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Abstract

:

Nephrolithiasis is a pathological condition characterized by the formation of solid crystals in the kidneys or other parts of urinary tract. Kidney stones are a serious public health issue and financial burden for health care system, as well as a painful and uncomfortable condition for patients, resulting in renal tissue injury in severe cases. Dietary habits, low fluid and high salt intake predominantly, contribute to the development of kidney stones. Current research suggests that polyphenols have a protective effect in the pathogenesis of kidney stones. Polyphenols are a group of naturally occurring compounds found in plant-based foods such as fruits, vegetables, tea, and coffee. In this review, we explore mechanisms underlying the beneficial effects of polyphenols, such as oxidative stress reduction and modulation of inflammatory pathways, in various in vitro models of nephrolithiasis. Additionally, certain polyphenols, such as catechins found in green tea, have been shown to inhibit the formation and growth of kidney stones in animal studies. This review highlights the antioxidant and anti-inflammatory effects, as well as the inhibition of crystal formation, as results of polyphenol treatment in vitro. Further research is required to determine the specific effects of polyphenols on kidney stone formation in humans; however, current knowledge implicates that incorporating a variety of polyphenol-rich foods into the diet may be a beneficial strategy for individuals at risk of developing nephrolithiasis.
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1. Introduction


Nephrolithiasis, also known as kidney stones, is one of the most common urological conditions. The term originates from Greek words nephron for kidney and lithos for stone. First description of kidney stones (KS) dates back to ancient medical texts of Mesopotamia [1]. Approximately 12% of the world population is affected during their lifetimes, with recurrence rates greater than 30%. Additionally, in the past decades, the prevalence and incidences of KS have increased globally [2,3].



Epidemiology of KS depends on geographical, climate, ethnic, dietary, and genetic factors, as well as characteristics such as age, sex, and race [4]. Pathological conditions such as obesity, metabolic syndrome (MS), hypertension, diabetes mellitus, and gout also contribute to development and increased risk of KS due to higher urinary excretion of calcium, uric acid, oxalate, and reduced excretion of citrate. The increased KS prevalence in developed countries is related to increased consumption of salt and protein and the prevalence of MS. In developing countries, it can be related to malnutrition and water deprivation [5]. Vice versa, nephrolithiasis and associated kidney injury may also be a risk factor for diabetes and cardiovascular diseases development [6,7], chronic kidney disease [8], and bone fractures [9]. Chronic kidney disease can occur due to obstruction, infection, renal tissue damage, or urological treatments involved in the treatment of nephrolithiasis. Other causes of KS can also be caused by infections, genetic defects, as well as drug induced [4].



The chemical composition of urine determines the type of crystals, varies depending on the cause of nephrolithiasis, and is influenced by dietary habits, metabolic activity, and lifestyle [10]. Approximately 80% of kidney stones are calcium stones, predominantly calcium oxalate (CaOx) and calcium phosphate (CaP), whereas 9% are uric acid, 10% struvite, and 1% cystine stones [11,12]. The pathophysiological mechanism of KS includes nidation, growth, aggregation, retention, and results in crystal–renal epithelial cell interactions, leading to aberrant oxidative stress, inflammation, and injury to renal tissue [12,13].



Renal colic is usually an extremely painful condition requiring multimodal analgetic monotherapy or polytherapy [14]. The treatment of KS is based on many parameters such as the size, number, location, and constitution of the stones [4]. Surgical intervention may also be an option, depending on stone characteristics, patient anatomy, comorbidities, and patient preferences. Non-pharmacological treatment options include shockwave lithotripsy (SWL), rigid and flexible ureteroscopy (URS), and conventional/mini–percutaneous nephrolithotomy (PCNL) [15].



Nephrolithiasis is a serious public health issue and a financial burden for the health care system. For example, cost estimates for 2010 in England were between £190 million and £324 million [15]. According to the calculation of Antonelli et al., the annual cost of stone disease interventions and treatment in the USA in 2000 was approximately USD 2.81 billion. They also estimated that population growth, independent of other risk factors, would increase the cost of stone disease by USD 780 million in 2030 [16]. All of the above points to the importance of prevention in the management of kidney stones.



General preventive measures include optimal fluid intake, normalization of dietary habits, and lifestyle to minimize the risk factors. Pharmacological treatment is necessary in those at high risk of KS formation [4]. For recurrent KS, thiazide diuretics, potassium citrate, and alopurinol can be used as preventative measures, depending on the type of crystals [14]. In addition to conventional pharmacotherapy, a great number of herbal and dietary compounds have been investigated for prevention and treatment of nephrolithiasis [17]. Polyphenols have demonstrated antilithiatic properties in vitro and in vivo, implicating their potential to contribute to preventative measures for development of KS, due to their antioxidant, anti-inflammatory, and other effects [18,19,20,21,22,23,24].



Polyphenols are a group of naturally occurring organic molecules characterized by multiple aromatic rings and hydroxyl groups. Dietary polyphenols are mostly found in plants such as fruit and vegetables, where they are stored either as glycoside conjugates or as non-glycosylated conjugates. Some of the most common polyphenols are found in tea (epigallocatechin-3-gallate, epicatechin, catechin), wine (resveratrol), and cocoa (epicatechin, procyanidins) [25,26]. Polyphenols can be classified as flavonoid and non-flavonoid molecules, with multiple sub-classes. Flavonoids are a group of polyphenols such as flavanols, flavanones, isoflavones, flavones, flavan-3-ols, and anthocyanins, whereas the non-flavonoids include phenolic acids, lignans, tannins, and stilbenes [27,28]. Figure 1 shows some of the representative polyphenols of the two key groups and their structures. Dietary polyphenols have been shown to play a vital role in human organisms, affecting a great number of physiological processes [29,30]. In a great manner, this is due to their antioxidant activity, which makes them suitable for the prevention of reactive oxygen species (ROS)-induced damage. ROS are a group of products resulting from oxygen reduction, where the main reduced forms of oxygen include superoxide anions, hydroxyl radicals, and hydrogen peroxide. ROS accumulation causes oxidative stress in cells, depriving the cell from its antioxidative defense system, thereby causing various diseases. Polyphenols are also known to induce the activities of antioxidant enzymes and inhibit the activities of some oxidases, thereby resulting in improvement of various pathological states [31,32,33]. Some studies suggest that a polyphenol-rich diet can prevent the development and further detrimental outcomes in a great number of chronic diseases, including cardiovascular diseases, diabetes, neurodegenerative diseases, and even COVID-19. One of the most common occurring dietary polyphenols, such as epigallocatechin-3-gallate and resveratrol, has been shown to prevent oxidative cellular damage in various chronic diseases, including nephrolithiasis [34,35,36]. According to previous studies, epigallocatechin-3-gallate, a polyphenol found in green tea, has been shown to increase superoxide dismutase activity, and decrease both CaOx deposition and urinary excretion in rats with induced kidney stones [36,37]. Resveratrol, on the other hand, is found in grapes and wine and is known to increase superoxide dismutase, glutathione peroxidase, and catalase protein levels upon treatment of ethylene-glycol-induced kidney stones in a murine model, resulting in a significant decrease in the concentration of urinary crystals and renal cell injuries [38,39].



In this review, we examine the role of polyphenols in the prevention and treatment of nephrolithiasis. A specific focus is the elucidation of the underlying mechanisms of their beneficial effects. Also, in aim to better distinguish polyphenols direct nephroprotective effects from pleiotropic and provide a better mechanistic insight, we have opted out for examining the most recent evidence reported by using various in vitro models of nephrolithiasis.



Furthermore, while polyphenols are considered beneficial for health, there are some concerns associated with their concentrations and potential effects on health, such as dosage, interactions, etc. In this review, we also explore some of these issues and progress regarding their elucidation. Finally, we highlight some of the potential therapeutic targets and signaling molecules, reported to be involved in KS pathophysiology.




2. The Cellular Mechanisms of Beneficial Effects of Polyphenols in Nephrolithiasis


Cell membranes are mainly composed of polyunsaturated fatty acids and phospholipids, which make them susceptible to lipid peroxidation caused by relatively high concentrations of ROS. Lipid peroxidation causes the membrane to lose its integrity, as the electrons are removed from the lipid components of a membrane via ROS. On the other hand, oxidation of a phospholipid bilayer generates a signal for cell death and could be a potential cause for the proinflammatory changes. ROS-induced lipid peroxidation results in the overproduction of reactive intermediates [40,41].



2.1. Lipid Peroxidation in Nephrolithiasis


CaOx interaction with renal cells results in enhanced ROS production and lipid peroxidation. ROS cause injury to renal epithelial cells, disrupt the integrities of their membranes, and promote inflammatory responses, contributing to calcium oxalate adhesion, retention, and formation of CaOx stones. Furthermore, the ROS-activated phospholipase A2 results in arachidonic acid production, which further increases ROS and promotes cell injury, inflammation, and crystal formation [42].



Antioxidants, such as polyphenols, are able to inhibit or prevent the damage to the cell membrane caused by lipid peroxidation by scavenging ROS and reactive intermediates. Lipid peroxidation is lowered by increasing the level of antioxidant enzymes and via metal chelation [42,43]. Figure 2 shows a potential mechanism of polyphenol-induced inhibition of CaOx crystal formation and prevention of ROS accumulation.



Polyphenols exhibit a high antioxidant redox potential, which makes them suitable for inactivating the ROS and acting as chelating agents [43,44]. This makes them valuable targets for future research in the prevention of ferroptosis in kidney diseases, especially regarding the formation of kidney stones.




2.2. Ferroptosis in Nephrolithiasis


Ferroptosis is a type of cell death caused by accumulation of large amounts of iron, lipid peroxidation, and ROS [45]. This type of apoptosis is induced by ROS accumulation, decreased concentration of glutathione (GSH), inhibition of glutathione peroxidase 4 (GPX4), and the cystine/glutamate antiporter system, as well as by generating ROS-producing molecules, including arachidonic acid. Ferroptosis can be inhibited or even prevented by cellular autophagy, chelating agents, and antioxidants [46,47,48].



Inhibition of GPX4 in ferroptosis prevents lipid hydroperoxide (LOOH) metabolism, which results in the progression of lipid peroxidation and accumulation of reactive lipid-ROS. GPX4 regulates redox cell potential and is the only GPX in cellular membranes that directly reduces LOOH. Lipid peroxidation in ferroptosis starts with electron transfer from a transition metal, in this case, from iron (II) [49,50,51,52,53]. Figure 3 represents the mechanism of lipid peroxidation of LOOH which accumulates in ferroptosis.



Recent studies have shown that CaOx causes an increase in the ROS concentration and expression of the ferroptosis agonist proteins, whereas ferroptosis inhibitory proteins, such as GPX4, were decreased. The extent of ferroptosis has a great effect on the cellular antioxidant capacity, leading to its eventual weakening [54,55,56,57].




2.3. Polyphenols Inhibit Lipid Peroxidation and Ferroptosis as Chelating Agents


In addition to antioxidant properties, polyphenols have also demonstrated chelating functions known to inhibit ferroptosis [58]. In the next few subsections, we have listed some polyphenols known to inhibit and/or even prevent ferroptosis and lipid-peroxidation-induced damage by forming iron chelates. These effects will be discussed in detail in further sections.





3. Beneficial Effects of Polyphenols as Determined by Various In Vitro Models of Nephrolithiasis


In this section, we examine various polyphenol compounds, medicinal plants containing polyphenols, or polyphenol extracts and their effects on experimental in vitro models of nephrolithiasis and consequential renal cell injuries. In vitro studies provide insight into molecular mechanisms underlying these effects in a controlled environment, whereas excluding other pleiotropic effects of these compounds. In this section, we aim to identify potential therapeutic compounds and medicinal herbs, as well as elucidate altered signaling pathways and molecular processes to highlight potential targets for nephrolithiasis prevention and treatment.



3.1. Flavonoids


3.1.1. Quercetin


Quercetin is a polyphenol belonging to a subclass of flavonoids, called flavanols. This yellow-colored plant pigment is well known for its cardiovascular, anti-tumor, immunomodulatory effects and can be found in tea and onion. It is generally insoluble in all common solvents, with exception to its low solubility in some alcohols, basic solvents, and glacial acetic acid [59,60,61]. This can potentially limit its research use in in vitro studies. When considering its inhibitory effects regarding ferroptosis progression, application of quercetin prevents the ferroptosis-induced morphologic changes in cells. These changes are caused by decreased concentration of GSH, as well as increased levels of malondialdehyde (MDA) and ROS. One of the recent in vitro studies confirmed that quercetin is able to increase the GSH concentration and reduce the levels of both MDA and ROS, suggesting quercetin as a potential target for future research in the prevention of ferroptosis [62,63,64,65].




3.1.2. Catechins


One of the most consumed and highly acknowledged polyphenol-rich products for their health benefits is tea. Specifically, three major types of tea—green tea, oolong tea, and black tea. The health benefits of these drinks have been extensively studied, and these benefits are highly related to their various polyphenol compound contents, mostly catechins [66,67,68,69,70]. A recent in vitro study aimed to evaluate the ability of green tea, oolong tea, and black tea to prevent the formation of CaOx crystals by investigating artificial urine spectroscopically and crystallization microscopically. The study concluded that all three teas were effective in inhibiting crystal formation, with green tea being the most effective. This study confirmed the beneficial effects, kidney stone prevention, and treatment potential of green tea [71]. Four primary catechins have been identified in green tea—epicatechin, epigallocatechin, epicatechin-3-gallate, and the most extensively researched epigallocatechin gallate (EGCG), comprising 50–80% of the total catechin content [72]. Therefore, beneficial effects of green tea are most commonly linked to EGCGs’ nephroprotective properties [42]. Although considered as a great therapeutic agent in the treatments of various kidney diseases, this tea polyphenol contains a significant amount of oxalate, which usually contributes to CaOx crystal formation. However, a considerable number of studies have demonstrated that treatment with green tea reduces renal injury and CaOx crystal deposition, decreases levels of MDA, and increases GSH concentration, as well as exhibits antiferroptotic activity by activating nuclear factor erythroid 2-related factor 2 (Nrf2) and heme oxygenase-1 (HO-1) [73,74,75]. A significant number of studies have investigated EGCG for its beneficial effects in various diseases. The most recently obtained evidence of in vitro experimental models provide a valuable insight into molecular pathways by which EGCG exerts its nephroprotective properties in nephrolithiasis.



It has been well established that the polarization of the macrophages into M1 and M2 states is a crucial process in inflammatory/immune response, involved in various pathologic conditions, as well as in pathophysiology of nephrolithiasis. In general, M1 macrophages are considered to be pro-inflammatory and antimicrobial, whereas M2 macrophages are regarded as anti-inflammatory states. However, their beneficial effects vary greatly on the environment. For example, in tumorigenesis, M1 macrophages play an important role as anti-tumor cells, whereas the M2 phenotype is associated with tumor growth [76]. In cell culture models of CaOx-induced nephrolithiasis, M2 macrophage-exposed cells demonstrated reduced inflammation, cell injury, apoptosis, and oxidative-stress-induced damage [17,77], whereas a systematic review by Taguchi et al. indicated the high expression of M1 macrophage proteins in patients with CaOx nephrolithiasis and suggested that targeting M2-like macrophage polarization could serve as a valuable therapeutic strategy against kidney stone formation [78]. A study on the murine macrophage cell line RAW264.7 indicated EGCGs’ involvement in the polarization of macrophages. This study demonstrated that EGCG inhibits M1 polarization when stimulated with LPS and IFN-γ, in a dose-dependent manner, whereas no significant effect regarding M2 state was observed. However, the results showed that EGCG could promote M2 polarization in cells treated with EGCG only [79].




3.1.3. Curcumin


Curcumin is a lipophilic polyphenol found in turmeric, a plant commonly used in the form of powder as a flavoring or coloring agent. More than a few studies suggest that curcumin works as an anti-inflammatory, anti-aging, and anti-neoplastic agent. However, curcumin presents great limitations regarding its therapeutic usage due to low solubility in aqueous solutions and poor bioavailability [80,81,82]. Moreover, due to the metal chelating ability of this compound, curcumin shows a great potential in the prevention of various diseases, including kidney injury [82,83]. The NF-κB signaling pathway shows a great potential as a target for the regulation of inflammatory processes when considering ferroptosis. It has been proposed that curcumin may inhibit ferroptosis and stop the progression of acute renal injury. As an anti-inflammatory agent, curcumin inhibits TLR4/NF-κB axis and activates HO-1, which prevents further progress of ferroptosis in acute kidney injury. This accounts for the therapeutic effect of curcumin in ferroptosis, as both inflammation and oxidative stress make up for this type of apoptosis [83,84].



Gold nanoparticles (GNPs) using the ethanolic crude extract of turmeric (Tur-CE) and curcumin (Cur) have recently been described to have antioxidant, anticholinesterase (anti-ChE), and antilithiatic effects in vitro [85].




3.1.4. Other Flavonoids


Puerarin, a flavonoid polyphenol, has demonstrated protective effects in CaOx-induced renal tubular epithelial cells damage in vitro by inhibition of autophagy, as well as by the attenuation of CaOx cytotoxicity. These protective properties are suggested to be mediated by the activation of the SIRT1/AKT/p38 signaling pathway [86]. Sirtuin 1 (SIRT1) is a crucial regulator of cellular responses in states such as inflammation or oxidative stressors, and chronic inflammation is linked to reduced SIRT1 levels [87].



Another flavonoid, vitexin, has been identified as a potential anti-inflammatory and anti-tumorigenic compound. In an in vitro model of CaOx-treated human proximal renal tubular epithelial cell line (HK-2) and human monocytic cell line (THP-1), vitexin has demonstrated protective properties as well. Vitexin-treated HK-2 and THP-1 cells showed that these effects were mediated through multiple processes. The vitexin-treated cells showed significant increases in cell viability, as well as lower medium lactate dehydrogenase (LDH) levels. Vitexin demonstrated strong inhibition of gene expression of proteins associated with pyroptosis in both cell lines, repressed the epithelial–mesenchymal transition (EMT) of HK-2 cells, and downregulated the expression of Vimentin and alpha-smooth muscle actin (α-SMA) as well as the Wnt/β-catenin signalling pathway. In the THP-1 cells, vitexin was shown to significantly suppress tumor necrosis factor-α (TNF-α) and IL-1β expression. These processes are all hallmarks of nephrolithiasis and its progressive renal tissue damaging states [88].



Kaempferol has been recognized for its anti-inflammatory and ROS-scavenging effects in various in vitro studies [89,90,91,92]. In a more recent study regarding nephrolithiasis, it demonstrated suppression of CaOx-induced HK-2 cell injury, a decrease in adhesion, as well as improved cell viability. The upregulation of pro-inflammatory marker expressions, such as IL-1β, IL-6, TNF-α, OPN, and CD44, was reversed after the kaempferol treatment. On the contrary, the CaOx-associated downregulation of anti-inflammatory factors, such as IL-10, IL-4, and Arg1, was reversed as well when treated with kaempferol. These results indicated the high capability of this flavonoid in ameliorating oxidative stress, renal cell injury, adhesion, and deposition of CaOx, which could be mediated by the AR/NOX2 signaling pathway, suggesting it as a potential target for CaOx nephrolithiasis treatment [93].



Orthosiphon stamineus, a medical herb that contains significant levels of minerals and flavonoids, demonstrated chemolytic effects. O. stamineus’s water extract potential in urolithiasis was examined, using 15 stone samples from patients and subjecting them to different concentrations. The extract was found to have a better chemolytic action on calcium oxalate crystals than the potassium citrate solution, concluding that the extract had a dissolving capability of urinary stones to some extent [94].





3.2. Phenolic Acids


In a recent in vitro study, gallic acid, a widely abundant polyphenol in common food, has shown beneficial effects in alleviating the deposition and adhesion of CaOx, inflammation, and cellular damage. The study observed a decrease in intracellular ROS levels, as well as reduced levels of osteopontin and CD44 in HK-2 cells treated with gallic acid. The postulated mechanism is the gallic-acid-induced Nrf2/HO-1 signaling axis, explaining its anti-inflammatory and antioxidant effects [95].



Kalanchoe pinnata, Emblica officinalis, Bambusa nutans, and Cynodon dactylon, rich in caffeic, ferulic, and gallic acid (belonging to phenolic acids group of polyphenols), as well as other polyphenol contents, have also recently demonstrated crystal dissolution and crystal growth inhibition properties in vitro [96].




3.3. Stilbenes (Resveratrol)


Another polyphenol family, stilbenes, its member resveratrol specifically, has been extensively studied for its beneficial effects in various pathological conditions and demonstrated multiple protective antioxidant, anti-inflammatory, renoprotective, hepatoprotective, neuroprotective, cardioprotective, anti-microbial, and anti-tumorigenic effects in previous studies [24,38].



Resveratrol is most famous for its potential health benefits associated with moderate wine consumption, known as the “French Paradox”. However, resveratrol’s multiple pathway-altering properties have also been postulated to negatively affect some processes. Most reported are its pro-oxidating effects. This has been postulated to vary in a dose-dependent manner and could paradoxically have benefits in some pathological conditions such as tumorigenesis. At lower concentrations, it acts as an antioxidant, whereas it exhibits cell proliferation/cytoprotective or cytostatic/apoptotic effects at a higher dose. Furthermore, resveratrol has demonstrated interactions with CYP enzymes, various transporters, and drugs. This shows the need for further elucidation of pharmacodynamic properties of resveratrol and its dose-dependent biphasic activities, before defining and clinically implementing it beyond its traditional use [97].



In a more recent study, resveratrol pretreatment of normal rat kidney epithelial-like (NRK-52E) cells significantly decreased early and late apoptosis induced by oxalate treatment. Furthermore, expression of the proinflammatory markers BMP2, OPN, and IL-6 mRNA, as well as ROS production, was significantly inhibited by resveratrol treatment. This study also indicated resveratrol’s ability to modulate autophagy via the activation of transcription factor EB (TFEB), a major regulator of autophagy and lysosomal function [98]. Another study also associated CaOx renal cell injury with Sirt1 downregulation, whereas resveratrol treatment upregulated Sirt1 expression by lentivirus transfection in vitro and resveratrol administration in vivo, ameliorating CaOx-induced renal cell injury [99].




3.4. Various Polyphenol-Rich Plants and Compounds


Herbal medicines have been extensively researched in nephrolithiasis treatment for decades, mostly due to anecdotal evidence. In this section, we examine some of the most recently in vitro obtained evidence regarding plants constituting various polyphenol compounds.



The medicinal plants Kalanchoe laciniata and Drymoglossum piloselloides, containing various polyphenols such as flavonoids and tannins, as determined by phytochemical screening, showed significant antilithiatic effects, reducing the nucleation, growth, and aggregation of CaOx. The effects on crystallization were determined using various assays and light microscopy [100]. A traditionally used herb for kidney conditions and diuretic effects, Mimosa malacophylla A.Gray, in the treatment of Vero and HEK-293 cells showed no cytotoxicity at concentrations below 300 μg/mL in vitro, whereas it demonstrated antilithic effects in vivo. These effects were attributed to flavonoids but also steroids and terpenes present in this herb, as determined by a phytochemical screening [101].



An interesting study offered a novel solution to utilize crystallization-inhibiting compounds from traditional Chinese medicines (TCMs) for the prevention of nephrolithiasis. Twenty TCMs were extracted and examined for their crystal growth and adhesion of CaOx-inhibiting properties in vitro on human renal epithelial cells. Extracts from 20 kinds of herbs showed almost 100% inhibition percentage. Among all molecules identified from the extracts, polyphenols exhibited the highest inhibition of CaOx crystallization [102].



Costus spicatus (Jacq.) Sw., a traditionally used treatment for nephrolithiasis in Brazil, was recently studied in Wistar rats for its antilithiatic effects, evaluated by in vitro crystallization, and suggested the renoprotective and antilithiatic properties of the herb. Flavonoids and saponins were predominantly identified in C. spicatus, as well as other polyphenols [103].



Theaflavin (TF), comprising various polyphenols, is a major compound in black and oolong teas. Its radical scavenging and metal chelation properties and beneficial effects have been reported in various diseases. A recent in vitro study in a HK-2 cell culture model of CaOx-induced nephrolithiasis showed the protective effects of TF treatment in cells exposed to CaOx. A possible mechanism of these nephroprotective effects has also been postulated, suggesting that TF reduced oxidative stress injury and crystal deposition by the downregulating expression of miR-128-3p, thus ameliorating the inhibition of SIRT1, a histone deacetylase known for its anti-inflammatory and anti-oxidative effects. This study provided the elucidation of TFs’ nephroprotective mechanisms, as well as suggesting potential miR-128-3p- and SIRT1-targeted therapies of CaOx nephrolithiasis [104].



Hydro-ethanolic and aqueous extracts of Herniaria hirsuta L.’s aerial parts, Opuntia ficus-indica’s L. flowers, Zea mays L.’s stigmata, Ammi visnaga L.’s seeds, and Ziziphus lotus L.’s fruits have also recently been shown to successfully dissolve CaOx and cystine crystals in vitro [105].





4. Limitations of Current In Vitro Models of Nephrolithiasis Exploring Polyphenols


Although most of the available research on cell culture models of nephrolithiasis and polyphenol’s role in its pathophysiology has been performed on cell lines of proximal tubules and greatly elucidate mechanisms of crystal-induced renal tissue injury discussed throughout the manuscript, these cell lines may not be the most appropriate option for exploring the final stone formation, adhesion, and deposition in the renal tissue. Several theories have been acknowledged regarding the pathophisiology of stone formation, postulating that the main site of crystal adhesions and fixations to the urothelium is the terminal part of collecting ducts, as well as the medullary interstitium, where Randall plaques are formed, in which crystals are then deposited [106]. There is a scarcity of in vitro studies examining polyphenols’ effects on kidney stone formations in cell cultures using cell lines derived from collecting ducts, as well as their effects on Randall plaques. This highlights the need for the implementation of these approaches to further elucidate polyphenols’ effects.




5. Conclusions


Abundant experimental research suggests that dietary polyphenols have a positive impact on human health and potential in prophylactic measures for various diseases. Consuming foods rich in polyphenols, such as quercetin, epigallocatechin-3-gallate, resveratrol, and others explored in this review, has been indicated to lower the risk of various chronic diseases like cardiovascular pathologic conditions, diabetes mellitus, chronic inflammatory disorders, neoplasms, and neurodegenerative disorders. Evidence obtained from both experimental and clinical studies indicate the preventative and therapeutic potential of the intake of a diet rich in polyphenols for these conditions [35,107].



In this review, we have summarized the most recently obtained data regarding underlying mechanisms of antilithiatic and protective properties of polyphenols in nephrolithiasis, as determined by in vitro studies, to distinguish their pleiotropic effects from their direct nephroprotective properties.



We also highlighted some of the recently explored potential therapeutic targets, as well as concerns related to polyphenol implementation into clinical practice, such as the lack of elucidation of their involvement in multiple signaling pathways and variable dose-dependent effects. Despite the evidence supporting the antilithiatic properties of polyphenols, as well as the overall health benefits, extensive in vivo and clinical trials are required for the progression of safe polyphenol-based therapies in clinical practice.
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Figure 1. Classification of naturally occurring polyphenols and their representatives. Figure created with Servier Medical Art, https://smart.servier.com/ (accessed on 9 May 2023), and ChemDraw, https://perkinelmerinformatics.com/products/research/chemdraw (accessed on 9 May 2023). 
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Figure 2. Oxalates initiate lipid peroxidation and ROS production, thereby leading to the formation of kidney stones. Polyphenols reduce kidney stone formation by increasing the level of antioxidant enzymes, ROS scavenging, and metal chelation. Figure created with Servier Medical Art, https://smart.servier.com/ (accessed on 9 May 2023). 
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Figure 3. (1) Electron transfer from iron(II) to LOOH generates alkoxy radical (LO•). The radical formed in the previous reaction, LO•, reacts with a new lipid molecule (L-H), which usually results in the formation of a lipid radical (L•). (3) L• then reacts with oxygen, thereby generating lipid peroxyl radical (LOO•), which also reacts with L-H (4), thereby forming LOOH and L•. Figure created with ChemDraw, https://perkinelmerinformatics.com/products/research/chemdraw (accessed on 9 May 2023). 
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