 25 of 26

125.

126.

127.

128.

129.

130.

131.

132.

133.

134.

135.

136.

137.
138.

139.

140.

141.

142.

143.

144.

145.

146.

147.

148.

149.

150.
151.

Hu, X.; Xu, X.; Zhu, G.; Atzler, D.; Kimoto, M.; Chen, J.; Schwedhelm, E.; Liineburg, N.; Boger, R.H.; Zhang, P; et al. Vascular
endothelial-specific dimethylarginine dimethylaminohydrolase-1-deficient mice reveal that vascular endothelium plays an
important role in removing asymmetric dimethylarginine. Circulation 2009, 120, 2222-2229. [CrossRef]

Jiang, J.-L.; Wang, S.; Li, N.-S.; Zhang, X.-H.; Deng, H.-W.; Li, Y.-]. The inhibitory effect of simvastatin on the ADMA-induced
inflammatory reaction is mediated by MAPK pathways in endothelial cells. Biochem. Cell Biol. 2007, 85, 66—77. [CrossRef]

Suda, O.; Tsutsui, M.; Morishita, T.; Tasaki, H.; Ueno, S.; Nakata, S.; Tsujimoto, T.; Toyohira, Y.; Hayashida, Y.; Sasaguri, Y.; et al.
Asymmetric dimethylarginine produces vascular lesions in endothelial nitric oxide synthase-deficient mice: Involvement of
renin-angiotensin system and oxidative stress. Arterioscler. Thromb. Vasc. Biol. 2004, 24, 1682-1688. [CrossRef]

Veresh, Z.; Racz, A.; Lotz, G.; Koller, A. ADMA impairs nitric oxide-mediated arteriolar function due to increased superoxide
production by angiotensin II-NAD(P)H oxidase pathway. Hypertension 2008, 52, 960-966. [CrossRef]

Smirnova, I.V.; Kajstura, M.; Sawamura, T.; Goligorsky, M.S. Asymmetric dimethylarginine upregulates LOX-1 in activated
macrophages: Role in foam cell formation. Am. J. Physiol. Heart Circ. Physiol. 2004, 287, H782-H790. [CrossRef]

Chen, C.-H.; Zhao, J.-F; Hsu, C.-P; Kou, Y.R.; Lu, T.-M,; Lee, T.-S. The detrimental effect of asymmetric dimethylarginine on
cholesterol efflux of macrophage foam cells: Role of the NOX/ROS signaling. Free Radic. Biol. Med. 2019, 143, 354-365. [CrossRef]
Liu, X,; Xu, X.; Shang, R.; Chen, Y. Asymmetric dimethylarginine (ADMA) as an important risk factor for the increased
cardiovascular diseases and heart failure in chronic kidney disease. Nitric Oxide Biol. Chem. 2018, 78, 113-120. [CrossRef]
[PubMed]

Chen, X,; Li, H,; Wang, Z.; Zhou, Q.; Chen, S.; Yang, B.; Yin, D.; He, H.; He, M. Quercetin protects the vascular endothelium
against iron overload damages via ROS/ADMA /DDAHII/eNOS/NO pathway. Eur. ]. Pharmacol. 2020, 868, 172885. [CrossRef]
Dowsett, L.; Higgins, E.; Alanazi, S.; Alshuwayer, N.A.; Leiper, EC.; Leiper, ]. ADMA: A Key Player in the Relationship between
Vascular Dysfunction and Inflammation in Atherosclerosis. . Clin. Med. 2020, 9, 3026. [CrossRef]

Xuan, C.; Lun, L.-M.; Zhao, ].-X.; Wang, H.-W.; Wang, J.; Ning, C.-P; Liu, Z.; Zhang, B.-B.; He, G.-W. L-citrulline for protection of
endothelial function from ADMA-induced injury in porcine coronary artery. Sci. Rep. 2015, 5, 10987. [CrossRef] [PubMed]
Wolley, M.; Jardine, M.; Hutchison, C.A. Exploring the Clinical Relevance of Providing Increased Removal of Large Middle
Molecules. Clin. . Am. Soc. Nephrol. 2018, 13, 805-814. [CrossRef]

Mehaffey, E.; Majid, D.S.A. Tumor necrosis factor-«, kidney function, and hypertension. Am. ]. Physiol. Physiol. 2017, 313,
F1005-F1008. [CrossRef]

Kumar, V,; Abbas, A.; Aster, ]. Robbins Basic Pathology, 9th ed.; Saunders: Philadelphia, PA, USA, 2012.

Tang, P.C.-T;; Zhang, Y.-Y.; Chan, M.K.-K,; Lam, WW.-Y,; Chung, ].Y.-F; Kang, W.; To, K.-F; Lan, H.-Y,; Tang, PM.-K. The Emerging
Role of Innate Immunity in Chronic Kidney Diseases. Int. . Mol. Sci. 2020, 21, 4018. [CrossRef] [PubMed]

Zickler, D.; Luecht, C.; Willy, K.; Chen, L.; Witowski, J.; Girndt, M.; Fiedler, R.; Storr, M.; Kamhieh-Milz, J.; Schoon, J.; et al.
Tumour necrosis factor-alpha in uraemic serum promotes osteoblastic transition and calcification of vascular smooth muscle cells
via extracellular signal-regulated kinases and activator protein 1/c-FOS-mediated induction of interleukin 6 expression. Nephrol.
Dial. Transplant. 2018, 33, 574-585. [CrossRef]

Spoto, B.; Leonardis, D.; Parlongo, R.M.; Pizzini, P; Pisano, A.; Cutrupi, S.; Testa, A.; Tripepi, G.; Zoccali, C.; Mallamaci, F. Plasma
cytokines, glomerular filtration rate and adipose tissue cytokines gene expression in chronic kidney disease (CKD) patients. Nutr.
Metab. Cardiovasc. Dis. 2012, 22, 981-988. [CrossRef]

Shahid, M.; Francis, J.; Majid, D.S.A. Tumor necrosis factor-a induces renal vasoconstriction as well as natriuresis in mice. Am. J.
Physiol. Physiol. 2008, 295, F1836-F1844. [CrossRef]

Singh, P; Bahrami, L.; Castillo, A.; Majid, D.S.A. TNF-«x type 2 receptor mediates renal inflammatory response to chronic
angiotensin II administration with high salt intake in mice. Am. . Physiol. Physiol. 2013, 304, F991-F999. [CrossRef]

Schlieper, G.; Schurgers, L.; Brandenburg, V.; Reutelingsperger, C.; Floege, J. Vascular calcification in chronic kidney disease: An
update. Nephrol. Dial. Transplant. 2016, 31, 31-39. [CrossRef] [PubMed]

Gao, W,; Liu, H.; Yuan, J.; Wu, C,; Huang, D.; Ma, Y.; Zhu, J.; Ma, L.; Guo, J.; Shi, H.; et al. Exosomes derived from mature
dendritic cells increase endothelial inflammation and atherosclerosis via membrane TNF-« mediated NF-«kB pathway. J. Cell. Mol.
Med. 2016, 20, 2318-2327. [CrossRef] [PubMed]

Zelova, H.; Hosek, J. TNF-a signalling and inflammation: Interactions between old acquaintances. Inflamm. Res. 2013, 62, 641-651.
[CrossRef] [PubMed]

McKellar, G.E.; McCarey, D.W.; Sattar, N.; McInnes, I.B. Role for TNF in atherosclerosis? Lessons from autoimmune disease. Nat.
Rev. Cardiol. 2009, 6, 410—417. [CrossRef] [PubMed]

Stenvinkel, P.; Heimbiirger, O.; Paultre, F; Diczfalusy, U.; Wang, T.; Berglund, L.; Jogestrand, T. Strong association between
malnutrition, inflammation, and atherosclerosis in chronic renal failure. Kidney Int. 1999, 55, 1899-1911. [CrossRef] [PubMed]
Ait-Oufella, H.; Libby, P.; Tedgui, A. Antibody-based immunotherapy targeting cytokines and atherothrombotic cardiovascular
diseases. Arch. Cardiovasc. Dis. 2020, 113, 5-8. [CrossRef] [PubMed]

Di Minno, M.N.D.; Iervolino, S.; Peluso, R.; Scarpa, R.; Di Minno, G. Carotid Intima-Media Thickness in Psoriatic Arthritis.
Arterioscler. Thromb. Vasc. Biol. 2011, 31, 705-712. [CrossRef]

Mpofu, S. Anti-TNF- therapies: They are all the same (aren’t they?). Rheumatology 2005, 44, 271-273. [CrossRef]

Gan, Z.; Huang, D,; Jiang, J.; Li, Y; Li, H.; Ke, Y. Captopril alleviates hypertension-induced renal damage, inflammation, and
NF-kB activation. Brazilian |. Med. Biol. Res. 2018, 51. [CrossRef]


http://doi.org/10.1161/CIRCULATIONAHA.108.819912
http://doi.org/10.1139/o06-146
http://doi.org/10.1161/01.ATV.0000136656.26019.6e
http://doi.org/10.1161/HYPERTENSIONAHA.108.116731
http://doi.org/10.1152/ajpheart.00822.2003
http://doi.org/10.1016/j.freeradbiomed.2019.08.016
http://doi.org/10.1016/j.niox.2018.06.004
http://www.ncbi.nlm.nih.gov/pubmed/29928990
http://doi.org/10.1016/j.ejphar.2019.172885
http://doi.org/10.3390/jcm9093026
http://doi.org/10.1038/srep10987
http://www.ncbi.nlm.nih.gov/pubmed/26046576
http://doi.org/10.2215/CJN.10110917
http://doi.org/10.1152/ajprenal.00535.2016
http://doi.org/10.3390/ijms21114018
http://www.ncbi.nlm.nih.gov/pubmed/32512831
http://doi.org/10.1093/ndt/gfx316
http://doi.org/10.1016/j.numecd.2011.01.005
http://doi.org/10.1152/ajprenal.90297.2008
http://doi.org/10.1152/ajprenal.00525.2012
http://doi.org/10.1093/ndt/gfv111
http://www.ncbi.nlm.nih.gov/pubmed/25916871
http://doi.org/10.1111/jcmm.12923
http://www.ncbi.nlm.nih.gov/pubmed/27515767
http://doi.org/10.1007/s00011-013-0633-0
http://www.ncbi.nlm.nih.gov/pubmed/23685857
http://doi.org/10.1038/nrcardio.2009.57
http://www.ncbi.nlm.nih.gov/pubmed/19421244
http://doi.org/10.1046/j.1523-1755.1999.00422.x
http://www.ncbi.nlm.nih.gov/pubmed/10231453
http://doi.org/10.1016/j.acvd.2019.11.001
http://www.ncbi.nlm.nih.gov/pubmed/31917124
http://doi.org/10.1161/ATVBAHA.110.214585
http://doi.org/10.1093/rheumatology/keh483
http://doi.org/10.1590/1414-431x20187338

Toxins 2021, 13, 142 26 of 26

152.

153.

154.

155.

156.

157.

158.

159.

160.

161.

162.

163.

164.

165.

166.

167.
168.

169.

170.

171.

172.

173.

174.

175.

Stenvinkel, P.; Ketteler, M.; Johnson, R.J.; Lindholm, B.; Pecoits-Filho, R.; Riella, M.; Heimbiirger, O.; Cederholm, T.; Girndt, M.
IL-10, IL-6, and TNF-a: Central factors in the altered cytokine network of uremia—The good, the bad, and the ugly. Kidney Int.
2005, 67, 1216-1233. [CrossRef] [PubMed]

Gabay, C. Interleukin-6 and chronic inflammation. Arthritis Res. Ther. 2006, 8, 1-6. [CrossRef] [PubMed]

Wolf, J.; Rose-John, S.; Garbers, C. Interleukin-6 and its receptors: A highly regulated and dynamic system. Cytokine 2014, 70,
11-20. [CrossRef]

Rose-John, S. Interleukin-6 biology is coordinated by membrane-bound and soluble receptors: Role in inflammation and cancer. J.
Leukoc. Biol. 2006, 80, 227-236. [CrossRef]

Chen, W,; Yuan, H.; Cao, W.; Wang, T.; Chen, W.; Yu, H.; Fu, Y,; Jiang, B.; Zhou, H.; Guo, H.; et al. Blocking interleukin-6
trans-signaling protects against renal fibrosis by suppressing STAT3 activation. Theranostics 2019, 9, 3980-3991. [CrossRef]
[PubMed]

Vanholder, R.; De Smet, R.; Glorieux, G.; Argilés, A.; Baurmeister, U.; Brunet, P; Clark, W.; Cohen, G.; De Deyn, P.P.; Deppisch,
R.; et al. Review on uremic toxins: Classification, concentration, and interindividual variability. Kidney Int. 2003, 63, 1934-1943.
[CrossRef] [PubMed]

Hashmat, S.; Rudemiller, N.; Lund, H.; Abais-Battad, ].M.; Van Why, S.; Mattson, D.L. Interleukin-6 inhibition attenuates
hypertension and associated renal damage in Dahl salt-sensitive rats. Am. J. Physiol. Physiol. 2016, 311, F555-F561. [CrossRef]
Zhang, W.; Wang, W.; Yu, H.; Zhang, Y.; Dai, Y.; Ning, C.; Tao, L.; Sun, H.; Kellems, R.E.; Blackburn, M.R; et al. Interleukin 6
Underlies Angiotensin II-Induced Hypertension and Chronic Renal Damage. Hypertension 2012, 59, 136—144. [CrossRef]
Durlacher-Betzer, K.; Hassan, A.; Levi, R.; Axelrod, J.; Silver, J.; Naveh-Many, T. Interleukin-6 contributes to the increase in
fibroblast growth factor 23 expression in acute and chronic kidney disease. Kidney Int. 2018, 94, 315-325. [CrossRef]

Razzaque, M.S. Does FGF23 toxicity influence the outcome of chronic kidney disease? Nephrol. Dial. Transplant. 2008, 24, 4-7.
[CrossRef]

Munoz Mendoza, J.; Isakova, T.; Ricardo, A.C.; Xie, H.; Navaneethan, S.D.; Anderson, A.H.; Bazzano, L.A.; Xie, D.; Kretzler, M.;
Nessel, L.; et al. Fibroblast Growth Factor 23 and Inflammation in CKD. Clin. J. Am. Soc. Nephrol. 2012, 7, 1155-1162. [CrossRef]
Vaziri, N.D.; Yuan, ].; Norris, K. Role of urea in intestinal barrier dysfunction and disruption of epithelial tight junction in chronic
kidney disease. Am. J. Nephrol. 2013, 37, 1-6. [CrossRef]

Cho, Y.; Johnson, D.W.; Vesey, D.A.; Hawley, C.M.; Pascoe, E.M.; Clarke, M.; Topley, N. Baseline Serum Interleukin-6 Predicts
Cardiovascular Events in Incident Peritoneal Dialysis Patients. Perit. Dial. Int. |. Int. Soc. Perit. Dial. 2015, 35, 35-42. [CrossRef]
[PubMed]

Goicoechea, M.; Quiroga, B.; Garcia de Vinuesa, S.; Verdalles, U,; Reque, J.; Panizo, N.; Arroyo, D.; Santos, A.; Macias, N.; Lufio, J.
Intraindividual Interleukin-6 Variations on the Cardiovascular Prognosis of Patients with Chronic Renal Disease. Ren. Fail. 2012,
34,1002-1009. [CrossRef] [PubMed]

Chou, C.-H.; Hung, C.-S,; Liao, C.-W.; Wei, L.-H.; Chen, C.-W,; Shun, C.-T.; Wen, W.-F,; Wan, C.-H.; Wu, X.-M.; Chang, Y.-Y,; et al.
IL-6 trans-signalling contributes to aldosterone-induced cardiac fibrosis. Cardiovasc. Res. 2018, 114, 690-702. [CrossRef] [PubMed]
Wenzel, U. Aldosterone and progression of renal disease. Curr. Opin. Intern. Med. 2008, 7, 164-170. [CrossRef] [PubMed]

Toto, R.D. Aldosterone blockade in chronic kidney disease: Can it improve outcome? Curr. Opin. Nephrol. Hypertens. 2010, 19,
444-449. [CrossRef] [PubMed]

Musgrove, J.; Wolf, M. Regulation and Effects of FGF23 in Chronic Kidney Disease. Annu. Rev. Physiol. 2020, 82, 365-390.
[CrossRef]

Faul, C.; Amaral, A.P,; Oskouei, B.; Hu, M.-C.; Sloan, A.; Isakova, T.; Gutiérrez, O.M.; Aguillon-Prada, R.; Lincoln, J.; Hare, ] M.;
et al. FGF23 induces left ventricular hypertrophy. J. Clin. Investig. 2011, 121, 4393-4408. [CrossRef]

Liu, W.; Zhou, Q.; Ao, X; Yu, H.; Peng, W.; He, N. Fibroblast growth factor-23 and interleukin-6 are risk factors for left ventricular
hypertrophy in peritoneal dialysis patients. J. Cardiovasc. Med. 2012, 13, 565-569. [CrossRef]

Tanaka, T.; Narazaki, M.; Kishimoto, T. IL-6 in Inflammation, Immunity, and Disease. Cold Spring Harb. Perspect. Biol. 2014, 6,
a016295. [CrossRef] [PubMed]

Garbers, C.; Aparicio-Siegmund, S.; Rose-John, S. The IL-6/gp130/STAT3 signaling axis: Recent advances towards specific
inhibition. Curr. Opin. Immunol. 2015, 34, 75-82. [CrossRef] [PubMed]

Vallianou, N.G.; Mitesh, S.; Gkogkou, A.; Geladari, E. Chronic Kidney Disease and Cardiovascular Disease: Is there Any
Relationship? Curr. Cardiol. Rev. 2018, 15, 55-63. [CrossRef]

Kahn, M.R.; Robbins, M.].; Kim, M.C.; Fuster, V. Management of cardiovascular disease in patients with kidney disease. Nat. Rev.
Cardiol. 2013, 10, 261-273. [CrossRef] [PubMed]


http://doi.org/10.1111/j.1523-1755.2005.00200.x
http://www.ncbi.nlm.nih.gov/pubmed/15780075
http://doi.org/10.1186/ar1917
http://www.ncbi.nlm.nih.gov/pubmed/16899107
http://doi.org/10.1016/j.cyto.2014.05.024
http://doi.org/10.1189/jlb.1105674
http://doi.org/10.7150/thno.32352
http://www.ncbi.nlm.nih.gov/pubmed/31281526
http://doi.org/10.1046/j.1523-1755.2003.00924.x
http://www.ncbi.nlm.nih.gov/pubmed/12675874
http://doi.org/10.1152/ajprenal.00594.2015
http://doi.org/10.1161/HYPERTENSIONAHA.111.173328
http://doi.org/10.1016/j.kint.2018.02.026
http://doi.org/10.1093/ndt/gfn620
http://doi.org/10.2215/CJN.13281211
http://doi.org/10.1159/000345969
http://doi.org/10.3747/pdi.2013.00272
http://www.ncbi.nlm.nih.gov/pubmed/24711638
http://doi.org/10.3109/0886022X.2012.696469
http://www.ncbi.nlm.nih.gov/pubmed/22746155
http://doi.org/10.1093/cvr/cvy013
http://www.ncbi.nlm.nih.gov/pubmed/29360942
http://doi.org/10.1097/MNH.0b013e3282f29028
http://www.ncbi.nlm.nih.gov/pubmed/18090669
http://doi.org/10.1097/MNH.0b013e32833ce6d5
http://www.ncbi.nlm.nih.gov/pubmed/20625290
http://doi.org/10.1146/annurev-physiol-021119-034650
http://doi.org/10.1172/JCI46122
http://doi.org/10.2459/JCM.0b013e3283536859
http://doi.org/10.1101/cshperspect.a016295
http://www.ncbi.nlm.nih.gov/pubmed/25190079
http://doi.org/10.1016/j.coi.2015.02.008
http://www.ncbi.nlm.nih.gov/pubmed/25749511
http://doi.org/10.2174/1573403X14666180711124825
http://doi.org/10.1038/nrcardio.2013.15
http://www.ncbi.nlm.nih.gov/pubmed/23419899

	Introduction 
	Chronic Kidney Disease 
	Chronic Kidney Disease and Cardiovascular Disease 
	Uremia 

	Protein-Bound Uremic Toxins 
	Indoxyl Sulfate 
	Mechanisms for the Progression of CKD 
	Mechanisms for the Progression of CVD 

	p-Cresyl Sulfate 
	Mechanisms for the Progression of CKD 
	Mechanisms for the Progression of CVD 

	Targets for Therapeutic Intervention—IS and pCS 
	Hippuric Acid 
	Mechanisms for the Progression of CKD 
	Mechanisms for the Progression of CVD 


	Free Water-Soluble Low-Molecular-Weight Uremic Toxins 
	Trimethylamine N-Oxide 
	Mechanisms for the Progression of CKD 
	Mechanisms for the Progression of CVD 
	Targets for Therapeutic Intervention-TMAO 

	Asymmetric Dimethylarginine 
	Mechanisms for the Progression of CKD 
	Mechanisms for the Progression of CVD 
	Targets for Therapeutic Intervention-ADMA 


	Middle Molecule Uremic Toxins 
	Tumor Necrosis Factor Alpha 
	Mechanisms for the Progression of CKD 
	Mechanisms for the Progression of CVD 
	Targets for Therapeutic Intervention—TNF- 

	Interleukin 6 
	Mechanisms for the Progression of CKD 
	Mechanisms for the Progression of CVD 
	Targets for Therapeutic Intervention—IL-6 


	Conclusions 
	References

