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Abstract


Obesity increases the risk of cardiovascular disease, diabetes and chronic kidney disease. Obesity-related glomerulopathy (ORG) is a potentially reversible cause of kidney disease that often progresses silently until it reaches irreversible stages. However, we are still lacking a sensitive and specific biomarker to identify patients with obesity who are at risk of developing CKD. The role of microRNAs (miRNAs) has emerged as a promising area for diagnostic and therapeutic applications in kidney disease. Recent research has highlighted the specific roles of various miRNAs in renal function, showing that their dysregulation can contribute to the development of kidney diseases. This review will discuss the emerging role of miRNAs in the context of ORG, focusing on their potential as biomarkers and therapeutic targets for this increasingly prevalent disease.
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1. Introduction


Obesity-related glomerulopathy (ORG) is a potentially reversible cause of kidney disease that often progresses silently until it reaches irreversible stages [1,2,3,4]. Beyond renal damage, obesity increases the risk of cardiovascular disease, diabetes, dyslipidemia and hypertension [5]. Consequently, there is an increased risk of overall cardiovascular morbidity and mortality [5,6].



Although its histological features were initially described by Weisinger111 and Cohen222 in the 1970s, ORG was only recognized as a distinct clinical condition in the early 2000s in patients with obesity and proteinuria, with or without renal insufficiency [3].



Subsequent findings—such as histological damage in severely obese patients without overt kidney symptoms—have helped to define the early stages of the disease. The global rise in obesity has been mirrored by a growing prevalence of ORG [4], underlining the need for earlier detection and a better understanding of its pathophysiology.



ORG is a distinct form of focal segmental glomerulosclerosis (FSGS) that arises as a pathological consequence of obesity. This glomerular lesion is the primary driver of progressive renal dysfunction in obese patients with ORG, ultimately leading to end-stage renal disease. Our research group identified histopathological renal alterations in patients with severe obesity who exhibited preserved renal function [7], demonstrating that structural renal injury occurs even in the absence of overt renal impairment or albuminuria. These findings allowed us to characterize the early stages of ORG, which predominantly manifest as glomerular alterations preceding the development of FSGS. Currently, the most commonly used biomarker for detecting renal involvement in obesity is albuminuria. However, as albuminuria lacks the sensitivity needed to detect early damage, it should be considered a late biomarker rather than an early indicator of disease onset. The study of microRNAs (miNRAs) holds promise for identifying obese patients with subclinical renal injury, specifically at a stage preceding FSGS and albuminuria. Early detection would enable timely therapeutic intervention, potentially halting disease progression and preventing the onset of chronic kidney disease (CKD), thus allowing for treatment during a reversible phase of ORG. To further investigate early-stage ORG, we developed an experimental model of obesity using Wistar rats, which exhibited incipient glomerular pathology. Our study demonstrated that rats with early-stage ORG exhibited downregulation of miRNA-205, a microRNA implicated in the regulation of PTEN, a key gene involved in podocyte lipid endocytosis [8].



Extensive research has been dedicated to clarifying the pathophysiological mechanisms underlying ORG. However, significant questions remain unanswered, such as why some individuals with obesity develop renal disease while others do not [9,10]. Although hyperfiltration has been said to be one of the first manifestations of ORG, caused by an increase in intraglomerular pressure, not all subjects with obesity that hyperfiltrate will develop overt ORG and CKD. Regardless, hyperfiltration usually passes unnoticed in clinical practice when the estimated glomerular filtration rate (eGFR) is used [11].



Clinical trials and human studies can be associated with ethical concerns, involving pharmaceutical interests and high economic expenditures. Additionally, elucidating the pathways involved in early stages of diseases and the histological effects of various conditions often requires invasive techniques that cannot be performed in humans. For these reasons, experimental research is the first step in deepening our understanding of disease development. Rodents are widely used as experimental models for preclinical studies in nephrology research. Murine models have become the system of choice, due to their low cost, fecundity, short gestation times and tractability for genetic manipulation [12,13].



The advent of new technologies in the 21st century, such as bioinformatic tools, has enabled exponential progress in the understanding of multiple diseases, as well as in the discovery of new biomarkers and therapeutic targets. miRNAs are non-coding RNAs that are naturally encoded in the genomes of various species and are crucially involved in regulating gene expression. In this way, the study of miRNAs has gained considerable attention in recent years as a promising approach to identifying novel biomarkers for various diseases. Cancer has been the most extensively studied field regarding miRNAs because of their significant influence on cell proliferation and gene expression, both of which are critical processes in tumorigenesis [14,15]. Transcriptomic studies have detected miRNAs in cell-free condition in blood, saliva, tears and urine, among others [16]. The dysregulation of identified miRNAs and their presence in these fluids allow miRNAs to be considered non-invasive liquid biopsies [16].



The utility of miRNAs as prognosis biomarkers, therapeutic targets and even components implicated in treatment resistance in cancer [15,17] has allowed for the development of the study of the role of miRNA in other disorders, including kidney diseases [18]. This review will explore the emerging role of miRNAs in the context of ORG, focusing on their potential as biomarkers and therapeutic targets for this increasingly prevalent disease.




2. MicroRNAs: Biological Functions and Roles in Obesity-Associated Pathophysiology


MicroRNAs (miRNAs) are a class of smallRNAs (short, non-coding RNAs) that function as critical regulators of gene expression and genome defense (Figure 1). The biogenesis of miRNAs primarily follows two pathways: canonical and non-canonical. In the canonical pathway, miRNAs are transcribed as pri-miRNAs, which are processed in the nucleus by Drosha and its cofactor DGCR8 to form pre-miRNAs [19,20,21]. These are then exported to the cytoplasm, where Dicer further processes them into a duplex RNA. The duplex is loaded onto the RISC complex, which guides the mature miRNA to its target mRNA to regulate translation [16,20]. In contrast, non-canonical pathways involve alternative processing mechanisms, independent of Drosha or Dicer, producing less common miRNA variants [19]. While only a small fraction of miRNAs are generated through these non-canonical routes, they can still play important roles in various cellular processes.



The miRNAs bind to the complementary sequence of a target mRNA, leading to its degradation. They can also block the translation machinery, thereby preventing protein synthesis, or, alternatively, they can promote protein production by activating mRNA translation. Finally, miRNAs influence the transcriptional activity of specific genes, so they are importantly involved in the regulation of gene transcription, impacting overall gene expression [22]. These diverse functions help to maintain cellular homeostasis; however, if they are pathologically up- or downregulated, they can contribute to the development of various diseases. As miRNAs are conserved between species, their dysregulation in animal models is often confirmed in humans [20]. All these characteristics of miRNAs make them potential therapeutic targets and diagnostic and prognostic biomarkers for numerous diseases, including obesity (Figure 1).



Obesity is associated with several key pathological changes, each contributing to its development and comorbidities. Insulin resistance, a sedentary lifestyle and the onset of metabolic syndrome are also closely linked to the progression of obesity [3,23,24]. An imbalance between the adipocytokines adiponectin and leptin explains the activation of the sympathetic nervous system in individuals with obesity. Regarding cellular implications, one of the most prominent shifts is the transition from M2-macrophages, which have anti-inflammatory properties, to M1-macrophages, which are pro-inflammatory [4]. This shift promotes oxidative stress and fibrosis and favors lipid accumulation, all of which exacerbate the obesity condition. Importantly, there is increasing evidence that all of these processes are regulated by miRNAs.



Pro-inflammatory pathways are predominantly involved in obesity and obesity-related comorbidities [25]. miR-519d overexpression in the subcutaneous adipose tissue of adults with obesity causes the suppression of PPARA protein, which is involved in fatty acid homeostasis and consequently causes lipid accumulation in adipocytes, triggering inflammation and favoring metabolic dysfunction [26]. miR-27a has also been reported to be overexpressed in obese mice, and if injected into lean mice, it causes glucose intolerance [27,28] and also inhibits PPARA [27]. miR-10a-5p levels are reduced in macrophages of adipose tissue after HFD, and its administration in mice inhibits inflammation and glucose intolerance [29,30]. miR-34a seems to target M2-type macrophages, stimulating chronic inflammation [31], while miR-99a is overexpressed in M2-macrophages and targets TNFα [32], which explains why miR-99a expression is negatively correlated with inflammation in human adipose tissue and obesity [33].



As obesity, insulin resistance, metabolic syndrome and diabetes sometimes form a single continuum, particular insulin resistance and obesity profiles have been described as involving specific miRNAs [34,35]. miRNA imbalance is caused by the obesity milieu and metabolic syndrome, but miRNA regulation can also predispose individuals to these pathological conditions [36]. Indeed, the injection of circulating miRNAs from obese mice into lean mice caused insulin resistance and modulated glucose and lipid metabolism [37,38]. miR-103 and miR-107 inhibit caveolin synthesis, which, in turn, promotes dysregulation of insulin receptors [39]. miR-802 is one of the miRNAs whose mechanistic effect on insulin resistance has been most thoroughly understood. It is overexpressed in the liver of both mice and humans, causing insulin resistance and glucose intolerance. It has been shown that its target is the transcription of HFN1B, which ultimately impairs insulin signaling [40]. miR-33b has been found to be significantly higher in hypercholesterolemic and obese patients, but not in those with hypercholesterolemia alone, with strong positive correlations with an increase in body mass index, low-density lipoprotein cholesterol, total cholesterol and triglycerides [41].



Although scientific research has advanced, there remains some reluctance in society to fully recognize obesity as a pathological condition. However, evidence linking differentially expressed miRNAs in obesity to other comorbidities, such as ORG [19], or even cancer risk [42], along with findings such as that exercise can improve certain altered miRNAs in this condition [43,44], supports the idea that obesity is indeed a disease with serious health consequences. Delving into the pathophysiology of obesity, as well as the dysregulated pathways involved and their triggers, is crucial to gain an understanding of the potential consequences of this condition and achieve advancements toward possible therapeutic targets. This deeper knowledge can help to raise awareness and guide progress in treatment strategies [21]. This growing body of knowledge regarding the role of miRNAs in obesity-related processes reinforces the hypothesis that they may also be involved in complications such as obesity-related glomerulopathy (ORG). Therefore, it is crucial to explore how these molecular regulators operate in the context of kidney diseases specifically.




3. An Overview of miRNA Changes in Different Diseases, with an Emphasis on Renal Pathologies


The rise of bioinformatic tools and next-generation sequencing has greatly expanded our ability to explore miRNA involvement across different pathologies. While much of the initial research in this field focused on cancer, recent efforts have extended into metabolic and renal diseases, including obesity-related glomerulopathy (ORG). Beyond their role in metabolic and inflammatory conditions, microRNAs (miRNAs) have also emerged as key molecular players in renal pathophysiology. Recent findings highlight that miRNA dysregulation contributes to glomerular and tubular injury, renal fibrosis and inflammatory responses—central features in chronic kidney disease (CKD), including ORG. A deeper understanding of these mechanisms may enable earlier detection and targeted therapies in kidney disorders.



Dysregulation of miRNAs has been implicated in a broad range of human diseases, including cancer, cardiovascular disorders, metabolic syndromes and inflammatory conditions. In cancer research, miRNAs have been extensively studied as biomarkers for prognosis and treatment response, given their ability to modulate tumorigenesis through the regulation of oncogenes and tumor suppressor genes. More recently, increasing attention has been directed toward the role of miRNAs in kidney diseases. Studies have demonstrated that specific miRNAs are involved in the progression of glomerular and tubular injury, renal fibrosis and inflammatory responses in nephropathies such as diabetic nephropathy, lupus nephritis, IgA nephropathy and focal segmental glomerulosclerosis (FSGS). These findings support the notion that miRNAs may serve not only as mechanistic mediators, but also as potential biomarkers and therapeutic targets in renal pathology. This broader understanding provides a strong rationale for exploring the contribution of miRNAs in obesity-related glomerulopathy (ORG), a condition where early detection and targeted intervention remain critical unmet needs.



In recent years, researchers have begun to unravel the complex interplay between miRNAs and CKD, identifying specific miRNAs associated with various types of kidney diseases. miRNAs do not encode proteins, but they can regulate gene expression. These findings indicate that the dysregulation of miRNA activity, whether through loss or gain, plays a role in the development of kidney diseases by either enhancing or inhibiting the expression of specific target genes. According to these properties, diabetic nephropathy is one of the renal pathologies in relation to which the role of miRNAs in pathophysiology has been most extensively studied [45].



The miRNA expression profile is time-dependent and tissue-specific during embryogenesis and throughout life [20]. miRNAs are not only expressed in tissue, but are also found to be differentially expressed in blood and urine (Figure 1). This fact makes miRNAs plausible non-invasive kidney disease biomarkers. As has already been proven in some cancers [14,15,46], a correlation could be established between kidney disease prognosis and the presence of specifically deregulated miRNAs. Indeed, urinary microRNAs have been evaluated as potential biomarkers of glomerulopathies. A recent study found five miRNAs with 100% specificity and sensitivity for the diagnosis of IgA nephropathy in humans [47]. Another study explored how the expression levels of miRNAs can be used to differentiate between diabetic kidney disease and focal segmental glomerulosclerosis, revealing distinct expression patterns [48]. However, the role of the identified miRNAs in these conditions’ corresponding pathology has not been clarified, nor has the presence of these miRNAs in kidney tissue been confirmed.



To investigate miRNAs as plausible therapeutic targets, there are currently some ongoing clinical trials, such as on Alport Syndrome [49] and autosomal dominant polycystic kidney disease [50]. Even so, no miRNA implicated in kidney disease has been evaluated in a phase III clinical trial yet, due to security concerns. A single miRNA has hundreds of potential mRNA targets, and multiple miRNAs can target the same mRNA [20,51]. Consequently, while potentially beneficial, targeting by miRNAs can also lead to off-target effects in non-target tissues [16]. Promisingly, other types of non-coding RNAs, small interfering RNA and siRNA-based drugs, have recently been approved by the Food and Drug Administration for the treatment of transthyretin-mediated amyloidosis and acute hepatic porphyria, respectively [18].




4. The Emerging Role of miRNAs in Obesity-Related Glomerulopathy


Building on the evidence that miRNAs are central regulators in both obesity and kidney disease, we now explore their specific involvement in ORG. Renal proximal tubular epithelial cells, podocytes and mesangial cells appear to be the most sensitive to lipid accumulation, due to a lack of the molecular machinery required to manage large lipid overload [19]. As a result, lipid accumulation in these cells will lead to cellular dysfunction and injury, triggering inflammation, oxidative stress, disruption of renin–angiotensin–aldosterone activity and insulin resistance. Although many miRNAs have been reported to play a role in kidney disease in murine models of diabetes and obesity, only a few have been specifically identified as involved in obesity-related kidney disease in non-diabetic murine models (Table 1).



	-

	
miR-802 [52]: The IkB kinase/NF-kB (IKK/NF-kB) signaling pathway is involved in the synthesis and secretion of chemokines. The miR-802 has previously been related with pro-inflammatory characteristics. As inflammation is one of the main cornerstones of obesity-related kidney disease development, Sun D et al. aimed to evaluate the implications of miR-802 in ORG. After 16 weeks of feeding C57BL/6J mice with normal chow (NC) or a high-fat diet (HFD), the HFD group showed significantly increased miR-802 levels in the kidneys. The increase in miR-802 was also positively related with serum levels of BUN and creatinine. Moreover, the authors demonstrated that miR-802 activated IKK/NF-kB pathways through interaction with the 3′ UTR of NF-Kn-repressing factor. Another group of obese rodents was treated with 1 × 109 lentivirus particles encoding either a miR-802 sponge, which would bind and neutralize miR-802, or a control, to investigate the effects of miR-802 inhibition. Treatment with the miR-802 sponge led to a significant reduction in weight, blood urea nitrogen (BUN), inflammatory markers, fibrosis factors, glomerular size and basement membrane thickness. Finally, the circulating levels of miR-802 were higher in subjects with obesity compared with lean individuals. Although miR-802 was positively correlated with creatinine levels in humans, it was negatively correlated with creatinine clearance.




	-

	
miR-130b [53]: Adiponectin is an adipokine with anti-inflammatory properties that is usually decreased in patients with obesity. These low levels of adiponectin are thought to encourage overactivation of the renal sympathetic nervous system and also promote albuminuria through podocyte injury [4]. miR-130b has previously been related to renal fibrosis and other kidney diseases. After 16 weeks of a control diet or an HFD in adipoKO and wildtype (WT) mice with a C57BL/6J background, Pereira BMV et al. confirmed that there was overexpression of miR-130b in the kidney of the group of adipoKO mice with an HFD. Both adipoKO and WT mice fed with an HFD showed non-detectable levels of adiponectin compared with groups. However, an in vitro analysis of cultured podocytes of WT mice disproved the adiponectin treatment’s regulation of miR-130 expression [53].




	-

	
miR-21 [54]: In order to study the role of inflammation, fibrosis and adiponectin in obesity-related kidney disease, Morrison MC et al. fed a human CRP transgenic (huCRPtg) mouse model with a C57BL/6J background with an NC diet or an HFD for 50 weeks, and also evaluated the effects of rosiglitazone and rosuvastatin based on their anti-inflammatory effects. Since miR-21 has previously been associated with fibrosis, inflammation and albuminuria, its expression was also measured. Renal miR-21 was overexpressed in the HFD group compared with the NC group. Also, miR-21 expression was significantly correlated with the kidney damage marker KIM-1 and with renal fibrosis, while no such correlations were found for adiponectin levels or exposure.




	-

	
miR-155 [55]: Circulating miR-155 has already been associated with eGFR and proteinuria in CKD, and with histological kidney damage in patients with IgA nephropathy. Zheng C et al. fed C57BL/6J mice with either an HFD or a control diet (CD) for 20 weeks. Afterwards, the HFD mice were injected with 1 × 1010 IU viral particles of lentivirus encoding the miR-155 sponge or a control vector. To silence SHIP1/INNP5D, which is a negative regulator of inflammatory response in the NF-κB signaling pathway, 1 × 1010 IU viral particles of lentivirus encoding INPP5D siRNA were also injected. Four weeks after these infusions, renal miR-155 was upregulated 4-fold in HFD mice in comparison to CD mice. There was a linear correlation between renal miR-155 and albuminuria and BUN. Those HFD mice treated with the miR-155 sponge showed attenuation of glomerular enlargement, fibrosis and tubular damage, blocked macrophage infiltration and lipid deposits, and decreased albuminuria and BUN, compared with the control vector-treated HFD mice. The authors were able to confirm that miR-155 significantly decreased the luciferase activity in INPP5D 3′-UTR transfected cells, and real-time PCR analysis showed that the gene level of INPP5D was significantly decreased by overexpression of miR-155 in the kidneys. Finally, the suppression of INPP5D increased the levels of albuminuria and BUN and significantly increased glomerular size; all of this was accompanied by renal inflammatory response and oxidative stress. In summary, miR-155 seems to contribute to ORG development by promoting inflammation and oxidative stress through inhibition of the INNP5D signaling pathway.




	-

	
miR-205 [8]: The PTEN gene (phosphatase and tensin homolog) is essential in kidney health, particularly in relation to inflammation and podocyte injury, in which case it is regulated by various miRNAs [56,57]. Its inhibition has been associated with several obesity-related pathways, including enhanced muscle regeneration [58], mitochondrial dysfunction [59], endoplasmic reticulum stress [60], increased renal inflammation and fibrosis [61] and the promotion of insulin resistance [62]. Interestingly, podocytes in patients with ORG have shown increased lipid endocytosis, which has been linked to reduced PTEN expression [63]. In this model, Wistar Han rats were fed with a standard diet or an HFD for 10 weeks. It was proven that the downregulation of PTEN in the kidneys of the HFD group was driven by interactions between miR-205, miR-22-3p, miR-22-5p and miR-144-3p, and was associated with increased lipid uptake in podocytes (Figure 2). Notably, miR-205 was not only upregulated in the kidneys of rats with ORG, but was also found to be differentially expressed in their urine (Figure 2). Furthermore, the increase in the mesangial matrix and podocyte hypertrophy observed in these animals correlated with changes in miRNA expression in both kidney tissue and urine.








5. Future Perspectives and Conclusions


Obesity is one of the main threats to the health of today’s society. It is a growing cause of kidney disease, highlighting the need for better biomarkers for early detection and treatment. Analyzing and studying the role of miRNAs in the development of obesity and its comorbidities can help to uncover methods of prevention. A deeper understanding of these molecular mechanisms holds great promise for advancing kidney health. The isolation of miRNAs in blood or urine that have been shown to be involved in the development of specific diseases would open up promising new directions for research on their use as biomarkers. Recent advances in miRNA research have revealed their potential as key regulators in the development and progression of obesity and kidney diseases, which facilitates the study of potential treatments and disease prognosis. Delving into the role of miRNAs in the development of a disease helps to improve our understanding of the disease’s pathophysiology and the involved pathways.



Despite these findings, only a limited number of miRNAs have been identified with their target genes in ORG (Table 1). Some miRNAs, such as miR-802, miR-130b, miR-21 and miR-155, isolated in kidney tissue, have been shown to promote inflammation and fibrosis in kidney cells in experimental ORG models. These miRNAs contribute to the progression of ORG by regulating pathways involved in kidney damage, such as the NF- κB signaling pathway. Notably, miR-205 regulates PTEN expression in the kidney, contributing to increased lipid uptake in podocytes during the early stages of ORG, and miR-205 can also be isolated in urine in these cases.



Moving forward, developing miRNA-based therapies will require the identification of specific miRNA targets and further exploration of their roles through patient sample analysis. However, challenges remain in miRNAs’ interactions and their potential off-target effects, which must be addressed in future clinical trials. All in all, miRNAs represent a promising frontier for advancing the diagnosis and treatment of both general kidney diseases and ORG specifically.
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Figure 1. miRNA functions and isolation sources. Created in BioRender, https://BioRender.com/m51g741, accessed on 20 February 2025. 
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Figure 2. In this figure, a glomerulus in the early stages of ORG is shown. There is an increase in lipid vacuoles within the cytoplasm of the podocytes, represented as yellow circles. In this experimental model of ORG, miR-205 was differentially expressed in podocytes, where it interacts with other microRNAs depicted in the figure to promote the downregulation of PTEN. This reduction in PTEN levels facilitates the increased endocytosis of lipid vacuoles—a hallmark of the early stages of ORG. Moreover, the overexpression of miR-205 in glomeruli was also detectable in urine, highlighting its potential as a non-invasive biomarker for the disease. Created in BioRender, https://BioRender.com/s48o649, accessed on 20 February 2025. 
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Table 1. Summary of miRNAs involved in obesity-related glomerulopathy.
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