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Abstract: Elucidation of molecular and cellular mechanisms of the uremic syndrome is a very
challenging task. More than 130 substances are now considered to be “uremic toxins” and represent
a very diverse group of molecules. The toxicity of these molecules affects many cellular processes,
and expectably, some of them are able to disrupt mitochondrial functioning. However, mitochondria
can be the source of uremic toxins as well, as the mitochondrion can be the site of complete synthesis of
the toxin, whereas in some scenarios only some enzymes of the pathway of toxin synthesis are localized
here. In this review, we discuss the role of mitochondria as both the target and source of pathological
processes and toxic compounds during uremia. Our analysis revealed about 30 toxins closely related
to mitochondria. Moreover, since mitochondria are key regulators of cellular redox homeostasis,
their functioning might directly affect the production of uremic toxins, especially those that are
products of oxidation or peroxidation of cellular components, such as aldehydes, advanced glycation
end-products, advanced lipoxidation end-products, and reactive carbonyl species. Additionally, as a
number of metabolic products can be degraded in the mitochondria, mitochondrial dysfunction would
therefore be expected to cause accumulation of such toxins in the organism. Alternatively, many
uremic toxins (both made with the participation of mitochondria, and originated from other sources
including exogenous) are damaging to mitochondrial components, especially respiratory complexes.
As a result, a positive feedback loop emerges, leading to the amplification of the accumulation of
uremic solutes. Therefore, uremia leads to the appearance of mitochondria-damaging compounds,
and consecutive mitochondrial damage causes a further rise of uremic toxins, whose synthesis is
associated with mitochondria. All this makes mitochondrion an important player in the pathogenesis
of uremia and draws attention to the possibility of reducing the pathological consequences of uremia
by protecting mitochondria and reducing their role in the production of uremic toxins.
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1. Introduction

Chronic kidney disease (CKD) is a potentially life-threatening complication of kidney pathologies
that affects more than 10% of the human population (more than 850 million people) worldwide. CKD
is characterized by loss of kidney function beyond three months, which includes impaired excretion
of various waste products of metabolism and endogenous and exogenous toxins. Obviously, such
a disorder leads to accumulation of a myriad of compounds in the circulation, and many of them
are toxic or at the very least disrupt normal organism functioning in different ways. The cumulative
effect of such disturbances in kidney excretion and subsequent toxicity is called “uremic syndrome”
and can be classified with up to 75 individual clinical symptoms, which can affect every organ [1,2].
The principal clinical manifestations of uremia were summarized by Almera and Argiles [2] and
include disorders of the memory and cognitive functions, asthenia, headache, confusion, anorexia,
gastroparesis, hematologic anemia, hemostasis disorders, hypertension, atherosclerosis, coronary
artery disease, skin itching, skin dryness, calciphylaxis, growth impairment, impotence, infertility,
sterility, osteomalacia, b2-microglobulin amyloidosis, increased sensitivity to infections, metabolic
acidosis, hyperphosphatemia, hyperkaliemia, and many others. The serious consequences of uremia
include cardiovascular diseases as they are the leading causes of death among CKD patients [3].

While uremia has clearly recognized clinical symptoms, elucidation of the molecular and cellular
mechanisms of disease progression is a very challenging task. This is because more than one hundred
molecules are now considered to be “uremic toxins” [4], thus making it extremely difficult to analyze
their diverse effects on different tissues and cell types and the possibility of interplay of such effects.
To this end, the European Uremic Toxins (EUTox) workgroup is an international consortium of academic
and medical researchers, which have dedicated their work to studying uremic toxins and everything
related to uremia. The outcomes have been impressive as they have described at least 136 molecules
that are considered to be uremic toxins. On closer observation, it is emerging that uremic toxins seem
to be a very diverse group of molecules that can be described using different classifications, none
of which are ideal. The conventional classification includes three distinct groups of uremic toxins
based on their physico–chemical properties: the small water-soluble compounds, the protein-bound
solutes, and the middle (0.5–60 kD) size molecules [4]. However, the chemistry of uremic toxins is very
different, and it includes peptides, ions, products of lipid and carbohydrate oxidation and products of
nucleotides modification, etc.

CKD, uremia, and the pleiotropic effects of uremic toxins are so vast and diverse in affecting
most of the organs and signaling pathways that even up to the present day there is no widely
accepted “synthetic understanding” of the patho-physiology of CKD. This is due to the comprehensive
mechanisms of this pathology being rather “mosaic” and in a fragmented state. Some researchers
compared this field with the poem titled “The blind men and the elephant” by John Godfrey Saxe,
where blind people try to describe an elephant in possession of limited information [5]. In addressing
this issue, Himmelfarb and colleagues proposed the idea that oxidative stress could offer a framework
in which these pathologies could be described and analyzed systemically [5]. They (as well as other
researchers) developed this approach further [6,7]. However, we believe that the emphasis should not
be made on oxidative stress per se, but rather on mitochondrial functions, which are tightly associated
with oxidative stress. Thus, in this review, we discuss the novel role of the mitochondrion in the context
of both the target and source of pathological pathways and compounds prevalent in uremia, which
may present a novel paradigm and offer new avenues of investigation.

2. Mitochondria in Acute and Chronic Kidney Pathologies

It is well established and described that mitochondria play a key role in the development of acute
kidney injury (AKI) arising from different pathogenesis, such as ischemic, infectious, or toxic (Figure 1).
This role is not uni-directional as mitochondria are one of the main targets of the initial damaging
stimulus, such as ischemia or toxic drugs, and one of the main sources of secondary damage as well.
Here, when mitochondrial structure and functions are disturbed, they become the main source of
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pathological reactive oxygen and nitrogen species (ROS and RNS, respectively) [8], thus amplifying
oxidative stress [9] and mediating damaging effects through inflammation, cell death, etc. In most
cases, the emergence of CKD is dependent on mitochondria and oxidative stress-related mechanisms
as well [10–12]. CKD is associated with some initial pathologic event, which provokes impairment
of renal functions. Many such CKD-provoking pathologies are related to mitochondria dysfunction
and oxidative stress [13], as in AKI [14,15], diabetes [16], hypertension [17], glomerulonephritis and
infections [18], skeletal muscle loss, and decreased exercise endurance [19]. In main AKI-provoking
pathologies such as ischemic kidney injury or sepsis, the key initial events include mitochondria
membrane damage, transmembrane potential drop, opening of mitochondrial permeability transition
pore, and release of various pro-apoptotic factors from mitochondria, ultimately leading to renal
cell death. Reasonably, mitochondria targeted approaches, such as use of mitochondria-targeted
antioxidants, afford protection from AKI and ultimately decrease probability of CKD development [18].
In its turn, CKD can ignite oxidative stress and mitochondrial damage [20–22]. The indirect effect of
mitochondria on the morbidity in CKD is also expressed in the fact that cardiovascular diseases as the
main cause of death during CKD and uremia are also tightly associated with mitochondrial damage and
oxidative stress [23,24]. Pathologies of the central nervous system, such as neuropathy, neurotoxicity,
blood–brain barrier injury, and neuroinflammation, are also associated with oxidative stress [25–27]
stemming from mitochondrial dysfunction. Thus, oxidative stress and impaired mitochondrial
functioning play a major role in all stages of disease development during AKI, CKD, and uremia to
their comorbidities. However, the relationship between oxidative stress, mitochondria, and uremic
toxins is yet to be extensively defined.
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Figure 1. Interaction of mitochondria with uremic toxins in acute and chronic renal pathologies.
Mitochondria are involved in the development of acute kidney injury (AKI), and later when uremia
develops, mitochondria can act as a source and target for uremic toxins. From all uremic toxins, up to
30% could be produced by mitochondria and about 20% have damaging effects on the organelles.

3. Mitochondria as a Source of Damaging and Toxic Molecules

As more than 130 uremic toxins have been described [28], it is therefore not surprising that some
of these can affect normal mitochondrial function. However, mitochondria can be the source of uremic
toxin production too, thus linking function and production of uremic toxins closely with mitochondrial
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metabolism, probably via key biochemical pathways. Lastly, some of them are oxidation products of
some cellular compounds that are linked to mitochondrial ROS during disease development. Thus,
using biochemical pathway maps, we have identified some mitochondrial metabolic pathways strongly
associated with uremic toxin synthesis (Table 1). The analysis revealed that among all uremic toxins,
more than 20% are either completely synthesized in mitochondria under normal conditions, or at least
are closely associated with mitochondrial metabolic pathways (Figure 1). All mitochondria-related
uremic toxins can be divided into 2 large groups. The first group includes molecules that are related to
normal mitochondrial metabolism, such as those synthesized in mitochondria or are closely associated
with mitochondrial metabolic pathways. The second group includes excessive products derived from
the pathological oxidation of cellular components by mitochondrial ROS, which are not produced in
large quantities under normal conditions.

3.1. Enzymatically Produced Compounds

One of the most well-known uremic toxins is creatinine (or closely related creatine), which is a
product of the creatine kinase/phosphocreatine system. Creatinine and creatine metabolism are tightly
associated with mitochondria (comprehensively reviewed in [29]) and provide reversible conversion
of creatine into phosphocreatine within mitochondria and the cytosol. This cycle serves as a buffer for
ATP levels, which is especially important in tissues with high-energy demands and is one of the main
components of energy homeostasis. Mitochondrial creatine kinase is the key enzyme for this process
and directly determines the levels of creatine and creatinine in uremic serum.

Eight organic acids, which can represent another group of uremic toxins, the metabolism of which
are dependent on mitochondria, include argininic acid, hippuric acid, indole-3-acetic acid, orotic acid,
α-keto-δ-guanidinovaleric acid, γ-guanidinobutyric acid, uric acid, and kynurenic acid. Orotic acid is
a component of pyrimidine metabolism and can be synthesized by dihydroorotate dehydrogenase,
which is an authentic mitochondrial enzyme [30]. Argininic acid, α-keto-δ-guanidinovaleric acid, and
γ-guanidinobutyric acid are members of arginine metabolism (as well as other uremic toxins) and thus
are highly dependent on fully-functioning mitochondria and are key players in arginine metabolism.
Enzymes such as amidinotransferase, d-amino-acid oxidase, and N-acetyl-l-glutamate synthase, which
are described as being involved in the synthesis or metabolism of these acids, are also localized in
mitochondria [31–33]. Hippuric acid is a product of phenols and phenylalanine metabolism and can
be produced by mitochondrial glycine N-benzoyltransferase [34]. Indole-3-acetic acid is involved in
tryptophan metabolism and can be produced by mitochondrial aldehyde dehydrogenase [35]. Lastly,
kynurenic acid is an intermediate of the kynurenine system, which metabolizes L-tryptophan to
NAD+. Additionally, NAD+ is the key coenzyme of basic redox reactions essential for mitochondrial
functioning, thus the kynurenine-3-monooxygenase, located in the outer mitochondrial membrane,
makes mitochondria an important source of kynurenic acid and component of general metabolism [36].

Uric acid, xanthine, and hypoxanthine, which are linked to uremic toxins, are closely connected
with mitochondrial metabolism and are moreover associated with cardiac injuries and numerous
oxidative stress-dependent pathologies [37,38]. They are also involved in purine metabolism within
mitochondria, as xanthine oxidase catalyzes the conversion of hypoxanthine to xanthine and then
conversion of xanthine to uric acid [37].

Another closely related metabolite included in the list of uremic toxins is urea. In all mammals,
it is the main end-product of protein metabolism and ammonia detoxification and its synthesis is
associated with the mitochondria through the so-called urea cycle. Although two enzymes of this cycle
are located in mitochondria (carbamoyl phosphate synthetase I and ornithine transcarbamoylase),
urea itself is produced in the cytosol by arginase I. The main site of urea synthesis is located in the liver,
but there is evidence of significant urea synthesis by mitochondrial arginase II in the renal tubular
cells [39].

Uremic toxins also include several nucleotide derivatives, and at least a few of them can
be potentially modified inside the mitochondria. Here, N2,N2-dimethylguanosine is modified by
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N2,N2-dimethylguanosine-specific tRNA methyltransferase in the cytoplasm and mitochondria [40],
pseudouridine is modified by pseudouridine synthase in mitochondria as well as in the cytoplasm [41],
and 1-methylguanosine is modified by tRNA-(m(1)G37)-methyltransferase in the cytoplasm and
mitochondria [42]. Moreover, 8-hydroxy-2′-deoxyguanosine is the product of DNA oxidation, primarily
in the mitochondria [39].

Lastly, some enzymatically modified amino acids belong to the group of uremic toxins. Here,
S-adenosylhomocysteine is catalyzed by S-adenosylhomocysteine hydrolase [43], and asymmetric
dimethylarginine (ADMA) is generated in mitochondria where proteins with dimethylated arginine
residues are degraded [34]. Symmetric dimethylarginine (SDMA) can be further metabolized in
mitochondria [44]. However, the majority of amino acids during uremia are modified non-enzymatically,
as in the case of sugars, lipids, and nucleotides, which are described in the next section.

Table 1. Bioinformatically identified uremic toxins, which are metabolically connected to mitochondria.
Pathways were identified through the analysis of the KEGG database [45]. Enzymes are highlighted
in italic, enzymes that have a mitochondrial localization are highlighted in bold, and arrows indicate
direction of reaction.

Toxins Metabolic Pathway

Creatine Phosphocreatine← Creatine kinase, mitochondrial (CKMT1B/CKMT1A/CKMT2)
→ Creatine

Orotic acid Dihydroorotate← Dihydroorotate dehydrogenase (DHODH)
→ Orotic acid

Hippuric acid Benzoyl-CoA← Glycine-N-acyltransferase
→ Hippuric acid

Methylglyoxal Aminoacetone← Monoamine oxidase A/B (MAOA/MAOB)
→Methylglyoxal

α-Keto-δ-guanidinovaleric acid Arginine← D-amino acid oxidase (DAO)
→ α-keto-δ-Guanidinovaleric acid

Urea Arginine← Arginase 1 (ARG1)
→ Urea

γ-Guanidinobutyric acid 4-Aminobutanoate← Glycine amidinotransferase, mitochondrial (GATM)
→

γ-Guanidinobutyric acid

Indole-3-acetic acid Indole-3-acetaldehyde← Aldehyde dehydrogenase (ALDH3A2)
→ Indole-3-acetic acid

Inosine Adenosine← Adenosine deaminase (ADA)
→ Inosine

Hypoxanthine Inosine← Purine-nucleoside phosphorylase (PNP)
→ Hypoxanthine

Xanthine Hypoxanthine← Xanthine oxidoreductase (XOR)
→ Xanthine

Urea Xanthine← Xanthine oxidoreductase (XOR)
→ Urea

Xanthosine Xanthine← Purine-nucleoside phosphorylase (PNP)
→ Xanthosine

1-Methylinosine 1-Methyladenosine← Adenosine deaminase (ADA)
→ 1-Methylinosine

Cytidine Cytidine-5′-monophosphate← 5′,3′-Nucleotidase (NT5M)
→ Cytidine

Uridine Uridine-5′-monophosphate← 5′,3′-Nucleotidase (NT5M)
→ Uridine

Putrescine Arginine← Arginase 1 (ARG1)
→ Ornithine← Ornithine decarboxylase (ODC1)

→ Putrescine

Phenylacetic acid Phenylacetaldehyde← Aldehyde Dehydrogenase (ALDH3A2)
→ Phenylacetic acid

Melatonin
Serotonin← Arylalkylamine N-acetyltransferase (AANAT)

→ N-Acetylserotonin←
Acetylserotonin O-methyltransferase(ASMT)

→Melatonin

Phenylacetylglutamine L-glutamine← Glutamine N-phenylacetyltransferase
→ Phenylacetylglutamine

Among the toxins, the synthesis of which are related to the mitochondria (Table 1),
phenylacetylglutamine is worth mentioning, due to it being a toxin with blood concentrations
in excess of more than 100 times the normal during CKD, the levels of which are used as a mortality
index [32].
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3.2. Oxidation Products: Advanced Glycation and Lipoxidation End Products (AGE and ALE) and Aldehydes

As described above, many molecules that are considered as uremic toxins can be synthesized by
mitochondria via enzymatically catalyzed reactions. However, even larger numbers of compounds can
be generated non-enzymatically (or consequently by the enzymatic detoxication of such molecules),
most of which originate from the unintended oxidation of cellular components by ROS. Since
mitochondria are believed to be the main source of ROS in the cell; the production of such uremic
toxins can be closely linked to mitochondrial metabolism.

In the context of uremia, a few types of oxidatively modified molecules are of most
importance, namely, “reactive carbonyl compounds” (RCO), advanced glycation end-products (AGE),
and aldehydes. These compounds are formed through a variety of mechanisms and pathways and
include numerous precursors. They can have both endogenous and exogenous origins and are very
hard to strictly classify due to interconversion reactions. In simplified terms, interaction with ROS and
RCO leads to the formation of AGE proteins (with covalently modified sugar degradation products)
and advanced lipoxidation end-products (ALE), which are covalent adducts of RCO and produced
during lipid peroxidation [46]. Notably, RCO production and “carbonyl stress” are highly dependent
on ROS production, “oxidative stress”, and thus on mitochondrial function [47,48].

AGE, ALE, and RCO can modify proteins non-enzymatically and impair their normal functions,
which can obviously have the potential to modulate every single process in the cell. It was shown
that levels of such compounds rise during uremia, including but not limited to those that are
considered uremia toxins themselves [49–52]. Among uremic toxins, glyoxal and methylglyoxal,
pentosidine, carboxymethyllysine, 2-nonenal, 4-HO-nonenal (4-HNE), malondialdehyde (MDA),
2-nonenal, 4-HO-hexenal, 3-deoxyglucosone, 2-hexenal, hexanal, nonanal, 2-octenal, and heptanal can
be included in this highly heterogeneous group. However, due to complex classification criteria and
due to a high degree of interconversion potential, many other uremic toxins can also be included in this
list, especially several aldehydes described as uremic solutes, which are products of redox reactions
similar to those occurring during ALE/AGE formation.

Methylglyoxal and glyoxal are believed to be the two key molecules in this group, which belong
to both ALE and AGE. Methylglyoxal can be produced during lipid peroxidation, glycolysis, and
threonine catabolism. In the latter case, it is produced by monoamine oxidase from 3-aminoacetone
and there is evidence of sub-mitochondrial localization of this enzyme [53]. Using mass spectrometry,
both glyoxal and methylglyoxal were seen to localize in mitochondria, which additionally proves that
AGE and ALE production is indeed linked to mitochondrial function [54].

One of the best-known ALE is 4-HNE, a product of lipid oxidation, which is considered to be
one of the most critical and dangerous compounds generated during oxidative stress, and which
disrupts signal transduction and protein activity and triggers cellular apoptosis. Ultimately 4-HNE is
metabolized by mitochondria [55].

Additionally, mitochondria are involved in detoxication and metabolism of a number of uremic
toxins, amongst which there are many aldehydes, such as nonanal, 2-heptenal, 2-hexenal, 2-octenal,
4-decenal, 4-HO-decenal, 4-HO-octenal, decanal, heptanal, methylglyoxal, hexanal, 4-HO-hexenal,
and 2-nonenal. Potentially, all of these can be metabolized by mitochondrial aldehyde reductase [35].
Additionally, putrescine, kinurenine, and dimethylglycine can be metabolized by diamine oxidase [56],
kynurenine 3-monooxygenase [57], and dimethylglycine dehydrogenase [58,59], respectively, all of
which are mitochondrially located. Moreover, symmetric dimethylarginine has also been reported to
be metabolized in mitochondria [44].

4. Mitochondria as a Target for Uremic Toxins

In addition to energy production, the mitochondrion serves as an important hub that regulates
many processes in the cell. While the key cause of kidney mitochondria damage in the development
of AKI and CKD has been discussed above, the uremic consequences of AKI and CKD also have
fundamental importance in the functioning of mitochondria. In this case, it is possible to speculate
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not only about mitochondria damage in the kidney but how uremia may also affect other tissues.
Consequently, some toxins that affect mitochondria functions are produced by mitochondria, which
can create a dangerous self-amplifying loop of toxin production.

For example, 4-HNE, which was already mentioned as a product of lipid oxidation, can disrupt
mitochondrial metabolism in many ways [60]. 4-HNE is seen to impair ATP production and even
trigger apoptosis [61], which might be attributed to its ability to uncouple mitochondria [62]. One of
the main effects of 4-HNE is the non-specific modification of different molecules. It has the potential to
disrupt almost every single process in the cell. Obviously, redox-homeostasis-related molecules like
thioredoxin [63], Nrf2, peroxisome-proliferator-activated receptors (PPAR), mitochondrial aldehyde
dehydrogenase 2 (ALDH2), nuclear factor-κB (NF-κB), and apoptosis-promoting proteins, including
activating protein-1 (AP-1) and mitogen-activated protein kinases (MAPK), are also among its
targets [63–68]. All these numerous effects lead to a wide spectrum of pathological phenotypes caused
by 4-HNE, most of which are mitochondria-centered, such as cancer [69], Alzheimer’s disease [70],
Parkinson’s disease [71], heart diseases [72,73], diabetes [74], and lung injuries [75]. Several studies
have shown that 4-HNE and MDA level rises correlate with other uremic toxin levels. It is debatable
whether 4-HNE and MDA levels increase as a result of uremia or as a result of oxidative stress [76].

The most extensively studied mitochondria-affecting uremic toxins can interact with a
hydrophobic moiety of proteins, thus providing the modification of a variety of mitochondrial
proteins. Deleterious effects that can be induced in mitochondria by such uremic toxins as indoxyl
sulfate, indole acetic acid, p-cresol (pC), p-cresyl sulfate (pCS), hippuric acid, kynurenic acid, and
3-carboxy-4-methyl-5-propyl-2-furanpropanoic acid (CMPF) are well-described.

Indoxyl sulfate (IS) is an albumin-bound uremic toxin that has gained attention because of
its inability to be removed by dialysis due to its binding to serum proteins with high affinity [77]
and thus its accumulating in the serum of CKD patients [78]. Indoxyl sulfate is an end product
of dietary tryptophan metabolism produced in the colon by bacterial tryptophanase with further
oxidation and sulfonation in the liver [79]. Normally, indoxyl sulfate is a substrate for organic anion
transporters localized in the basolateral membrane of proximal tubular cells and can be excreted
into the urine via active tubular transport [80]. Indoxyl sulfate has a wide toxic effect not only on
kidney tubular cells but also on cells from other organs, including muscle, [19] heart [81], brain [82],
lung [83,84], and vascular endothelium [85,86]. We believe that one of the main targets of indoxyl
sulfate toxicity is the mitochondria, which explains the non-specific toxic nature of the damage it
induces in various organs. The involvement of mitochondria in the development of indoxyl sulfate
intoxication has been shown in a number of studies. Treatment with indoxyl sulfate reduced the
expression of PGC-1α, decreased mitochondrial membrane potential, and induced autophagy in
C2C12 cells [87], whereas co-incubation with various antioxidants such as ascorbic acid, L-carnitine, or
teneligliptin restored these parameters to their original state. Similar results were obtained in a rat
subtotal-nephrectomy model, where the damage of skeletal muscle was associated with an increase
in plasma concentration of indoxyl sulfate. It has been shown that CKD induced downregulation
of genes involved in mitochondrial biogenesis and significantly increased superoxide production
in the skeletal muscle [88]. Similarly, many studies demonstrated that the uremic solute indoxyl
sulfate enhanced ROS production in several cell types [89–91]. Study of uremic cardiomyopathy
model using H9c2 cells confirmed the mitochondrial origin of ROS induced by indoxyl sulfate [81].
However, treatment of HUVEC cells with indoxyl sulfate resulted in NADPH oxidase-dependent ROS
generation, since the inhibitor of NADPH oxidase, diphenyleneiodonium (DPI), decreased indoxyl
sulfate-induced ROS production [92]. These inconsistencies were partly explained by simultaneous
production of excessive ROS by both NADPH oxidase and mitochondria in endothelium in parallel with
RhoA/ROCK activation organizing a positive reciprocal relationship to induce endothelial dysfunction
through impaired endothelium-dependent NO signaling. The inhibitor of NADPH oxidase–apocynin,
mitochondria-targeted antioxidant Mito-Tempo, and antioxidant TEMPOL restored the levels of
markers of oxidative stress to a norm with Mito-TEMPO being more effective than TEMPOL, indicating
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a key role of mitochondria-derived ROS upon indoxyl sulfate stimulation [85]. We also need to take
into account that DPI, being an inhibitor of NADPH oxidase potently inhibits mitochondrial ROS
production [93].

It is well-known that ROS could be the main cause of mitochondrial fission [94,95]. Therefore,
evidence linking indoxyl sulfate with mitochondrial fission (reviewed in [96]) is of particular importance.
This study revealed modulation of the expression of mitochondrial fission/fusion proteins and reduced
mitochondrial mass by activating autophagic machinery after indoxyl sulfate treatment, which
impaired aerobic and anaerobic metabolism in vivo and in vitro. Similar effects were demonstrated for
another uremic toxin, p-cresol sulfate, where antioxidant treatment protected cells from mitochondrial
dysfunction and impaired biogenesis [96]. Mitochondrial ROS production was demonstrated for A549
cells (adenocarcinoma human alveolar basal epithelial cells) treated with p-cresyl sulfate, as measured
by the MitoSOXTM probe, while mitochondria-targeted antioxidant Mito-TEMPO diminished ROS
levels [84]. Moreover, o−, m−, and p-cresols induced a dose-dependent decline in the State 3 respiration
rate in isolated rat liver mitochondria, and affected NAD- and succinate-dependent respiration [97]
while having little effect on the P/O ratio. Moreover, o-, m-, and p-cresols inhibited uncoupled
mitochondrial respiration and accelerated the swelling of liver mitochondria, suggesting that liver
mitochondria may be one of the targets for the hepatotoxic actions of cresols.

One of the main targets for uremic toxins in mitochondria is the electron transport chain.
The respiratory chain consists of several multi-protein complexes with active centers having different
redox potentials, which can be a target for many chemical agents. In turn, the inhibition of the
respiratory chain by various compounds can lead to excessive production of pathological ROS [98,99].
A number of diseases have been identified as being caused by mitochondrial dysfunction, and many
pharmaceuticals have been subsequently identified as previously unrecognized mitochondrial toxicants.
A much smaller but growing amount of literature indicates that environmental pollutants can also
target mitochondria [100].

Exposure of conditionally immortalized human renal proximal tubule epithelial
cells to uremic toxins (p-cresol, p-cresyl sulfate, and p-cresyl glucuronide) inhibited
mitochondrial succinate dehydrogenase activity by more than 20% as measured by
3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) reduction. However, uremic
toxins putrescine and oxalate did not significantly decrease MTT reduction indicating no noticeable
effects on complex II. Moreover, indole-3-acetic acid decreased the maximal respiration rate by 18%
in State 3 (using p-trifluoromethoxyphenylhydrazone (FCCP)) [28]. Later, Ellis and colleagues also
showed that indoxyl sulfate decreased mitochondrial function (MTT reduction) in primary proximal
tubule cells and HK-2 cells [101].

Hippurate is a protein-binding toxin that is mainly present in plant food and normally exists in the
human serum at concentrations below 5 mg/L. In patients with CKD, hippurate serum concentrations
dramatically increase and can become as high as 471 mg/L [102]. Hippurate, as a uremic toxin, has been
reported to be involved in uremia-associated cardiovascular diseases [103]. Treatment of human
aortic endothelial cells with hippurate reduced the expression of endothelial nitric oxide synthase
and increased the expression of intercellular cell adhesion molecule-1 and von Willebrand factor.
The mechanisms of hippurate-induced endothelial dysfunction in vitro depended on the activation of
dynamin-related protein 1 (Drp1)-mediated mitochondrial fission and overproduction of mitochondrial
ROS. Hippurate affects some mitochondrial enzymes as well, such as inhibition of ammonia production
by P-dependent mitochondrial glutaminase, which is primarily stimulated by metabolic acidosis.
Simultaneously, hippurate stimulates P-independent glutaminase localized at the proximal luminal
membrane, thus shifting the ammonia production from mitochondria to the proximal tubular lumen.
Metabolic acidosis, in turn, stimulates hippurate synthesis in the liver and kidney, increases its plasma
concentration, and creates a positive regulatory loop of ammoniagenesis [104].

Another uremic toxin, kynurenic acid, provides a link between CKD and heart pathologies
through mitochondrial functioning, since this substance affected the respiratory parameters of heart
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mitochondria in a dose-dependent manner. In the presence of 125 µM kynurenic acid, a significant
decrease of respiratory control and ADP/O ratio of rat heart mitochondria were observed using
glutamate/malate as substrates rather than succinate [105]. Kynurenic acid lowers the efficacy
of mitochondria ATP synthesis, significantly increasing State IV respiration, and the effects were
dose-dependent, especially at higher kynurenic acid concentrations (625 µM to 10 mM), where the
measured parameters changed dramatically. Metabolites of kynurenic acid such as anthranilic acid,
3-hydroxykynurenine, and 3-hydroxyanthranilic acid also demonstrated a negative effect on the
respiratory parameters of heart mitochondria [106].

Above, we have considered the effect of uremic toxins on mitochondria; however, CKD is
associated with not only impaired excretion of endogenous uremic toxins but also with accumulation
of some widespread exogenous pollutants and toxins originating from protein catabolism by intestinal
bacteria, for example, bisphenol A. Bisphenol A is a ubiquitous environmental toxin structurally related
to p-cresol, and although bisphenol does not belong to uremic toxins, it significantly accumulates in
the blood of CKD patients. Bisphenol A, in a dose-dependent manner, increased depolarization of
mitochondria from human renal proximal tubular epithelial cells (HK-2 cell line) at a concentration
of 200 µM. In addition, bisphenol A increased the intracellular release of Ca2+ and mitochondrial
ROS-production assessed by Fura-2 and MitoSox probes, correspondingly [107]. Chronic exposure of
rats to bisphenol A for 2 weeks caused mitochondrial dysfunction in liver cells expressed in decreased
activities of mitochondrial electron-transport chain complexes I, II, III, IV, and V with a significant
increase in mitochondrial superoxide generation [108].

5. Uremia, Oxidative Stress, and Antioxidant Treatment

Since it has been extensively proven that oxidative stress and mitochondria are a major factor
in CKD and uremia, it is possible to recommend mitochondria-targeted approaches for treatment,
the most obvious being the administration of antioxidants. Indeed, there is some evidence that the
pool of antioxidants is diminished during CKD, such as glutathione and glutathione peroxidase
levels in plasma, which were seen to be decreased in [109]. The activities of antioxidative enzymes,
superoxide dismutase (SOD), and glutathione peroxidase were reported to be decreased in patients
undergoing hemodialysis [110], as well as the levels of such antioxidants as retinol [111], vitamin C [112],
lycopene, delta-tocopherol, gamma-tocopherol, and hydrogen sulfide, were reduced in hemodialysis
patients [111–114]. Indoxyl sulfate, uremic solute, was also shown to enhance ROS production, increase
NAD(P)H oxidase activity, and decrease glutathione levels in endothelial cells [92].

It is important to note that a decrease in antioxidants can be linked not only to oxidative stress
but to hemodialysis procedures and a specific diet during CKD as well. Irrespectively, depletion
of antioxidants during oxidative-stress dependent pathology represents a potentially dangerous
situation. Moreover, iron therapy, which is prescribed to hemodialysis patients, can potentially
worsen the pro-oxidative status even further [115]. Therefore, there have been various attempts to
use antioxidants to treat CKD using vitamins C [116] and E [117], L-carnitine [118,119], omega-3 fatty
acids [120], and Q10 [121], which all had some effect on plasma concentration of oxidative stress
markers. N-acetylcysteine decreased uremia-induced atherosclerosis in an animal CKD model [122].
It also had a positive effect on the hematocrit as well as on the levels of different oxidative stress
markers [123,124]. In an randomized controlled trial including 134 patients, it was also proven that
N-acetylcysteine reduce cardiovascular events in patients with CKD undergoing hemodialysis [125].

A meta-analysis [126] revealed that antioxidant therapy significantly reduced the development
of end-stage kidney disease, lowered serum creatinine levels, and improved creatinine clearance,
but showed no clear overall effect on cardiovascular mortality, all-cause mortality, cardiovascular
disease, coronary heart disease, cerebrovascular disease or peripheral vascular disease. Antioxidant
therapy was found to significantly reduce the development of end-stage kidney disease, lowered serum
creatinine levels, and improved creatinine clearance. Authors of the study emphasized that beneficial
effects of antioxidant were based on a small number of events and required more data to reliably
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assess the effect of antioxidant therapy. We hypothesize that these antioxidant-based approaches
fail to provide strong positive results because of imprecise targeting. If mitochondria are one of the
key components in uremia toxin production, we should focus on mitochondria-targeted therapeutic
approaches, such as mitochondrial targeting by antioxidants MitoQ [127] and SkQ [128], mitochondrial
permeability transition pore inhibitors (Li ions [129], cyclosporine [130]), and mitochondria fission
inhibitors (MDVI [131]).

6. Conclusions

To some extent, a number of pathways for uremic toxins synthesis are associated with mitochondria.
In one case, the mitochondrion is the site of direct synthesis of the toxin; in another, some enzymes of
the metabolic pathways of toxin synthesis are localized in mitochondrion. Since the mitochondrion
is a key regulator of cellular redox homeostasis and may be associated with the development of
oxidative stress, its functioning directly affects the production of uremic toxins associated with
oxidation of cellular components, such as aldehydes, advanced glycation end-products, advanced
lipoxidation end-products, and reactive carbonyl species. In addition, a number of metabolic products
can be degraded by the mitochondria, and mitochondrial dysfunction is expected to accumulate
these products in the organism as uremic toxins. It is important to note that many uremic toxins
(produced in mitochondria, appearing from other sources or having exogenous origin) are damaging
to mitochondrial proteins, especially the respiratory chain complexes (summarized in Figure 2). As a
result, it is possible for a positive feedback loop to arise, leading to the amplification of accumulated
uremic solutes. Therefore, CKD can lead to the appearance of mitochondria-damaging compounds
and subsequent mitochondrial damage can cause further accumulation of uremic toxins, whose
syntheses are associated with mitochondria. This makes the mitochondrion an important player
in the pathogenesis of uremia and draws attention to the possibility of reducing the pathological
consequences of CKD by protecting mitochondria through reducing their production of uremic toxins.
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10. Krata, N.; Zagożdżon, R.; Foroncewicz, B.; Mucha, K. Oxidative Stress in Kidney Diseases: The Cause or the
Consequence? Arch. Immunol. Et. Exp. 2018, 66, 211–220. [CrossRef]

11. Modaresi, A.; Nafar, M.; Sahraei, Z. Oxidative stress in chronic kidney disease. Iran. J. Kidney Dis. 2015, 9,
165–179. [PubMed]

12. He, L.; Wei, Q.; Liu, J.; Yi, M.; Liu, Y.; Liu, H.; Sun, L.; Peng, Y.; Liu, F.; Venkatachalam, M.A.; et al. AKI on
CKD: Heightened injury, suppressed repair, and the underlying mechanisms. Kidney Int. 2017, 92, 1071–1083.
[CrossRef] [PubMed]

13. Galvan, D.L.; Green, N.H.; Danesh, F.R. The Hallmarks of Mitochondrial Dysfunction in Chronic Kidney
Disease. Kidney Int. 2017, 92, 1051–1057. [CrossRef] [PubMed]

14. Sureshbabu, A.; Ryter, S.W.; Choi, M.E. Oxidative stress and autophagy: Crucial modulators of kidney injury.
Redox Biol. 2015, 4, 208–214. [CrossRef] [PubMed]

15. Pavlakou, P.; Liakopoulos, V.; Eleftheriadis, T.; Mitsis, M.; Dounousi, E. Oxidative Stress and Acute
Kidney Injury in Critical Illness: Pathophysiologic Mechanisms—Biomarkers—Interventions, and Future
Perspectives. Oxidative Med. Cell. Longev. 2017, 2017, 1–11. [CrossRef] [PubMed]

16. Gerber, P.A.; Rutter, G.A. The Role of Oxidative Stress and Hypoxia in Pancreatic Beta-Cell Dysfunction in
Diabetes Mellitus. Antioxid. Redox Signal. 2017, 26, 501–518. [CrossRef] [PubMed]

17. Sinha, N.; Dabla, P.K. Oxidative stress and antioxidants in hypertension-a current review. Curr. Hypertens. Rev.
2015, 11, 132–142. [CrossRef]

http://dx.doi.org/10.1056/NEJMra071313
http://www.ncbi.nlm.nih.gov/pubmed/17898101
http://dx.doi.org/10.1111/j.1525-139X.2009.00575.x
http://www.ncbi.nlm.nih.gov/pubmed/19708976
http://dx.doi.org/10.1053/ajkd.1998.v32.pm9820470
http://www.ncbi.nlm.nih.gov/pubmed/11443763
http://dx.doi.org/10.1681/ASN.2011121175
http://www.ncbi.nlm.nih.gov/pubmed/22626821
http://dx.doi.org/10.1046/j.1523-1755.2002.00600.x
http://www.ncbi.nlm.nih.gov/pubmed/12371953
http://dx.doi.org/10.1111/j.1525-139X.2009.00659.x
http://dx.doi.org/10.1097/00041552-200311000-00004
http://www.ncbi.nlm.nih.gov/pubmed/14564195
http://dx.doi.org/10.1007/s10541-005-0103-6
http://dx.doi.org/10.1152/physrev.00026.2013
http://dx.doi.org/10.1007/s00005-017-0496-0
http://www.ncbi.nlm.nih.gov/pubmed/25957419
http://dx.doi.org/10.1016/j.kint.2017.06.030
http://www.ncbi.nlm.nih.gov/pubmed/28890325
http://dx.doi.org/10.1016/j.kint.2017.05.034
http://www.ncbi.nlm.nih.gov/pubmed/28893420
http://dx.doi.org/10.1016/j.redox.2015.01.001
http://www.ncbi.nlm.nih.gov/pubmed/25613291
http://dx.doi.org/10.1155/2017/6193694
http://www.ncbi.nlm.nih.gov/pubmed/29104728
http://dx.doi.org/10.1089/ars.2016.6755
http://www.ncbi.nlm.nih.gov/pubmed/27225690
http://dx.doi.org/10.2174/1573402111666150529130922


Int. J. Mol. Sci. 2019, 20, 3094 12 of 17

18. Plotnikov, E.Y.; Morosanova, M.A.; Pevzner, I.B.; Zorova, L.D.; Manskikh, V.N.; Pulkova, N.V.; Galkina, S.I.;
Skulachev, V.P.; Zorov, D.B. Protective effect of mitochondria-targeted antioxidants in an acute bacterial
infection. Proc. Natl. Acad. Sci. USA 2013, 110, E3100–E3108. [CrossRef]

19. Wang, X.H.; Mitch, W.E. Mechanisms of muscle wasting in chronic kidney disease. Nat. Rev. Nephrol. 2014,
10, 504–516. [CrossRef]

20. Granata, S.; Zaza, G.; Simone, S.; Villani, G.; Latorre, D.; Pontrelli, P.; Carella, M.; Schena, F.; Grandaliano, G.;
Pertosa, G. Mitochondrial dysregulation and oxidative stress in patients with chronic kidney disease.
Bmc Genom. 2009, 10, 388. [CrossRef]

21. Oberg, B.P.; McMenamin, E.; Lucas, F.L.E.E.; McMonagle, E.; Morrow, J.; Ikizler, T.A.L.P.; Himmelfarb, J.
Increased prevalence of oxidant stress and inflammation in patients with moderate to severe chronic kidney
disease. Kidney Int. 2004, 65, 1009–1016. [CrossRef] [PubMed]

22. Ramos, L.F.; Shintani, A.; Ikizler, T.A.; Himmelfarb, J. Oxidative Stress and Inflammation Are Associated
with Adiposity in Moderate to Severe CKD. J. Am. Soc. Nephrol. 2008, 19, 593–599. [CrossRef] [PubMed]

23. Duni, A.; Liakopoulos, V.; Rapsomanikis, K.-P.; Dounousi, E. Chronic Kidney Disease and Disproportionally
Increased Cardiovascular Damage: Does Oxidative Stress Explain the Burden? Oxidative Med. Cell. Longev.
2017, 2017, 1–15. [CrossRef] [PubMed]

24. Taylor, D.; Bhandari, S.; Seymour, A.-M.L. Mitochondrial dysfunction in uremic cardiomyopathy. Am. J.
Physiol. -Ren. Physiol. 2015, 308, F579–F587. [CrossRef] [PubMed]

25. Hamed, S.A. Neurologic conditions and disorders of uremic syndrome of chronic kidney disease:
Presentations, causes, and treatment strategies. Expert Rev. Clin. Pharm. 2019, 12, 61–90. [CrossRef]
[PubMed]

26. Deng, G.; Vaziri, N.D.; Jabbari, B.; Ni, Z.; Yan, X.X. Increased tyrosine nitration of the brain in chronic renal
insufficiency: Reversal by antioxidant therapy and angiotensin-converting enzyme inhibition. J. Am. Soc.
Nephrol. 2001, 12, 1892–1899. [PubMed]

27. Fujisaki, K.; Tsuruya, K.; Yamato, M.; Toyonaga, J.; Noguchi, H.; Nakano, T.; Taniguchi, M.; Tokumoto, M.;
Hirakata, H.; Kitazono, T. Cerebral oxidative stress induces spatial working memory dysfunction in uremic
mice: Neuroprotective effect of tempol. Nephrol. Dial. Transpl. 2014, 29, 529–538. [CrossRef]

28. Mutsaers, H.A.M.; Wilmer, M.J.G.; Reijnders, D.; Jansen, J.; van den Broek, P.H.H.; Forkink, M.; Schepers, E.;
Glorieux, G.; Vanholder, R.; van den Heuvel, L.P.; et al. Uremic toxins inhibit renal metabolic capacity
through interference with glucuronidation and mitochondrial respiration. Biochim. Et Biophys. Acta (Bba)
Mol. Basis Dis. 2013, 1832, 142–150. [CrossRef]

29. Wyss, M.; Kaddurah-Daouk, R. Creatine and Creatinine Metabolism. Physiol. Rev. 2000, 80, 1107–1213.
[CrossRef]

30. Rawls, J.; Knecht, W.; Diekert, K.; Lill, R.; Löffler, M. Requirements for the mitochondrial import and
localization of dihydroorotate dehydrogenase. Eur. J. Biochem. 2000, 267, 2079–2087. [CrossRef]

31. Ellis, S.W.; Rose, M.E.; Grindle, M. Identification of a sterol mutant of Neurospora crassa deficient in delta
14,15-reductase activity. J. Gen. Microbiol. 1991, 137, 2627–2630. [CrossRef] [PubMed]

32. Sonoda, T.; Tatibana, M. Purification of N-acetyl-L-glutamate synthetase from rat liver mitochondria and
substrate and activator specificity of the enzyme. J. Biol. Chem. 1983, 258, 9839–9844. [PubMed]

33. Humm, A.; Fritsche, E.; Steinbacher, S.; Huber, R. Crystal structure and mechanism of human L-arginine:
Glycine amidinotransferase: A mitochondrial enzyme involved in creatine biosynthesis. Embo J. 1997, 16,
3373–3385. [CrossRef] [PubMed]

34. Matsuo, M.; Terai, K.; Kameda, N.; Matsumoto, A.; Kurokawa, Y.; Funase, Y.; Nishikawa, K.; Sugaya, N.;
Hiruta, N.; Kishimoto, T. Designation of enzyme activity of glycine-N-acyltransferase family genes and
depression of glycine-N-acyltransferase in human hepatocellular carcinoma. Biochem. Biophys. Res. Commun.
2012, 420, 901–906. [CrossRef] [PubMed]

35. Chen, C.H.; Sun, L.; Mochly-Rosen, D. Mitochondrial aldehyde dehydrogenase and cardiac diseases.
Cardiovasc. Res. 2010, 88, 51–57. [CrossRef] [PubMed]

36. Sas, K.; Szabó, E.; Vécsei, L. Mitochondria, Oxidative Stress and the Kynurenine System, with a Focus on
Ageing and Neuroprotection. Molecules 2018, 23, 191. [CrossRef] [PubMed]

37. Rus, D.A.; Sastre, J.; Viña, J.; Pallardó, F.V. Induction of mitochondrial xanthine oxidase activity during
apoptosis in the rat mammary gland. Front. Biosci. A J. Virtual Libr. 2007, 12, 1184–1189. [CrossRef]

http://dx.doi.org/10.1073/pnas.1307096110
http://dx.doi.org/10.1038/nrneph.2014.112
http://dx.doi.org/10.1186/1471-2164-10-388
http://dx.doi.org/10.1111/j.1523-1755.2004.00465.x
http://www.ncbi.nlm.nih.gov/pubmed/14871421
http://dx.doi.org/10.1681/ASN.2007030355
http://www.ncbi.nlm.nih.gov/pubmed/18256365
http://dx.doi.org/10.1155/2017/9036450
http://www.ncbi.nlm.nih.gov/pubmed/29333213
http://dx.doi.org/10.1152/ajprenal.00442.2014
http://www.ncbi.nlm.nih.gov/pubmed/25587120
http://dx.doi.org/10.1080/17512433.2019.1555468
http://www.ncbi.nlm.nih.gov/pubmed/30501441
http://www.ncbi.nlm.nih.gov/pubmed/11518782
http://dx.doi.org/10.1093/ndt/gft327
http://dx.doi.org/10.1016/j.bbadis.2012.09.006
http://dx.doi.org/10.1152/physrev.2000.80.3.1107
http://dx.doi.org/10.1046/j.1432-1327.2000.01213.x
http://dx.doi.org/10.1099/00221287-137-11-2627
http://www.ncbi.nlm.nih.gov/pubmed/1838392
http://www.ncbi.nlm.nih.gov/pubmed/6885773
http://dx.doi.org/10.1093/emboj/16.12.3373
http://www.ncbi.nlm.nih.gov/pubmed/9218780
http://dx.doi.org/10.1016/j.bbrc.2012.03.099
http://www.ncbi.nlm.nih.gov/pubmed/22475485
http://dx.doi.org/10.1093/cvr/cvq192
http://www.ncbi.nlm.nih.gov/pubmed/20558439
http://dx.doi.org/10.3390/molecules23010191
http://www.ncbi.nlm.nih.gov/pubmed/29342113
http://dx.doi.org/10.2741/2136


Int. J. Mol. Sci. 2019, 20, 3094 13 of 17

38. Gladden, J.D.; Zelickson, B.R.; Wei, C.C.; Ulasova, E.; Zheng, J.; Ahmed, M.I.; Chen, Y.; Bamman, M.;
Ballinger, S.; Darley-Usmar, V.; et al. Novel insights into interactions between mitochondria and xanthine
oxidase in acute cardiac volume overload. Free Radic. Biol. Med. 2011, 51, 1975–1984. [CrossRef]

39. Levillain, O.; Balvay, S.; Peyrol, S. Mitochondrial expression of arginase II in male and female rat inner
medullary collecting ducts. J. Histochem. Cytochem. Off. J. Histochem. Soc. 2005, 53, 533–541. [CrossRef]

40. Rose, A.M.; Belford, H.G.; Shen, W.C.; Greer, C.L.; Hopper, A.K.; Martin, N.C. Location of N2,
N2-dimethylguanosine-specific tRNA methyltransferase. Biochimie 1995, 77, 45–53. [CrossRef]

41. Zaganelli, S.; Rebelo-Guiomar, P.; Maundrell, K.; Rozanska, A.; Pierredon, S.; Powell, C.A.; Jourdain, A.A.;
Hulo, N.; Lightowlers, R.N.; Chrzanowska-Lightowlers, Z.M.; et al. The pseudouridine synthase RPUSD4 is
an essential component of mitochondrial RNA granules. J. Biol. Chem. 2017, 292, 4519–4532. [CrossRef]
[PubMed]

42. Powell, C.A.; Kopajtich, R.; D’Souza, A.R.; Rorbach, J.; Kremer, L.S.; Husain, R.A.; Dallabona, C.; Donnini, C.;
Alston, C.L.; Griffin, H.; et al. TRMT5 Mutations Cause a Defect in Post-transcriptional Modification of
Mitochondrial tRNA Associated with Multiple Respiratory-Chain Deficiencies. Am. J. Hum. Genet. 2015, 97,
319–328. [CrossRef] [PubMed]

43. Broch, O.J.; Ueland, P.M. Regional and subcellular distribution of S-adenosylhomocysteine hydrolase in the
adult rat brain. J. Neurochem. 1980, 35, 484–488. [CrossRef] [PubMed]

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

45. Kanehisa, M.; Sato, Y.; Furumichi, M.; Morishima, K.; Tanabe, M. New approach for understanding genome
variations in KEGG. Nucleic Acids Res. 2019, 47, D590–D595. [CrossRef]

46. Vistoli, G.; De Maddis, D.; Cipak, A.; Zarkovic, N.; Carini, M.; Aldini, G. Advanced glycoxidation and
lipoxidation end products (AGEs and ALEs): An overview of their mechanisms of formation. Free Radic. Res.
2013, 47, 3–27. [CrossRef]

47. Miyata, T.; van Ypersele de Strihou, C.; Kurokawa, K.; Baynes, J.W. Alterations in nonenzymatic biochemistry
in uremia: Origin and significance of “carbonyl stress” in long-term uremic complications. Kidney Int. 1999,
55, 389–399. [CrossRef]

48. Miyata, T.; Fu, M.X.; Kurokawa, K.; Van Ypersele De Strihou, C.; Thorpe, S.R.; Baynes, J.W. Autoxidation
products of both carbohydrates and lipids are increased in uremic plasma: Is there oxidative stress in uremia?
Kidney Int. 1998, 54, 1290–1295. [CrossRef]

49. Niwa, T.; Takeda, N.; Yoshizumi, H.; Tatematsu, A.; Ohara, M.; Tomiyama, S.; Niimura, K. Presence of
3-Deoxyglucosone, a Potent Protein Crosslinking Intermediate of Maillard Reaction, in Diabetic Serum.
Biochem. Biophys. Res. Commun. 1993, 196, 837–843. [CrossRef]

50. Ueda, Y.; Miyata, T.; Hashimoto, T.; Yamada, H.; Izuhara, Y.; Sakai, H.; Kurokawa, K. Implication of altered
redox regulation by antioxidant enzymes in the increased plasma pentosidine, an advanced glycation end
product, in uremia. Biochem. Biophys. Res. Commun. 1998, 245, 785–790. [CrossRef]

51. Odani, H.; Shinzato, T.; Matsumoto, Y.; Usami, J.; Maeda, K. Increase in three α, β-dicarbonyl compound
levels in human uremic plasma: Specific in vivo determination of intermediates in advanced Maillard
reaction. Biochem. Biophys. Res. Commun. 1999, 256, 89–93. [CrossRef] [PubMed]

52. Miyata, T.; Wada, Y.; Cai, Z.; Iida, Y.; Horie, K.; Yasuda, Y.; Maeda, K.; Kurokawa, K.; Van Ypersele De
Strihou, C. Implication of an increased oxidative stress in the formation of advanced glycation end products
in patients with end-stage renal failure. Kidney Int. 1997, 51, 1170–1181. [CrossRef] [PubMed]

53. Schnaitman, C.; Erwin, V.G.; Greenawalt, J.W. The submitochondrial localization of monoamine oxidase. An
enzymatic marker for the outer membrane of rat liver mitochondria. J. Cell Biol. 1967, 32, 719–735. [CrossRef]
[PubMed]

54. Pun, P.B.L.; Logan, A.; Darley-Usmar, V.; Chacko, B.; Johnson, M.S.; Huang, G.W.; Rogatti, S.; Prime, T.A.;
Methner, C.; Krieg, T.; et al. A mitochondria-targeted mass spectrometry probe to detect glyoxals: Implications
for diabetes. Free Radic. Biol. Med. 2014, 67, 437–450. [CrossRef] [PubMed]

55. Hill, B.G.; Awe, S.O.; Vladykovskaya, E.; Ahmed, Y.; Liu, S.-Q.; Bhatnagar, A.; Srivastava, S. Myocardial
ischaemia inhibits mitochondrial metabolism of 4-hydroxy-trans-2-nonenal. Biochem. J. 2009, 417, 513–524.
[CrossRef] [PubMed]

56. Huszti, Z. Comparative studies on mitochondrial and soluble diamine oxidases. Enzymologia 1967, 33,
179–191. [PubMed]

http://dx.doi.org/10.1016/j.freeradbiomed.2011.08.022
http://dx.doi.org/10.1369/jhc.4A6489.2005
http://dx.doi.org/10.1016/0300-9084(96)88103-X
http://dx.doi.org/10.1074/jbc.M116.771105
http://www.ncbi.nlm.nih.gov/pubmed/28082677
http://dx.doi.org/10.1016/j.ajhg.2015.06.011
http://www.ncbi.nlm.nih.gov/pubmed/26189817
http://dx.doi.org/10.1111/j.1471-4159.1980.tb06291.x
http://www.ncbi.nlm.nih.gov/pubmed/7452268
http://dx.doi.org/10.3390/toxins9030092
http://www.ncbi.nlm.nih.gov/pubmed/28272322
http://dx.doi.org/10.1093/nar/gky962
http://dx.doi.org/10.3109/10715762.2013.815348
http://dx.doi.org/10.1046/j.1523-1755.1999.00302.x
http://dx.doi.org/10.1046/j.1523-1755.1998.00093.x
http://dx.doi.org/10.1006/bbrc.1993.2325
http://dx.doi.org/10.1006/bbrc.1998.8523
http://dx.doi.org/10.1006/bbrc.1999.0221
http://www.ncbi.nlm.nih.gov/pubmed/10066428
http://dx.doi.org/10.1038/ki.1997.160
http://www.ncbi.nlm.nih.gov/pubmed/9083283
http://dx.doi.org/10.1083/jcb.32.3.719
http://www.ncbi.nlm.nih.gov/pubmed/4291912
http://dx.doi.org/10.1016/j.freeradbiomed.2013.11.025
http://www.ncbi.nlm.nih.gov/pubmed/24316194
http://dx.doi.org/10.1042/BJ20081615
http://www.ncbi.nlm.nih.gov/pubmed/18800966
http://www.ncbi.nlm.nih.gov/pubmed/4987907


Int. J. Mol. Sci. 2019, 20, 3094 14 of 17

57. Hirai, K.; Kuroyanagi, H.; Tatebayashi, Y.; Hayashi, Y.; Hirabayashi-Takahashi, K.; Saito, K.; Haga, S.;
Uemura, T.; Izumi, S. Dual role of the carboxyl-terminal region of pig liver l-kynurenine 3-monooxygenase:
Mitochondrial-targeting signal and enzymatic activity. J. Biochem. 2010, 148, 639–650. [CrossRef] [PubMed]

58. MACKENZIE, C.G.; FRISELL, W.R. The metabolism of dimethylglycine by liver mitochondria. J. Biol. Chem.
1958, 232, 417–427.

59. Luka, Z.; Pakhomova, S.; Loukachevitch, L.V.; Newcomer, M.E.; Wagner, C. Folate in demethylation: The
crystal structure of the rat dimethylglycine dehydrogenase complexed with tetrahydrofolate. Biochem.
Biophys. Res. Commun. 2014, 449, 392–398. [CrossRef]

60. Breitzig, M.; Bhimineni, C.; Lockey, R.; Kolliputi, N. 4-Hydroxy-2-nonenal: A critical target in oxidative
stress? Am. J. Physiol. Cell Physiol. 2016, 311, C537–C543. [CrossRef]

61. Dalleau, S.; Baradat, M.; Guéraud, F.; Huc, L. Cell death and diseases related to oxidative
stress:4-hydroxynonenal (HNE) in the balance. Cell Death Differ. 2013, 20, 1615–1630. [CrossRef] [PubMed]

62. Azzu, V.; Parker, N.; Brand, M.D. High membrane potential promotes alkenal-induced mitochondrial
uncoupling and influences adenine nucleotide translocase conformation. Biochem. J. 2008, 413, 323–332.
[CrossRef] [PubMed]

63. Forman, H.J.; Fukuto, J.M.; Miller, T.; Zhang, H.; Rinna, A.; Levy, S. The chemistry of cell signaling by reactive
oxygen and nitrogen species and 4-hydroxynonenal. Arch. Biochem. Biophys. 2008, 15, 183–195. [CrossRef]
[PubMed]

64. Shoeb, M.; Ansari, N.; Srivastava, S.; Ramana, K. 4-Hydroxynonenal in the Pathogenesis and Progression of
Human Diseases. Curr. Med. Chem. 2013, 21, 230–237. [CrossRef]

65. Jinsmaa, Y.; Florang, V.R.; Rees, J.N.; Anderson, D.G.; Strack, S.; Doorn, J.A. Products of oxidative stress
inhibit aldehyde oxidation and reduction pathways in dopamine catabolism yielding elevated levels of a
reactive intermediate. Chem. Res. Toxicol. 2009, 22, 835–841. [CrossRef]

66. Neuzil, J.; Wang, X.-F.; Dong, L.-F.; Low, P.; Ralph, S.J. Molecular mechanism of ’mitocan’-induced apoptosis
in cancer cells epitomizes the multiple roles of reactive oxygen species and Bcl-2 family proteins. Febs Lett.
2006, 580, 5125–5229. [CrossRef]

67. Forman, H.J. Reactive oxygen species and α, β-unsaturated aldehydes as second messengers in signal
transduction. Ann. N. Y. Acad. Sci. 2010, 1203, 35–44. [CrossRef]

68. Ayala, A.; Muñoz, M.F.; Argüelles, S. Lipid peroxidation: Production, metabolism, and signaling mechanisms
of malondialdehyde and 4-hydroxy-2-nonenal. Oxidative Med. Cell. Longev. 2014. [CrossRef]

69. Zhong, H.; Yin, H. Role of lipid peroxidation derived 4-hydroxynonenal (4-HNE) in cancer: Focusing on
mitochondria. Redox Biol. 2015, 4, 193–199. [CrossRef]

70. Bradley, M.A.; Markesbery, W.R.; Lovell, M.A. Increased levels of 4-hydroxynonenal and acrolein in the brain
in preclinical Alzheimer disease. Free Radic. Biol. Med. 2010, 48, 1570–1576. [CrossRef]

71. Selley, M.L. (E)-4-Hydroxy-2-nonenal may be involved in the pathogenesis of Parkinson’s disease. Free Radic.
Biol. Med. 1998, 25, 169–174. [CrossRef]

72. Pashkow, F.J. Oxidative Stress and Inflammation in Heart Disease: Do Antioxidants Have a Role in Treatment
and/or Prevention? Int. J. Inflamm. 2011, 2011, 514623. [CrossRef] [PubMed]

73. Shinmura, K.; Bolli, R.; Liu, S.Q.; Tang, X.L.; Kodani, E.; Xuan, Y.T.; Srivastava, S.; Bhatnagar, A. Aldose
reductase is an obligatory mediator of the late phase of ischemic preconditioning. Circ. Res. 2002, 91, 240–246.
[CrossRef] [PubMed]

74. Cohen, G.; Riahi, Y.; Sunda, V.; Deplano, S.; Chatgilialoglu, C.; Ferreri, C.; Kaiser, N.; Sasson, S. Signaling
properties of 4-hydroxyalkenals formed by lipid peroxidation in diabetes. Free Radic. Biol. Med. 2013, 65,
978–987. [CrossRef] [PubMed]

75. Galam, L.; Failla, A.; Soundararajan, R.; Lockey, R.F.; Kolliputi, N. 4-Hydroxynonenal regulates mitochondrial
function in human small airway epithelial cells. Oncotarget 2015, 6, 41508–41521. [CrossRef] [PubMed]

76. Rutkowski, P.; Malgorzewicz, S.; Slominska, E.; Renke, M.; Lysiak-Szydlowska, W.; Swierczynski, J.;
Rutkowski, B. Interrelationship Between Uremic Toxicity and Oxidative Stress. J. Ren. Nutr. 2006, 16, 190–193.
[CrossRef]

77. Leong, S.C.; Sirich, T.L. Indoxyl Sulfate-Review of Toxicity and Therapeutic Strategies. Toxins 2016, 8, 358.
[CrossRef]

http://dx.doi.org/10.1093/jb/mvq099
http://www.ncbi.nlm.nih.gov/pubmed/20802227
http://dx.doi.org/10.1016/j.bbrc.2014.05.064
http://dx.doi.org/10.1152/ajpcell.00101.2016
http://dx.doi.org/10.1038/cdd.2013.138
http://www.ncbi.nlm.nih.gov/pubmed/24096871
http://dx.doi.org/10.1042/BJ20080321
http://www.ncbi.nlm.nih.gov/pubmed/18426390
http://dx.doi.org/10.1016/j.abb.2008.06.011
http://www.ncbi.nlm.nih.gov/pubmed/18602883
http://dx.doi.org/10.2174/09298673113209990181
http://dx.doi.org/10.1021/tx800405v
http://dx.doi.org/10.1016/j.febslet.2006.05.072
http://dx.doi.org/10.1111/j.1749-6632.2010.05551.x
http://dx.doi.org/10.1155/2014/360438
http://dx.doi.org/10.1016/j.redox.2014.12.011
http://dx.doi.org/10.1016/j.freeradbiomed.2010.02.016
http://dx.doi.org/10.1016/S0891-5849(98)00021-5
http://dx.doi.org/10.4061/2011/514623
http://www.ncbi.nlm.nih.gov/pubmed/21860805
http://dx.doi.org/10.1161/01.RES.0000029970.97247.57
http://www.ncbi.nlm.nih.gov/pubmed/12169650
http://dx.doi.org/10.1016/j.freeradbiomed.2013.08.163
http://www.ncbi.nlm.nih.gov/pubmed/23973638
http://dx.doi.org/10.18632/oncotarget.6131
http://www.ncbi.nlm.nih.gov/pubmed/26484418
http://dx.doi.org/10.1053/j.jrn.2006.04.008
http://dx.doi.org/10.3390/toxins8120358


Int. J. Mol. Sci. 2019, 20, 3094 15 of 17

78. Wu, I.-W.; Hsu, K.-H.; Lee, C.-C.; Sun, C.-Y.; Hsu, H.-J.; Tsai, C.-J.; Tzen, C.-Y.; Wang, Y.-C.; Lin, C.-Y.;
Wu, M.-S. p-Cresyl sulphate and indoxyl sulphate predict progression of chronic kidney disease. Nephrol.
Dial. Transpl. 2011, 26, 938–947. [CrossRef]

79. Ellis, R.J.; Small, D.M.; Vesey, D.A.; Johnson, D.W.; Francis, R.; Vitetta, L.; Gobe, G.C.; Morais, C. Indoxyl
sulphate and kidney disease: Causes, consequences and interventions. Nephrol. (Carlton) 2016, 21, 170–177.
[CrossRef]

80. 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]

81. Hsu, Y.-J.; Hsu, S.-C.; Chang, Y.-L.; Huang, S.-M.; Shih, C.-C.; Tsai, C.-S.; Lin, C.-Y. Indoxyl sulfate upregulates
the cannabinoid type 1 receptor gene via an ATF3/c-Jun complex-mediated signaling pathway in the model
of uremic cardiomyopathy. Int. J. Cardiol. 2018, 252, 128–135. [CrossRef] [PubMed]

82. Watanabe, K.; Watanabe, T.; Nakayama, M. Cerebro-renal interactions: Impact of uremic toxins on cognitive
function. NeuroToxicology 2014, 44, 184–193. [CrossRef] [PubMed]

83. Yabuuchi, N.; Sagata, M.; Saigo, C.; Yoneda, G.; Yamamoto, Y.; Nomura, Y.; Nishi, K.; Fujino, R.; Jono, H.;
Saito, H. Indoxyl Sulfate as a Mediator Involved in Dysregulation of Pulmonary Aquaporin-5 in Acute Lung
Injury Caused by Acute Kidney Injury. Int. J. Mol. Sci. 2016, 18, 11. [CrossRef] [PubMed]

84. Chang, J.-F.; Liang, S.-S.; Thanasekaran, P.; Chang, H.-W.; Wen, L.-L.; Chen, C.-H.; Liou, J.-C.; Yeh, J.-C.;
Liu, S.-H.; Dai, H.-M.; et al. Translational Medicine in Pulmonary-Renal Crosstalk: Therapeutic Targeting of
p-Cresyl Sulfate Triggered Nonspecific ROS and Chemoattractants in Dyspneic Patients with Uremic Lung
Injury. J. Clin. Med. 2018, 7, 266. [CrossRef] [PubMed]

85. Chu, S.; Mao, X.; Guo, H.; Wang, L.; Li, Z.; Zhang, Y.; Wang, Y.; Wang, H.; Zhang, X.; Peng, W. Indoxyl sulfate
potentiates endothelial dysfunction via reciprocal role for reactive oxygen species and RhoA/ROCK signaling
in 5/6 nephrectomized rats. Free Radic. Res. 2017, 51, 237–252. [CrossRef]

86. Lin, C.-J.; Wu, C.-J.; Wu, P.-C.; Pan, C.-F.; Wang, T.-J.; Sun, F.-J.; Liu, H.-L.; Chen, H.-H.; Yeh, H.-I. Indoxyl
Sulfate Impairs Endothelial Progenitor Cells and Might Contribute to Vascular Dysfunction in Patients with
Chronic Kidney Disease. Kidney Blood Press. Res. 2016, 41, 1025–1036. [CrossRef] [PubMed]

87. Enoki, Y.; Watanabe, H.; Arake, R.; Fujimura, R.; Ishiodori, K.; Imafuku, T.; Nishida, K.; Sugimoto, R.;
Nagao, S.; Miyamura, S.; et al. Potential therapeutic interventions for chronic kidney disease-associated
sarcopenia via indoxyl sulfate-induced mitochondrial dysfunction. J. Cachexiasarcopenia Muscle 2017, 8,
735–747. [CrossRef] [PubMed]

88. Nishikawa, M.; Ishimori, N.; Takada, S.; Saito, A.; Kadoguchi, T.; Furihata, T.; Fukushima, A.; Matsushima, S.;
Yokota, T.; Kinugawa, S.; et al. AST-120 ameliorates lowered exercise capacity and mitochondrial biogenesis
in the skeletal muscle from mice with chronic kidney disease via reducing oxidative stress. Nephrol. Dial.
Transpl. 2015, 30, 934–942. [CrossRef]

89. Fujii, H.; Nakai, K.; Fukagawa, M. Role of Oxidative Stress and Indoxyl Sulfate in Progression of
Cardiovascular Disease in Chronic Kidney Disease. Apher. Dial. 2011, 15, 125–128. [CrossRef]

90. Gelasco, A.K.; Raymond, J.R. Indoxyl sulfate induces complex redox alterations in mesangial cells. Am. J.
Physiol. Ren. Physiol. 2006, 290, F1551–F1558. [CrossRef]

91. 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]

92. Dou, L.; Jourde-Chiche, N.; Faure, V.; Cerini, C.; Berland, Y.; Dignat-George, F.; Brunet, P. The uremic
solute indoxyl sulfate induces oxidative stress in endothelial cells. J. Thromb. Haemost. 2007, 5, 1302–1308.
[CrossRef]

93. Li, Y.; Trush, M.A. Diphenyleneiodonium, an NAD(P)H oxidase inhibitor, also potently inhibits mitochondrial
reactive oxygen species production. Biochem. Biophys. Res. Commun. 1998, 253, 295–299. [CrossRef]

94. Plotnikov, E.Y.; Vasileva, A.K.; Arkhangelskaya, A.A.; Pevzner, I.B.; Skulachev, V.P.; Zorov, D.B. Interrelations
of mitochondrial fragmentation and cell death under ischemia/reoxygenation and UV-irradiation: Protective
effects of SkQ1, lithium ions and insulin. Febs Lett. 2008, 582, 3117–3124. [CrossRef]

95. Ježek, J.; Cooper, K.F.; Strich, R. Reactive Oxygen Species and Mitochondrial Dynamics: The Yin and Yang of
Mitochondrial Dysfunction and Cancer Progression. Antioxidants 2018, 7, 13. [CrossRef]

96. Sun, C.-Y.; Cheng, M.-L.; Pan, H.-C.; Lee, J.-H.; Lee, C.-C. Protein-bound uremic toxins impaired mitochondrial
dynamics and functions. Oncotarget 2017, 8, 77722–77733. [CrossRef]

http://dx.doi.org/10.1093/ndt/gfq580
http://dx.doi.org/10.1111/nep.12580
http://dx.doi.org/10.1046/j.1523-1755.2002.00318.x
http://dx.doi.org/10.1016/j.ijcard.2017.11.086
http://www.ncbi.nlm.nih.gov/pubmed/29203210
http://dx.doi.org/10.1016/j.neuro.2014.06.014
http://www.ncbi.nlm.nih.gov/pubmed/25003961
http://dx.doi.org/10.3390/ijms18010011
http://www.ncbi.nlm.nih.gov/pubmed/28025487
http://dx.doi.org/10.3390/jcm7090266
http://www.ncbi.nlm.nih.gov/pubmed/30205620
http://dx.doi.org/10.1080/10715762.2017.1296575
http://dx.doi.org/10.1159/000452604
http://www.ncbi.nlm.nih.gov/pubmed/28006782
http://dx.doi.org/10.1002/jcsm.12202
http://www.ncbi.nlm.nih.gov/pubmed/28608457
http://dx.doi.org/10.1093/ndt/gfv103
http://dx.doi.org/10.1111/j.1744-9987.2010.00883.x
http://dx.doi.org/10.1152/ajprenal.00281.2004
http://dx.doi.org/10.1159/000112823
http://dx.doi.org/10.1111/j.1538-7836.2007.02540.x
http://dx.doi.org/10.1006/bbrc.1998.9729
http://dx.doi.org/10.1016/j.febslet.2008.08.002
http://dx.doi.org/10.3390/antiox7010013
http://dx.doi.org/10.18632/oncotarget.20773


Int. J. Mol. Sci. 2019, 20, 3094 16 of 17

97. Kitagawa, A. EFFECTS OF CRESOLS (O-, M-, AND P-ISOMERS) ON THE BIOENERGETIC SYSTEM IN
ISOLATED RAT LIVER MITOCHONDRIA. Drug Chem. Toxicol. 2001, 24, 39–47. [CrossRef]

98. Adam-Vizi, V. Production of Reactive Oxygen Species in Brain Mitochondria: Contribution by Electron
Transport Chain and Non–Electron Transport Chain Sources. Antioxid. Redox Signal. 2005, 7, 1140–1149.
[CrossRef]

99. Kowaltowski, A.J.; de Souza-Pinto, N.C.; Castilho, R.F.; Vercesi, A.E. Mitochondria and reactive oxygen
species. Free Radic. Biol. Med. 2009, 47, 333–343. [CrossRef]

100. Meyer, J.N.; Leung, M.C.K.; Rooney, J.P.; Sendoel, A.; Hengartner, M.O.; Kisby, G.E.; Bess, A.S. Mitochondria
as a Target of Environmental Toxicants. Toxicol. Sci. 2013, 134, 1–17. [CrossRef]

101. Ellis, R.J.; Small, D.M.; Ng, K.L.; Vesey, D.A.; Vitetta, L.; Francis, R.S.; Gobe, G.C.; Morais, C. Indoxyl Sulfate
Induces Apoptosis and Hypertrophy in Human Kidney Proximal Tubular Cells. Toxicol. Pathol. 2018, 46,
449–459. [CrossRef]

102. 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]

103. 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. J. Am. Soc. Nephrol. 2017, 28, 3251–3261.
[CrossRef]

104. Dzúrik, R.; Spustová, V.; Krivošíková, Z.; Gazdíková, K. Hippurate participates in the correction of metabolic
acidosis. Kidney Int. 2001, 59, S278–S281. [CrossRef]

105. Baran, H.; Staniek, K.; Kepplinger, B.; Gille, L.; Stolze, K.; Nohl, H. Kynurenic Acid Influences the Respiratory
Parameters of Rat Heart Mitochondria. Pharmacology 2001, 62, 119–123. [CrossRef]

106. Baran, H.; Staniek, K.; Kepplinger, B.; Stur, J.; Draxler, M.; Nohl, H. Kynurenines and the respiratory
parameters on rat heart mitochondria. Life Sci. 2003, 72, 1103–1115. [CrossRef]

107. Bosch-Panadero, E.; Mas, S.; Civantos, E.; Abaigar, P.; Camarero, V.; Ruiz-Priego, A.; Ortiz, A.; Egido, J.;
González-Parra, E. Bisphenol A is an exogenous toxin that promotes mitochondrial injury and death in
tubular cells. Environ. Toxicol. 2018, 33, 325–332. [CrossRef]

108. Khan, S.; Beigh, S.; Chaudhari, B.P.; Sharma, S.; Aliul Hasan Abdi, S.; Ahmad, S.; Ahmad, F.; Parvez, S.;
Raisuddin, S. Mitochondrial dysfunction induced by Bisphenol A is a factor of its hepatotoxicity in rats.
Environ. Toxicol. 2016, 31, 1922–1934. [CrossRef]

109. Ceballos-Picot, I.; Witko-Sarsat, V.; Merad-Boudia, M.; Nguyen, A.T.; Thévenin, M.; Jaudon, M.C.; Zingraff, J.;
Verger, C.; Jungers, P.; Descamps-Latscha, B. Glutathione antioxidant system as a marker of oxidative stress
in chronic renal failure. Free Radic. Biol. Med. 1996, 21, 845–853. [CrossRef]

110. Kaya, Y.; Ari, E.; Demir, H.; Soylemez, N.; Cebi, A.; Alp, H.; Bakan, E.; Gecit, I.; Asicioglu, E.; Beytur, A.
Accelerated atherosclerosis in haemodialysis patients; correlation of endothelial function with oxidative
DNA damage. Nephrol. Dial. Transpl. 2012, 27, 1164–1169. [CrossRef]

111. Lim, P.S.; Chan, E.C.; Lu, T.C.; Yu, Y.L.; Kuo, S.Y.; Wang, T.H.; Wei, Y.H. Lipophilic antioxidants and iron
status in ESRD patients on hemodialysis. Nephron 2000, 86, 428–435. [CrossRef]

112. Wang, S.; Eide, T.C.; Sogn, E.M.; Berg, K.J.; Sund, R.B. Plasma ascorbic acid in patients undergoing chronic
haemodialysis. Eur. J. Clin. Pharm. 1999, 55, 527–532. [CrossRef]

113. Roehrs, M.; Valentini, J.; Paniz, C.; Moro, A.; Charão, M.; Bulcão, R.; Freitas, F.; Brucker, N.; Duarte, M.;
Leal, M.; et al. The relationships between exogenous and endogenous antioxidants with the lipid profile and
oxidative damage in hemodialysis patients. Bmc Nephrol. 2011, 12, 59. [CrossRef]

114. Aminzadeh, M.A.; Vaziri, N.D. Downregulation of the renal and hepatic hydrogen sulfide (H2S)-producing
enzymes and capacity in chronic kidney disease. Nephrol. Dial. Transpl. 2012, 27, 498–504. [CrossRef]

115. Drüeke, T.; Witko-Sarsat, V.; Massy, Z.; Descamps-Latscha, B.; Guerin, A.P.; Marchais, S.J.; Gausson, V.;
London, G.M. Iron therapy, advanced oxidation protein products, and carotid artery intima-media thickness
in end-stage renal disease. Circulation 2002, 106, 2212–2217. [CrossRef]

116. Fumeron, C.; Nguyen-Khoa, T.; Saltiel, C.; Kebede, M.; Buisson, C.; Drüeke, T.B.; Lacour, B.; Massy, Z.A.
Effects of oral vitamin C supplementation on oxidative stress and inflammation status in haemodialysis
patients. Nephrol. Dial. Transpl. 2005, 20, 1874–1879. [CrossRef]

http://dx.doi.org/10.1081/DCT-100103084
http://dx.doi.org/10.1089/ars.2005.7.1140
http://dx.doi.org/10.1016/j.freeradbiomed.2009.05.004
http://dx.doi.org/10.1093/toxsci/kft102
http://dx.doi.org/10.1177/0192623318768171
http://dx.doi.org/10.1046/j.1523-1755.2003.00924.x
http://dx.doi.org/10.1681/ASN.2016111215
http://dx.doi.org/10.1046/j.1523-1755.2001.59780278.x
http://dx.doi.org/10.1159/000056082
http://dx.doi.org/10.1016/S0024-3205(02)02365-2
http://dx.doi.org/10.1002/tox.22519
http://dx.doi.org/10.1002/tox.22193
http://dx.doi.org/10.1016/0891-5849(96)00233-X
http://dx.doi.org/10.1093/ndt/gfr443
http://dx.doi.org/10.1159/000045830
http://dx.doi.org/10.1007/s002280050668
http://dx.doi.org/10.1186/1471-2369-12-59
http://dx.doi.org/10.1093/ndt/gfr560
http://dx.doi.org/10.1161/01.CIR.0000035250.66458.67
http://dx.doi.org/10.1093/ndt/gfh928


Int. J. Mol. Sci. 2019, 20, 3094 17 of 17

117. Boudouris, G.; Verginadis, I.I.; Simos, Y.V.; Zouridakis, A.; Ragos, V.; Karkabounas, S.C.; Evangelou, A.M.
Oxidative stress in patients treated with continuous ambulatory peritoneal dialysis (CAPD) and the significant
role of vitamin C and E supplementation. Int Urol Nephrol 2013, 45, 1137–1144. [CrossRef]

118. Fatouros, I.G.; Douroudos, I.; Panagoutsos, S.; Pasadakis, P.; Nikolaidis, M.G.; Chatzinikolaou, A.;
Sovatzidis, A.; Michailidis, Y.; Jamurtas, A.Z.; Mandalidis, D.; et al. Effects of L-carnitine on oxidative stress
responses in patients with renal disease. Med. Sci. Sports Exerc. 2010, 42, 1809–1818. [CrossRef]
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