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Abstract: Chronic kidney disease (CKD) is a debilitating pathology with various causal factors,
culminating in end stage renal disease (ESRD) requiring dialysis or kidney transplantation.
The progression of CKD is closely associated with systemic inflammation and oxidative stress, which
are responsible for the manifestation of numerous complications such as malnutrition, atherosclerosis,
coronary artery calcification, heart failure, anemia and mineral and bone disorders, as well as
enhanced cardiovascular mortality. In addition to conventional therapy with anti-inflammatory
and antioxidative agents, growing evidence has indicated that certain minerals, vitamins and
plant-derived metabolites exhibit beneficial effects in these disturbances. In the current work, we
review the anti-inflammatory and antioxidant properties of various agents which could be of potential
benefit in CKD/ESRD. However, the related studies were limited due to small sample sizes and
short-term follow-up in many trials. Therefore, studies of several anti-inflammatory and antioxidant
agents with long-term follow-ups are necessary.

Keywords: chronic kidney disease (CKD); inflammation; oxidative stress; uremic toxins; minerals;
vitamins; plant-derived metabolites

1. Introduction

Renal failure is a major health issue, which has been increasing worldwide [1]. Kidney diseases
include acute kidney injury and chronic kidney disease (CKD). Acute kidney injury is a reversible
condition, which may progress to end-stage renal disease (ESRD), whereas CKD is a chronic condition
characterized by proteinuria, a normal or reduced glomerular filtration rate (GFR) and progressive
glomerular, tubular and interstitial damage. CKD is a global health issue with an increasing estimated
prevalence of 8–16% [2,3].

The main causes of CKD are hypertension, diabetes, advanced age, immune-mediated diseases,
glomerulonephritis, tubulo-interstitial disease and hereditary kidney diseases. CKD is a devastating
condition which may advance to ESRD, requiring renal replacement in the form of dialysis or kidney
transplantation. As dialysis allows for only partial correction of the uremic state, renal transplantation
is the therapy of choice; however, it requires life-long immune suppression [4].

Int. J. Mol. Sci. 2020, 21, 263; doi:10.3390/ijms21010263 www.mdpi.com/journal/ijms

http://www.mdpi.com/journal/ijms
http://www.mdpi.com
https://orcid.org/0000-0003-2779-4181
https://orcid.org/0000-0002-1069-2181
https://orcid.org/0000-0003-2333-1630
http://dx.doi.org/10.3390/ijms21010263
http://www.mdpi.com/journal/ijms
https://www.mdpi.com/1422-0067/21/1/263?type=check_update&version=2


Int. J. Mol. Sci. 2020, 21, 263 2 of 26

High levels of metabolic end-products—the uremic toxins—have become clinically relevant in
CKD progression and are tightly related to many CKD-associated complications [5–11]. CKD patients
tend to suffer from many complications, such as hypertension, cardiovascular diseases, anemia,
metabolic acidosis [12], altered immune response, mineral and bone disturbances and neurological
complications [13]. Among these complications, cardiovascular dysfunctions and infections promoted
by an altered immune response have been shown to be responsible for an increased risk of morbidity
and mortality [14]. In these conditions, inflammation and oxidative stress play pivotal roles [15].

The progression of CKD has been shown to result in inflammation and oxidative stress [16].
In fact, CKD patients typically suffer from chronic inflammation [17] and have severely impaired
antioxidative systems, which worsen progressively with the degree of renal failure [18]. Inflammation
and oxidative stress are crucial as defense mechanisms against infections but, if not properly regulated,
they may initiate a number of deleterious effects, such as cytokine overproduction and an increase
in pro-inflammatory and oxidative stress mediators [19]. Thus, the treatment of inflammation and
oxidative stress is of primary importance in the uremic syndrome.

2. The Key Role of Inflammation in CKD

Inflammation is characterized by an increase of inflammatory markers, including cytokines, acute
phase proteins and adhesion molecules, in which the cells of the innate immune response system are
mainly involved. Many factors contribute to the chronic inflammatory state in CKD, including the
increased production of proinflammatory cytokines and oxidative stress, as well as acidosis, chronic
and recurrent infections, intestinal dysbiosis and altered adipose tissue metabolism [20]. Systemic
evaluation of these markers should be performed, even in early stages of the disease. In fact, multiple
lines of evidence have supported a direct pathogenic role for inflammation in CKD. Clinical studies
have demonstrated that inflammatory markers are associated with many complications during CKD,
such as malnutrition, coronary artery calcification, atherosclerosis, atrial fibrillation, left ventricular
hypertrophy, heart failure and enhanced CKD mortality [21–23]. Moreover, inflammation contributes
to the progression of CKD, insulin resistance, oxidative stress, endothelial dysfunction, mineral and
bone disease [24–26], anemia [27] and erythropoietin (Epo) resistance [28]. The effects of inflammation
on Epo resistance in CKD are multiple, involving decreased Epo production, a lowered effect of Epo
on erythropoiesis and functional iron deficiency due to increased production of hepcidin, which
impairs cellular iron release [29]. Inflammation is also a great problem in pediatric patients with
CKD/ESRD [30].

Important markers of inflammation in CKD are C-reactive protein (CRP), interleukin-6 (IL-6),
interleukin-1 (IL-1), tumor necrosis factor-α (TNF-α), adipokines, adhesion molecules and the
CD40 ligand, which have been particularly implicated in the progression of CKD (Figure 1).
The inflammatory marker CRP has been linked to malnutrition, atherosclerosis, erythropoietin
resistance and cardiovascular morbidity and mortality [31]. In a large multi-central international
database of hemodialysis (HD) patients, CRP predicted mortality with a precision comparable to that
of hypoalbuminemia and exceeding ferritin and white blood cell count [32].

Proinflammatory cytokines, such as IL-6, IL-1 and TNF-α, have been positively associated with the
severity of CKD. These are produced by adipose tissue (in addition to being produced by lymphocytes),
which becomes dysfunctional during CKD. In fact, in this condition, the visceral adipose tissue expresses
a high level of mRNA of pro-inflammatory cytokines (e.g., TNF-α, adiponectin receptor-1, CD68 and
monocyte chemoattractant protein-1; MCP-1) [33]. Furthermore, IL-6 contributes to the development
of atherosclerosis through metabolic, endothelial and procoagulant mechanisms. Therefore, IL-6
measurement may have clinical utility as a predictive marker for atherosclerosis [34]. Pro-inflammatory
markers, such as IL-6, may also be associated with depression in patients with advanced CKD. This
aspect may be a predictor of morbidity and mortality in CKD patients, as it has been associated with a
reduction in nutrient intake [35]. In addition, IL-1 and IL-6 have been shown to suppress secretion of
parathyroid hormone (PTH). Low PTH levels in HD patients have been associated with malnutrition,
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inflammation and cachexia syndrome, as well as low bone turnover disease [36]. Low PTH levels
may also result in increased mortality in HD patients [37]. In addition to traditional risk factors,
TNF-α has also been significantly associated with an increased risk of heart failure in CKD and high
levels of TNF-α have been associated with markers of malnutrition and inflammation, as well as
predicting mortality [38]. Moreover, it has been shown to play a possible role in the development of
diabetic nephropathy [39]. TNF-α is also one of the main activators of the receptor of the nuclear factor
kappa-light-chain-enhancer of activated B cells (NF-κB) ligand (RANKL), which has been considered
to be a key trigger of osteoclast activation and bone resorption and thus may also have a relationship
with fractures observed in HD patients [40]. The levels of these cytokines, as well as the increase of
pro-inflammatory enzymes such as cyclooxygenase-2 (COX-2) and inducible nitric oxide synthase
(iNOS), are positively regulated by the activation of NF-κB in patients with CKD [41].Int. J. Mol. Sci. 2019, 20, x FOR PEER REVIEW 4 of 26 

 
Figure 1. During chronic kidney disease (CKD), increases (↑) in adipokines and in adhesion proteins (such 
as ICAM-1 and VCAM-1) are observed. Uremic toxins play a very important role in the onset and 
progression of the inflammatory state, by increasing C-reactive protein (CRP), nitric oxide (NO) and a 
marked activation of the nuclear factor kappa-light-chain-enhancer of activated B cells (NF-κB), which lead 
to increased levels of pro-inflammatory cytokines, such as interleukin-6 and -1 (IL-6, IL-1). These also 
suppress (↓) parathyroid hormone (PTH) secretion, as well as enhancing the levels of tumor necrosis factor-
α (TNF-α) and pro-inflammatory enzymes and molecules. This process leads to an exacerbation of the 
inflammatory state and is responsible for the onset or aggravation of various complications, such as 
malnutrition, atherosclerosis, coronary artery calcification, heart failure, anemia and mineral disorders. 

3. Oxidative Stress and CKD 

Oxidative stress is frequently observed in CKD/ESRD and is a non-traditional risk factor for all 
causes of mortality [53,54]. For this reason, oxidative stress has become an important diagnostic and 
prognostic factor and is a target for CKD prevention/treatment. High levels of oxidative stress have 
already been found in the early stages of CKD [55], which increase in parallel with the progression 
to ESRD [56]; and is further exacerbated in HD patients [57,58]. ESRD patients on peritoneal dialysis 
(PD) have increased oxidative stress, when compared to non-dialysized uremic patients (but lower, 
when compared to HD patients) [57,59]. In fact, HD and PD have both been shown to increase 
oxidative processes, leading to an increase in the state of oxidative stress. Moreover, oxidative stress 
may also persist after renal transplantation. Oxidative stress has also been linked to the production 
of highly reactive intermediates during inflammation; on the other hand, reactive oxygen species 
(ROS) are able to further enhance the inflammatory response by triggering pro-inflammatory 
mediators (e.g., NF-κB). Low amounts of pro-oxidative agents, which have important defensive roles, 
are normally produced by cells but are inactivated by enzyme systems (e.g., glutathione) and other 
antioxidants (called scavengers) for their ability to neutralize free radicals. In the kidneys, ROS are 
mainly produced by the mitochondrial respiratory chain and by enzymes such as NADPH oxidase 
(NOX). The different NOX isoforms, including NOX1, NOX2 and NOX4, are mainly responsible for 
oxidative stress, worsening vascular function and promoting fibrosis. [60,61]. Recently, NOX5 
expression has been observed to be increased in human biopsy samples from patients with diabetic 
nephropathy [62]. Excessive ROS production cannot be neutralized by scavenger systems and can 
cause oxidative damage to proteins, nucleic acids and lipids, as well as affecting cellular activity and 
inhibiting enzymatic activity. When an imbalance is established between oxidizing agents and 
scavenger defense systems, a condition of oxidative stress is created. The consequences of this are 
very dangerous; especially for nucleic acids, where modification of bases, covalent crosslinks and 
single- and double-strand breaks can occur. Among the bases of DNA, guanine is particularly 
sensitive to oxidative reactions due to radical species, leading to oxidized products including 8-
hydroxy-2′-deoxyguanosine (8-OH-dG), one of the most abundant oxidative products of nucleic 
acids [63]. This damage appears to be involved in a variety of chronic and degenerative diseases, such 
as CKD. In CKD patients, elevated levels of oxidative stress have been observed, due to the 

Figure 1. During chronic kidney disease (CKD), increases (↑) in adipokines and in adhesion proteins
(such as ICAM-1 and VCAM-1) are observed. Uremic toxins play a very important role in the onset
and progression of the inflammatory state, by increasing C-reactive protein (CRP), nitric oxide (NO)
and a marked activation of the nuclear factor kappa-light-chain-enhancer of activated B cells (NF-κB),
which lead to increased levels of pro-inflammatory cytokines, such as interleukin-6 and -1 (IL-6, IL-1).
These also suppress (↓) parathyroid hormone (PTH) secretion, as well as enhancing the levels of tumor
necrosis factor-α (TNF-α) and pro-inflammatory enzymes and molecules. This process leads to an
exacerbation of the inflammatory state and is responsible for the onset or aggravation of various
complications, such as malnutrition, atherosclerosis, coronary artery calcification, heart failure, anemia
and mineral disorders.

Numerous studies have shown that toxins released from intestinal tract, such as indoxyl sulfate
(IS), p-cresol (PC) and p-cresol sulfate (PCS), are involved in the inflammatory state in CKD [42].
Uremic toxins have also been shown to contribute to many uremia-associated dysfunctions, including
an altered immune response [43]. In fact, several studies have shown that uremic toxins, such
as IS, increase the levels of TNF-α and IL-6 and cause an exacerbation of the inflammatory state
through the promotion of oxidative stress [44]. Many studies have reported the effects of uremic
toxins from the intestine. These gut-derived uremic toxins have been shown to play a pivotal role
in affecting intestinal homeostasis, as well as inducing inflammation and oxidative stress in the
systemic circulation [45,46]. Uremic toxins have been positively associated with NF-κB expression
and exhibit positive correlations with CRP levels, iNOS and COX-2 expression [43,47]. It has been
shown that IS induces marked neuroinflammation, which is responsible for the neurodegenerative
disorders associated with CKD [48]. Neuroinflammation is characterized by a marked increase in
pro-inflammatory cytokines, such as TNF-α, caused by an increase in the expression of enzymes
involved in the mechanisms of inflammation (e.g., COX-2 and iNOS), nitric oxide (NO) levels and the
nuclear translocation of NF-κB [48]. Uremic toxins have been strongly implicated in the manifestation
and progression of the inflammatory state associated with CKD, by modulating a series of mediators
such as CRP, cytokines and transcription factors.
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Recently, the role of adipochines in CKD has received a lot of attention in scientific research.
In particular, studies of the pro-inflammatory agents leptin, apelin, omentin, visfatin and resistin, as
well as the anti-inflammatory adiponectin, have demonstrated that CKD is associated with higher
leptin and adiponectin levels, as determined from the National Health and Nutrition Examination
Survey (NHANES) [49,50]; showing that means of reduction of such adipokines, such as weight
reduction in obese patients, may improve GFR in those at risk of CKD [51].

For these reasons, these biomolecules could be useful both for risk stratification and as potential
therapeutic targets.

Adhesion molecules (ICAM-1 and VCAM-1) are cell-surface glycoproteins induced at endothelial
sites of inflammation which are responsible, in part, for the adherence of hematopoietic cells to the
endothelium. Adhesion molecules are upregulated in CKD patients as a consequence of both decreased
clearance and enhanced synthesis. This upregulation is currently considered to be an expression of
endothelial dysfunction in CKD patients [52].

3. Oxidative Stress and CKD

Oxidative stress is frequently observed in CKD/ESRD and is a non-traditional risk factor for all
causes of mortality [53,54]. For this reason, oxidative stress has become an important diagnostic and
prognostic factor and is a target for CKD prevention/treatment. High levels of oxidative stress have
already been found in the early stages of CKD [55], which increase in parallel with the progression to
ESRD [56]; and is further exacerbated in HD patients [57,58]. ESRD patients on peritoneal dialysis (PD)
have increased oxidative stress, when compared to non-dialysized uremic patients (but lower, when
compared to HD patients) [57,59]. In fact, HD and PD have both been shown to increase oxidative
processes, leading to an increase in the state of oxidative stress. Moreover, oxidative stress may also
persist after renal transplantation. Oxidative stress has also been linked to the production of highly
reactive intermediates during inflammation; on the other hand, reactive oxygen species (ROS) are able
to further enhance the inflammatory response by triggering pro-inflammatory mediators (e.g., NF-κB).
Low amounts of pro-oxidative agents, which have important defensive roles, are normally produced
by cells but are inactivated by enzyme systems (e.g., glutathione) and other antioxidants (called
scavengers) for their ability to neutralize free radicals. In the kidneys, ROS are mainly produced by the
mitochondrial respiratory chain and by enzymes such as NADPH oxidase (NOX). The different NOX
isoforms, including NOX1, NOX2 and NOX4, are mainly responsible for oxidative stress, worsening
vascular function and promoting fibrosis. [60,61]. Recently, NOX5 expression has been observed to
be increased in human biopsy samples from patients with diabetic nephropathy [62]. Excessive ROS
production cannot be neutralized by scavenger systems and can cause oxidative damage to proteins,
nucleic acids and lipids, as well as affecting cellular activity and inhibiting enzymatic activity. When
an imbalance is established between oxidizing agents and scavenger defense systems, a condition
of oxidative stress is created. The consequences of this are very dangerous; especially for nucleic
acids, where modification of bases, covalent crosslinks and single- and double-strand breaks can occur.
Among the bases of DNA, guanine is particularly sensitive to oxidative reactions due to radical species,
leading to oxidized products including 8-hydroxy-2′-deoxyguanosine (8-OH-dG), one of the most
abundant oxidative products of nucleic acids [63]. This damage appears to be involved in a variety of
chronic and degenerative diseases, such as CKD. In CKD patients, elevated levels of oxidative stress
have been observed, due to the impairment of their physiological defense mechanisms. This can cause
oxidative damage to nucleic acids, resulting in increased risk for the onset of subsequent tumors [64]. In
addition to the radical species deriving from oxygen, other radicals are derived from reactive nitrogen
species (RNS). Among these, the superoxide anion (O2

−) is the major free radical generated in vivo by
the reduction of molecular oxygen through the action of the NOX enzyme complex. As soon as O2

−

is formed, it is converted into hydrogen peroxide (H2O2). Excessive production of ROS by NADPH
oxidase is commonly thought to be responsible for the tissue injury associated with a range of chronic
inflammatory diseases and has long been considered a unique property of phagocytic cells. Both O2

−
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and H2O2 are precursors for the production of more powerful oxidants. O2
− has a high affinity for

reacting with the free radical NO, which rapidly produces the RNS peroxynitrite (ONOO−). ONOO−

and hydroxyl (OH−) can lead to extensive nitrosative and oxidative modifications to proteins, lipids
and nucleic acids. Several markers of oxidative stress, such as malondialdehyde (MDA), oxidized
low-density lipoprotein, advanced glycation end products (AGEs) and 8-hydroxyde-oxyguanosine,
have significantly elevated levels in circulating blood and/or tissue in CKD patients [65]. AGEs interact
with cells through a specific receptor system for AGEs (RAGE) [66]. The interaction between AGEs
and the RAGE receptor induces the activation of the MAP kinase transduction pathway, determining
nuclear translocation of the p65 subunit of NF-κB and the activation of second messengers, with
a consequent increase of cytokines, pro-inflammatory enzymes and adhesion molecules [67]. This
is largely caused by the impaired activation of nuclear factor erythroid 2-related factor 2 (Nrf2),
the transcription factor which regulates genes encoding antioxidant and detoxifying proteins and
enzymes, such as superoxide dismutase (SOD), catalase (CAT) and NAD(P)H dehydrogenase [quinone]
1 (NQO1) [68]. At the renal level, oxidative stress is responsible for progressive renal damage, which
can lead to renal ischemia, lesions to the glomeruli, cell death and apoptosis, exacerbating the severe
inflammatory processes already underway. Among other things, oxidative stress is also responsible for
several pathological conditions considered as risk factors for CKD, such as diabetes, hypertension and
atherosclerosis [69]. In fact, reduction of the bioavailability of NO caused by endothelial dysfunction
induced by oxidative stress favors the progression of atherosclerosis. Specifically, the accumulation of
ROS (especially O2

−) leads to the inactivation and deficiency of NO, which is a critical antioxidant
protecting kidney function by increasing renal blood flow, enhancing pressure natriuresis, regulating
tubuloglomerular function and preserving fluid and electrolyte homeostasis. NO deficiency and high
levels of plasma O2

− are considered critical promoters of oxidative stress. Antioxidant therapies may
be beneficial in reducing oxidative stress, lowering uremic cardiovascular toxicity and improving
survival [70] (Figure 2). Even at the onset of oxidative stress, uremic toxins have a predominant role.
In fact, recent evidence has shown that IS-increased ROS production is generated mainly through
activation of nicotinamide adenine dinucleotide phosphate (NADPH) oxidase [44]. Moreover, it has
been reported that IS enhances inflammatory response and ROS in LPS-stimulated macrophages [43].
In addition, it has been reported that uremic toxins are responsible for the neurodegenerative disorders
characteristic of CKD through an increase in oxidative stress in the glia cells, increases of ROS and
oxidant markers (such as MDA [71] and ONOO−) and downregulation of the transcription factor Nrf2
as well as expression of enzymes related to the cytoprotective and antioxidant activities associated
with it [48].
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Figure 2. During chronic kidney disease (CKD), there is a considerable increase in oxidative stress due
to uremic toxins. There are increases in reactive oxygen species (ROS), nitric oxide (NO) and markers
of oxidative stress—such as malondialdehyde (MDA), peroxynitrite (ONOO−) and advanced glycation
end products (AGEs), which interact with AGE receptors and determine the activation of the nuclear
factor kappa-light-chain-enhancer of activated B cells (NF-κB), with a consequent increase in cytokines
and adhesion molecules. The oxidative stress condition is reflected in a reduction in the activity of
the transcription factor nuclear factor erythroid 2-related factor 2 (Nrf2) and, consequently, of the
expression of antioxidant and cytoprotective enzymes such as NAD(P)H dehydrogenase [quinone] 1
(NQO1), catalase (CAT) and superoxide dismutase (SOD).

4. Anti-Inflammatory and Antioxidant Compounds

In CKD patients, lifestyle factors, such as aerobic exercise and dietary interventions [72,73], have
been shown to exert anti-inflammatory effects; however, the adherence for CKD patients is often
poor, thus leading to pharmacological therapy as a potential alternative. The use of statins [74]
and angiotensin-converting enzyme inhibitors, as well as AT1-blockers, have been shown to exert
some anti-inflammatory effects [75], even if some studies have suggested their inefficiency in dialysis
patients [76–79]. However, in addition to the conventional therapy, the use of supplements has gathered
interest in scientific research. Despite the involvement of oxidative stress, antioxidant therapies have
not become a standard of care in CKD patients to date and more investigations are needed. Numerous
studies have shown the possibility of using compounds with anti-inflammatory and antioxidant
activities in the treatment of CKD. In particular, several classes of vitamins and minerals, as well as
plant-derived metabolites, are of growing interest.

4.1. Minerals and Vitamins

Patients with CKD show weakened antioxidative defense mechanisms, in part due to dietary
restrictions on fruits and vegetables resulting in lower levels of vitamins C and E. In addition, vitamin C
is lost during dialysis treatment, as well as selenium levels; furthermore, the function of the glutathione
(GSH)-scavenging mechanism is reduced. Endogenous or dietary antioxidants are protective against
oxidation, inflammation and kidney damage in CKD (Table 1).

4.1.1. Magnesium

Magnesium is one of the most important cations in the human body. The kidney plays a major role
in regulating the magnesium balance and homeostasis—70% of the circulating magnesium is filtered
by the glomerulus and approximately 90–95% of the filtered magnesium is reabsorbed [80]. When the
renal function declines, the ability for renal excretion deteriorates [81]. Low levels of magnesium are
associated with several complications, such as hypertension and vascular calcification and are also
associated with an increased risk for both cardiovascular disease and non-cardiovascular mortality [82].
Given that cardiovascular disease and CKD share similar risk factors, a low magnesium status may
also contribute to the progression of CKD. In cohort studies in HD, PD and CKD patients, lower serum
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magnesium levels have been associated with an increased risk of all-cause and/or cardiovascular
mortality [83]. The ability of magnesium to reduce the risk of cardiovascular complications during CKD
is also due to its anti-inflammatory properties, which involve reducing CRP levels [84]. Magnesium
deficiency should be supplemented by the administration of magnesium salts. In moderate CKD,
increases in the fractional excretion of magnesium largely compensate for the loss of glomerular
filtration rate in maintaining normal serum magnesium levels. However, in advanced CKD (stage 4–5),
these compensatory mechanisms become inadequate and the fraction of filtered magnesium excreted
increases as a result of impaired tubular reabsorption. This becomes even more marked when the GFR
falls below 10 mL/min. Thus, the compensatory rise in magnesium excretion is insufficient to prevent
an increase in serum magnesium concentration. As a consequence, ESRD is the only clinical condition
in which sustained hypermagnesemia may occur and net magnesium balance may be positive [85];
which is probably related to normal gastrointestinal absorption and impaired net kidney excretion.
Generally, magnesium should be measured regularly, and dialysate magnesium adjusted accordingly,
in order to maintain plasma magnesium within the normal range.

4.1.2. Selenium

Selenium is an essential micronutrient and its consumption depends on its soil levels and the
resulting food content. In many populations in Western Europe, selenium blood levels are lower than
those in North America. Severe selenium deficiency leads to the development of Kashin–Beck disease,
characterized by muscle loss and cardiomyopathy [86]. In CKD and ESRD, selenium deficiency is
common due to decreased intestinal absorption and/or loss during dialysis treatment. Selenium is
a cofactor for glutathione peroxidases (GSH-Px), which are synthesized in the kidney and play an
important role in ROS metabolism. In CKD and ESRD, the formation of GSH-Px is reduced but can be
treated with Selenium supplementation. Kidney transplantation rapidly restores plasma GSH-Px [87].

4.1.3. Phosphate

Phosphate homeostasis is regulated by an integrated mechanism involving the kidneys, bones,
intestines and muscles [88]. In CKD, multiple aspects of phosphate homeostasis are altered; each of
which being associated with higher mortality risk, coronary artery calcification, vascular stiffness,
progression of CKD and ESRD [89]. Serum concentrations of the phosphaturic hormones, PTH and
fibroblast growth factor 23 (FGF-23) are markedly increased in CKD; likely in response to dysregulated
phosphate handling [90]. Considering the consistent associations between hyperphosphatemia with
morbidity and mortality in CKD, there is a need for lowering phosphate in clinical practice. Interestingly,
although phosphate binders have been widely used for phosphate lowering in CKD patients and
are recommended for use in CKD by the Kidney Disease Improving Global Outcomes (KDIGO)
guidelines, they have been approved by the Food and Drug Administration (FDA) only for use in
ESRD patients [91]. Moreover, nutritional therapy without animal proteins (e.g., when replaced by
vegetal proteins, such in as the Very Low Protein Diet; VLPD) can reduce phosphorus levels as well as
FGF23 and PTH [46,92–94].

4.1.4. Vitamin C

Ascorbic acid has attenuated oxidative damage, inflammation and renal injury in several animal
models and in nephrotoxic acute kidney injury, ischemia and rhabdomyolysis-induced renal injury [95].
In fact, deficiency of vitamin C—an abundant non-enzymatic antioxidant—is prevalent in hemodialysis
as a result of dietary restrictions and/or loss during dialysis [96]. Vitamin C cannot be synthesized
endogenously but is taken through diet. For this reason, there is a reduction in plasma levels of this
vitamin during CKD, due to the dietary restrictions on the intake of fruits and vegetables imposed in
order to avoid hyperkalaemia. Vitamin C deficiency may be associated with adverse cardiovascular
outcomes [97]. Deicher et al. observed that a low plasma vitamin C level predicted fatal and major
non-fatal adverse cardiovascular events among HD patients [96]. Renal dysfunction has been associated



Int. J. Mol. Sci. 2020, 21, 263 8 of 26

with a decreased level of plasma vitamin C in patients with CKD [98]. Increased oxidative stress due
to vitamin C deficiency can also lead to endothelial dysfunction, through low-density lipoprotein
oxidation, in non-diabetic patients with CKD [98]. Vitamin C has an important antioxidative function,
being able to reduce ROS levels. This provides protection against kidney oxidative damage, as well as
maintaining vascular and endothelial function due to the ability of vitamin C to maintain hydroxylase
and mono-oxygenase enzymes [99]. Supplementation of ascorbic acid may be particularly important
in acute renal failure patients with low vitamin C status. Moreover, vitamin C is also easily oxidized
to dehydro-ascorbic acid during hemodialysis. Indications for ascorbate supplementation have been
formed very cautiously and, at present, the recommended doses might not be optimal and may
not meet real requirements [78]. However, the application of large vitamin C doses is risky, as the
metabolism of ascorbic acid leads to a large concentration of oxalic acid in plasma and in soft tissues;
moreover, oxalate levels in dialysis patients are elevated. Therefore, CKD and ESRD patients should
have a limited daily vitamin C supplement of 75 mg for females and 90 mg for males [100].

4.1.5. Vitamin E

Vitamin E is a fat-soluble vitamin. Its main active compound is α-tocopherol. Vitamin E is a potent
antioxidant with anti-inflammatory properties, which particularly interferes with cell membrane lipid
peroxidation [101]. In experimental studies, including an investigation in cats, vitamin E has been
shown to be a potential antioxidant and to slow atherosclerosis [102]. Furthermore, in observational
clinical studies, vitamin E consumption of more than 100 IU a day lowered the rate of coronary
events. However, in the HOPE trial, in patients with high risk of cardiovascular events, vitamin E
supplementation in daily doses of 400 IU had no apparent effect on cardiovascular outcomes [103].
In addition, in patients with mild to moderate renal insufficiency and a high cardiovascular risk, it
had no apparent effect on cardiovascular outcomes [104]. The subsequent extension of this study
(the HOPE TOO trial), unfortunately, was followed by enhanced cardiovascular complications in the
vitamin E-treated patients [105].

In ESRD, vitamin E levels have been found to be low, normal or increased [100]. The lower
levels were obviously caused by decreased dietary intake. In a randomized prospective investigation
(SPACE study) in hemodialysis patients, supplementation of α-tocopherol (800 IU) led to a significant
improvement of cardiovascular complications [106]. In another study with a small number of
dialysis patients, the beneficial effects of α-tocopherol therapy have been described [107]. Besides oral
application, vitamin E-coated membranes have been used to lower oxidative stress during hemodialysis
and various beneficial effects were reported [108].

4.1.6. Vitamin D

Vitamin D is not only important for the homeostasis of calcium/phosphorus and skeletal health but
also for numerous extra-skeletal functions. Vitamin D deficiency (serum 25(OH)D levels < 20 ng/mL)
and insufficiency (serum 25(OH)D levels < 30 ng/mL) have been observed in numerous diseases
in the general population [109]. In particular, vitamin D deficiency has been frequently observed
in CKD and ESRD. The serum levels appear to have an inverse relationship with kidney function
and a particular prevalence in hemodialysis patients [110]. Growing evidence has indicated that
vitamin D deficiency may contribute to deteriorating renal function, as well as increased morbidity
and mortality in patients with CKD [111]. In a rat model, vitamin D deficiency has been shown to
enhance contrast-induced nephropathy, a frequent cause of the acute renal failure in hospitals [112].
In diabetic nephropathy, application of vitamin D ameliorated the kidney podocyte function and
decreased proteinuria [113]. In other pre-clinical studies, vitamin D has attenuated kidney injury by
suppressing fibrosis, inflammation and apoptosis, through the inhibition of multiple key pathways in
kidney injury, such as the renin-angiotensin-aldosterone system (RAAS), NF-κB, TGF-β/Smad and
Wnt/β-catenin signaling pathways [114–117].
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4.1.7. Vitamin A

Vitamin A homeostasis is altered in adults with CKD. It has been shown that all-trans retinoic acid
(ATRA) has beneficial effects on early inflammation in glomeruli and proximal and distal tubules in
streptozotocin-induced diabetes; ATRA decreased inflammatory response. In fact, ATRA administration
attenuated TLR4/NF-κB inflammatory signaling and prevented NF-κB nuclear translocation in
glomeruli and proximal tubules [118].

4.1.8. Vitamin B1 (Thiamin)

Vitamin B1 is an indispensable nutrient, where its deficiency has been associated with central and
cardiovascular disturbances. In plasma, it is mainly bound to albumin. Thiamine-pyrophosphate is a
coenzyme particularly involved in the metabolism of carbohydrates. In ESRD, its plasma concentration
has been found to be either normal, decreased or elevated [119,120]. Functional thiamine deficiencies
are frequently observed, even at elevated plasma levels. According to newer investigations, such
functional thiamine deficiency can be explained by a high plasma concentrations of the thiamine
antimetabolite (oxythiamine) [121]. With regards to such functional thiamine deficiencies, patients on
HD and PD should get a daily dose of 1.1–1.2 mg/day.

Disturbances of thiamine are very common in diabetic patients. Its treatment is performed
frequently with Befotiamine, which is a lipid-soluble derivative of thiamine. Its lipid solubility is
much higher and, thus, it can penetrate nerves more readily. It has been shown to improve the
macro- and micro-vascular endothelial dysfunction caused by individual type 2 diabetes. In a study of
hemodialysis patients, efotiamine improved the antioxidative capacity of the plasma and ameliorated
the frequent genomic damage in peripheral lymphocytes [122] (Table 1).

Table 1. Anti-inflammatory and antioxidant activities of the minerals (selenium and phosphate) and
vitamins detailed in this study, with evaluation of the pathways involved. Decreased (↓) or increased (↑).

Anti-Inflammatory Activity Antioxidant Activity Experimental Model and
References

↑Magnesium ↓CRP Human study; [84]

↑Selenium ↑GSH-Px
↓ROS Human study; [87]

↓Phosphate ↓FGF23
↓PTH Human study; [90,92,123,124]

↑Vitamin C ↑hydroxylase/monooxygenase
co-factor

↓MDA
↓tissue lipid oxidation

↑tissue GSH
↑Co-antioxidant vit.E

↓ROS

Human study; [98]
Animal model; [99]

↑Vitamin E ↓8-OHdG
↓lipid peroxidation
↓NADPH activity

↓inflammatory mediators

Cellular and animal model; [101]
Animal model; [102]
Human study; [108]

↑Vitamin D

↓NF-kB signling pathway
↓RAAS

↓TGF-β/Smad
↓Wnt/β-catenin

Animal model; [114]
Cellular and animal model; [115]

Animal model; [116]
Cellular and animal model; [117]

↑Vitamin A ↓TLR4/NF-kB signling pathway Animal model; [118]

↑Vitamin B1 ↓plasma lactate levels Human study; [119]

8-OHdG, 8-hydroxy-2′ -deoxyguanosine; FGF 23, Fibroblast growth factor 23; GSH-Px, Glutathione peroxidase;
MDA, Malondialdehyde; NADPH, Nicotinamide adenine dinucleotide phosphate hydrogen; NF-κB, nuclear factor
kappa-light-chain-enhancer of activated B cells; PTH, Parathyroid Hormone; RAAS, renin–angiotensin–aldosterone
system; ROS, Reactive oxygen species; TGF-β/Smad, Transforming growth factor-β/Smad; TLR4, Toll-like receptor 4;
Vit. E, Vitamin E.
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4.2. Plant-Derived Metabolites

In addition to endogenous antioxidants, several dietary plant metabolites, including quercetin,
curcumin, resveratrol and others, appear to be efficacious in CKD. Several natural-derived agents
have been used in Chinese herbal medicine, including flavonoids (or bioflavonoids), which form an
important group of secondary plant metabolites (Table 2). Many studies have provided evidence
supporting the importance of nutrition during CKD; in particular, the role of nutrition in regulating the
levels of gut-derived uremic toxins has been demonstrated to be beneficial in CKD patients [45,123–126].

Quercetin is an important flavonoid, which has been reported to exhibit several biological
activities which include (but are not limited to) antioxidant, antidiabetic and anti-inflammatory
activities [127,128]. Quercetin reduced the levels of FGF23, PTH, inorganic phosphate and urinary
protein-to-creatinine ratios and urinary uric acid, creatinine and blood urea nitrogen, as well as
increasing the expression of serum lactate dehydrogenase (LDH), SOD and total antioxidant activity,
in an adenine-induced CKD rat model [129]. Moreover, quercetin treatment in CKD rats reduced
abnormal histopathological renal changes, including chronic interstitial inflammation [130].

Curcumin is a bright yellow–orange vegetable pigment. It is abundantly represented in the
tuberized rhyzo (root) of various species of Curcuma, especially in that of Curcuma longa. The roots of
Curcuma have been widely used in Indian and Asian cuisine to prepare curries and various typical
local sauces. In Ayurvedic medicine, thanks to their curcumin content, they have been used, for many
centuries, in the treatment of a wide variety of disorders. In the food and cosmetics industry, curcumin
is a yellow–orange coloring food additive. The most interesting properties of curcumin—as they are
potentially useful in the treatment of a fairly wide range of pathologies—are their antioxidant and
anti-inflammatory properties. The antioxidative properties of curcumin are attributable to their ability
to react directly with radical species and to increase the gene expression of proteins with cytoprotective
and antioxidant activities [131]. The protective effects of curcumin on kidney damage have been related
to the downregulation of profibrotic cytokines, vascular endothelial growth factor (VEGF), TGF-β,
connective tissue growth factor (CTGF) and osteopontin, as well as in extracellular matrix proteins,
such as fibronectin and collagen IV [132]. In addition, curcumin has been shown to be able to reduce the
progression of structural kidney damage by reducing the glomerulosclerosis index, tubulointerstitial
fibrosis and arteriolopathy [130]. Synthetic analogues of curcumin, such as C66, have been shown to
improve diabetic nephropathy [131]. Curcumin treatment has been shown to reduce the inflammatory
kidney response by the attenuation of renal macrophage infiltration and expression of iNOS, COX-2
and proinflammatory cytokines such as TNF-α and MCP-1. The anti-inflammatory effects of curcumin
have been associated with the inhibition of c-Jun N-terminal kinase (JNK)/NF-κB activation [133].
The antioxidant properties of curcumin can be traced back to its scavenger properties. In fact, it is
able to neutralize radical species, such as the superoxide anion and NO. These activities are likely
due to the presence of phenolic groups in the chemical structure of curcumin [134]. In addition to its
direct scavenging properties, curcumin also has an indirect antioxidative activity, due to its ability to
determine the upregulation of enzymes and cytoprotective and antioxidant proteins, such as SOD,
CAT, NQO1 [135], glutathione S-transferase [136] and γ-glutamylcysteine ligase [137]. Moreover, the
antioxidant and renoprotective properties of curcumin have been identified in 5/6 nephrectomized
rats. Under these conditions, curcumin reversed oxidative stress and glomerular hemodynamic
alterations; induced Nrf2 nuclear translocation; prevented glomerular hypertension, hyperfiltration
and oxidative stress; and improved the expression of antioxidant enzymes [138,139]. In the same
experimental model, curcumin prevented the disturbance of mitochondrial dynamics. In fact, the
preservation of mitochondrial functions, bioenergetics and prevention of oxidative stress improve
renal function [140]. Moreover, curcumin has been shown to ameliorate CKD-induced cardiac fibrosis
and diastolic dysfunction by suppressing NLRP3 inflammasome activation [141]. Another important
anti-inflammatory activity attributed to curcumin is improvement of the barrier function of the
intestinal epithelium, positively modulating the expression of intestinal alkaline phosphatase and
tight junction proteins and correcting gut permeability [142]. In fact, there is generally an increase in
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intestinal permeability during CKD, which results in the passage of pro-inflammatory molecules from
blood to gut. This action reduces the levels of circulatory inflammatory biomolecules, which may be
useful in the treatment of CKD.

Resveratrol (3,5,4′-trihydroxy-trans-stilbene) is a stilbenoid (a type of natural phenol) and a
phytoalexin, which is produced by several plants in response to injury or when under attack by
pathogens (e.g., bacteria or fungi). Sources of resveratrol in food include the grape skin, blueberries,
raspberries, mulberries and peanuts. It has anti-inflammatory, antioxidant and vaso-protective
properties. Its antioxidant activity is due to the inhibition of lipid peroxidation, the ability of chelate
metal ions and the direct action of radical scavenging. Moreover, resveratrol enhances antioxidant
enzyme production and modulates nuclear factors involved in inflammation and oxidative stress, such
as Nrf2 and NF-κB [143]. In fact, NF-κB activation plays a key role in the development and progression
of CKD and its related disorders [144]. In contrast to NF-κB, Nrf2 is responsible for the expression
of antioxidant and cytoprotective enzymes and is the main defense against cellular damage related
to oxidative stress [145]. Due to its anti-inflammatory and antioxidant effects, resveratrol has been
widely tested in animal models of chronic renal diseases and related disorders. In mice, Liang et
al. suggested that resveratrol treatment inhibits oxidative stress and renal interstitial fibrosis [146].
Recently, in a mouse model of nephropathy associated with obesity induced by a high-fat diet, Cheng
et al. showed that resveratrol treatment could alleviate renal damage by suppressing inflammation and
oxidative stress [147]. In streptozotocin-induced diabetic rats, resveratrol also protected the kidneys by
attenuating hyperglycemia-mediated oxidative stress and renal inflammatory cytokines by Nrf2–Keap1
signaling [148]. Moreover, resveratrol treatment attenuated CKD-induced skeletal muscle atrophy
through the MuRF1 signaling pathway [149]. These satisfactory results may suggest the clinical use of
resveratrol as a supplement to the treatment of CKD. However, no studies have yet been conducted on
CKD patients in order to better clarify its side effects, probably due to its low availability.

Cordycepin (3′-deoxyadenosine) is a derivative of the nucleoside adenosine, differing from the
latter by the absence of the hydroxy group in the 3′ position of its ribose moiety. It was initially
extracted from the fungus Cordyceps militaris but has also been produced synthetically. Cordycepin
has been widely used in traditional Chinese and Tibetan medicine for its anti-inflammatory effects
and health benefits [150], including its anti-asthma effects in particular [151]. Moreover, cordycepin
has been shown to improve cellular oxygen absorption, cardiovascular health and heart functionality,
sexual functionality, protect the liver and has been used to treat childhood palpitations, epilepsy and
convulsions [152]. The renoprotective action of cordycepin has also been observed [153,154]. In a recent
clinical study, cordycepin has been shown to improve CKD by affecting the TLR4/NF-κB signaling
pathway. In the study, pro-inflammatory parameters such as TLR4 levels, NF-κB activation, COX-2
expression and TNF-α and IL-1β levels were modulated by cordycepin treatment. This treatment also
reduced the levels of urinal protein, blood urea nitrogen and creatinine and improved the lipid profile
and oxidative stress in CKD patients [155]. In addition to cordycepin, another important component of
the species of the genus Cordiceps is N6-(2-hydroxyethyl)-adenosine (HEA). Several studies have shown
that HEA has a beneficial effect on unilateral ureteral obstruction (UUO)-induced tubulointerstitial
fibrosis by suppression of inflammation and renal fibroblast activation by modulation of the NF-κB and
TGF-β1/Smad signaling pathways. HEA has been shown to improve kidney injury in this experimental
model, as well as reducing fibrosis-related proteins and pro-inflammatory cytokines (e.g., TNF-α,
IL-6 and IL-1β) and inhibiting the TGF-β1/Smad and NF-κB signaling pathways both in vivo and
in vitro [154].

Flavonoids of Coreopsis tinctoria. C. tinctoria is an ornamental plant widely cultivated in
China and in many other counties, such as Canada, Mexico and the United States. It has been
reported that C. tinctoria possesses many biological activities, including anti-inflammatory, antioxidant,
anti-hyperlipidemic and anti-hypoglycemic activities [156,157]. Its anti-inflammatory activity has
been mainly attributed to inhibition of COX-2 expression [158]. However, its antioxidant property
is due to the direct effect of scavenging against radical species. Several studies have shown that
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C. tinctoria, which is rich in flavonoids, reduced damage to renal tissues in high glucose/fat diet-
and streptozotocin-induced diabetic rats. C. tinctoria may also decrease lipid levels through the
adipose differentiation-related protein (ADRP) [157]. Lipid accumulation may also induce ROS
activation [159]. In addition, C. tinctoria reduced renal inflammation and fibrosis by inhibiting the
AMPK and TGF-β/Smad signaling pathways [160]. Renal inflammation was also reduced by inhibition
of the NF-κB pathway. In fact, suppression of NF-κB mediated by C. tinctoria reduced MCP-1 and
collagen IV expression and improved renal inflammation and fibrosis [161].

Flavonoids and polyphenols of Phyllanthus niruri. P. niruri is a wide-spread tropical plant,
belonging to the Euphorbiaceae family, which has been widely used in Ayurvedic medicine for the
treatment of bronchitis, anemia, leprosy and asthma [162]. Many studies have shown its antioxidant
activity both in vitro and in vivo [163]. In fact, its high flavonoid and polyphenol content leads to ROS
scavenging and chelating transition metal ion activities, which play pivotal roles in preventing the
oxidation of low-density lipoproteins and in ameliorating the inflammatory condition. Its renoprotective
activity is probably attributable to ability of P. niruri to neutralize radical oxygen species, inhibiting
the formation of peroxides and blocking the chain of oxidative reactions and protecting the kidney
from oxidative damage during CKD. The abilities of P. niruri to improve SOD activity at the kidney
level to and preserve kidney function are also very interesting. The levels of CAT and GPx, which
play key roles in the mechanisms of defense against oxidative stress, have been increased by a leaf
extract of P. niruri [164]. These activities have been supported by studies that verified the ability of
other Phyllanthus species to protect kidney function from acetaminophen-induced damage in rats.

Allicin (allyl 2-propenethiosulfinate or diallyl thiosulfinate) is an organosulfur compound obtained
from garlic, a species in the family Alliaceae. The enzyme alliinase is responsible for the conversion
of the stable precursor S-allyl cysteine-S-oxide (alliin) into allicin when garlic cloves are crushed or
macerated [165]. Its biological properties can be attributed to both its antioxidant activity and its reaction
with proteins containing a thiol group. In some studies, allicin has demonstrated a protective activity
against coronary endothelial dysfunction and right heart hypertrophy in pulmonary hypertensive
rats [166]. This heart-protective effect has also been shown in a rat model of CKD. Protective activity at
the kidney level, in addition to the reduction of CKD-mediated systemic hypertension, appears to be
due to the antioxidative effect of allicin [167]. In fact, allicin has been shown to improve renal function
by modulation of AT1, Nrf2/Keap1 and eNOS pathways. The beneficial effects demonstrated by allicin
are similar or even better, than those of losartan, a drug commonly used as a first-line therapy [168].
By increasing the nuclear translocation of the Nrf2 factor, allicin also increases the gene transcription of
Nrf2-related enzymes, such as CAT, SOD and GPx, which play a key role in the cellular mechanisms
defending against oxidative damage. During CKD, allicin has been shown to improve the biochemical
markers of renal dysfunction, such as creatinine, blood urea nitrogen, diuresis and proteinuria [167].

Ursolic acid is a pentacyclic triterpenoid which was identified in the epicuticular waxes of apples
as early as 1920 and is widely found in the peels of fruits, as well as in herbs and spices (e.g., rosemary
and thyme). A number of potential biochemical effects of ursolic acid have been investigated but
no clinical study demonstrating its benefits for human health has been carried out. The positive
results obtained in animal models with ursolic acid treatment have mainly related to the improvement
of glycide and lipid metabolism, thus providing evidence that it may be useful in the treatment of
diabetes and obesity [169]. Some studies have shown that ursolic acid has protective effects against
CKD and renal fibrosis. This protective effect appears to be due to its anti-inflammatory properties.
In particular, ursolic acid has been shown to inhibit the activation of STAT3 and the NF-κB pathway,
reducing the inflammatory response in the CKD-induced decline of muscle mass with progressive
protein loss [170]. Interestingly, ursolic acid has been shown to cause direct inhibition of the expression
of pro-inflammatory cytokines in muscles of mice with CKD [171]. This effect has been directly related
to myostatin inhibition at the muscle level [172]. Inhibition of NF-κB by ursolic acid inhibits the
expression of CKD-stimulated IL-6 and, probably, other cytokines; as a consequence, ursolic acid
inhibits p-STAT3 activation and C/EBP-δ transcription [173]. Ursolic acid may increase bile excretion
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and decrease bilirubin level [174]; high total bilirubin level may be correlated with mortality among
CKD patients undergoing long-term hemodialysis [175].

Table 2. The anti-inflammatory and antioxidant activities of the described plant-derived metabolites,
with evaluation of the involved pathways which can result decreased (↓) or increased (↑).

Anti-Inflammatory Activity Antioxidant Activity Experimental Model and
References

Quercetin ↓FGF23
↓PTH

↓LDH
↓SOD Animal model; [130]

Curcumin

↓VEGF
↓TGF-β
↓CTGF

↓fibronectin and collagen IV
↓iNOS and ↓COX-2

↓TNF-α
↓MCP-1
↓JNK/NF-κB
↓NLRP3

↓NO and ↓ONOO−

↓O2
− and ↓H2O2
↑SOD
↑CAT
↑GSR
↑HO-1
↑GST
↑NQO1
↑GCL

Animal model; [131,132]
Cellular model; [133–137]
Animal model; [138–141]

Resveratrol ↓NF-κB
↓pro-inflammatory cytokines and enzymes

↑Nrf2
↑antioxidant enzymes

Human study; [143,145]
Animal model; [146–148]

Cordycepin

↓NF-κB
↓TNF-α
↓IL-6
↓IL-1β

↓TGF-β1/Smad

Animal model; [153]
Cellular model; [154]

Human study and cellular
model; [155]

Flavonoids of C. tinctoria

↓NF-κB signling pathway
↓COX-2

↓MCP-1 and ↓collagen IV
↓AMPK

↓TGF-β/Smad

Animal model; [158,160]
Cellular model; [161]

Flavonoids and polyphenols
of P. niruri

↑SOD
↑CAT
↑GPx

Animal model; [164]

Allicin

↓AT1R
↓Keap1
↓eNOS
↑Nrf2
↑SOD
↑CAT
↑GPx

Animal model; [167,168]

Ursolic acid

↓IL-6
↓NF-κB
↓p-STAT3
↓C/EBP-δ

Human study and animal
model; [170]

Animal model; [172]
Cellular and animal model; [173]

Epigallocatechin-3-gallate

↓NF-κB
↓NLRP3
↓caspase-1

↓IL-1β and IL-18
↓p-Akt ↓p-JNK ↓p-ERK1/2

↓p-P38
↑PPARγ and ↑SIRT1

↓MCP-1
↓TGF-β

↑Nrf2
↑GPx
↑HO-1

↓AGE and lipid
peroxidation
↓ROS

Cellular model; [176]
Animal model; [177–182]

AGE, advanced glycation end-product; AMPK, 5′ AMP-activated protein kinase; AT1R, angiotensin II receptor type
1; C/EBP-δ, CCAAT-enhancer-binding proteins-δ; CAT, catalase; COX-2, cyclooxygenase-2; CTGF, connective tissue
growth factor; eNOS, endothelial nitric oxide synthase; FGF 23, fibroblast growth factor 23; GCL, glutamate-cysteine
ligase; GPx, glutathione peroxidase; GSR, glutathione-disulfide reductase; GST, glutathione S-transferase; H2O2,
hydrogen peroxide; HO-1, heme oxygenase-1; IL-18, interleukin 18; IL-1β, interleukin 1β; IL-6, interleukin
6; iNOS, inducible nitric oxide synthase; JNK, c-Jun N-terminal kinases; KEAP1, Kelch-like ECH-associated
protein 1; LHD, lactate dehydrogenase; MCP-1, monocyte chemoattractant protein-1; NF-κB, nuclear factor
kappa-light-chain-enhancer of activated B cells; NLRP3, NOD-, LRR- and pyrin domain-containing protein 3; NO,
nitric oxide; NQO1, NAD(P)H dehydrogenase [quinone] 1; Nrf2, nuclear factor erythroid 2-related factor 2; O2

−,
superoxide; ONOO−, peroxynitrite; p-Akb, phospho protein kinase B; p-ERK, phospho extracellular signal-related
kinase; p-P38, phospho mitogen-activated protein kinases; PPARγ, peroxisome proliferator-activated receptor γ;
p-STAT 3, phospho signal transducer and activator of transcription 3; PTH, parathyroid hormone; ROS, reactive
oxygen species; SIRT-1, sirtuin 1; SOD, superoxide dismutase; TGF-β, transforming growth factor-β; TNF-α, tumor
necrosis factor α; VEFG, vascular-endothelial growth factor.
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Epigallocatechin-3-gallate. (-)-Epigallocatechin-3-gallate (EGCG) is one of the many polyphenols
present in the green tea plant. It is also the most active and has many biological properties. In
particular, several studies have highlighted the antioxidative potential of EGCG. This property is
directly due to its ability to neutralize free radicals, act as ROS scavenger and to chelate metal ions [176].
Bao et al. have demonstrated its beneficial role in the treatment of kidney injury in an animal model
of glomerulonephritis [177]. In another study, EGCG has been shown to reduce lupus nephritis
progression in mice by enhancing the Nrf2 antioxidant pathway and inhibiting NLRP3 inflammasome
activation. In particular, EGCG is able to enhance the nuclear translocation of Nrf2 and to increase
GSH-Px expression. This activity is combined with its ability to inhibit p65 NF-κB translocation and
NLRP3 inflammasome activation through inhibition of caspase-1, IL-1β and IL-18 [167]. EGCG has
also improved the biochemical markers of renal dysfunction, such as proteinuria and serum creatinine.
Many studies have shown that EGCG-treated mice showed reductions in p-Akt, p-JNK, p-ERK1/2 and
p-P38, as well as an increase in PPAR-γ and sirtuin-1 levels [178,179]. In a mouse model of diabetic
nephropathy, EGCG ameliorated renal injury by reducing oxidative stress markers [180]. Interestingly,
EGCG also reduces levels of uremic toxins, such as methylguanidine, by inhibition of oxidative stress
in renal damage induced in rats [181]. Ultimately, EGCG has proven to be able to protect the kidneys
from ischemia reperfusion injuries by heme oxygenase 1 upregulation and to inhibit macrophage
infiltration, both of which are responsible for the progression of kidney damage [182].

5. The Importance of Nutritional Therapy during CKD

The scientific community has shown a growing focus on the importance of nutritional therapy
during CKD. In fact, nutritional therapy (in particular, VLPD) has demonstrated several beneficial
effects in CKD patients, slowing the progression of CKD. Nutritional therapy has proven useful both
for reducing protein intake and, consequently, the formation of urea and the urea symptoms associated
with it, as well as providing the possibility of delaying the progression of CKD. Nutritional therapy
is also useful in reducing the quantity and use of drugs in CKD patients, such as antihypertensive
drugs, phosphate binders (to prevent secondary hyperparathyroidism and vascular calcification),
erythropoietin (to treat anemia) and diuretics (to reduce edema) [183]. The objectives of nutritional
therapy include the maintenance of an optimal nutritional status; the prevention and/or correction
of signs, symptoms and complications of CKD; and, possibly, delaying the need for dialysis. Such
diets include modulation of protein intake, adequate caloric intake, control of sodium and potassium
intake and reduction of phosphorus intake [123]. Recent evidence has shown a connection between the
kidneys and the intestines. In fact, increased urea levels in patients with CKD and favorable alteration
of the gut microbiome can lead to an increase in permeability and alterations of the intestinal epithelial
barrier [92]. For this reason, it is necessary to preserve the quality of the gut microbiome through the
diet; namely by introducing the right amount of protein and fiber [184]. It has also been observed that
a VLPD diet reduced PCS levels by about 30–35% in CKD patients after only one week of dietetic
treatment [94]. Furthermore, evidence was presented that the uremic toxin reduction was due to a
urea level decrease obtained by use of a nutritional therapy-derived plant. Similarly, supplementation
of short-chain fatty acids (e.g., acetic acid, butyric acid, propionic acid and saturated fats) has shown a
beneficial effect on inflammatory parameters and on gut-derived uremic toxins in HD patients [125].

6. Conclusions

The progression and severity of CKD are strongly associated with exacerbation of the inflammatory
state and oxidative stress. These are known risk factors for the onset of serious systemic complications,
cardiovascular disease, anemia and mineral disorders. Several studies have reported higher levels of
pro-inflammatory enzymes, cytokines and oxidative stress markers, together with reduced antioxidative
systems. Several biological mechanisms contribute to the onset and exacerbation of inflammation
and oxidative stress, including mitochondrial activity, xanthine oxidase and NADPH oxidase. For
these reasons, there has been a recent increase in scientific attention to natural substances with
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anti-inflammatory and antioxidant activities, which have demonstrated positive results in the treatment
of CKD, both in vitro and in vivo (Table 3). Many of these compounds have been shown to reduce the
inflammatory state by modulation of the NF-κB-dependent pathway, reducing the level of cytokines
and pro-inflammatory enzymes. Other compounds have both direct ROS scavenging properties, due to
their molecular structure or indirect antioxidative effects mediated by the upregulation of antioxidant
enzymes (e.g., vitamin E, vitamin C, curcumin, resveratrol, green tea and other metabolites, flavonoids
and polyphenols derived from plant species). However, the important limiting factors in most of these
studies were low sample size, biodisponibility and short-term follow-up. As a consequence, none of
these molecules have yet been introduced into clinical practice. Therefore, future prospective and
comparative studies analyzing the co-administration of different anti-inflammatories and antioxidants
with long-term follow-up are necessary.

Table 3. Potential contributions of the mentioned compounds in chronic kidney disease progression or
complication management (summary table); “X” indicates which of these aspects is modulated by the
mentioned compounds.

Reduction of Progression of CKD CKD-Complications Management References

Magnesium X X [82–85]
Selenium X [87]
Phosphate X [89]
Vitamin C X [96–98]
Vitamin E X [102–105]
Vitamin D X X [111–117]
Vitamin A X [118]
Vitamin B1 X X [122]
Quercetin X [129,130]
Curcumin X X [131–142]
Resveratrol X X [146–149]
Cordycepin X [153–155]
C. tinctoria X [160,161]

P. niruri X [164]
Allicin X X [166–168]

Ursolic acid X [170–175]
Epigallocatechin-3-gallate X X [177–182]
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Epo Erythropoietin
CRP C-reactive protein
IL-6 Interleukin-6
IL-1 Interleukin-1
TNF- α Tumor necrosis factor-α
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HD Hemodialysis
MCP-1 Monocyte chemoattractant protein-1
PTH Parathyroid hormone
RANKL Receptor activator of NF-κB ligand
COX-2 Cyclooxygenase-2
iNOS Inducible nitric oxide synthase
NF-κB Nuclear factor kappa-light-chain-enhancer of activated B cells
IS Indoxyl sulfate
PC p-cresol
PCS p-cresol sulfate
NO Nitrogen monoxide
PD Peritoneal dialysis
ROS Reactive oxygen species
NOX NADPH oxidases
8-OH-dG 8-hydroxy-2′-deoxyguanosine
RNS Reactive nitrogen species
AGEs Advanced glycation end products
RAGE Receptor system for AGEs
Nrf2 Nuclear factor erythroid 2-related factor 2
SOD Superoxide dismutase
CAT Catalase
NQO1 NAD(P)H dehydrogenase [quinone] 1
MDA Malondialdehyde
GSH-Px Glutathione peroxidases
ATRA All-trans retinoic acid
FGF23 Fibroblast growth factor 23
LDH Lactate dehydrogenase
VEGF Vascular endothelial growth factor
HEA N6-(2-hydroxyethyl)-adenosine
UUO Unilateral ureteral obstruction
EGCG Epigallocatechin-3-gallate
VLPD Very low protein diet
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86. Jankowska, M.; Rutkowski, B.; Dębska-Ślizień, A. Vitamins and Microelement Bioavailability in Different
Stages of Chronic Kidney Disease. Nutrients 2017, 9, 282. [CrossRef]

87. Zachara, B.A. Selenium and selenium-dependent antioxidants in chronic kidney disease. Adv. Clin. Chem.
2015, 68, 131–151.

http://dx.doi.org/10.1046/j.1523-1755.2002.00115.x
http://dx.doi.org/10.1038/ki.2012.439
http://dx.doi.org/10.1016/j.semnephrol.2004.04.007
http://dx.doi.org/10.3109/0886022X.2014.964141
http://www.ncbi.nlm.nih.gov/pubmed/25375354
http://dx.doi.org/10.3945/ajcn.2008.26094
http://www.ncbi.nlm.nih.gov/pubmed/19056596
http://dx.doi.org/10.1681/ASN.2006080938
http://dx.doi.org/10.1046/j.1365-2796.1999.00560.x
http://www.ncbi.nlm.nih.gov/pubmed/10583720
http://dx.doi.org/10.1016/j.sigm.2004.07.003
http://dx.doi.org/10.1007/s00018-008-7452-4
http://dx.doi.org/10.1124/mol.107.039818
http://dx.doi.org/10.1159/000495540
http://dx.doi.org/10.1152/ajprenal.1989.256.2.F197
http://dx.doi.org/10.1093/ndtplus/sfr166
http://www.ncbi.nlm.nih.gov/pubmed/26069820
http://dx.doi.org/10.1159/000485212
http://www.ncbi.nlm.nih.gov/pubmed/29478069
http://dx.doi.org/10.1007/s40620-019-00601-6
http://www.ncbi.nlm.nih.gov/pubmed/30888644
http://dx.doi.org/10.1684/mrh.2013.0344
http://dx.doi.org/10.1159/000321837
http://dx.doi.org/10.3390/nu9030282


Int. J. Mol. Sci. 2020, 21, 263 21 of 26

88. Lemoine, S.; Fournier, T.; Kocevar, G.; Belloi, A.; Normand, G.; Ibarrola, D.; Sappey-Marinier, D.; Juillard, L.
Intracellular Phosphate Dynamics in Muscle Measured by Magnetic Resonance Spectroscopy during
Hemodialysis. J. Am. Soc. Nephrol. 2016, 27, 2062–2068. [CrossRef]

89. O’Seaghdha, C.M.; Hwang, S.J.; Muntner, P.; Melamed, M.L.; Fox, C.S. Serum phosphorus predicts incident
chronic kidney disease and end-stage renal disease. Nephrol. Dial. Transpl. 2011, 26, 2885–2890. [CrossRef]

90. Levin, A.; Bakris, G.L.; Molitch, M.; Smulders, M.; Tian, J.; Williams, L.A.; Andress, D.L. Prevalence of
abnormal serum vitamin D, PTH, calcium and phosphorus in patients with chronic kidney disease: Results
of the study to evaluate early kidney disease. Kidney Int. 2007, 71, 31–38. [CrossRef]

91. Kidney Disease: Improving Global Outcomes (KDIGO) CKD-MBD Work Group. KDIGO clinical practice
guideline for the diagnosis, evaluation, prevention and treatment of Chronic Kidney Disease-Mineral and
Bone Disorder (CKD-MBD). Kidney Int. Suppl. 2009, 113, S1–S130.

92. Di Micco, L.; Di Lullo, L.; Bellasi, A.; Di Iorio, B.R. Very Low Protein Diet for Patients with Chronic Kidney
Disease: Recent Insights. J. Clin. Med. 2019, 8, 718. [CrossRef] [PubMed]

93. Di Iorio, B.R.; Marzocco, S.; Bellasi, A.; De Simone, E.; Dal Piaz, F.; Rocchetti, M.T.; Cosola, C.; Di Micco, L.;
Gesualdo, L. Nutritional therapy reduces protein carbamylation through urea lowering in chronic kidney
disease. Nephrol. Dial. Transpl. 2018, 33, 804–813. [CrossRef] [PubMed]

94. Marzocco, S.; Dal Piaz, F.; Di Micco, L.; Torraca, S.; Sirico, M.L.; Tartaglia, D.; Autore, G.; Di Iorio, B. Very
low protein diet reduces indoxyl sulfate levels in chronic kidney disease. Blood Purif. 2013, 35, 196–201.
[CrossRef]

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

96. Deicher, R.; Ziai, F.; Bieglmayer, C.; Schillinger, M.; Horl, W.H. Low total vitamin C plasma level is a risk
factor for cardiovascular morbidity and mortality in hemodialysis patients. J. Am. Soc. Nephrol. 2005, 16,
1811–1818. [CrossRef]

97. Oboh, H.A.; Idogun, E.S. The assessment of plasma ascorbic acid, alpha tocopherol and albumin creatinine
ratio in patients with chronic renal failure. Nig. Q. J. Hosp. Med. 2011, 21, 294–298.

98. Takahashi, N.; Morimoto, S.; Okigaki, M.; Seo, M.; Someya, K.; Morita, T.; Matsubara, H.; Sugiura, T.;
Iwasaka, T. Decreased plasma level of vitamin C in chronic kidney disease: Comparison between diabetic
and non-diabetic patients. Nephrol. Dial. Transpl. 2011, 26, 1252–1257. [CrossRef]

99. Koyner, J.L.; Sher Ali, R.; Murray, P.T. Antioxidants. Do they have a place in the prevention or therapy of
acute kidney injury? Nephron. Exp. Nephrol. 2008, 109, e109–e117. [CrossRef]

100. Chazot, C.; Jean, G.; Kopple, J.D. Can Outcomes be Improved in Dialysis Patients by Optimizing Trace Mineral,
Micronutrient and Antioxidant Status? The Impact of Vitamins and their Supplementation. Semin. Dial.
2016, 29, 39–48. [CrossRef]

101. Singh, U.; Devaraj, S.; Jialal, I. Vitamin E, oxidative stress and inflammation. Annu. Rev. Nutr. 2005, 25,
151–174. [CrossRef] [PubMed]

102. Keegan, R.; Webb, C.B. Oxidative stress and neutrophil function in cats with chronic renal failure. J. Vet.
Intern. Med. 2010, 24, 514–519. [CrossRef] [PubMed]

103. Yusuf, S.; Sleight, P.; Pogue, J.; Bosch, J.; Davies, R.; Dagenais, G. Effects of an angiotensin-converting enzyme
inhibitor ramipril on cardiovascular events in high-risk patients. The Heart Outcomes Prevention Evaluation
Study. N. Engl. J. Med. 2000, 342, 145–153. [PubMed]

104. Mann, J.F.E.; Yi, Q.L.; Gerstein, H.C. Albuminuria as a predictor of cardiovascular and renal outcomes
in people with known atherosclerotic cardiovascular disease. Kidney Int. 2004, 66, S59–S62. [CrossRef]
[PubMed]

105. Lonn, E.; Bosch, J.; Yusuf, S.; Sheridan, P.; Pogue, J.; Arnold, J.M.; Ross, C.; Arnold, A.; Sleight, P.; Probstfield, J.;
et al. HOPE and HOPE-TOO Trial Investigators. Effects of long-term vitamin E supplementation on
cardiovascular events and cancer: A randomized controlled trial. JAMA 2005, 293, 1338–1347.

106. Boaz, M.; Smetana, S.; Weinstein, T.; Matas, Z.; Gafter, U.; Iaina, A.; Knecht, A.; Weissgarten, Y.; Brunner, D.;
Fainaru, M.; et al. Secondary prevention with antioxidants of cardiovascular disease in end stage renal
disease (SPACE): Randomised placebo-controlled trial. Lancet 2000, 356, 1213–1218. [CrossRef]

107. Cristol, J.P.; Bosch, J.Y.; Badiou, S.; Leblanc, M.; Lorrho, R.; Descomps, B.; Canaud, B. Erythropoietin and
oxidative stress in hemodialysis: Beneficial effects of vitamin E supplementation. Nephrol. Dial. Transpl.
1997, 12, 2312–2317. [CrossRef]

http://dx.doi.org/10.1681/ASN.2015050546
http://dx.doi.org/10.1093/ndt/gfq808
http://dx.doi.org/10.1038/sj.ki.5002009
http://dx.doi.org/10.3390/jcm8050718
http://www.ncbi.nlm.nih.gov/pubmed/31137545
http://dx.doi.org/10.1093/ndt/gfx203
http://www.ncbi.nlm.nih.gov/pubmed/28992314
http://dx.doi.org/10.1159/000346628
http://dx.doi.org/10.1007/s002280050668
http://dx.doi.org/10.1681/ASN.2004100850
http://dx.doi.org/10.1093/ndt/gfq547
http://dx.doi.org/10.1159/000142935
http://dx.doi.org/10.1111/sdi.12443
http://dx.doi.org/10.1146/annurev.nutr.24.012003.132446
http://www.ncbi.nlm.nih.gov/pubmed/16011463
http://dx.doi.org/10.1111/j.1939-1676.2010.0498.x
http://www.ncbi.nlm.nih.gov/pubmed/20384951
http://www.ncbi.nlm.nih.gov/pubmed/10639539
http://dx.doi.org/10.1111/j.1523-1755.2004.09215.x
http://www.ncbi.nlm.nih.gov/pubmed/15485420
http://dx.doi.org/10.1016/S0140-6736(00)02783-5
http://dx.doi.org/10.1093/ndt/12.11.2312


Int. J. Mol. Sci. 2020, 21, 263 22 of 26

108. Huang, J.; Yi, B.; Li, A.M.; Zhang, H. Effects of vitamin E-coated dialysis membranes on anemia, nutrition
and dyslipidemia status in hemodialysis patients: A meta-analysis. Ren. Fail. 2015, 37, 398–407. [CrossRef]

109. Holick, M.F. Vitamin D deficiency. N. Engl. J. Med. 2007, 357, 266–281. [CrossRef]
110. Krassilnikova, M.; Ostrow, K.; Bader, A.; Heeger, P.; Mehrotra, A. Low Dietary Intake of Vitamin D and

Vitamin D Deficiency in Hemodialysis Patients. J. Nephrol. 2014, 4, 3. [CrossRef]
111. Kim, C.S.; Kim, S.W. Vitamin D and chronic kidney disease. Korean J. Intern. Med. 2014, 29, 416–427.

[CrossRef] [PubMed]
112. Luchi, W.M.; Shimizu, M.H.; Canale, D.; Gois, P.H.; de Bragança, A.C.; Volpini, R.A.; Girardi, A.C.; Seguro, A.C.

Vitamin D deficiency is a potential risk factor for contrast-induced nephropathy. Am. J. Physiol. Regul. Integr.
Comp. Physiol. 2015, 309, R215–R222. [CrossRef] [PubMed]

113. Pedraza-Chaverri, J.; Sánchez-Lozada, L.G.; Osorio-Alonso, H.; Tapia, E.; Scholze, A. New Pathogenic
Concepts and Therapeutic Approaches to Oxidative Stress in Chronic Kidney Disease. Oxid. Med. Cell.
Longev. 2016, 2016, 6043601. [CrossRef] [PubMed]

114. Freundlich, M.; Quiroz, Y.; Zhang, Z.; Zhang, Y.; Bravo, Y.; Weisinger, J.R.; Li, Y.C.; Rodriguez-Iturbe, B.
Suppression of renin-angiotensin gene expression in the kidney by paricalcitol. Kidney Int. 2008, 74,
1394–1402. [CrossRef] [PubMed]

115. Sanchez-Niño, M.D.; Bozic, M.; Córdoba-Lanús, E.; Valcheva, P.; Gracia, O.; Ibarz, M.; Fernandez, E.;
Navarro-Gonzalez, J.F.; Ortiz, A.; Valdivielso, J.M. Beyond proteinuria: VDR activation reduces renal
inflammation in experimental diabetic nephropathy. Am. J. Physiol. Ren. Physiol. 2012, 302, F647–F657.
[CrossRef]

116. Deb, D.K.; Sun, T.; Wong, K.E.; Zhang, Z.; Ning, G.; Zhang, Y.; Kong, J.; Shi, H.; Chang, A.; Li, Y.C. Combined
vitamin D analog and AT1 receptor antagonist synergistically block the development of kidney disease in a
model of type 2 diabetes. Kidney Int. 2010, 77, 1000–1009. [CrossRef]

117. He, W.; Kang, Y.S.; Dai, C.; Liu, Y. Blockade of Wnt/β-catenin signaling by paricalcitol ameliorates proteinuria
and kidney injury. J. Am. Soc. Nephrol. 2011, 22, 90–103. [CrossRef]

118. Edith, S.; Mondragona, E.; Molina, J.C.; Namorado, T.; Rafael, R.; Muñoza, J.P.; Chaverric, J.; Reyesa, L.
All-trans retinoic acid ameliorates inflammatory response mediated by TLR4/NF-κB during initiation of
diabetic nephropathy. J. Nutr. Biochem. 2018, 60, 47–60.

119. Hung, S.C.; Hung, S.H.; Tarng, D.C.; Yang, W.C.; Chen, T.W.; Huang, T.P. Thiamine deficiency and unexplained
encephalopathy in hemodialysis and peritoneal dialysis patients. Am. J. Kidney Dis. 2001, 38, 941–947.
[CrossRef]

120. Moradi, M.; Said, H.M. Functional thiamine deficiency in end-stage renal disease: Malnutrition despite
ample nutrients. Kidney Int. 2016, 90, 252–254. [CrossRef]

121. Zhang, F.; Masania, J.; Anwar, A.; Xue, M.; Zehnder, D.; Kanji, H.; Rabbani, N.; Thornalley, P.J. The uremic
toxin oxythiamine causes functional thiamine deficiency in end-stage renal disease by inhibiting transketolase
activity. Kidney Int. 2016, 90, 396–403. [CrossRef]

122. Schupp, N. Vitamin supplementation in hemodialysis patients—Compensation for the lack of water-soluble
vitamins. Dial. Aktuell. 2009, 13, 322–324.

123. Cupisti, A.; Brunori, G.; Di Iorio, B.R.; D’Alessandro, C.; Pasticci, F.; Cosola, C.; Bellizzi, V.; Bolasco, P.;
Capitanini, A.; Fantuzzi, A.L.; et al. Nutritional treatment of advanced CKD: Twenty consensus statements.
J. Nephrol. 2018, 31, 457–473. [CrossRef]

124. Russo, D.; Bellasi, A.; Pota, A.; Russo, L.; Di Iorio, B. Effects of phosphorus-restricted diet and
phosphate-binding therapy on outcomes in patients with chronic kidney disease. J. Nephrol. 2015, 28,
73–80. [CrossRef]

125. Marzocco, S.; Fazeli, G.; Di Micco, L.; Autore, G.; Adesso, S.; Dal Piaz, F.; Heidland, A.; Di Iorio, B.
Supplementation of Short-Chain Fatty Acid, Sodium Propionate, in Patients on Maintenance Hemodialysis:
Beneficial Effects on Inflammatory Parameters and Gut-Derived Uremic Toxins, A Pilot Study (PLAN Study).
J. Clin. Med. 2018, 7, 315. [CrossRef]

126. Di Iorio, B.R.; Marzocco, S.; Nardone, L.; Sirico, M.; De Simone, E.; Di Natale, G.; Di Micco, L. Urea and
impairment of the Gut-Kidney axis in Chronic Kidney Disease. G. Ital. Nefrol. 2017, 34, 6.

127. Abarikwu, S.O. Protective effect of quercetin on atrazine-induced oxidative stress in the liver, kidney, brain
and heart of adult wistar rats. Toxicol. Int. 2014, 21, 148–155. [CrossRef]

http://dx.doi.org/10.3109/0886022X.2014.1001281
http://dx.doi.org/10.1056/NEJMra070553
http://dx.doi.org/10.4172/2161-0959.1000166
http://dx.doi.org/10.3904/kjim.2014.29.4.416
http://www.ncbi.nlm.nih.gov/pubmed/25045287
http://dx.doi.org/10.1152/ajpregu.00526.2014
http://www.ncbi.nlm.nih.gov/pubmed/26041113
http://dx.doi.org/10.1155/2016/6043601
http://www.ncbi.nlm.nih.gov/pubmed/27429711
http://dx.doi.org/10.1038/ki.2008.408
http://www.ncbi.nlm.nih.gov/pubmed/18813285
http://dx.doi.org/10.1152/ajprenal.00090.2011
http://dx.doi.org/10.1038/ki.2010.22
http://dx.doi.org/10.1681/ASN.2009121236
http://dx.doi.org/10.1053/ajkd.2001.28578
http://dx.doi.org/10.1016/j.kint.2016.04.017
http://dx.doi.org/10.1016/j.kint.2016.03.010
http://dx.doi.org/10.1007/s40620-018-0497-z
http://dx.doi.org/10.1007/s40620-014-0071-2
http://dx.doi.org/10.3390/jcm7100315
http://dx.doi.org/10.4103/0971-6580.139794


Int. J. Mol. Sci. 2020, 21, 263 23 of 26

128. Shaik, Y.B.; Castellani, M.L.; Perrella, A. Role of quercetin (a natural herbal compound) in allergy and
inflammation. J. Biol. Regul. Homeost. Agents 2006, 20, 47–52.

129. Trujillo, J.; Chirino, Y.H.; Molina-Jijón, E.; Andérica-Romero, A.C.; Tapia, E.; Pedraza-Chaverr, J.
Renoprotective effect of the antioxidant curcumin: Recent findings. Redox Biol. 2013, 1, 448–456. [CrossRef]

130. Yang, H.; Song, Y.; Liang, Y.; Li, R. Quercetin Treatment Improves Renal Function and Protects the Kidney in
a Rat Model of Adenine-Induced Chronic Kidney Disease. Med. Sci. Monit. 2018, 24, 4760–4766. [CrossRef]

131. Pan, Y.; Zhu, G.; Wang, Y.; Cai, L.; Cai, Y.; Hu, J.; Li, Y.; Yan, Y.; Wang, Z.; Li, X.; et al. Inhibition of
high glucose-induced inflammatory response and macrophage infiltration by a novel curcumin derivative
prevents renal injury in diabetic rats. Br. J. Pharm. 2012, 166, 1169–1182. [CrossRef] [PubMed]

132. Soetikno, V.; Watanabe, K.; Sari, F.R.; Harima, M.; Thandavarayan, R.A.; Veeraveedu, P.T.; Arozal, W.;
Sukumaran, V.; Lakshmanan, A.P.; Arumugam, S.; et al. Curcumin attenuates diabetic nephropathy by
inhibiting PKC-α and PKC-β1 activity in streptozotocin-induced type I diabetic rats. Mol. Nutr. Food Res.
2011, 55, 1655–1665. [CrossRef] [PubMed]

133. Manabe, I. Chronic inflammation links cardiovascular, metabolic and renal diseases. Circ. J. 2011, 75,
2739–2748. [CrossRef] [PubMed]

134. Barzegar, A.; Moosavi-Movahedi, A.A. Intracellular ROS protection efficiency and free radical-scavenging
activity of curcumin. PLoS ONE 2011, 6, e26012. [CrossRef]

135. Jeong, G.S.; Oh, G.S.; Pae, H.O.; Jeong, S.O.; Kim, Y.C.; Shin, M.K.; Seo, B.Y.; Han, S.Y.; Lee, H.S.; Jeong, J.G.; et al.
Comparative effects of curcuminoids on endothelial heme oxygenase-1 expression: Ortho-methoxy groups
are essential to enhance heme oxygenase activity and protection. Exp. Mol. Med. 2006, 38, 393–400. [CrossRef]

136. Ye, S.F.; Hou, Z.Q.; Zhong, L.M.; Zhang, Q.Q. Effect of curcumin on the induction of glutathione S-transferases
and NADP(H): Quinone oxidoreductase and its possible mechanism of action. Yao Xue Xue Bao 2007, 42,
376–380.

137. Rushworth, S.A.; Ogborne, R.M.; Charalambos, C.A.; O’Connell, M.A. Role of protein kinase C delta in
curcumin-induced antioxidant response element-mediated gene expression in human monocytes. Biochem.
Biophys. Res. Commun. 2006, 341, 1007–1016. [CrossRef]

138. Tapia, E.; Zatarain-Barrón, Z.L.; Hernández-Pando, R.; Zarco-Márquez, G.; Molina-Jijón, E.;
Cristóbal-García, M.; Santamaría, J.; Pedraza-Chaverri, J. Curcumin reverses glomerular hemodynamic
alterations and oxidant stress in 5/6 nephrectomized rats. Phytomedicine 2013, 20, 359–366. [CrossRef]

139. Tapia, E.; Soto, V.; Ortiz-Vega, K.M.; Zarco-Márquez, G.; Molina-Jijón, E.; Cristóbal-García, M.; Santamaría, J.;
García-Niño, W.R.; Correa, F.; Zazueta, C.; et al. Curcumin induces Nrf2 nuclear translocation and prevents
glomerular hypertension, hyperfiltration, oxidant stress and the decrease in antioxidant enzymes in 5/6
nephrectomized rats. Oxid. Med. Cell. Longev 2012, 2012, 269039. [CrossRef]

140. Aparicio-Trejo, O.E.; Tapia, E.; Molina-Jijón, E.; Medina-Campos, O.N.; Macías-Ruvalcaba, N.A.;
León-Contreras, J.C.; Hernández-Pando, R.; García-Arroyo, F.E.; Cristóbal, M.; Sánchez-Lozada, L.G.; et al.
Curcumin prevents mitochondrial dynamics disturbances in early 5/6 nephrectomy: Relation to oxidative
stress and mitochondrial bioenergetics. Biofactors 2017, 43, 293–310. [CrossRef]

141. Bugyei-Twum, A.; Abadeh, A.; Thai, K.; Zhang, Y.; Mitchell, M.; Kabir, G.; Connelly, K.A. Suppression
of NLRP3 Inflammasome Activation Ameliorates Chronic Kidney Disease-Induced Cardiac Fibrosis and
Diastolic Dysfunction. Sci. Rep. 2016, 6, 39551. [CrossRef] [PubMed]

142. Ghosh, S.S.; Gehr, T.W.B.; Ghosh, S. Curcumin and Chronic Kidney Disease (CKD): Major Mode of
Action through Stimulating Endogenous Intestinal Alkaline Phosphatase. Molecules 2014, 19, 20139–20156.
[CrossRef] [PubMed]

143. Saldanha, J.F.; Leal, V.O.; Rizzetto, F.; Grimmer, G.H.; Ribeiro-Alves, M.; Daleprane, J.B.; Carraro-Eduardo, J.C.;
Mafra, D. Effects of Resveratrol Supplementation in Nrf2 and NF-κB Expressions in Nondialyzed Chronic
Kidney Disease Patients: A Randomized, Double-Blind, Placebo-Controlled, Crossover Clinical Trial. J. Ren.
Nutr. 2016, 26, 401–406. [CrossRef] [PubMed]

144. Kim, J.; Cha, Y.N.; Surh, Y.J. A protective role of nuclear factor-erythroid 2-related factor-2 (Nrf2) in
inflammatory disorders. Mutat. Res. 2010, 690, 12–23. [CrossRef]

145. Castilla, P.; Dávalos, A.; Teruel, J.L.; Cerrato, F.; Fernández-Lucas, M.; Merino, J.L.; Sánchez-Martín, C.C.;
Ortuño, J.; Lasunción, M.A. Comparative effects of dietary supplementation with red grape juice and vitamin
E on production of superoxide by circulating neutrophil NADPH oxidase in hemodialysis patients. Am. J.
Clin. Nutr. 2008, 87, 1053–1061. [CrossRef]

http://dx.doi.org/10.1016/j.redox.2013.09.003
http://dx.doi.org/10.12659/MSM.909259
http://dx.doi.org/10.1111/j.1476-5381.2012.01854.x
http://www.ncbi.nlm.nih.gov/pubmed/22242942
http://dx.doi.org/10.1002/mnfr.201100080
http://www.ncbi.nlm.nih.gov/pubmed/22045654
http://dx.doi.org/10.1253/circj.CJ-11-1184
http://www.ncbi.nlm.nih.gov/pubmed/22067929
http://dx.doi.org/10.1371/journal.pone.0026012
http://dx.doi.org/10.1038/emm.2006.46
http://dx.doi.org/10.1016/j.bbrc.2006.01.065
http://dx.doi.org/10.1016/j.phymed.2012.11.014
http://dx.doi.org/10.1155/2012/269039
http://dx.doi.org/10.1002/biof.1338
http://dx.doi.org/10.1038/srep39551
http://www.ncbi.nlm.nih.gov/pubmed/28000751
http://dx.doi.org/10.3390/molecules191220139
http://www.ncbi.nlm.nih.gov/pubmed/25474287
http://dx.doi.org/10.1053/j.jrn.2016.06.005
http://www.ncbi.nlm.nih.gov/pubmed/27523436
http://dx.doi.org/10.1016/j.mrfmmm.2009.09.007
http://dx.doi.org/10.1093/ajcn/87.4.1053


Int. J. Mol. Sci. 2020, 21, 263 24 of 26

146. Liang, J.; Tian, S.; Han, J.; Xiong, P. Resveratrol as a therapeutic agent for renal fibrosis induced by unilateral
ureteral obstruction. Ren. Fail. 2014, 36, 285–291. [CrossRef]

147. Cheng, K.; Song, Z.; Chen, Y.; Li, S.; Zhang, Y.; Zhang, H.; Zhang, L.; Wang, C.; Wang, T. Resveratrol Protects
Against Renal Damage via Attenuation of Inflammation and Oxidative Stress in High-Fat-Diet-Induced
Obese Mice. Inflammation 2019, 42, 937–945. [CrossRef]

148. Palsamy, P.; Subramanian, S. Resveratrol protects diabetic kidney by attenuating hyperglycemia-mediated
oxidative stress and renal inflammatory cytokines via Nrf2-Keap1 signaling. Biochim. Biophys. Acta 2011,
1812, 719–731. [CrossRef]

149. Sun, L.J.; Sun, Y.N.; Chen, S.J.; Liu, S.; Jiang, G.R. Resveratrol attenuates skeletal muscle atrophy induced by
chronic kidney disease via MuRF1 signaling pathway. Biochem. Biophys. Res. Commun. 2017, 487, 83–89.
[CrossRef]

150. Zhu, R.; Chen, Y.P.; Deng, Y.Y.; Zheng, R.; Zhong, Y.F.; Wang, L. Cordyceps cicadae extracts ameliorate renal
malfunction in a remnant kidney model. J. Zhejiang Univ. Sci. 2011, 12, 1024–1033. [CrossRef]

151. Kuo, Y.C.; Weng, S.C.; Chou, C.J.; Chang, T.T.; Tsai, W.J. Activation and proliferation signals in primary
human T lymphocytes inhibited by ergosterol peroxide isolated from Cordyceps cicadae. Br. J. Pharmacol.
2003, 140, 895–906. [CrossRef] [PubMed]

152. Lu, M.Y.; Chen, C.C.; Lee, L.Y.; Lin, T.W.; Kuo, C.F. N(6)-(2-Hydroxyethyl)adenosine in the Medicinal
Mushroom Cordyceps cicadae Attenuates Lipopolysaccharide-Stimulated Pro-inflammatory Responses
by Suppressing TLR4-Mediated NF-κB Signaling Pathways. J. Nat. Prod. 2015, 78, 2452–2460. [CrossRef]
[PubMed]

153. Jin, Z.H.; Chen, Y.P.; Deng, Y.Y. The mechanism study of Cordyceps sobolifera mycelium preventing the
progression of glomerulosclerosis. Chin. J. Integr. Tradit. West. Nephrol. 2005, 6, 132–136.

154. Wang, L.; Chen, Y. Effect of artificial Cordyceps cicadae on proliferation and mesangial matrix production in
human glomerulus mesangial cell. Tradit. Chin. Med. Res. 2006, 19, 9–11.

155. Sun, T.; Dong, W.; Jiang, G.; Yang, J.; Liu, J.; Zhao, L.; Ma, P. Cordyceps militaris Improves Chronic Kidney
Disease by Affecting TLR4/NF-κB Redox Signaling Pathway. Oxid. Med. Cell. Longev 2019, 2019, 7850863.
[CrossRef]

156. Chen, L.X.; Hu, D.; Lam, S.C.; Ge, L.; Wu, D.; Zhao, J. Comparison of antioxidant activities of different parts
from snow chrysanthemum (Coreopsis tinctoria Nutt.) and identification of their natural antioxidants using
high performance liquid chromatography coupled with diode array detection and mass spectrometry and
2,2′-azinobis (3-ethylbenzthiazoline-sulfonic acid) diammonium salt-based assay. J. Chromatogr. A 2016,
1428, 134–142.

157. Li, Y.; Chen, X.; Xue, J.; Liu, J.; Chen, X.; Wulasihan, M. Flavonoids from Coreopsis tinctoria adjust lipid
metabolism in hyperlipidemia animals by down-regulating adipose differentiation-related protein. Lipids
Health Dis. 2014, 13, 193–211. [CrossRef]

158. Zhang, Y.; Shi, S.; Zhao, M.; Chai, X.; Tu, P. Coreosides A-D, C14-polyacetylene glycosides from the capitula
of Coreopsis tinctoria and its anti-inflammatory activity against Cox-2. Fitoterapia 2013, 87, 93–97. [CrossRef]

159. Lin, Y.C.; Wu, M.S.; Lin, Y.F.; Chen, C.R.; Chen, C.Y.; Chen, C.J.; Shen, C.C.; Chen, K.C.; Peng, C.C. Nifedipine
Modulates Renal Lipogenesis via the AMPK-SREBP Transcriptional Pathway. Int. J. Mol Sci. 2019, 20, 1570.
[CrossRef]

160. Yao, L.; Li, L.; Li, X.; Li, H.; Zhang, Y.; Zhang, R. The anti-inflammatory and anti-fibrotic effects of Coreopsis
tinctoria Nutt on high-glucose-fat diet and streptozotocin-induced diabetic renal damage in rat. BMC
Complement Altern. Med. 2015, 15, 314. [CrossRef]

161. Lan, Y.; Jie, L.; Linlin, L.; Xinxia, L.; Rui, Z.; Yujie, Z.; Xinmin, M. Coreopsis tinctoria Nutt ameliorates high
glucose-induced renal fibrosis and inflammation via the TGF-β1/SMADS/AMPK/NF-κB pathways. BMC
Complement Altern. Med. 2019, 19, 14.

162. Karuna, R.; Reddy, S.; Baskar, R.; Saralakumari, D. Antioxidant potential of aqueous extract of Phyllanthus
amarus in rats. Indian J. Pharmacol. 2009, 41, 64–67.

163. Giribabu, N.; Visweswara Rao, P.; Kumar, K.P.; Muniandy, S.; Swapna Rekha, S.; Salleh, N. Aqueous Extract
of Phyllanthus niruri Leaves Displays In Vitro Antioxidant Activity and Prevents the Elevation of Oxidative
Stress in the Kidney of Streptozotocin-Induced Diabetic Male Rats. Evid. Based Complement. Altern. Med.
2014, 2014, 834815. [CrossRef]

http://dx.doi.org/10.3109/0886022X.2013.844644
http://dx.doi.org/10.1007/s10753-018-0948-7
http://dx.doi.org/10.1016/j.bbadis.2011.03.008
http://dx.doi.org/10.1016/j.bbrc.2017.04.022
http://dx.doi.org/10.1631/jzus.B1100034
http://dx.doi.org/10.1038/sj.bjp.0705500
http://www.ncbi.nlm.nih.gov/pubmed/14504132
http://dx.doi.org/10.1021/acs.jnatprod.5b00573
http://www.ncbi.nlm.nih.gov/pubmed/26394068
http://dx.doi.org/10.1155/2019/7850863
http://dx.doi.org/10.1186/1476-511X-13-193
http://dx.doi.org/10.1016/j.fitote.2013.03.024
http://dx.doi.org/10.3390/ijms20071570
http://dx.doi.org/10.1186/s12906-015-0826-x
http://dx.doi.org/10.1155/2014/834815


Int. J. Mol. Sci. 2020, 21, 263 25 of 26

164. Adejuwon, A.A.; Adokiye, S.B. Protective effect of the aqueous leaf and seed extract of Phyllanthus amarus
on gentamicin and acetaminophen-induced nephrotoxic rats. J. Ethnopharmacol. 2008, 118, 318–323.

165. Elkayam, A.; Peleg, E.; Grossman, E.; Shabtay, Z.; Sharabi, Y. Effects of allicin on cardiovascular risk factors
in spontaneously hypertensive rats. Isr. Med. Assoc. J. 2013, 15, 170–173. [PubMed]

166. Sun, X.; Ku, D.D. Allicin in garlic protects against coronary endothelial dysfunction and right heart
hypertrophy in pulmonary hypertensive rats. Am. J. Physiol. Heart Circ. Physiol. 2006, 291, H2431–H2438.
[CrossRef] [PubMed]

167. García-Trejo, E.M.; Arellano-Buendía, A.S.; Argüello-García, R.; Loredo-Mendoza, M.L.; García-Arroyo, F.E.;
Arellano-Mendoza, M.G.; Castillo-Hernández, M.C.; Guevara-Balcázar, G.; Tapia, E.; Sánchez-Lozada, L.G.;
et al. Effects of Allicin on Hypertension and Cardiac Function in Chronic Kidney Disease. Oxid. Med. Cell.
Longev. 2016, 2016, 3850402. [CrossRef] [PubMed]

168. García Trejo, E.M.Á.; Arellano Buendía, A.S.; Sánchez Reyes, O.; García Arroyo, F.E.; Arguello García, R.;
Loredo Mendoza, M.L.; Tapia, E.; Sánchez Lozada, L.G.; Osorio Alonso, H. The Beneficial Effects of Allicin in
Chronic Kidney Disease Are Comparable to Losartan. Int. J. Mol. Sci. 2017, 18, 1980. [CrossRef] [PubMed]

169. Liu, J. Pharmacology of oleanolic acid and ursolic acid. J. Ethnopharmacol. 1995, 49, 57–68. [CrossRef]
170. Kunkel, S.D.; Suneja, M.; Ebert, S.M.; Bongers, K.S.; Fox, D.K.; Malmberg, S.E. mRNA expression signatures

of human skeletal muscle atrophy identify a natural compound that increases muscle mass. Cell Metab. 2011,
13, 627–638. [CrossRef] [PubMed]

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

172. Zhang, L.; Rajan, V.; Lin, E.; Hu, Z.; Han, H.Q.; Zhou, X. Pharmacological inhibition of myostatin suppresses
systemic inflammation and muscle atrophy in mice with chronic kidney disease. FASEB J. 2011, 25, 1653–1663.
[CrossRef]

173. Yu, R.; Chen, J.; Xu, J.; Cao, J.; Wang, Y.; Thomas, S.S.; Hu, Z. Suppression of muscle wasting by the
plant-derived compound ursolic acid in a model of chronic kidney disease. J. Cachexia Sarcopenia Muscle
2017, 8, 327–341. [CrossRef] [PubMed]

174. Xiong, X.; Chen, W.; Cui, J.; Yi, S.; Zhang, Z.; Li, K. Effects of ursolic acid on liver-protection and bile secretion.
J. Chin. Med. Mater. 2003, 26, 578–581.

175. Su, H.H.; Kao, C.M.; Lin, Y.C.; Lin, Y.C.; Kao, C.C.; Chen, H.H.; Hsu, C.C.; Chen, K.C.; Peng, C.C.; Wu, M.S.
Relationship between serum total bilirubin levels and mortality in uremia patients undergoing long-term
hemodialysis: A nationwide cohort study. Atherosclerosis 2017, 265, 155–161. [CrossRef]

176. Higdon, J.V.; Frei, B. Tea catechins and polyphenols: Health effects, metabolism and antioxidant functions.
Crit. Rev. Food Sci. Nutr. 2003, 43, 89–143. [CrossRef]

177. Bao, H.; Peng, A. The Green Tea Polyphenol(-)-epigallocatechin-3-gallate and its beneficial roles in chronic
kidney disease. J. Transl. Int. Med. 2016, 4, 99–103. [CrossRef]

178. Tsai, P.Y.; Ka, S.M.; Chang, J.M.; Chen, H.C.; Shui, H.A.; Li, C.Y.; Hua, K.F.; Chang, W.L.; Huang, J.J.;
Yang, S.S.; et al. Epigallocatechin-3-gallate prevents lupus nephritis development in mice via enhancing the
Nrf2 antioxidant pathway and inhibiting NLRP3 inflammasome activation. Free Radic. Biol. Med. 2011, 51,
744–754. [CrossRef]

179. Ye, T.; Zhen, J.; Du, Y.; Zhou, J.K.; Peng, A.; Vaziri, N.D.; Mohan, C.; Xu, Y.; Zhou, X.J. Green tea polyphenol
(−)-epigallocatechin-3-gallate restores Nrf2 activity and ameliorates crescentic glomerulonephritis. PLoS
ONE 2015, 10, e0119543. [CrossRef]

180. Yamabe, N.; Yokozawa, T.; Oya, T.; Kim, M. Therapeutic potential of (-)-epigallocatechin 3-O-gallate on renal
damage in diabetic nephropathy model rats. J. Pharmacol. Exp. Ther. 2006, 319, 228–236. [CrossRef]

181. Nakagawa, T.; Yokozawa, T.; Sano, M.; Takeuchi, S.; Kim, M.; Minamoto, S. Activity of (-)-epigallocatechin
3-O-gallate against oxidative stress in rats with adenine-induced renal failure. J. Agric. Food Chem. 2004, 52,
2103–2107. [CrossRef] [PubMed]

182. Kakuta, Y.; Okumi, M.; Isaka, Y.; Tsutahara, K.; Abe, T.; Yazawa, K.; Ichimaru, N.; Matsumura, K.; Hyon, S.H.;
Takahara, S.; et al. Epigallocatechin-3-gallate protects kidneys from ischemia reperfusion injury by HO-1
upregulation and inhibition of macrophage infiltration. Transpl. Int. 2011, 24, 514–522. [CrossRef] [PubMed]

http://www.ncbi.nlm.nih.gov/pubmed/23662381
http://dx.doi.org/10.1152/ajpheart.00384.2006
http://www.ncbi.nlm.nih.gov/pubmed/16731642
http://dx.doi.org/10.1155/2016/3850402
http://www.ncbi.nlm.nih.gov/pubmed/27990229
http://dx.doi.org/10.3390/ijms18091980
http://www.ncbi.nlm.nih.gov/pubmed/28926934
http://dx.doi.org/10.1016/0378-8741(95)90032-2
http://dx.doi.org/10.1016/j.cmet.2011.03.020
http://www.ncbi.nlm.nih.gov/pubmed/21641545
http://dx.doi.org/10.1111/j.1523-1755.2005.00200.x
http://www.ncbi.nlm.nih.gov/pubmed/15780075
http://dx.doi.org/10.1096/fj.10-176917
http://dx.doi.org/10.1002/jcsm.12162
http://www.ncbi.nlm.nih.gov/pubmed/27897418
http://dx.doi.org/10.1016/j.atherosclerosis.2017.09.001
http://dx.doi.org/10.1080/10408690390826464
http://dx.doi.org/10.1515/jtim-2016-0031
http://dx.doi.org/10.1016/j.freeradbiomed.2011.05.016
http://dx.doi.org/10.1371/journal.pone.0119543
http://dx.doi.org/10.1124/jpet.106.107029
http://dx.doi.org/10.1021/jf030258j
http://www.ncbi.nlm.nih.gov/pubmed/15053559
http://dx.doi.org/10.1111/j.1432-2277.2011.01224.x
http://www.ncbi.nlm.nih.gov/pubmed/21291499


Int. J. Mol. Sci. 2020, 21, 263 26 of 26

183. Satirapoj, B.; Vongwattana, P.; Supasyndh, O. Very low protein diet plus ketoacid analogs of essential amino
acids supplement to retard chronic kidney disease progression. Kidney Res. Clin. Pr. 2018, 37, 384–392.
[CrossRef]

184. Koppe, L.; Fouque, D.; Soulage, C.O. The Role of Gut Microbiota and Diet on Uremic Retention Solutes
Production in the Context of Chronic Kidney Disease. Toxins (Basel) 2018, 10, 155. [CrossRef] [PubMed]

© 2019 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

http://dx.doi.org/10.23876/j.krcp.18.0055
http://dx.doi.org/10.3390/toxins10040155
http://www.ncbi.nlm.nih.gov/pubmed/29652797
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	The Key Role of Inflammation in CKD 
	Oxidative Stress and CKD 
	Anti-Inflammatory and Antioxidant Compounds 
	Minerals and Vitamins 
	Magnesium 
	Selenium 
	Phosphate 
	Vitamin C 
	Vitamin E 
	Vitamin D 
	Vitamin A 
	Vitamin B1 (Thiamin) 

	Plant-Derived Metabolites 

	The Importance of Nutritional Therapy during CKD 
	Conclusions 
	References

