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Abstract

:

Urolithiasis is a multifactorial disease with a high incidence and high recurrence rate, characterized by formation of solid deposits in the urinary tract. The most common type of these stones are calcium oxalate stones. Calcium oxalate crystals can, in hyperoxaluric states, interact with renal epithelial cells, causing injury to the renal epithelia. Pathogenesis of urolithiasis is widely investigated, but underlying mechanisms are still not completely clarified. In vitro models offer insight into molecular processes which lead to renal stone formation and are significant for evaluation of prophylactic and therapeutic management of patients with urolithiasis. In this review, we summarize recently published data from in vitro studies investigating interactions of calcium oxalate crystals with renal epithelial cell lines, anti-urolithiatic mechanisms, and the results from studies exploring possible therapeutic and prophylactic options for calcium oxalate urolithiasis in cell cultures.
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1. Introduction


Nephrolithiasis is one of the oldest public health problems described in sources dating back to 4000 B.C. [1,2]. About 12% of the world population experience kidney stones at some point in their lives [2], and the prevalence of this condition has increased over the past two decades [3], which is probably associated with lifestyle changes regarding physical activity, nutrition, and modern-day stress [4]. Studies have shown that renal stone formation is highly associated with low fluid and high sodium intake, nutrition rich in protein and carbohydrates, increased BMI, and comorbidities such as gout, high blood pressure, and diabetes [5,6].



Calcium oxalate (CaOx) is the most common component found in 80% of all renal stones with significantly higher prevalence than apatite, uric acid, pure calcium phosphate stones, cystine, and calcium ammonium phosphate (struvite) stones. CaOx can exist in the form of calcium oxalate monohydrate (COM), dihydrate (COD), or as a combination of both [7]. Around 80% of CaOx stones contain variable amounts of Ca phosphate as apatite. Mechanisms of renal stone formation include complex biochemical processes which are still not completely understood. Hyperoxaluria, supersaturation of urine, crystal nucleation, growth, aggregation, crystal–cell interaction, cytotoxicity, cell injury, and apoptosis are believed to be underlying mechanisms for stone formation and clinical manifestations of kidney stone disease [8,9,10]. In view of their high recurrence rate, limited options for prevention, and associated risks for chronic kidney disease, renal cancer and failure, metabolic disorders, and cardiovascular disease [11], there is a need for further investigation of kidney stone disease pathophysiology, diagnosis, and treatment options. Cell culture studies offer valuable data for understanding the complex biochemical mechanisms in nephrolithiasis and detecting potential therapeutic and prophylactic methods.




2. Interactions of Calcium Oxalate on Renal Epithelial Cells


2.1. Cytotoxicity


Calcium oxalate crystallization, crystal–cell interaction, and subsequent renal injury is a cascade of processes depending on many intrarenal and extrarenal factors. The morphology of the crystals has great influence on internalization, cytotoxicity, and, subsequently, renal injury. To explore the influence of the size, crystal phase, and morphology on cytotoxicity, Sun et al. conducted a study on COM-treated Vero cells (African green monkey renal epithelial cells) using various crystals. Examining the cell viability, membrane damage, reactive oxygen species (ROS), mitochondrial membrane potential, and cell apoptosis/necrosis, toxicity was observed in the following order: COM-1 µm > COM-200 nm > COM-50 nm > COM-3 µm > COM-10 µm, since the morphology and surface area of CaOx crystals change with their size [12]. When exposed to different shaped COD crystals, human kidney proximal tubular epithelial (HK-2) cells showed that crystals with large faces (elongated–bipyramid) and sharp edges (cross-shaped) exhibited the highest cytotoxicity. COM and COD exposure caused membrane integrity disruption, elevated intracellular reactive oxygen, decreased mitochondrial membrane potential, and ultimately cell apoptosis and necrosis, suggesting a cellular and molecular mechanism of cell injury induced by CaOx crystals [13]. Liu et. al. explored the role of autophagy in HK-2 cells exposed to CaOx crystals and found an increased number of GFP-LC3 dots and autophagic vacuoles which degraded damaged organelles, concluding that CaOx crystals induced autophagy via activation of ROS pathway, although the mechanism of this activation is still not clarified [14].




2.2. Adhesion and Internalization of CaOx Crystals


The adhesion and internalization of crystals play a vital role in stone formation and cell damage. Smaller (nano-sized) crystals reflect higher adherence to Vero cells than larger (micron-sized) crystals. Internalization pathways also change with the size of the crystals. Nano-sized crystals are mainly internalized through clathrin-mediated endocytosis, transferred to lysosomes, and show high lysosomal damage leading to cell death, while micron-sized crystals uptake happens mainly through macropinocytosis and shows mild cell damage [15]. At lower exposures, Lieske et. al. found that internalized CaOx crystals retained in BSC-1 kidney cells for several weeks without apparent toxicity and appeared to dissolve within lysosomes after 5–7 weeks [16]. Grover et al. found that intracrystalline urinary proteins facilitated the degradation and dissolution of CaOx crystals in MDCK cells [17]. They proposed that the proteins were degraded by lysosomal proteases, exposing more crystal surface to mineral dissolution in the highly acidic lysosomal interior. Manissorn, Fong-Ngern, Peerapen, and Thongboonkerd explored the influence of urine pH on CaOx crystallization, cell adhesion, and internalization, revealing COM crystallized with the greatest size, number, and total mass at pH 4.0 and least crystallized at pH 8.0, while COD crystallization and pH correlation were the opposite of COM. Adhesion was greatest at the most acidic pH and least at the most basic pH, while internalization was maximal at the neutral pH [18]. Insight into these mechanisms offers new information for finding potential crystal-uptake inhibitors that could decrease cell injury in nephrolithiasis.




2.3. Epithelial-to-Mesenchymal Transition (EMT)


Epithelial-to-mesenchymal transition (EMT), which plays an important role in processes such as inflammation, cancer, and fibrosis, is phenotypical transformation of epithelial cells in which cell–cell adhesion, morphological characteristics and polarity weaken while invasiveness and cell migration increases. This process could also be induced by oxalate crystals, most likely by activation of TGF-β1 and the Notch/Snail pathway [19,20]. A key profibrotic cytokine in this process is TGF-β1, produced mainly by macrophages and significantly stimulated by CaOx. The HK-2 cell line exposed to calcium oxalate presents increased TGF-β1 production, decreased expression of epithelial and increased mesenchymal markers, and significant mesenchymal changes, migration, and invasiveness [21]. Similar results were observed in vitro in the CaOx-exposed Madin–Darby canine kidney (MDCK) cell line, supporting the evidence for EMT in kidney stone disease [20].




2.4. Inflammatory/Immune Response


Renal cell injury is also mediated through strong inflammatory immune response. Significant immune response to calcium oxalate crystals is also mediated by monocytes. The human monocytic cell line THP-1 shows high activation by calcium oxalate, increased production of inflammatory cytokines, and promotion of M1 macrophage development [22]. The effects of activated macrophages on CaOx induced cell damage have been extensively explored [23]. Macrophages can, in different microenvironments, be activated as M1 and M2, the first with a proinflammatory effect, inducing damage, and the second one with an anti-inflammatory effect, inducing tissue repair and tumor growth [24]. When HK-2 cells were exposed to M2 activated macrophages and CaOx crystals, inflammatory reaction, epithelial cell damage, apoptosis, and oxidative damage were decreased. The proposed mechanism was inhibition of the NADPH oxidase/ROS/P38 MAPK pathway and activation of the PI3K/Akt pathway [23]. In vitro CaOx-exposed macrophages, derived from peripheral blood mononuclear cells (PBMC) isolated from human buffy coat samples, presented the ability to surround CaOx crystals and digest them through clathrin-mediated endocytosis and phagocytosis. Calcium oxalate also triggered an inflammatory cascade produced by macrophages, including chemokines CCL2, CCL3, interleukin-1 receptor antagonist (IL-1ra), complement component C5/C5a, and IL-8 [25].




2.5. Oxidative Stress (ROS)


High concentrations of oxalate in urine can cause renal tubular epithelial cell damage and considerably contribute to the deposition and growth of CaOx crystals [26]. Increased CaOx crystal adhesion and aggregation on epithelial cells is associated with high production of ROS, resulting in lipid peroxidation of the membrane and damage to the mitochondria, endoplasmic reticulum, and other cell components through oxidative stress [27,28]. Transforming growth factor-β1 (TGF-β1) plays a significant role in multiple kidney diseases including glomerulonephritis, renal interstitial fibrosis, and nephrolithiasis [29]. It is possible that oxalate-induced production of ROS is the result of TGF-β1 activation [30].




2.6. DNA Expression and Transcription


There are several groups of proteins in urine, blood, and kidney tissue that modulate cell–crystal interaction and crystal formation. In a review paper published in 2019, Thongboonkerd summarized and provided valuable data obtained from recent proteomic approach studies [31], offering a systematic review of main findings regarding calcium oxalate crystal receptors on the apical surface of renal tubular cells, effects of CaOx crystals on cellular proteome of renal tubular cells, cellular proteome of monocytes and macrophages, and secretome and exosomal proteome [32,33,34,35,36,37,38,39,40,41]. In their recently published study, Khamchun et al. identified the dual role of fibronectin in pathogenesis of kidney stones, showing its inhibiting function for COM crystallization, growth, and adhesion to renal cells, and conversely, its promotion of COM aggregation and invasion through the extracellular matrix [42]. Calcium oxalate exposure also resulted in gene expression and transcriptome changes. Exposing the renal, proximal, tubular, epithelial cell line HK-2 to COM resulted in miR-21 expression upregulation and proliferation inhibition, promoted apoptosis, and caused the accumulation of intracellular lipid droplets in cells. Screening for mRNA target prediction identified peroxisome proliferator activated receptor alpha (PPARA) downregulation, an important gene in fatty acid oxidation. This study suggested that miR-21 could potentially be a biomarker for nephrolithiasis and therapeutic target [43]. In a similar study, miR-155 and its role in CaOx-induced renal cell injury was explored by establishing a CaOx-induced HK-2 model that presented cell injury in a dose-dependent manner, increased apoptosis, increased levels of IL1β, IL-6, and TNF-ɑ, and elevated expression of miR-155 in treated cells. Further analysis indicated that miR-155 had a significant role in autophagy through the PI3K/Akt/mTOR pathway. It seems that the miR-155 is highly expressed in nephrolithiasis, which induces autophagic activity and promotes cell injury through the PI3K/Akt/mTOR signaling pathway [44].





3. Anti-Urolithiatic Mechanisms and Therapeutic/Prophylactic Options


Calcium oxalate is a highly toxic final product which cannot be further metabolized and is a major component of kidney stones. The exact pathophysiological mechanism of crystal formation and adhesion to the epithelial cell is still not clarified and is modulated by a myriad of factors, including changes in calcium concentrations, oxalate content, alteration in expression of macromolecules involved in modulation of crystallization, remodeling of extracellular matrix, epithelial-to-mesenchymal transition, and others [45]. However, interaction between oxalate ions and renal cells was identified as a precursor of cellular injury and a starting point of stone formation. Since oxalate ions produce reactive oxygen species (ROS), increase in oxidative stress, prevention of ROS generation, and increase in the antioxidant capacity of the cell can prevent cellular injury [46]. It is important to note that the work of Evan’s group indicates that the vast majority of the common idiopathic CaOx stones form on Randall’s plaques on the thin limbs of the loop of Henle outside of collecting ducts, and that intratubular formation is rare [47,48].



3.1. PPAR-γ Agonists


Peroxisome proliferator-activated receptor-γ (PPAR-γ), a nuclear hormone receptor, has a significant role in cellular proliferation, morphogenesis, inflammation, and in the preservation off cell metabolic homeostasis [28]. It is highly expressed in renal tissues including inner medullary collecting ducts, distal tubules, and the ascending limb of Henle’s loop [49], where it modulates gene expression through peroxisome proliferator response element (PPRE) sites and influences transcription of target genes [50]. PPAR-γ agonists could prevent crystal formation and cause a decrease of oxidative stress caused by oxalate, in part by inhibition of TGF-β1 signaling transduction [20,27,51]. In addition, PPAR-γ agonists also bind to hepatocyte growth factor (HGF) and lead to increased HGF gene expression. Considering that the HGF/c-Met signaling pathway is a key regulator of oxidative stress in cells, its activation through PPAR-γ agonists could improve cellular antioxidant capacity [51].



A recent study by Liu YD et al. showed that rosiglitazone, a PPAR-γ agonist, inhibited TGF-β1 and enhanced the HGF/c-Met pathway in tubular cells exposed to oxalate and exhibited antioxidant and nephroprotective effects [27]. Partial PPAR-γ agonist and highly sensitive angiotensin II type 1 receptor blocker (ARB) telmisartan could also inhibit oxalate and calcium oxalate induced epithelial–mesenchymal transition (EMT) by exerting antioxidative effects via the PPAR-γ-AKT/STAT3/p38 MAPK–Snail signaling pathway [52].




3.2. Anti-Inflammatory Drugs


Another important aspect of prevention of kidney stone formation is a decrease in inflammatory response. The importance of reducing the inflammatory response was also shown through effects of atorvastatin on HK-2 cells exposed to CaOx, exhibiting antioxidative effects by inhibiting activation of TLR4/NF-κB and NLRP3 inflammasome pathways and release of inflammatory mediators (including IL-1β, IL-18, IL-6, and TNF-α) [53].




3.3. Antioxidants/Plant Extracts


Recently, extensive research has explored the effectiveness of generic antioxidants and plant extracts on the alleviation of CaOx crystal damage to epithelial cells, among others L-arginine [46], vitamin E [46], theaflavin [54], taurine [55], corn silk polysaccharides [56], polysaccharides from green seaweed [57], aspidopterys obcordata [58], terminalia arjuna [59], etc. Studies showed that the effects of these antioxidants were beneficial for alleviating oxidative stress on epithelial cells by reducing markers of oxidative damage and increasing cell viability. For some, the underlying mechanisms of these effects have been established. Theaflavin effects are mediated via the miR-128-3p/SIRT1 axis [54], taurine inhibition of ROS-dependent autophagy is facilitated by activating the Akt/mTOR signaling pathway [55], while TGAME (plant metabolite 3,4,5-tri-O-galloylquinic acid methyl ester) decreases annexin A1 cell surface expression [60]. Further research is needed in order to determine mechanisms of action for other antioxidants and plant extracts, and whether there are other pathways present apart from free radical scavenging.





4. Conclusions


The incidence and prevalence of urolithiasis is constantly increasing, thus presenting an important public health issue, but there is still much to be learned about the stone formation, initial crystallization, and interaction of crystals and epithelial cells. Recently, significant progress has been made in understanding the pathophysiology of urinary stone formation. Studies showed the different effects of crystal size and shape on epithelial cells, also giving insight into the importance of oxidative damage and inflammatory response that caused apoptosis of the epithelial cells. Research that has gone deeper on the protein and miRNA level has provided more details of the intricate interaction of pro-stone and anti-stone formation factors. It is the authors’ opinion that, as a future prospect, it will be important to keep exploring proteome and transcriptome changes caused by CaOX crystals, and to carry over this exploration to in vivo studies on animal models, enabling us to consider the kidney as a whole, and not only its epithelial surface. However, most of these studies have used CaOx crystals that have no protein in them, so called “naked” crystals, yet in an in vivo milieu, kidney stones contain proteins, possibly altering the effects of crystal–cell interaction. Moreover, another issue exists considering the in vitro models of urolithiasis. Most, if not all, cell models that have been exposed to CaOx crystals do not usually, in humans, come in contact with CaOx crystals, except in cases of hyperoxaluria or in case of ethylene glycol poisoning, because the crystals usually become attached to epithelial cells on Randall’s plaques located in the loop of Henle [7,47,48], although some cell models used do represent collecting ducts [46,61] located after Randall’s plaque. The question that emerges is whether these models, which most authors link to urolithiasis, are clinically relevant to the most common idiopathic urolithiasis or only to states of hyperoxaluria.



Regarding therapy and/or prevention of urolithiasis, the latest research has provided insight into inflammasome and gene activation pathways of different therapeutic options, revealing that it is not only the free radical scavenging activity of antioxidants that is important in the prevention of epithelial damage. Important pathways linking PPAR-γ with effector proteins were also shown to have a significant role, and PPAR-γ agonists have shown good results in in vitro models. Considering plant extracts with antioxidative properties, there are still a few puzzles left to be solved. There is a lack of understanding about the bioactive component of plant extracts, and also their safety. What is the quality and quantity of the extracts, and what is the efficacy of the extraction methods? Moreover, some of the plant extracts have been shown to be damaging to the kidneys [62]. Future research should address these issues in order to understand if these therapeutics even reach the kidney in an in vivo model.
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