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Abstract

:

Chronic kidney disease (CKD) is a worldwide health problem in which prevalence is constantly rising. The pathophysiology of CKD is complicated and has not been fully resolved. However, elevated oxidative stress is considered to play a vital role in the development of this disease. CKD is also thought to be an inflammatory disorder in which uremic toxins participate in the development of the inflammatory milieu. A healthy, balanced diet supports the maintenance of a good health status as it helps to reduce the risk of the development of chronic diseases, including chronic kidney disease, diabetes mellitus, and hypertension. Numerous studies have demonstrated that functional molecules and nutrients, including fatty acids and fiber as well as nutraceuticals such as curcumin, steviol glycosides, and resveratrol not only exert beneficial effects on pro-inflammatory and anti-inflammatory pathways but also on gut mucosa. Nutraceuticals have attracted great interest recently due to their potential favorable physiological effects on the human body and their safety. This review presents some nutraceuticals in which consumption could exert a beneficial impact on the development and progression of renal disease as well cardiovascular disease.
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1. Introduction


Chronic kidney disease (CKD) is a worldwide health problem in which occurrence is constantly rising. According to estimations, its prevalence amounts to 8–16% of populations worldwide [1,2]. Patients with CKD have an extremely high risk of cardiovascular disease (CVD) and they are even 10 times more likely to die from cardiovascular disease before reaching the CKD stage requiring dialysis or kidney transplantation compared to age-matched controls [1,2]. This disease is characterized by progressive loss of kidney function, resulting in the diminished ability of the body to eliminate soluble waste and consequent accumulation of “uremic toxins” [3,4,5]. According to K/DOQI (Kidney Disease Outcomes Quality Initiative), CKD is defined as kidney damage confirmed by structural or functional abnormalities of the kidney or glomerular filtration rate (GFR) <60 mL/min/1.73 m2 for 3 months or more, irrespective of cause [1]. The pathophysiology of CKD is complicated and has not been fully resolved. However, elevated oxidative stress is considered to play a vital role in the development of this disease [6]. CKD is also thought to be an inflammatory disorder in which uremic toxins are involved in the development of the inflammatory milieu [3,4,5]. Chronic kidney disease is also characterized by a diminished antioxidant capacity. The presence of the inflammatory state is associated with the recruitment of immune system cells (macrophages and leucocytes) to the site of the injured kidney [7]. The resulting “respiratory burst” is associated with the overproduction of reactive oxygen species (ROS) resulting in enhanced oxidative stress, monocyte adhesion, endothelial dysfunction, smooth muscle cell proliferation, vascular calcification, and accelerated atherosclerosis [8,9]. The inflammatory chain reaction in the kidney leads to its further damage [10]. Among numerous pro-inflammatory cytokines, tumor necrosis factor-α (TNFα), interleukin 1β (IL-1β), and interleukin-6 (IL-6) seem to play the most important role in CKD [9]. In turn, growth factors including transforming growth factor β (TGFβ), vascular endothelial growth factor (VEGF), and platelet-derived growth factor (PDGF) are involved in the glomerular cell proliferation and glomerular extracellular matrix expansion, which contribute to renal failure [3,11]. The progression of chronic kidney disease leads to endothelial dysfunction as the result of the presence of the eNOS endogenous inhibitor-asymmetric dimethylarginine (ADMA), decreased NO bioavailability, and/or insufficient synthesis of NO. These disturbances further result in hypertension and atherosclerosis as well as the development of several alterations in the innate and adaptive immune systems, which increases the risk of atherogenesis and vascular disease [7,12,13,14]. Obese/diabetic patients with reduced eGFR have high levels of reactive oxygen species and decreased levels of antioxidants, which confirm the hypothesis about the crosstalk between oxidative stress, obesity/diabetes/diabesity, and CKD.



A healthy, balanced diet supports the maintenance of a good health status as it helps to reduce the risk of the development of chronic diseases, including chronic kidney disease, diabetes mellitus, and hypertension [15]. Healthy eating can decrease the workload on the diseased kidneys and enable the regulation of residual kidney function, the control of wastes build-up in the body, and the prevention of infection and muscle loss [16,17]. Vast evidence indicates that gut microbiota balance can prevent renal function decline [18]. The control of low-grade chronic inflammation is also of key importance for renal damage prevention [15]. Numerous studies have demonstrated that functional molecules and nutrients, including fatty acids and fiber as well as nutraceuticals, such as curcumin, steviol glycosides, and resveratrol not only exert beneficial effects on pro-inflammatory and anti-inflammatory pathways but also on gut mucosa [3,19]. The consumption of products that are rich sources of antioxidants has been demonstrated to be associated with significant benefits related to the reduction of oxidative stress in different health conditions [6].



The selection of articles for this literature review was based on PubMed search (terms: “nutraceuticals” + “CKD” were applied) and, due to the fact that there are so many nutraceuticals, we decided to choose those which are most frequently mentioned. In addition, we concentrated on those studies that were performed on large groups or which results were, in our opinion, particularly interesting.




2. Nutraceuticals


Nutraceuticals have recently attracted great interest due to their potential favorable physiological effects on the human body and their safety. The first definition of “nutraceuticals” was formed in 1989 by Dr Stephen L. De Felice, a founder and chairman of the Foundation for Innovations in Medicine [20,21]. According to the definition, nutraceuticals are any natural non-toxic food products, extracts, or food derivatives containing bioactive chemical substances, such as herbs, vitamins, amino acids, minerals, and enzymes with scientifically proven beneficial properties in the field of disease prevention and treatment [22,23]. These substances have been suggested to provide protection against chronic diseases including renal disease diabetes, neurological and gastrointestinal disorders, and cancers [24]. Moreover, they can be used to delay the ageing process and increase life expectancy. Some nutraceuticals are included in foods and are also available in the form of tablets, capsules, or powder [24]. The use of nutraceutical varies worldwide. It has been estimated that more than 50% of adults in some Western countries regularly consume them [23,25]. The popularity of nutraceuticals is also associated with the fact that many of them are easily available, cheap, and in low-doses. They primarily do not cause unpleasant side-effects [26]. However, there are also drawbacks of nutraceuticals, which should be mentioned. According to some studies, these compounds may have poor bioavailability. They are easily eliminated from the body and, thus, they cannot provide sufficient medicinal benefit [27]. Moreover, due to the lack of strong evidence and final recommendations, in case of many products, there are no clear data on their safety and effectiveness, possible side effects, interactions with prescribed medicines or on their impact on the existing, medical conditions [28]. Some nutraceuticals may have their own inherent toxicity and may cause adverse interactions with drugs prescribed for renal disease [24].



The use of nutraceuticals in the prevention of renal dysfunction is a very tempting option. A number of nutraceutical products are being promoted as effectively supporting, protecting, or even healing renal injuries. However, there are no hard results advocating this thesis [24]. It is believed that bioactive compounds of nutraceuticals play a vital role in suppressing macro-mechanistic processes in patients with chronic kidney disease and they could reduce the inflammation, oxidative stress, and sympathetic overactivation, promote renal blood flow and glomerular filtration rate, upregulate antioxidant properties, raise NO bioavailability as well as inhibit interstitial fibrosis, and stimulate tubular regeneration [15]. Strategies reducing ROS levels and enhancing the antioxidant capacity of the body are also used in the management of obesity and diabetes in which the latter frequently impairs renal function [29]. Some studies provided evidence that nutraceuticals could improve vascular-related outcomes in animal models and healthy people. However, hardly any data show the beneficial effects on vascular health in patients with CKD [12,30]. Therefore, it seems that the development of nutraceutical therapies and the understanding of mechanisms via which they may counteract vascular disturbances in CKD may be of high importance [12].



Numerous animal-based studies have been performed to find the “golden compound” in the field of nephrology. Al-Okbi et al. [31] assessed protective effects of extracts prepared from avocado, walnut, flaxseed, and Eruca sativa seeds in a rat model of kidney dysfunction induced by intraperitoneal cisplatin. In their study, the pre-treatment with different nutraceuticals was associated with a strong protection toward kidney dysfunction mirrored by a considerable decrease in the level of plasma creatinine and urea as well as the increase in plasma albumin, plasma total protein, and creatinine clearance. The administration of studied nutraceuticals resulted in the enhancement of total antioxidant capacity and catalase activity, the decrease in free radicals, and subsequent improvement of kidney function due to the limit of damage and an inflammatory process. The observed histopathological changes confirmed the effects noticed in that study. A nutraceutical-related drop in free radicals’ levels also caused the reduction of chromosomal aberrations. According to authors, a renal protective effect of analyzed nutraceuticals might be related to the presence of phenolic compounds, polyunsaturated fatty acids, and phytosterols. In addition, in other studies, the antioxidant and anti-inflammatory activity of phenolic compounds have been observed [32,33]. Phytosterols have been demonstrated to exert antioxidant and anti-inflammatory effects, while polyunsaturated fatty acids were found to have anti-inflammatory activity [34,35]. In turn, Almomen et al. [36] analyzed the beneficial effect of whole grape powder (WGP) in rats with CKD associated with a metabolic syndrome. Their study demonstrated lower proteinuria and urination as well as the reduction of common features present in early stages of diabetes-related CKD, such as mesangial expansion, glomerular atrophy tubular injury, and protein cast formation in the WGP-fed rats. Renal protection in rats on the WGP diet seems to be associated with the up-regulation of antioxidants: 24-dehydrocholesterol reductase (Dhcr24), glutathione S-transferase kappa 1 (Gstk1), peroxiredoxin 2 (Prdx2), superoxide dismutase 2 (Sod2), glutathione peroxidase 1 and 4 (Gpx1 and Gpx4), and down-regulation of thioredoxin interacting protein (Txnip) (for ROS production) in the kidneys. However, the use of some nutraceuticals may also be associated with adverse effects. Luciano RL [37] described a case of hemodynamically mediated acute kidney injury and hyperkalemia in patients with chronic kidney disease following daily consumption of cherry concentrate. The author suggested that the compounds comprised in cherries inhibited cyclooxygenase in a mechanism mimicking the action of nonsteroidal anti-inflammatory medications [37].



2.1. Polyphenols


Vast epidemiological evidence confirms that a diet abundant in polyphenol-rich compounds such as fruits, vegetables, spices, nuts, cocoa, red wine, and tea can protect against the development of several chronic diseases, including cardiovascular disease [12,38,39]. Results from studies of healthy and clinical populations have indicated that polyphenols improve vascular/cardiovascular functioning via the increase in endothelial function, and decrease of arterial stiffness and blood pressure as well as the inhibition of platelet aggregation [12,40,41,42,43]. Moreover, they were shown to attenuate oxidative stress and modulate cellular signaling pathways including VEGF-mediated angiogenesis, nitric oxide (NO) signaling, endoplasmic reticulum stress, and the Nrf-2-antioxidant pathway [12,15,44,45].



Polyphenols affect pathways involved in the induction of several antioxidant enzymes including glutathione (GSH)-S-transferase (GST) and nicotinamide adenine dinucleotide phosphate (NADPH): quinone oxidoreductase 1 [45,46]. Finally, they exert anti-inflammatory actions by modulating transcriptional networks and/or signaling cascades involved in the regulation of gene expression and the hindering of inflammatory mediators (TNF-α, NF-κB, IL-6, and C-reactive protein) [12,47].



It has been indicated that polyphenols could considerably diminish circulating uric acid and exert a protective effect against vascular oxidative stress, possibly via the inhibition of xanthine oxidase, which is required to produce uric acid but also through their actions as ROS scavengers [48,49,50]. Due to the fact that toxic uremic metabolites were shown to originate not only from intermediary metabolism but also from the gut, a direct influence of diet and bioactive nutrients on microbial metabolism have gained great interest [51]. The consumption of active compounds including polyphenols can modify the composition and metabolism of the microbiota, act as a modulator of transcription factors involved in inflammation and oxidative stress, exert influence on the epigenome by altering one-carbon metabolism, and mitigate mitochondrial dysfunction. Numerous studies have suggested that chronic kidney disease exerts an important impact on the affected individuals with an altered gut flora [24]. It has been shown that gut permeability is involved in the onset and the progression of chronic inflammation as the result of the exposure of gut-associated lymphoid tissue (GALT) to luminal antigens [52]. Gut dysbiosis, which is associated with inflammation and increased cardiovascular risk, has been found to be a common feature in CKD [51]. Intake of prebiotics, probiotics, polyphenols, sugars, and proteins could alter the diversity of the gut microbiota and the generation of uraemic toxins [51].



Below, we will review the beneficial effects of polyphenols: curcumin, resveratrol (RSV), and other active compounds.



2.1.1. Curcumin


Curcumin is a biologically active polyphenolic compound, which exerts anti-inflammatory, and anti-cancer effects [53]. It can be found in turmeric, which is a spice derived from the rhizomes of the plant Curcuma longa [15,54]. Curcumin has been tested in clinical trials for various diseases including Alzheimer’s disease, cancer, and ulcerative colitis since numerous preceding animal studies indicated that curcumin could modulate growth and transcription factors, signaling molecules, enzymes, receptors, cytokines, micro-RNA (miRNA), and reactive oxygen species, positively affecting inflammation and oxidative stress [3,55,56,57,58]. Actions of curcumin are exerted on a renal, but also systemic level [15]. The results of in vivo and human studies have suggested that curcumin use may prove beneficial in patients with CKD [59,60], renal transplantation [55,61], acute kidney injury (AKI) [62], and renal cell carcinoma [53]. However, randomized clinical trials are required to confirm the observed effects.



Curcumin and fiber can either directly or indirectly modulate the integrity of the gut barrier [15]. The activity of curcumin at the intestinal level is associated with its systemic effects, including the development of CKD and atherosclerosis. Some articles have demonstrated that curcumin is capable of preserving the intestinal barrier integrity, limiting in consequence of a systemic inflammation [15]. Intestinal lumen lipopolysaccharide (LPS) was shown to alter gut permeability and to expose gut-associated lymphoid tissue to mucosal antigens, thus, increasing intestinal permeability and launching the cascade of inflammatory events, such as the activation of macrophages and their infiltration within the renal tissues as well as enhanced secretion of pro-inflammatory cytokines and chemokines [3,15,63]. The protection of mucosal barrier integrity is associated with the activity of intestinal alkaline phosphatase (IAP), which detoxifies luminal LPS [64]. Oral intake of curcumin has been shown to promote increased IAP activity, which is commonly reduced in CKD patients [7].




2.1.2. Animal Studies


In the study of animal models of CKD (nephrectomized rats), oral administration of curcumin restored systolic blood pressure and ejection fraction, reduced left ventricle dimension at end-systole (LVSd), and decreased interventricular and rear wall thickening ameliorating cardiac function [59]. Moreover, it diminished ROS production, gelatinase activity of metalloproteinases, and the expression of an extracellular matrix remodeling enzyme—metalloproteinase 2 (MMP-2). Curcumin also improved mitochondrial integrity and functionality, but it did not affect renal function. Therefore, it seems that curcumin due to its potential to attenuate oxidative stress-related events, such as cardiac remodeling, mitochondrial dysfunction, and cell death, could be possibly used in the therapy of heart disease in patients with CKD [59]. Curcumin have been shown to improve cardiovascular condition in animals with CKD. Cardiac hypertrophy that develops as a result of renal failure can lead to heart failure. The study of adult Sprague-Dawley rats, which underwent nephrectomy demonstrated that curcumin attenuated cardiac hypertrophy and remodeling via the deactivation of multiple hypertrophic signaling pathways, including the ERK/mTOR (extracellular signal-regulated kinase/ mammalian target of rapamycin) pathway [65]. Mimicking the scenario for renal disease in humans, Ghosh at al. [66] treated 5/6 nephrectomized (Nx) rats with already established proteinuria (after 6 weeks) with curcumin or enalapril. They demonstrated that curcumin was as effective as enalapril in the reduction of inflammatory cytokines TNFα and IL-1β levels and it efficiently abated both proteinuria and kidney injury as manifested by glomerulosclerosis and tubulointerstitial injury [66]. Curcumin administration considerably reduced macrophage infiltration and limited cytokine-mediated elevation of kidney phospholipase and cyclooxygenase, thus, inhibiting the formation of inflammatory eicosanoids adversely affecting kidney function [66]. Owing to its multifaceted actions, curcumin could also be involved in the prevention of renal function decline. Curcumin was demonstrated to prevent renal dysfunction by ameliorating renal blood flow and the total antioxidant capacity in rats after five-sixths nephrectomy (5/6NX) [67]. Authors observed that curcumin pre-treatment reduced early 5/6NX-induced disturbed mitochondrial dynamics, bioenergetics, and oxidative stress, which may be related with the protection of renal function. Jacob et al. [68] using an animal model of immune complex-mediated complement-dependent glomerulonephritis, demonstrated that curcumin considerably improved renal function, diminished glomerulonephritis, and lowered IgG and C9 deposits indicating reduced complement activation. Moreover, it decreased mRNA expression of inflammatory proteins, monocyte chemoattractant protein-1, and transforming growth factor-β as well as matrix proteins, fibronectin, laminin, and collagen [68].



The expression of pro-inflammatory cytokines and adhesion molecules (major mediators of inflammation) is stimulated by reactive oxygen species [69]. TNFα has been demonstrated to down-regulate peroxisome proliferator-activated receptor γ (PPARγ) by abolishing its strong, anti-inflammatory effects [70,71]. However, the administration of curcumin in rats with CKD-related up-regulated expression of PPARγ abrogated TNFα-mediated down-regulation of PPARγ [71]. Moreover, Aggarwal [57] reported that curcumin efficiently antagonized the activation of NF-κB. Shin et al. [72] have demonstrated that long-term administration of curcumin protected against atherosclerosis by decreasing plasma and hepatic cholesterol and also by diminishing β-hydroxy β-methylglutaryl-CoA (HMG-CoA) reductase. This nutraceutical inhibited the transcription of HMG-CoA reductase independent of acetyl-CoA acetyltransferase (ACAT1 and ACAT2) expression. It also upregulated the expression of hepatic PPARα and liver X receptor α (LXRα). Furthermore, Liu et al. [73] suggested that curcumin-related amelioration of atherosclerosis was associated with the stimulation of an ATP-binding cassette transporter (ABCA1), scavenger receptor, class B type 1 (SR-B1), LXR expression, and the promotion of cholesterol efflux. The study of low-density lipoprotein (LDL) receptor deficient (Ldlr(-/-)) mice fed with a low fat (LF) or high fat (HF) diet supplemented with curcumin for 16 weeks revealed that curcumin dose-dependently reduced uptake of oxLDL in THP-1 cells [74]. Curcumin medium doses (500–1000 mg/kg diet) was effective at decreasing fatty streak formation, suppressing aortic expression of IL-6 in the descending aorta, and reducing blood levels of several inflammatory cytokines. However, it turned out that, at a higher dose (HF + HC, 1500 mg/kg diet), curcumin might exert adverse effects on some of these parameters. Hasan et al. [74] suggested that mechanisms via a low dose curcumin modulated atherogenesis involved in the suppression of aP2 and CD36 expression in macrophages (vital factors in atherogenesis). Another study performed on the same animal model indicated that daily administration of 100 mg/kg curcumin resulted in the reduction of the inflammatory markers but it also improved atherosclerosis and glucose intolerance [75]. Curcumin has also been suggested to exert a urate-lowering effect [49]. The study of rats subjected to chemically induced oxidative stress and treated with curcumin demonstrated that curcumin successfully improved parameters associated with oxidative stress (decreased the level of pro-oxidative biomarkers: malondialdehyde (MDA), 8-hydroxy-2-deoxyguanosine, enhanced concentrations of the antioxidants superoxide dismutase, catalase, and reduced glutathione) and inflammation and lowered uric acid to nearly normal levels [76]. Al-Rubaei et al. [76] implied that the urate-lowering effect of curcumin could be related to its potent antioxidant capacity.




2.1.3. Human Studies


There are hardly any reports on the beneficial effects of curcumin in CKD patients. CKD plays a role in macrophage migration and enhanced endothelial trapping of macrophages [77]. Augmented macrophage infiltration into the kidney and other tissues contributes aggravated inflammation via greater release of pro-inflammatory cytokines. Numerous human studies have demonstrated that TGF-β mediates several crucial tubular pathological events, such as epithelial to mesenchymal transition, fibroblast proliferation, tubular and fibroblast extracellular matrix (ECM) production, and epithelial cell death leading, in the course of CKD progression, to tubular cell deletion and interstitial fibrosis [3,78]. A randomized, double-blind, and placebo-controlled study comprising patients with overt type 2 diabetic nephropathy revealed a significant decrease in plasma TGFβ following curcumin treatment [78]. Short-term turmeric supplementation was shown to be able to attenuate proteinuria, TGF-β, and IL-8 in these patients. Moreover, it turned out to be safe for these patients. Moreillon et al. [69] assessed the impact of herbal supplement composed of Curcuma longa and Boswellia serrata on systemic inflammation and antioxidant status in non-dialysis CKD patients. They observed a marked reduction of inflammatory markers TNFα, IL-6, and C-reactive protein, but no impact on creatinine and blood urea nitrogen (BUN). The antioxidant properties of curcumin have been confirmed in a double-blind study of diabetic and non-diabetic proteinuric CKD patients [60]. Jiménez-Osorio et al. [60] found that curcumin diminished lipid peroxidation in patients with non-diabetic proteinuric CKD (p < 0.05) and increased antioxidant capacity in those with diabetic proteinuric CKD (p < 0.05). However, it did not affect antioxidant enzymes activities nor Nrf2 activation. Moreover, they failed to show any impact of curcumin on proteinuria, estimated glomerular filtration rate, or lipid profile. Some studies have demonstrated that curcumin can block 5-lipoxygenase (5-LO), an enzyme which increases oxidative stress and is greatly activated in peripheral mononuclear blood cells of CKD patients and those on dialysis therapy [79,80]. Curcumin administration has also been suggested to be beneficial for renal transplant patients. In a randomized controlled trial, curcumin stimulated functional recovery of a kidney transplanted from a cadaver [61]. HD-dependent cadaveric kidney recipients who received a curcumin-based supplement for one month after surgery presented improved early graft function. Moreover, acute rejection and neurotoxicity were demonstrated to be the lowest in the high dose group. Authors suggested that the beneficial impact of bioflavonoids on early outcomes in cadaveric renal transplantation could be associated with the induction of heme oxygenase-1 (HO-1), which is an enzyme involved in an anti-inflammatory response and modulates apoptosis [61].



In CKD and HD patients, curcumin acts as a scavenger of free radicals, which results in a significant suppression of oxidative stress [81]. Due to the fact that curcumin has strong anti-inflammatory and pro-apoptotic properties, it has been tested for its potential utility in the treatment of osteoarthritis (OA) and rheumatoid arthritis (RA), which are diseases associated with degenerative changes in the joint, loss of its function, pain, and severe disability [82,83]. Excessive production and release of pro-inflammatory interleukin-1β (IL-1β), interleukin-6 (IL-6), and tumor necrosis factor-α (TNF-α) are observed in the course of OA [84]. Curcumin was shown to inhibit IL-1β-induced activation of NF-κB in human articular chondrocytes hampering caspase-3 activation and poly (ADP-ribose) polymerase PARP cleavage as well as COX-2 production, which all resulted in anti-apoptotic effects on IL-1β stimulated human chondrocytes [85,86]. Buhrmann et al. [83] revealed that curcumin suppressed IL-1β-induced catabolic signaling cascade in the mesenchymal stem cell (MSC) and chondrocytes. Moreover, curcumin has been suggested to block multiple sites within a TGF-β signaling cascade as well as down-regulate Smad in human proximal tubule cells [87,88].



Another study of the effect of curcumin in OA demonstrated that it considerably repressed matrix metalloproteinase (MMP)-13 mRNA and suppressed NF-κB pathway activation via the inhibition of I-κBα phosphorylation and degradation as well as P65 nuclear translocation likely diminishing inflammation [89,90,91]. Wang et al. [90] who examined the thesis that HA/chitosan nanoparticles (CNP) improved the efficiency of delivered curcuminoid observed that such composition stimulated the expression of IκB as well as promoted collagen II expression [90]. In vitro study of human peripheral blood mononuclear cells demonstrated that the combination of L. acidophilus, vitamin B, and curcumin efficiently downregulated Th17 cells and the related cytokine IL-17, which led to the enhanced expression of Treg-related cytokine IL-10 [82]. Moreover, in an animal model of OA, this combination reduced the expression of the catabolic matrix metalloproteinase-13 (MMP-13) and pro-inflammatory cytokines as well as upregulated anabolic tissue inhibitors of metalloproteinases (TIMPs), resulting in the decreased pain, the preservation of cartilage, the inhibition of osteoclastogenesis, and the regulation of anabolic/catabolic imbalance. Therefore, it seems that L. acidophilus, vitamin B, and curcumin have therapeutic potential in patients with OA [82]. However, we failed to find any study of therapeutic effect of curcumin in CKD patients with OA or RA.




2.1.4. Resveratrol


Resveratrol (RSV), which is a stilbene derivative, is one of the most known and well analyzed polyphenols in various study populations [12]. This compound is abundant in grapes and red wine. Numerous studies have demonstrated its strong anti-oxidative, anti-hyperglycaemic, and anti-inflammatory properties [92]. The results of experimental in vitro as well as in vivo studies have indicated that resveratrol at doses contained in wine (light to moderate drinking) hampered inflammation, decreased oxidative stress, and restored NO production [93,94,95,96,97]. It also inhibited NOX-mediated production of ROS via the downregulation of gene expression and limited the activity of the oxidase. Resveratrol decreases mitochondrial superoxide production and, at the same time, it enhances the expression of numerous antioxidant enzymes via histone/protein deacetylase SIRT-1 or by nuclear factor E2-related factor 2 [98].




2.1.5. In Vitro/Animal Studies


Beneficial impact of resveratrol on endothelial function was shown to be associated with the activation of deacetylase enzyme silent information regulator 2/sirtuin 1 (SIRT1) [99,100,101,102]. Moreover, this compound can also induce and activate the expression of eNOS, modulate oxidative stress, and inhibit inflammatory mediators [97,103,104,105]. Resveratrol enhances eNOS expression and activity via the simultaneous activation of SIRT1-AMPK and endoplasmic reticulum pathways as well as the stimulation of the l-arginine/NO/cGMP pathway, which results in higher NO bioavailability [106]. Other studies have indicated that RSV enhanced the expression of Krüppel-like factor 2 (KLF2) in human vascular endothelial cells leading to orchestrated regulation of transcriptional programs related to the endothelial vaso-protective phenotype [107]. The stimulation of KLF2 expression was associated with the activation of SIRT-1 and the synthesis of eNOS [97,105,108]. Mitogen-activated protein kinase 5/myocyte enhancing factor 2-dependent signaling pathway has been found to be involved in KLF2 upregulation by resveratrol [107]. In rats with streptozotocin (STZ)-induced diabetes, the administration of resveratrol considerably abated diabetes-related vascular dysfunction [108]. This effect was associated with the beneficial impact of resveratrol on oxidative stress markers as well as an RSV-related decrease in the aortic expression of TGF-β, increase in heme oxygenase-1 activity, NOS3 expression, and aortic nitrite concentration. Chen et al. [109] demonstrated that resveratrol attenuated trimethylamine-N-oxide (TMAO)-induced atherosclerosis by decreasing TMAO levels and enhanced hepatic bile acid neo-synthesis as the result of gut microbiota remodeling. It was found that enterohepatic farnesoid X receptor (FXR)-fibroblast growth factor 15 (FGF15) axis partially mediated in bile acid neo-synthesis. Furthermore, resveratrol enhanced the activity of bile salt hydrolase and subsequent formation of unconjugated bile acid as well as increased fecal bile acid loss, which resulted in the stimulation of hepatic CYP7A1 expression and higher hepatic bile acid synthesis. In consequence, diminished hepatocyte and plasma cholesterol levels as well as hampered atherosclerosis were observed [109]. In turn, Wellman et al. [110] revealed that resveratrol regulated gut microbiota (it increased the levels of anti-inflammatory Lactobacillus) by stimulating intestinal epithelial sirtuin-1 (SIRT1) and, therefore, it inhibited intestinal inflammation. The upregulation of Sirt1 expression also prevents the destruction of cartilage [111,112]. Sirt1 exerts favorable effects on cartilage by promoting chondrocyte survival, especially under stress conditions [113]. Resveratrol not only inhibited NF-κB activation simulated by TNF-β or T-lymphocytes in chondrocytes but also down-regulated NF-κB-dependent gene products involved in signaling pathways associated with cell proliferation, inflammation, degradation of the matrix, and apoptosis [114]. Buhrmann et al. [114] revealed that treatment with resveratrol protected mesenchymal stem cells against TNF-β-induced degradative and apoptotic morphological alterations. In turn, Limagne et al. [115] demonstrated that resveratrol-associated reduction in IL-6 secretion depended on NF-κB inhibition in chondrocytes.




2.1.6. Human Studies


Resveratrol seems to be a promising nutraceutical, which could improve vascular functions in patients with chronic kidney disease [12]. A cross-sectional logistic regression analysis of National Health and Nutrition Examination Survey (NHANES) revealed that light wine consumption (<1/day) considerably decreased CKD prevalence and diminished the rate of CVD in patients with CKD after adjusting for age, race, sex, diabetes mellitus, hypertension, and cholesterol levels [116]. However, there are no randomized, placebo-controlled, large clinical trials comprising CKD patients, in which this hypothesis could be confirmed.



Some other studies indicated that, after the consumption, the bioavailability of polyphenols (resveratrol and curcumin) in the blood was considerably increased, especially in CKD patients in whom plasma levels of polyphenol metabolites remained elevated for a long time as a result of renal impairment and the inability to adequately excrete these metabolites [117]. Such sustained bioavailability of polyphenols in the blood may enable their prolonged action on the vasculature. However, more research is needed to warrant that it is safe and no distant adverse effect will occur.



Resveratrol have also been suggested to be effective in OA. An in vitro study confirmed anti-inflammatory and chondroprotective effects of resveratrol in human chondrocytes [114,118].




2.1.7. Green Tea and Coffee


Green tea is a source of catechins—polyphenolic compounds (flavonoids) showing antioxidant, anti-inflammatory, and anti-carcinogenic properties [15,119,120,121]. Due to the fact that the presence of inflammation and oxidative stress contribute to the development and progression of renal diseases, it has been suggested that frequent consumption of green tea or green tea extracts could have a favorable effect on renal function.




2.1.8. In Vitro/Animal Studies


The mechanism of the inhibition of pro-inflammatory and pro-apoptotic oxidative injury by catechins involves the decrease in the reactive oxidative species (ROS) production, the translocation of NF-kB and activated protein 1, and the expression of intercellular adhesion molecule 1 (ICAM-1) [122].



Wang et al. [123] examined reno-protective properties of active polyphenol-epigallocatechin-3-gallate (EGCG) contained in green tea in a unilateral ureteral obstruction (UUO) mice model. After 14 days of EGCG administration (50 mg/kg/day), significantly improved renal function and the restoration of UUO-induced kidney weight loss were observed. Moreover, this active compound limited UUO-induced oxidative stress and inflammatory responses, induced by both NF-κB and Nrf2 nuclear translocation in the UUO kidney as well as stimulated heme oxygenase-1 (HO-1) production. Authors suggested that NF-κB and Nrf2 signaling pathway regulation might be involved in a reno-protective effect of EGCG [123]. In turn, Wongmekiat et al. [124] demonstrated that treatment with catechins considerably weakened disturbances caused by cadmium. In their study, cadmium-intoxicated rats had significantly increased blood urea nitrogen and creatinine, decreased creatinine clearance, reduced levels of antioxidant thiols, superoxide dismutase, and catalase, and developed renal pathologies including severe tubular damage, apoptosis, and abnormal mitochondrial structure. Catechins administration alleviated these effects and it seems plausible that they effectively protect the kidney against the toxic effect of cadmium due to its antioxidant, anti-inflammation, and mitochondrial protection properties [124].




2.1.9. Human Studies


Additionally, in humans, catechins administration brings favorable effects. Daily supplementation with 455 mg of catechins extracted from decaffeinated green tea (equivalent of four cups of green tea/day) was demonstrated to lower ROS production, diminish hemodialysis-enhanced plasma hypochlorous acid activity and pre-dialysis plasma hydrogen peroxide activity, and lower phosphatidylcholine hydroperoxide, C-reactive protein, and pro-inflammatory cytokine concentrations [125]. Due to the fact that oxidized pro-atherosclerotic products, including oxidized LDL and phosphatidylcholine hydroperoxide, cannot be mechanically removed during hemodialysis, the use of potent antioxidants limiting ROS generation and protecting against oxidative damage seems to be beneficial in this group of patients, as it could slow down the progression of atherosclerotic vascular disease [15]. The consumption of green tea (5 g/day) by patients with CKD was associated with significantly improved FMD in the catechin group. However, this study failed to find considerable improvement in clinical characteristics, oxidative stress, inflammatory markers, and circulating endothelial progenitor cells (EPCs) number in CKD requiring dialysis [126]. Recent systemic review and meta-analysis suggested that green tea could be beneficial in the management of obesity [127]. It demonstrated that the administration of green tea significantly reduced body weight (WMD: −1.78 kg, 95% CI: −2.80, −0.75, p = 0.001) and body mass index (BMI) (WMD: −0.65 kg/m2, 95% CI: −1.04, −0.25, p = 0.001). Waist circumference was considerably lower in participants consuming ≥800 mg/day of green tea for <12 weeks. Most significant body weight reduction was observed when green tea intake was <500 mg/day for 12 weeks [127].




2.1.10. Caffeine


Caffeine is another active compound, which have been suggested to act favorably on kidneys. However, the available information is sparse [15].




2.1.11. Human Studies


In the study conducted by Jhee et al. [128], the consumption of one cup per day (HR, 0.76, 95% confidence interval, 0.63–0.92) and ≥2 cups per day (HR, 0.80, 95% confidence interval, 0.65–0.98) was shown to reduce the risk of chronic kidney disease development in healthy consumers compared with non-drinkers. In addition, in healthy participants of the Doetinchem Cohort Study, the consumption of coffee was associated with a slightly higher eGFR, but this effect was not associated with glomerular hyperfiltration [129].




2.1.12. Animal Studies


However, some experimental data suggest that caffeine may exert an adverse impact on renal function in patients with pre-existing renal dysfunction and high-renin hypertension with an increase in proteinuria [130]. According to Tofovic et al. [130], the negative impact of caffeine on renal function in the presence of hypertension could be ascribed to its capacity to block renal adenosine receptors, resulting in the augmentation of angiotensin II-induced glomerular hypertension.





2.2. Vitamin D Supplementation


Vitamin D can come from diet (ergocalciferol {D2} or cholecalciferol {D3} forms), cutaneous synthesis involving the absorption of UVB solar radiation (290–315 nm), during which 7-dehydrocholesterol converted to pre-vitamin D3 and, in the next steps, to cholecalciferol by thermal isomerization or from supplements [131,132]. It is common knowledge that the prevalence of vitamin D deficiency is very high in CKD, as it worsens with the progressive loss of renal function, reaching more than 80% in pre-dialysis patients [133,134]. The exact mechanisms of this phenomenon are not fully understood.



The deficiency of vitamin D is associated with secondary hyperparathyroidism (SHPT), diabetes, high blood pressure, endothelial function, neoplastic diseases, and autoimmune diseases as well as the regulation of the cell cycle [132,134]. Studies have also demonstrated a strong inverse correlation between the serum vitamin D level, morbidity, and mortality in this population [131,135,136]. Due to the fact that vitamin D plays a crucial role in the regulation of mineral and bone metabolism as well as exerts an impact on cardiovascular and immune systems, it is believed that its supplementation is important for human health. Kidney Disease: Improving Global Outcomes (KDIGO) guidelines from 2017 recommend the correction of vitamin D deficiency and insufficiency in CKD with GFR <60 mL/min/1.73 m2 using strategies provided to the general population [137]. In more advanced stages, such as in pre-dialysis patients, native forms of vitamin D should be used, while those with more severe or progressive phases of SHPT ought to be administered calcitriol and its analogs. However, these guidelines do not set any reference value for the 25(OH)D level, but recommend its evaluation in patients at stages of CKD above 3 with progressively increasing or persistently elevated (above upper normal) PTH levels. It should be kept in mind that extra high levels of native forms of vitamin D can show toxicity, including hypercalcemia and hyper-phosphataemia.



Human Studies


A double-blind randomized clinical trial (RCT) assessing the impact of oral supplementation with calcifediol on SHPT treatment in pre-dialysis CKD patients demonstrated that this method is safe and effective [138]. Another multicenter study of patients with stage 3 or 4 CKD, SHPT, and vitamin D insufficiency showed that the PTH lowering effect of ER calcifediol was independent of the CKD stage and such treatment did not bring any adverse events [139].



Numerous studies have also indicated that vitamin D deficiency is related to cardiovascular disease, subclinical peripheral arterial disease (independently of other traditional or non-traditional atherosclerosis risk factors), and atherosclerosis [140,141]. According to meta-analysis performed by Pilz et al. [140], every 10 ng/mL of decrease in the vitamin D level is associated with an increase of 14% in risk of all-cause mortality in patients with CKD. Vitamin D administration was also demonstrated to diminish cardiovascular mortality risk in 27% of CKD patients [142]. Moreover, observational cohort Health, Aging, and Body Composition (Health ABC) Study found an independent relationship between lower calcitriol levels and kidney function decline in community-living, older adults [143]. The results of a randomized, double-blinded, placebo-controlled clinical trial in which patients with nondiabetic CKD stage 3–4 and serum 25(OH)D level ≤20 ng/mL were administrated either cholecalciferol (300,000 IU) or a matching placebo indicating that oral cholecalciferol considerably enhanced endothelium-dependent brachial artery flow-mediated dilation, thus, ameliorating vascular function and the changes correlated with 25(OH)D levels [144]. Moreover, it has been suggested that a protective effect of vitamin D on the arterial wall involves the inhibition of smooth muscle cell proliferation and the reduction of pro-inflammatory cytokines (tumor necrosis factor, interleukin-6) resulting in the lowering of vascular inflammation [134,141]. The study assessing the impact of oral cholecalciferol on cardiac parameters and biomarkers for endothelial cell activation in children with CKD revealed significantly ameliorated flow-mediated dilatation (FMD) and local arterial stiffness after vitamin D supplementation [145]. However, a randomized controlled trial Paricalcitol Capsule Benefits in Renal Failure-Induced Cardiac Morbidity (PRIMO) comparing paricalcitol with placebo failed to observe any impact of active vitamin D on a left ventricular mass index and diastolic function in CKD patients [146]. In addition, in the Effect of Paricalcitol on Left Ventricular Mass and Function in CKD—The OPERA Trial, the administration of paricalcitol had no effect on LV mass index and LV mass regression in patients with CKD stages G3a–G5 and left ventricular (LV) hypertrophy [147].



The inconsistencies in the results of studies are associated with the differences in baseline levels of serum 25(OH)D in the choice of a vitamin D form and dose, the time of treatment, and adherence to supplementation as well as the presence of polymorphisms within the vitamin D receptor (VDR) gene [148,149].





2.3. Polyunsaturated Fatty Acids (PUFA)


Polyunsaturated fatty acids (PUFAs) include ω-3 PUFAs derived from plants or meat and ω-6 PUFAs derived from plants or marine creatures [150]. PUFAs have been demonstrated to possess anti-inflammatory properties, which can, among others, protect kidneys from damage [151,152]. Dietary intake of polyunsaturated fatty acids may also be advantageous in the prevention of the progression of CKD [16].



2.3.1. Animal Studies


The results of studies performed on rodent models of diabetic nephropathy and hypertension indicated that the administration of polyunsaturated or monounsaturated fatty acids in the diet reduced glomerulosclerosis and glomeruli loss [153,154]. Study of 5/6 nephrectomized male Wistar rats fed an n-3 PUFA-enriched diet for six weeks revealed improved endothelial-dependent vasodilation (p < 0.05) compared with CKD rats on a standard diet [155]. The blockade of eNOS by L-NAME was found to worsen vasodilation. Moreover, increased expression of eNOS (p < 0.05) and reduced expression of NOX4 (p < 0.05) as well as diminished concentration of 3-nitrotyrosine levels were observed in this study. These findings demonstrated that n-3 PUFA ameliorate endothelial dysfunction by restoring NO bioavailability in CKD [155].




2.3.2. Human Studies


Numerous studies have confirmed the importance of polyunsaturated fatty acids in the diet since they cannot be synthesized by the human body, and they exert favorable effects in CKD patients [16,156,157]. The results of secondary analysis of the Diabetes Control and Complications Trial revealed that higher dietary eicosapentaenoic acid and docosahexaenoic acid consumption was inversely associated with the degree but not with the incidence of albuminuria in type 1 diabetes [158]. However, larger studies are required to confirm the results due to suboptimal quality of the studies included in the meta-analysis. Such findings are promising as even a minimal drop in urinary albumin excretion has been demonstrated to be associated with decreased risk of kidney failure and cardiovascular disease [159]. The study of impact of omega-3 fatty acid containing 160 mg eicosapentaenoic acid (EPA) and 100 mg docosahexaenoic acid (DHA) demonstrated mixed results with respect to cardiovascular disease risk. The addition of fish oil to the diet of hemodialysis patients was associated with a considerable increase in HDL levels, but, at the same time, with the elevation of LDL concentrations compared with corn oil (source of omega-6 fatty-acid) [160]. In turn, a larger, randomized clinical trial of the effect of omega-3 PUFA supplementation (45% EPA and 37.5% DHA) in hemodialysis patients indicated a significant decrease in serum triglycerides in the n-3 PUFA group compared with olive oil (control supplement) (p = 0.01) [161]. However, no significant impact was seen on total cholesterol, high-density lipoprotein (HDL) cholesterol, low-density lipoprotein (LDL) cholesterol, Lp(a), or apoB. In the other study, the supplementation of omega-3 (2 g/day) compared with a similar dose of olive oil had no effect on lipids concentration, but it diminished systolic, diastolic, and mean blood pressure [162]. The results of studies concerning polyunsaturated fatty acids are not consistent. However, it seems that the intake of omega-3 fatty acids may be effective in lowering the risk of cardiovascular disease in HD patients via its impact on risk factors, such as blood pressure, LDL, HDL, and triglycerides levels [16].





2.4. Conjugated Linolenic Acid (CLA)


Conjugated linolenic acid (CLA) is synthesized naturally in grass-fed ruminants (cattle, sheep, goats) by fermentative bacteria Butyrivibrio fibrisolvens [16,163]. CLA is a mixture of isomers of linoleic acid with conjugated double bonds. Conjugated linolenic acid is present in plant seeds, including pomegranate seed, catalpa seed, Tung seed, bitter gourd seed, trichosanthes seed, pot marigold seed, snake gourd seed, and jacaranda seed [16]. In humans and animals, CLA can be metabolized into CLA [164].



Animal Studies


The results of animal studies have indicated that CLA possess anti-inflammatory, anti-atherosclerotic, and anti-diabetic properties [16,165]. Moreover, it was shown to reduce renal production of PGE2, and to have significant renal anti-inflammatory and anti-fibrotic effects. Therefore, it seems that CLA may be a useful compound in dietary amelioration of renal disease [16,165].





2.5. Red Yeast Rice and Berberine


Red yeast rice and berberine are considered to be lipid-lowering nutraceuticals [166]. Both these compounds have been demonstrated to improve endothelial function. However, their effect on pulse wave velocity (PWV) has not been widely analyzed, especially in CKD patients. Red yeast rice decreases cholesterolemia directly via the inhibition of liver 3-hydroxy-3-methyl-glutaryl-coenzyme A reductase, while berberine hinder the cleavage of the receptor for LDL-cholesterol from the liver cell membranes [167].



Human Studies


Cicero et al. [166] demonstrated that both analyzed nutraceutical used in combination effectively diminished LDL-C and TG by 24% and 21%, respectively. They also confirmed the efficacy as well as safety of this “treatment” in patients with mild-to-moderate CKD. Moreover, they revealed that this approach improved PWV in both non-CKD and CKD patients. In addition, Affuso et al. [168] reported that the combination of low-dosed red yeast rice and berberine resulted in direct protective vascular effects, including the improvement of endothelial dysfunction and also insulin sensitivity. Moreover, berberine has also been found to be effective in a body weight decrease. Recent meta-analysis found that berberine intake resulted in a significant reduction of body weight, BMI, waist circumference, and CRP levels in patients with metabolic diseases [169]. Such treatment considerably diminished body weight (WMD = −2.07 kg, 95% CI −3.09, −1.05, p < 0.001), body mass index (BMI) (WMD = −0.47 kg/m2, 95% CI −0.70, −0.23, p < 0.001), waist circumference (WC) (WMD = −1.08 cm, 95% CI −1.97, −0.19, p = 0.018), and C-reactive protein (CRP) concentrations (WMD = −0.42 mg/L, 95% CI −0.82, −0.03, p = 0.034).





2.6. Menaquinone-7 (MK-7)


Western diets are somewhat rarely the source of vitamin K2 [170]. This vitamin is present in fermented foods, egg yolk, chicken, beef liver, and natto (Japanese food fermented with the use of some bacteria).



2.6.1. In Vitro/Animal Studies


Yasufumi et al. [171] in their in vitro study (of human hepatocarcinoma cell line) observed that MK-7, at a concentration above 7.5 µM, was a strong inhibitor of cholesterol biosynthesis. Lupo et al. [172] found that the combination of nutraceuticals significantly affected cholesterol metabolism and its administration could enable the control of mild hypercholesterolemia in CKD patients. In their in vivo study of uremic rats, the supplementation with a formulation containing MK-7 (3.5 µg/g of diet), MgCO3 (3.7 µg/g of diet), and Sucrosomial® Iron (1 mg/g of diet) possessed hypo-cholesterolemic action and it turned out that it was MK-7, which was responsible for cholesterol-inhibition activity. This strong hypo-cholesterolemic activity could be partly ascribed to MK-7-related hampering of PCSK9 secretion. Berberine exert a similar effect on cholesterol-related genes. However, due to the fact that these two compounds entirely differs in their chemical structures, it is rather unlikely that their actions are mediated via the same pathways. Based on the fact that the MK-7 particle very closely resembles the chemical structure of squalene (cholesterol precursor in the mevalonate pathway), Lupo et al. [172] suggested that MK-7 may stimulate an inhibitory action on the catalytic activity of squalene synthase catalysing the first step in cholesterol biosynthesis, thus, playing, under certain conditions, a regulatory function.




2.6.2. Human Studies


Inadequate levels of vitamin K2 result in higher probability that calcium will be deposited in vessels (vascular calcification) instead of the bone matrix, which increase the risk of cardiovascular disease and worsen the bone state. The results of population-based Rotterdam study indicated that low levels of vitamin K2 was associated with increased prevalence of severe aortic calcification and higher mortality [173]. Vitamin K deficiency was found to be an important risk factor of overall mortality in kidney-transplanted patients [174]. Therefore, the question appears regarding whether people, especially CKD patients (in whom bone disorders are frequent), could benefit from the supplementation with vitamin K. Kurnatowska et al. [175] observed that the administration of MK-7 (90 μg) together with 10 μg of cholecalciferol in patients with CKD stages 3-5 altered levels of calcification promoters and inhibitors, including desphosphorylated-uncarboxylated MGP (dp-ucMGP), osteoprotegerin (OPG), and osteocalcin (OC), diminishing the progression of atherosclerosis, which implies that vitamin K can correct the biochemical and local tissue consequences of vitamin K deficiency [176]. In addition, in patients undergoing dialysis, the supplementation with vitamin K seems to be of high importance. The results of randomized controlled trial demonstrated that MK-7 administration reduced dp-uc-MGP and protein induced by vitamin K absence II (PIVKA-II) levels, decreasing vascular calcification [177].



Table 1 summarizes the results of animal and human studies concerning the effects of nutraceuticals.






3. Combined Use of Nutraceuticals


The use of high doses of nutraceutical may raise some tolerability concerns regardless of whether they will or will not be associated with side effects similar to that observed in the case of statins or metformin [178]. The combination of nutraceuticals with a different but synergic mechanism of action at lower and safer dosages seems to be a good solution. This thesis was confirmed by the result of some studies indicating nutraceuticals superior performance when co-delivered, which could be associated with synergism observed in the case of various bioactive substances [179]. Phytotherapy, which is based on combined activities of a mixture of constituents, opens new treatment opportunities [180]. Numerous studies have demonstrated that nutraceuticals participate in macro-mechanistic processes, including inflammation, oxidative stress, and sympathetic over-activation, and upregulate NO bioavailability and antioxidant protection [12,15]. They enhance endothelial function, decrease arterial stiffness, inhibit platelet aggregation, lower blood pressure, limit the release of the potent vasoconstricting peptide endothelin-1, modulate transcriptional networks, and/or signaling cascades. Some nutraceuticals target one specific pathway, while other (resveratrol and curcumin) exhibit a multitude of biologically active properties [12]. The use of active compound mixtures not only enable multitargeting treatment, but also the pharmacological effects exerted by these components may involve synergistic or antagonistic interactions [180]. Herbal mixtures have been shown to protect active substances from decomposition by enzymes, activate pro-drugs, or deactivate active compounds to inactive metabolites, interfere with cellular transport (modifications of transport across membranes of cells or organelles), act synergically at different points of the same signaling cascade (multi-target effects), inhibit the binding to target proteins, and evade multi-drug resistance mechanisms [180,181]. The nature of many diseases is multi-factorial and is mediated by various cellular pathways. Therefore, it seems that preparations with a wide range of activities could prove effective in their treatment [181]. Drug-related inhibition of a specific target sometimes results in the switching of alternate routes, which is associated with the development of resistant cells or resistant organisms and subsequent drug resistance and clinical failure of the drug. Multicomponent therapy allows using beneficial actions of many compounds at the same time while increasing the change of success (recovery). The results of some studies confirm the effectiveness of an active ingredients mixture. Combination of curcumin and quercetin was demonstrated to reduce the number and size from the baseline of polyps in patients with familial adenomatous polyposis [182]. In turn, Oxy-Q bioflavonoid therapy with curcumin and quercetin ameliorated early graft function, lowered the risk of acute rejection and neurotoxicity (high dose group), and improved early outcomes in cadaveric renal transplantation, likely via HO-1 induction [61]. In addition, the combination of natural compounds with some therapeutic drugs may prove beneficial. A prospective randomized study of the effects of quercitin and curcumin (FlogMEV) in combination with prulifloxacin on chronic bacterial prostitis revealed that nutraceuticals enhanced clinical efficacy of the drug [183]. However, some nutraceuticals can also be toxic at high doses and their activity may result in the accumulation of some drugs, strengthening drug’s effects, and consequent occurrence of side effects (sometimes severe or life-threatening).




4. Are Nutraceuticals Always Safe?


Healing properties of many plants (ginseng, cinnamon, thyme, garlic, cumin, turmeric, etc.) have been known for ages [184] and this have triggered a series of studies of nutraceuticals. The global market of nutraceutical products has dramatically risen recently due to their great popularity and due to the fact that there are no regulations to control them [185]. Nutraceuticals are frequently advertised as being effective and completely safe (devoid of any side effects). However, this is not always the truth. Nutraceuticals may have poor solubility, low permeability, and fast metabolism and there are not enough clinical trials assessing their safety and efficacy [184,186]. Moreover, herbal products, particularly complex mixtures derived from herbal plants, contain bioactive fractions or compounds that are difficult to characterize and to normalize the content due to natural variation in the plant composition, which is associated with issues in controlling the intake of such preparations [187]. The shortage of clinical trials, which is associated with problems with the implementation of a restricted dietary intervention, translates into a lack of dosage recommendations and general regulations that could enable the control of nutraceuticals.



In case of some nutraceuticals, the occurrence of side effects and toxicity have been described. First of all, nutraceuticals can be contaminated with pesticides, fertilizers, metals, or other toxic plants [188]. Second, the intake of high doses of nutraceuticals for a long time can be associated with side effects. For example, extra high consumption of resveratrol was shown to result in mild diarrhea, nausea, hypersensitivity, and anal pruritus [189]. Some herbs, e.g., juniper berries and bucha leaves, which have a potential as diuretics, may lead to “kidney irritation” or damage [190].



Moreover, herbal products contain many phytochemicals, which can be associated with unpredictable drug-herbal interaction after co-administration [191]. These interactions may result in either inhibition of the drug efficacy (and, therefore, its low effectiveness) or strengthened drug’s effects (leading to higher incidence of toxicity and severe side effects). For example, ginkgo biloba, which is indicated for schizophrenia, Alzheimer’s disease, dementia, and cerebral insufficiency, could also enhance the risk of spontaneous bleeding or even carcinogenicity if administered at high doses for a long time [192,193]. In addition, green tea, which is believed to prevent obesity and metabolic disorders and even to have anti-cancer properties, has been shown to be nephrotoxic, hepatotoxic, and reproductive toxic if over-administrated [194,195]. Many commonly consumed plant products (e.g., aloe vera, cinnamon, caffeine can exert deleterious effects, such as genotoxicity, hepatotoxicity, and mutagenicity). Transplant patients are a high-risk group due to the fact that adverse interactions between herbs and medications could potentially increase the risk for rejection or loss of the kidney. According to NFK, the following herbs may be toxic to the kidneys: Artemisia absinthium (wormwood plant), Autumn crocus, Chuifong tuokuwan (Black Pearl), Tung shueh, and Horse chestnut. In turn, Ginger, Aloe, Ginseng, Horsetail, Blue Cohosh, Broom Dandelion, Coltsfoot, Mate, Licorice, Senna, and other may be harmful in chronic kidney disease [190]. Moreover, as we mentioned above, nutraceutical-drug interactions may be associated with serious, sometimes life-threatening, events when the first one interferes with a drug’s metabolic pathway or affects its transporters [196]. Due to a lack of appropriate pharmacodynamics as well as pharmacokinetic and safety studies for nutraceuticals, it is a challenge to foresee the occurrence of such interactions [184]. Herbal products comprising turmeric, chamomile, ginger, garlic, and ginkgo have been demonstrated to exert an impact on the actions of aspirin and some non-steroidal anti-inflammatory drugs enhancing the risk of bleeding associated with the inhibition of platelet aggregation ability [197]. KDIGO guidelines reflect the awareness of the unpredictability of nutraceuticals side effects and possible toxicity. Therefore, according to the summary of the 2020 KDIGO Diabetes Management in CKD Guideline: evidence-based advances in monitoring and treatment [198] physicians should “review the patient’s history of the use of over-the-counter nonsteroidal anti-inflammatory drugs, supplements, and herbal treatments, and patients should be counseled to discontinue these remedies if present.” Moreover, due to the fact that some supplements can exert unwanted effects before, during, and after surgery, the healthcare provider should be informed about them. Additionally, the earlier summary of KDIGO 2012 CKD Guideline: behind the scenes, need for guidance, and a framework for moving forward recommend “that adults with CKD seek medical or pharmacist advice before using over-the-counter medicines or nutritional protein supplements. (1B)” and suggest “not using herbal remedies in people with CKD. (1B)” [199]. Furthermore, they even suggest “not to routinely prescribe vitamin D supplements or vitamin D analogs, in the absence of suspected or documented deficiency, to suppress elevated parathyroid hormone concentrations in people with CKD not on dialysis. (2B)”. Figure 1 presents summary of given nutraceutical effects and interactions.




5. Conclusions


The results of in vitro and animal studies of kidney injury have indicated that the use of some nutraceuticals can prove beneficial in the hampering of renal injury progression and in the lowering of cardiovascular risk. These bioactive compounds could reduce the inflammation, oxidative stress, and sympathetic overactivation, promote renal blood flow and glomerular filtration rate, upregulate antioxidant properties, and rise NO bioavailability as well as inhibit interstitial fibrosis, and stimulate tubular regeneration. However, the evidence from human studies is too sparse to draw any final conclusions. Herbal products can be dangerous for CKD patients due to the fact that impaired kidneys are not able to clear waste products with similar efficacy as a healthy person [190]. Such patients should be aware of the fact that only a few nutraceuticals have been studied in CKD in few clinical trials enrolling small groups of participants. Encouraging results of animal studies cannot be translated directly into humans due to the fact that there are many differences between these species, studied animals do not have comorbidities, and they do not take human drugs. Our diet and lifestyle are completely different. Therefore, large clinical trials are required to find the answer to the question whether nutraceuticals (and which products exactly) can be used by patients with chronic kidney disease in order to slow down the development of kidney impairment-related disorders. Moreover, due to the lack of safety analyses, recommended doses are frequently not known. It is also difficult to assess the exact content of an active substance of interest in a natural product due to its variability. Natural products containing a given nutraceutical may also comprise other active substances, which are not recommended for CKD patients. Due to insufficient regulation of herbal supplements, there is no necessity to perform appropriate tests. Therefore, the purity, safety, and effectiveness of the products are unknown. That is why herbal preparations may be contaminated with toxic heavy metals, fertilizers, or pesticides. Bearing in mind all the above, patients with CKD (but not only they) should be cautious with unstandardized herbal extracts and consult a physician about dosage, safety, duration of use, and interactions with prescription drugs. Recommended dosage/time of use should never be prolonged. Patients should also avoid combining supplements with other supplementary, prescribed, or over-the-counter drugs and must not substitute natural products for prescribed medicines.
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ABCA1—ATP-binding cassette transporter; ACAT1—acetyl-CoA acetyltransferase 1; AKI—acute kidney injury; AMPK—5’AMP-activated protein kinase; aPWV—aortic pulse-wave velocity; BUN—blood urea nitrogen; CD36—cluster of differentiation 36; CKD—chronic kidney disease; CLA—conjugated linolenic acid; CVD—cardiovascular disease; CYP7A1—cholesterol 7 alpha-hydroxylase; DHA—docosahexaenoic acid; Dhcr24—24-Dehydrocholesterol Reductase; dp-ucMGP—desphosphorylated-uncarboxylated matrix Gla protein; ECM—extracellular matrix; EGCG—epigallocatechin-3-gallate; EPA—eicosapentaenoic acid; FGF15—fibroblast growth factor 15; FMD—flow-mediated dilatation; FXR—farnesoid X receptor; Gpx1 and Gpx4—glutathione peroxidase 1 and 4; GSH—glutathione; GST—glutathione S-transferase; Gstk1—glutathione S-Transferase Kappa 1; HD—hemodialysis; HDL—high-density lipoprotein; HF—high fat; HMG-CoA—β-hydroxy β-methylglutaryl-CoA; HO-1—heme oxygenase-1; HR—hazard ratio; IAP—intestinal alkaline phosphatase; ICAM-1—intercellular adhesion molecule 1; IL-1β—interleukin 1β; IL-6—interleukin-6; KLF2—Krüppel-like factor 2; LDL—low-density lipoprotein; Ldlr(-/-)—low-density lipoprotein receptor deficient; LF—low fat; LPS—lipopolysaccharide; LV—left ventricle; LXRα—liver X receptor α; MDA—malondialdehyde; MK-7—menaquinone-7; MMP-2—metalloproteinase 2; NADPH—nicotinamide adenine dinucleotide phosphate; NF-κB—nuclear factor kappa B; NHANES—National Health and Nutrition Examination Survey; NO—nitric oxide; NOS3—nitric oxide synthase; Nrf2—nuclear factor erythroid 2-related factor 2; Nx—nephrectomized; OC—osteocalcin; OPG—osteoprotegerin; PDGF—platelet derived growth factor; PDGF—platelet-derived growth factor; PIVKA-II—vitamin K absence II; PPAR-γ—peroxisome proliferator-activated receptor gamma γ; Prdx2—peroxiredoxin 2; PRIMO—Paricalcitol Capsule Benefits in Renal Failure-Induced Cardiac Morbidity; PTH—parathormon; PUFA—polyunsaturated fatty acids; PWV—pulse wave velocity; RCT—randomized clinical trial; ROS—reactive oxygen species; RSV—resveratrol; SHPT—secondary hyperparathyroidism; SIRT1—sirtuin 1; Sod2—superoxide dismutase 2; SR-B1—scavenger receptor, class B type 1; STZ—streptozotocin; TGFβ—transforming growth factor β; TMAO—trimethylamine-N-oxide; TNFα—tumor necrosis factor-α; Txnip—thioredoxin interacting protein; UUO—unilateral ureteral obstruction; VDR—vitamin D receptor; VEGF—vascular endothelial growth factor
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Figure 1. The summary of Resveratrol, curcumin, and berberine effects and interactions. 
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Table 1. The summary of the effect of nutraceuticals use in CKD—the results of animal and human studies.
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Type of Study/Study Group

	
Nutraceutical/Dose

	
Effects of Nutraceutical Administration

	
Ref






	
Animal Studies




	
Curcumin




	
Nephrectomized rats (5/6Nx)

	
Curcumin (120 mg/kg/day) dissolved in 0.05% CMC via oral gavages during 30 days

	

	➢

	
Restored SBP, reduced interventricular and rear wall thickening, decreased LVSd, and restored EF.




	➢

	
Diminished MMP-2 levels and overall gelatinase activity, reduced oxidative stress, and inhibited the mitochondrial permeability transition pore opening.







	
[59]




	
5/6 nephrectomized (Nx) rats

	
Curcumin (75 mg/kg) and enalapril (10 mg/kg), 10 weeks

	

	➢

	
Reduced renal dysfunction.




	➢

	
Decreased NF-α and IL-1β as well as PLA(2), COX 1, and COX 2.




	➢

	
Curcumin ameliorates CKD by blocking inflammatory signals even if it is given at a later stage of the disease.







	
[66]




	
Sprague-Dawley rats with 5/6 nephrectomy (Nx) induced CRF/in vitro (mesangial cells)

	
Untreated (Nx), curcumin-treated (curcumin), and enalapril-treated (enalapril) groups

	

	➢

	
The restoration of decreased anti-inflammatory PPARgamma in Nx animals.




	➢

	
Dose-dependent antagonism of TNF-alpha-mediated decrease in PPARgamma and blockage of the transactivation of NF-kappaB and repression of PPARgamma.




	➢

	
Anti-inflammatory property of curcumin may be responsible for alleviating CRF in Nx animals.







	
[71]




	
5/6 nephrectomized (Nx) Sprague-Dawley rats

	
(1) control (sham), (2) Nx, (3) Nx + curcumin (150 mg/kg bid), and (4) Nx + enalapril (15 mg/kg bid) as positive control, 7 weeks

	

	➢

	
Significantly reduced proteinuria by 40–60%.




	➢

	
Blunted the action of several key signaling molecules implicated in the hypertrophic response.




	➢

	
Attenuated cardiac hypertrophy and remodeling (independent of SBP reduction) as a result of the deactivation of multiple hypertrophic signaling pathways.







	
[65]




	
Apoferritin-induced CSS model in Cfh-deficient (Cfh(-/-)) mice

	
Curcumin treatment (30 mg/kg) given every day

	

	➢

	
Significant reduction in the number of splenic CD19(+) B cells and the ratio of CD19: CD3 cells (p < 0.05).




	➢

	
Protective function against the apoferritin-related reduction in the M2 subset of splenic macrophages.




	➢

	
Reduced mRNA expression of inflammatory proteins MCP-1 and TGF-β and matrix proteins, fibronectin, laminin, and collagen.




	➢

	
Reduced glomerulosclerosis, improved kidney function.







	
[68]




	
Resveratrol




	
Streptozotocin-diabetic rats

	
RSV (10 mg/kg) in presence or absence of an HO-1 blocker, Zinc protoporphyrin (ZnPP).

	

	➢

	
Significantly abrogated diabetes-induced vascular dysfunction.




	➢

	
This improvement was associated with the ability of RSV to decrease oxidative stress markers, a reduction in the aortic TGF-β expression, increased NOS3 expression, and aortic nitrite concentration and HO activity.




	➢

	
These ameliorative effects were when ZnPP administered prior to RSV diminished these beneficial effects.







	
[108]




	
Female C57BL/6J mice and ApoE−/− mice with a C57BL/6 genetic background

	
Resveratrol

	

	➢

	
Attenuated trimethylamine-N-oxide (TMAO)-induced atherosclerosis.




	➢

	
Decreased TMAO levels via the inhibition of commensal microbial trimethylamine (TMA) production via gut microbiota remodeling.




	➢

	
Increased levels of the genera Lactobacillus and Bifidobacterium.







	
[109]




	
Green Tea and Coffee




	
Anesthetized rat bladder

	
Green tea extract (catechins), 2 weeks

	

	➢

	
Reduced SP-induced bladder intercellular adhesion molecule expression and ROS amount and ameliorated hyperactive bladder response.




	➢

	
Catechins pretreatment can ameliorate SP-induced neurogenic inflammation via the action of antioxidant, anti-adhesion, and anti-inflammatory activity.







	
[122]




	
Unilateral ureteral obstruction (UUO) mice model

	
Epigallocatechin-3-gallate (EGCG) (50 mg/kg/day), 2 weeks

	

	➢

	
Restoration of UUO-induced kidney weight loss and renal dysfunction.




	➢

	
Prevention of UUO-induced oxidative stress and inflammatory responses in the obstructed kidney.




	➢

	
Induction of NF-κB and Nrf2 nuclear translocation in the UUO kidney and stimulation of heme oxygenase-1 (HO-1) production.




	➢

	
Reno-protective effect of EGCG are mediated by NF-κB and Nrf2 signalling pathway regulations.







	
[123]




	
Male Wistar rats

	
Cadmium (CdCl2 2 mg/kg, i.p.) and cadmium plus catechin (25, 50, and 100 mg/kg, orally), 4 weeks

	

	➢

	
Attenuated all the changes caused by cadmium.




	➢

	
Effective protection of the kidney against toxic effect of cadmium, presumably via its antioxidant, anti-inflammation, and mitochondrial protection.







	
[124]




	
Polyunsaturated fatty acids (PUFA)




	
5/6 nephrectomized male Wistar rats (CKD) and sham operated animals (SHAM)

	
n-3 PUFA enriched diet (CKD + PUFA, n = 10) vs. standard diet, 6 weeks.

	

	➢

	
Improved EDD (p < 0.05).




	➢

	
Blockade of eNOS by L-NAME worsened EDD.




	➢

	
Increased (p < 0.05) eNOS and reduced (p < 0.05) expression of NOX4 and 3-nitrotyrosine levels.






n-3 PUFA improve endothelial dysfunction by restoring NO bioavailability in CKD.

	
[155]




	
Conjugated Linolenic Acid (CLA)




	
Han:SPRD-cy rat model of polycystic kidney disease (PKD), heterozygotes

	
Diets containing corn oil with a CLA enriched oil (1% of diet by weight as CLA) vs. corn oil (control), 8 weeks

	

	➢

	
Reduced interstitial inflammation (p < 0.001), fibrosis (p = 0.03), and renal PGE2 release (p = 0.02).




	➢

	
Increased renal and hepatic CLA isomers.




	➢

	
Reduced hepatic linoleic acid proportion.




	➢

	
No impact on renal proportion of the PGE2 precursor, arachidonic acid.




	➢

	
Significantly increased hepatic AA proportion (p = 0.009).







	
[165]




	
Human Trials




	
Curcumin




	
Randomized double-blind placebo-controlled clinical trial of 101 Mexican patients with nondiabetic or diabetic proteinuric CKD

	
Placebo or 320 mg/day curcumin for 8 weeks

	

	➢

	
No improvement of proteinuria, eGFR, or lipid profile.




	➢

	
Attenuation of lipid peroxidation in individuals with nondiabetic proteinuric CKD (p < 0.05) and enhanced antioxidant capacity in subjects with diabetic proteinuric CKD (p < 0.05).




	➢

	
No impact on the antioxidant enzymes activities or Nrf2 activation.






Dietary supplementation with curcumin can reduce oxidative stress in patients with nondiabetic or diabetic proteinuric CKD.

	
[60]




	
43 dialysis dependent cadaveric kidney recipients

	
480 mg of curcumin and 20 mg of quercetin. Control (placebo), low dose (one capsule, one placebo), and high dose (two capsules).

	

	➢

	
Bioflavonoid therapy improved early graft function.




	➢

	
Acute rejection and neurotoxicity were lowest in the high dose group (control, 14.3% vs. low-dose: 14.3% vs. high-dose: 0%).




	➢

	
Urinary HO-1 was higher in bioflavonoid groups.




	➢

	
The improvement of early outcomes in cadaveric renal transplantation could be mediated by HO-1 induction.







	
[61]




	
16 patients with CKD

	
Herbal supplement composed of Curcuma longa and Boswellia serrata, or placebo.

	

	➢

	
Significant time effect (p = 0.03) and time x compliance interaction effect (p = 0.04) for IL-6.




	➢

	
No significant differences were observed for TNF-α and GPx.




	➢

	
Curcumin and Boswellia serrata are safe and tolerable and improve the levels of an inflammatory cytokine.







	
[69]




	
A randomized, double-blind, and placebo-controlled study of 40 patients with overt type 2 diabetic nephropathy

	
Study group: 3 capsules (daily) with 500 mg turmeric (22.1 mg of active curcumin) for 2 months.Control group: placebo

	

	➢

	
Significantly decreased serum levels of TGF-β and IL-8 and urinary protein excretion and IL-8 (pre-turmeric vs. post-turmeric supplementation values).




	➢

	
No adverse effects related to turmeric supplementation were observed during the trial.




	➢

	
Short-term turmeric supplementation can attenuate proteinuria.







	
[78]




	
Resveratrol




	
Cross-sectional logistic regression of National Health and Nutrition Examination Survey (NHANES)

	
Wine. No consumption (0 glass per day), light (<1 glass per day), moderate (≥1 glasses per day).

	

	➢

	
After adjusting for demographics and CVD risk factors, light wine consumption was associated with lower prevalence of CKD defined as UACR ≥30 mg/g.




	➢

	
Light wine consumption was associated with significantly lower rates of CVD in the general population and in subjects with CKD.




	➢

	
The adjusted odd of CVD for those with light wine consumption was 0.72 (CI 0.52–0.99, p = 0.046) for the subjects with CKD.







	
[116]




	
Green Tea and Coffee




	
6 healthy subjects and 54 hemodialysis patients

	
Three different doses (0, 455, and 910 mg) of oral catechins vs. oral vitamin C (500 mg)

	

	➢

	
Reduced hemodialysis-enhanced plasma hypochlorous acid activity.




	➢

	
Significantly reduced proinflammatory cytokine expression enhanced by hemodialysis.




	➢

	
Lower pre-dialysis plasma hydrogen peroxide activity, lower hypochlorous acid activity, and lower phosphatidylcholine hydroperoxide, C-reactive protein, and pro-inflammatory cytokine concentrations.







	
[125]




	
40 patients with CKD requiring chronic dialysis

	
Catechin group: green tea (5 g/day for 1 month). Control group: water

	

	➢

	
No significant change in clinical characteristics, oxidative stress, inflammatory markers, and circulating EPCs number.




	➢

	
Significantly improved FMD in the catechin group (from 5.68 ± 2.67% to 8.66 ± 3.46%, p = 0.002).






Short-term green tea consumption induced a rapid improvement in FMD, but did not improve circulating EPC levels in patients with CKD.

	
[126]




	
8717 subjects with normal renal function

	
0 coffee per week, <1 cup per week, 1–6 cups per week, 1 cup per day, and ≥2 cups per day

	

	➢

	
Rates of decline in glomerular filtration were lower in daily coffee consumers.




	➢

	
1 cup per day (HR, 0.76, 95% confidence interval, 0.63–0.92) and ≥2 cups per day (HR, 0.80, 95% confidence interval, 0.65–0.98) were associated with a lower risk of chronic kidney disease development vs. non-drinkers.







	
[128]




	
4722 participants from the Doetinchem Cohort Study

	
Coffee and tea consumption (in cups/day)

	

	➢

	
Tea consumption was not associated with eGFR.




	➢

	
Individuals who drank >6 cups coffee/day had a 1.33 (95% CI: 0.24, 2.43) mL/min/m2 higher eGFR than those who drank <1 cup/day (P-trend = 0.02).







	
[129]




	
Vitamin D Supplementation




	
Randomized, double-blind, placebo-controlled trial of 78 CKD subjects with iPTH >70 pg/mL and serum total 25-hydroxyvitamin D <30 ng/mL.

	
Daily treatment for six weeks with oral MR calcifediol (30, 60, or 90 µg) or a placebo

	

	➢

	
Mean plasma iPTH decreased from baseline (140.3 pg/mL) by 20.9 ± 6.2% (SE), 32.8 ± 5.7, and 39.3 ± 4.3% in the 30, 60, and 90 µg of dose groups (p < 0.005).




	➢

	
No clinically significant safety concerns arose during MR calcifediol treatment.







	
[138]




	
A systematic review and meta-analysis, 14 observational studies (194,932 patients)

	
Vitamin D compounds (25-hydroxyvitamin D, 1,25-dihydroxyvitamin D, and synthetic derivatives) vs. placebo

	

	➢

	
Reduced risk of all-cause mortality (relative risk 0.73, 95%, CI 0.65–0.82).




	➢

	
Risk reduction was greater in patients with higher parathyroid hormone serum levels (p = 0.01).




	➢

	
Significantly reduced risk of cardiovascular mortality (relative risk 0.63, 95% CI 0.44–0.92).






Therapies with 1,25-dihydroxyvitamin D and analogues are associated with reduced mortality in CKD patients, and, particularly, in those suffering from secondary hyperparathyroidism.

	
[139]




	
Randomized, double-blind, placebo-controlled trial, 120 patients with nondiabetic CKD stage 3–4 and vitamin D deficiency

	
Cholecalciferol (300,000 IU) or matching placebo

	

	➢

	
Significantly increased endothelium-dependent brachial artery flow-mediated dilation at 16 weeks (mean change: 5.49%, 95% Cl 4.34% to 6.64%, p < 0.001).




	➢

	
Significant favorable changes in pulse wave velocity and circulating IL-6 levels.






In nondiabetic patients with stage 3–4 CKD and vitamin D deficiency, vitamin D supplementation may improve vascular function.

	
[144]




	
41 children with CKD and 24 healthy subjects with low 25-hydroxyvitamin D3 (25OHD) levels

	
Stoss vitamin D supplementation

	

	➢

	
Significantly improved FMD and local arterial stiffness in patients.




	➢

	
Homocysteine showed inverse correlation with baseline vitamin D level in CKD children and von Willebrand factor emerged as an independent risk factor for FMD impairment.







	
[145]




	
Multinational, double-blind, randomized placebo-controlled trial, 227 patients with CKD, mild-to-moderate LVH, and preserved LVEF

	
Oral paricalcitol, 2 μg/d (n = 115), or matching placebo (n = 112).

	

	➢

	
Reduced parathyroid hormone levels within 4 weeks and maintained normal levels throughout the study duration.




	➢

	
No differences in LV mass index and peak early diastolic lateral mitral annular tissue velocity (paricalcitol group, −0.01 cm/s [95% CI, −0.63 to 0.60 cm/s] vs. placebo group, −0.30 cm/s [95% CI, −0.93 to 0.34 cm/s]) Hypercalcemia were more frequent in the paricalcitol group when compared with the placebo group.







	
[143]




	
Polyunsaturated Fatty Acids (PUFA)




	
Systematic review and meta-analysis of randomized controlled trials. Sixty trials (4129 participants).

	
n-3 PUFA supplementation

	

	➢

	
Reduced cardiovascular death for participants on hemodialysis (RR) 0.45, 95% Cl 0.23–0.89),




	➢

	
Prevention against ESRD (RR 0.30, CI 0.09–0.98) in CKD patients.




	➢

	
No difference in all-cause mortality (RR 1.05, CI 0.84–1.33), acute transplant rejection (RR 0.98, CI 0.80–1.21), or allograft loss (RR 0.98, CI 0.54–1.81).







	
[156]




	
Analysis of longitudinal data from 1436 participants in the Diabetes Control and Complications Trial

	
Dietary n-3 long-chain polyunsaturated fatty acids (n-3 LC-PUFAs). Average intake of eicosapentaenoic and docosahexaenoic acid taken from diet histories.

	

	➢

	
Decreased mean UAER (difference 22.7 mg/24 h [95% CI 1.6–43.8)]) in the top versus the bottom third of dietary n-3 LC-PUFAs.




	➢

	
No association with incident albuminuria.




	➢

	
Dietary n-3 LC-PUFAs appear inversely associated with the degree but not with the incidence of albuminuria in Type 1 diabetes.







	
[158]




	
Double-blind, permuted-block, randomized, placebo-controlled of ESRD patients

	
Fish-oil concentrate (study group) vs. corn-oil capsules (control group). Six 1-g soft-gel capsules each day for 6 months

	

	➢

	
Significantly increased high-density lipoprotein cholesterol levels.




	➢

	
Significantly increased LDL levels in both groups.






The analysis indicates mixed results with respect to cardiovascular disease risk. Further research is required.

	
[160]




	
Double-blind randomized placebo-controlled design, 206 HD patients with documented CVD

	
n-3 PUFA or a control treatment (olive oil)

	

	➢

	
Significantly higher serum phospholipid levels of n-3 PUFA in patients reporting high fish intake vs. low fish intake.




	➢

	
Significant decrease in serum TG in n-3 PUFA vs. control group after three months (p = 0.01).




	➢

	
No significant effect on TCh, HDL, LDL, Lp(a), or apoB.







	
[161]




	
12-month, prospective, single-blind, sequential intervention, cohort study of 24 HD patients

	
Three consecutive 4-month study periods taking the following supplements: A (olive oil: 2 g/day), B (omega-3 PUFA: 2 g/day), C (olive oil: 2 g/day).

	

	➢

	
No significant impact on fibrinogen, hemoglobin, platelet, red, and white blood cell counts, PTH, PTT, serum TCh, TG, apo-A and B, CRP, and albumin levels.




	➢

	
Significantly lower systolic (mean ± SD) (A: 131 ± 17.8 mm Hg, B: 122 ± 12.8 mm Hg, C: 129 ± 13.2 mm Hg), diastolic (A: 83 ± 16.3 mm Hg, B: 72 ± 14.8 mm Hg, C: 79 ± 6.5 mm Hg) and mean blood pressure (A: 99 ± 16.8 mm Hg, B: 88 ± 14.1 mm Hg, C: 96 ± 8.7 mm Hg) at the end of the study period B (p < 0.05).






Omega-3 PUFA supplementation influenced only blood pressure in patients for long-term HD.

	
[162]




	
Red Yeast Rice and Berberine




	
Forty moderately hypercholesterolemic outpatients with mild-to-moderate CKD and 40 cross-matched hypercholesterolemic subjects without CKD

	
Combined nutraceutical containing red yeast rice (3 mg monacolin K) and berberine (500 mg).

	

	➢

	
No significant change in body mass index, blood pressure, liver transaminases, creatinine-phosphokinase, and eGFR.




	➢

	
Improved TCh in non-CKD patients by (−21.6%), LDL-Cholesterol by (−24.2%), non HDL-Cholesterol (−24.0%), and TG (−20.8%).




	➢

	
Improved TCh in CKD patients by (−21.1%), LDL-Cholesterol by (−23.7%), non HDL-Cholesterol (−23.9%), and TG (−20.4%).




	➢

	
No difference among groups in terms of the effects on lipid metabolism.




	➢

	
Significantly improved PWV in both groups (p < 0.01). No differences between groups.







	
[166]




	
Single centre, randomized, double-blind, placebo-controlled study, 50 hypercholesterolemic patients

	
Daily oral dose of NC (25 patients) or placebo, 6 weeks

	

	➢

	
Decreased TCh (−1.14 ± 0.88 and −0.03 ± 0.78 mmol/L, p < 0.001), LDL (−1.06 ± 0.75 and −00.4 ± 0.54 mmol/L, p < 0.001) and TG levels.




	➢

	
Improved endothelial-dependent flow-mediated dilation (3 ± 4% and 0 ± 3% respectively, p < 0.05) and insulin sensitivity in relation to NC.




	➢

	
No adverse effect.







	
[168]




	
Menaquinone-7 (MK-7)




	
42 non-dialyzed patients with CKD

	
Vitamin K2 at a dose of 90 μg (menaquinone, MK-7) + 10 μg of cholecalciferol (K + D group) or 10 μg of cholecalciferol (group D):

	

	➢

	
Significantly lower increase in CCA-IMT n the K+D group vs. D group (ΔCCA-IMT, 0.06 ± 0.08 vs. 0.136 ± 0.05 mm, p = 0.005).




	➢

	
Slightly lower increase in CACS in the K + D group vs. D group (ΔCACS, 58.1 ± 106.5 AU vs. 74.4 ± 127.1 AU, p = 0.7).




	➢

	
Significant decrease in the level of dp-ucMGP and total OC in the K+D group.






Vitamin K2 administration in patients with CKD stages 3-5 may limit the progression of atherosclerosis, but does not considerably affect the progression of calcification. Vitamin K2 significantly changes the levels of calcification promoters and inhibitors: dp-ucMGP, OC, and OPG.

	
[175]




	
Interventional randomized non-placebo-controlled trial with 3 parallel groups, 53 long-term hemodialysis patients in stable conditions

	
Menaquinone-7 (vitamin K(2)) treatment at 45, 135, or 360 μg/d for 6 weeks

	

	➢

	
Dose-dependent and time-dependent decrease in circulating PIVKA-II and dephosphorylated-uncarboxylated MGP (response rates: 77% and 93% in the groups receiving 135 μg and 360 μg of menaquinone-7, respectively), uncarboxylated osteocalcin levels.






Inactive MGP levels can be decreased markedly by daily vitamin K(2) supplementation.

	
[174]




	
Uremic rats

	
Control (high-phosphate diet), uremic (high-phosphate diet containing 0.5% adenine), and supplemented uremic diet (0.5% adenine, MK-7, magnesium carbonate, and Sucrosomial® Iron), 6 weeks

	

	➢

	
Supplemented uremic diet did not reduce creatinine, phosphate levels, or vascular calcification.




	➢

	
Significant hypo-cholesterolemic effect (−18.9% in supplemental uremic vs. uremic diet, p < 0.05).






New nutraceutical combination significantly impacts cholesterol metabolism and its supplementation may help to control mild hypercholesterolemic conditions in CKD patients.

	
[172]








CCA-IMT—carotid intima-media thickness. CETP—cholesteryl ester transfer protein. Cfd—complement factor D. CKD—chronic kidney disease. Cl—confidence interval. CMC—carboxymethylcellulose. CRP—C-reactive protein. CSS—chronic serum sickness. dp-ucMGP—desphosphorylated-uncarboxylated MGP. EDD—endothelium-dependent vasodilation. EF- ejection fraction. eGFR—estimated glomerular filtration rate. EPC - endothelial progenitor cells. ESRD – end-stage renal disease. FMD—flow-mediated dilatation. GPx—glutathione peroxidase. HD—maintenance hemodialysis. HR—hazard ratio. ICAM-1—Intercellular Adhesion Molecule 1. IL-6- interleukin-6. iPTH—plasma intact parathyroid hormone. LDL—low-density cholesterol. LVEF—left ventricular ejection fraction. LVH—left ventricular hypertrophy. LVSd—left ventricle dimension at the end-systole. MCP-1—monocyte chemoattractant protein-1. MK-7—menaquinone-7. MMP-2—metalloproteinase 2. OC—osteocalcin. OPG—osteoprotegerin. PTH—parathormone. PLA(2)—calcium-independent phospholipase A2. PPARgamma—peroxisome proliferator-activated receptor gamma. PTT—partial thromboplastin time. PWV - pulse wave velocity. RR- relative risk, SBP—systolic blood pressure. TGF- β—transforming growth factor-β. TNF-α—tumor necrosis factor-α. UAER -urinary albumin excretion rates. VCAM-1- Vascular cell adhesion protein 1.
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