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1. INTRODUCTION  

1.1. Fibrosis in Chronic Kidney Disease  

Chronic kidney disease (CKD) is a condition that results in structural (usually detected as 

urinary albumin excretion of ≥30 mg/day or equivalent) or functional abnormalities (defined as 

estimated glomerular filtration rate (eGFR) <60 mL/min/1.73 m2) in the kidneys lasting for at 

least three months (1, 2). It affects 13.4% of the adult population worldwide (3) and 

significantly contributes to mortality rates (4, 5). The most common causes of CKD are diabetes 

mellitus, hypertension, glomerulonephritis, and others. Acute kidney injury (AKI) may cause 

CKD. The kidney repair itself after AKI is considered an adaptive process, but it can be 

maladaptive, especially when the acute injury is superimposed on CKD. CKD is classified 

based on its cause, GFR category (G1-G5), and albuminuria (A1-A3) (6). Unfortunately, CKD 

patients are often asymptomatic in the early stages of the disease, making early detection and 

therapeutic intervention challenging (7, 8). Patients with CKD are typically initially identified 

due to a gradual, asymptomatic rise in serum creatinine. However, at advanced stages of the 

disease, patients may present symptoms such as fluid overload (peripheral edema) and/or 

uremia (e.g., fatigue, pruritis).  

Renal fibrosis is a pathological feature of CKD, identified by the presence of 

tubulointerstitial inflammation, fibrogenesis, glomerulosclerosis, tubular atrophy, irreversible 

depletion of parenchymal cells, and vascular rarefaction, leading to irreversible structural and 

functional loss in the kidneys. The stages involved in the development of renal fibrosis include 

the activation of an inflammatory response, fibroblast accumulation, excessive extracellular 

matrix accumulation, overexpression of pro-fibrotic factors, irreversible loss of parenchymal 

cells, phenotypic change and reduction in renal microvasculature. Therefore, comprehending 

the molecular mechanisms that play a key role in developing renal fibrosis is of utmost 

importance. 

 

1.1.1. Overview of TGF-β signaling and renal fibrosis 

Transforming growth factor beta (TGF-β) is a fibrogenic cytokine known to cause 

kidney fibrosis by activating both non-canonical (non-Smad-based) and canonical (Smad-

based) signaling pathways (9). TGF-β belongs to the transforming growth factor superfamily 

and has three isoforms: TGF-β1, TGF-β2, and TGF-β3. These isoforms bind to the TGF-β type 

2 receptor as homodimers, activating the type 1 receptor  to initiate receptor signaling (9). TGF-

β is initially synthesized in a precursor form, where the latency-associated peptide (LAP) is 
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cleaved near the N-terminus. Then, to promote attachment with latent TGF-β binding protein 

(LTBP), LAP binds to mature TGF-β homodimers (9). The latent TGF-β complex, consisting 

of LAP and LTBP, keeps TGF-β inactive. However, proteases, such as matrix 

metalloproteinases (MMPs), MMP2, MMP9, and plasmin, can cleave this complex, releasing 

active TGF-β. The LAP/TGF-β complex can also bind to glycoprotein-A repetitions 

predominant (known as LRRC32), a receptor expressed in regulatory T cells, regulating their 

functions and phenotypes (9). This binding may explain why overexpressing latent TGF-β1 can 

stop both fibrosis and inflammation in kidney disease models (10). 

It has been hard to directly target TGF-β due to its involvement in other biological 

processes, such as immune activity (9). All three isoforms of TGF-β have been identified in 

mammals, sharing 70–82% amino acid homology (11), which made it possible to understand 

molecular mechanisms in animal models. Overexpression of active TGF-β1 in the liver of 

transgenic mice is sufficient to induce fibrotic disease in multiple organs, including the kidneys 

(12).  

TGF-β facilitates renal fibrosis through various potential mechanisms (10) (Fig. 1): 1) 

TGF-β1 plays a crucial role in the transdifferentiation of several cell types, such as epithelial 

cells, endothelial cells, pericytes, and bone marrow-derived macrophages, towards 

myofibroblasts. This process is known as epithelial-to-mesenchymal transition (EMT), 

endothelial-to-mesenchymal transition (EnMT), and macrophage-to-myofibroblast transition 

(MMT); 2) TGF-β1 inhibits MMPs and promotes natural inhibitors of MMPs, such as tissue 

inhibitors of metalloproteinases (TIMPs) to suppress the degradation of extracellular matrix 

(ECM); 3) TGF-β1 induces the synthesis of ECM by directly affecting Smad3-dependent or 

Smad3-independent pathways; 4) TGF-β1 acts directly on various renal resident cells, which 

may result in the proliferation of mesangial cells and the elimination of tubular epithelial cells 

(TECs), podocytes, and endothelial cells, leading to severe renal damage and fibrosis (13, 14).  

In addition, the pro-fibrotic effect of TGF-β is mediated by epigenetic mechanisms, such 

as non-coding RNAs (15). Targeting TGF-β is not the most effective approach as it plays 

various roles in other biological processes, such as immune regulation. Identifying the 

mechanisms behind TGF-β regulation in fibrotic diseases will advance the discovery of 

potential targets. These targets can serve as therapeutic solutions to either delay or prevent 

fibrosis progression in kidney diseases. 
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1.1.1. The pathogenesis of kidney tubular injury and chronic fibrosis 

The functional unit of the kidney is the nephron, which filters blood in the glomerulus. 

The resulting ultrafiltrate passes through specialized epithelia-lined tubules that reabsorb water, 

electrolytes, and organic solutes such as glucose, amino acids, and vitamins. When matrix 

proteins accumulate in the glomerulus, it is called glomerulosclerosis. In contrast, when matrix 

proteins replace the tubules and/or surrounding interstitium, it is referred to as tubulointerstitial 

fibrosis (TIF).  

 

Figure 1. The overall scheme of the TGF-β signaling pathway and related molecules. Image 

adapted from Y. S. Kanwar and colleagues (16). Abbreviations: AGEs - Advanced glycation 

end products; Ang II - Angiotensin II; BMP-7 - Bone morphogenetic protein 7; CTGF - 

Connective tissue growth factor; ECM - Extracellular matrix; IFN-γ - Interferon-gamma; JAK1 

- Janus kinase; MMP - Matrix metalloproteinase; NF-κB - Nuclear factor κB; PKC - Protein 
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kinase C; RI-III, Serine/threonine kinase receptor I-III; ROS - Reactive oxygen species; Smad 

- Sma- and Mad- related protein; STAT1 - Signal transducer and activator of transcription 1; 

TGF-β - Transforming growth factor β; TNF-α -  Tumor necrosis factor α. 

 

Recent research points to proximal tubule response as a key player in TIF progression. The 

primary site of damage during AKI is the proximal tubule, which is highly responsive to 

alterations in oxygen delivery. Proximal tubule cells reabsorb over 60% of filtered electrolytes 

and water because the rich mitochondria support a high metabolic rate and brush border, 

increasing the surface area for reabsorption (17).  

Chronic injuries of various causes result in proximal tubular responses that can be 

adaptive or maladaptive, depending on the severity and chronicity of the injury. These injuries 

may be caused by several factors, such as high levels of glucose, free fatty acids, advanced 

glycation end products, TGF-β, physical stretch, detachment, and a reduction in nutrient 

availability caused by capillary loss (18). In general, initially, adaptive responses of the 

proximal tubule, including de-differentiation, cell cycle changes, autophagy, and metabolic 

changes, can eventually become maladaptive and promote TIF through autocrine and paracrine 

effects (Fig. 2). The proximal tubule cells that are injured tend to lose their brush border and 

undergo de-differentiation. This can be observed by decreased epithelial cadherin (E-

cadherin) expression, increased vimentin (VIM) expression, and cytoskeletal changes (17). 

While de-differentiation can lower oxygen consumption and promote survival, it can also 

increase the production of pro-fibrotic factors like TGF-β that act on neighboring 

myofibroblasts and lead to TIF (17).  



11 

 

 

Figure 2. Major events in renal fibrosis. Kidney injury causes inflammation. T-lymphocytes, 

macrophages, and dendritic cells penetrate the peritubular area and produce ROS, which 

damages tissue and triggers fibrotic cytokines and growth factors. The inflammatory milieu 

following renal injury stimulates fibroblasts, TECs, endothelial cells, podocytes, pericytes, 

mesangial cells, and macrophages to create a matrix similar to myofibroblasts. Abbreviations: 

ECM - Extracellular matrix; EMT - Epithelial to mesenchymal transition; EnMT - Endothelial 

to mesenchymal transition; FAO - Fatty acid oxidation; G2/M arrest - Gap2 phase and Mitosis 

arrest; MMT - Macrophage to myofibroblast transition; ROS - Reactive oxygen species; TECs 

- Tubular epithelial cells; UPR - Unfolded protein response. Image adapted from Z. Peng and 

colleagues (19).  

 

The kidney has a relatively low glycolytic capacity, so it relies on beta-oxidation of free 

fatty acids for energy in mitochondria, particularly in proximal tubule cells. Chronic injury 

affects proximal tubule cell metabolism, disrupting their reliance on fatty acid oxidation 

(FAO) for energy (18). In human and animal models of CKD, the expression of FAO-related 

genes is decreased due to the downregulation of peroxisome proliferator-activated receptor 

(PPAR)-gamma coactivator (PGC-1α), a crucial regulator of the PPAR family (20). The 
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reduced expression of PPARγ and PPARα contributes to diabetic kidney disease (DKD) (20).  

In addition, the PPARγ agonist pioglitazone has been found to be effective in treating diabetes-

induced renal fibrosis (21). Our research group also reported that pioglitazone ameliorated renal 

fibrosis in TGF-β transgenic mice (22); however, the role of PPARγ in the fibrotic process is 

not fully answered elsewhere.  

Additionally, injured proximal tubule cells also undergo the unfolded protein response 

(UPR) and cell senescence, both of which can have adaptive or maladaptive effects, as shown 

(17). UPR is a protective mechanism adopted by cells in response to the endoplasmic reticulum 

stress, which occurs when kidney cells are stimulated by TGF-β1 or platelet-derived growth 

factor (23). It inhibits protein translation, refolds unfolded proteins, and removes unfolded 

proteins to maintain cell survival. Sustained ER stress can activate inflammatory pathways, 

leading to the occurrence of TIF (19). It has been suggested that UPR and autophagy could 

work together to alleviate protein misfolding in kidney disease. Senescent renal tubular cells 

can protect against aging, but their abnormal accumulation can lead to renal disease (24). 

Senescent cells contain a senescence-associated secretory phenotype that can recruit 

inflammatory cells and increase inflammatory paracrine secretion, exacerbating TIF (19). 

Moreover, various transcription factors have been linked to fibrotic diseases. The 

signaling pathways of signal transducers and activators of transcription (STAT) are also 

significant in renal disorders (25). STAT3, for instance, can trigger cell proliferation (26, 27) 

and enhance fibrosis via TGF-β1 (28-30). It can also activate monocyte chemoattractant 

protein 1, CCL2 (known as MCP-1), fostering inflammation conducive to liver tumor growth, 

which is also crucial in renal inflammation (31). Additionally, CCL2 is essential for renal 

tubulointerstitial inflammation (32). Galectin-3 (Lgals3) is another factor in the inflammatory 

response, with elevated levels observed in the Unilateral ureteral obstruction (UUO) mouse 

model of progressive renal fibrosis. Its absence protects against renal myofibroblast 

accumulation, activation, and fibrosis (33). Interleukin-6 (IL-6) can further stimulate proximal 

tubular epithelial cells (PTECs) to produce collagen I, accelerating tubulointerstitial fibrosis 

and increasing STAT3 phosphorylation (34). Complement component C3 can induce 

tubulointerstitial inflammation and fibrosis through the TGF-β1 and Connective Tissue Growth 

Factor (CTGF) signaling pathway (35, 36). Moreover, the upregulation of Runt-related 

transcription factor 1 (Runx1) has been shown to increase the expression of EMT marker 

genes in renal tubular epithelial cells (37). In contrast, the targeted deletion of Runx1 in mouse 

TECs reduced renal fibrosis caused by UUO and folic acid treatment (37). Nevertheless, the 
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impact of pioglitazone on these transcription factors and inflammatory markers during TGF-β-

induced renal fibrosis remains uncertain. 

 

1.1.2. From Epithelial to mesenchymal transition to renal fibrosis  

EMT is considered one of the initiating factors in the development of renal TIF. When 

renal TECs go through the EMT process, they go through the following steps (38): first, loss 

of cell polarity and tight junctions between cells and cells, downregulation of E-cadherin and 

showing mesenchymal cell markers, fibronectin (FN) and VIM; second, destruction of renal 

tubular basement membrane, third, the TECs enter the interstitium through the damaged 

basement membrane, fourth, the TECs transform into myofibroblasts expressing alpha-

smooth muscle actin (α-SMA). Inhibiting EMT prevents tubular cell damage, restores repair 

and regeneration, and reduces myofibroblast accumulation.  

In fact, how tubular injury activates fibroblasts and overproduces extracellular matrix is 

still under debate (39). A common theory is that after injury, kidney tubular cells can undergo 

EMT, a phenotypic transition in which the cells lose epithelial markers and gain mesenchymal 

features, as mentioned earlier. However, until recently, it was thought for a while that epithelial 

cells, through an EMT, made an immense contribution to the interstitial myofibroblast pool; 

some evidence has shown that myofibroblasts are derived from resident stromal cells (40), such 

as kidney pericytes, perivascular fibroblasts, or mesenchymal stem cell-like cells, endothelial 

cells, macrophages, and "fibrocytes" that come from bone marrow contribute to the 

myofibroblast pool in the kidney (39). Based on extensive confirmatory studies, which included 

genetic cell lineage tracing (41), it has been found that the phenotypic transformation of TECs 

into a myofibroblast phenotype is improbable, even if it happens at all (42). These studies also 

discovered that TECs only undergo a partial EMT during kidney fibrosis. These cells show 

signs of being both epithelial and mesenchymal cells and remain in contact with their basement 

membrane. 

Nevertheless, even partial EMT is sufficient to cause tubular dysfunction, which in turn 

causes cell cycle arrest and promotes the release of fibrogenic cytokines. EMT is categorized 

into three types based on the biological context (43, 44). Our project investigated type 2 EMT 

in human immortalized proximal tubular cells, mouse primary TECs, and TGF-β transgenic 

mice. In type 2 EMT, fibroblasts are generated after inflammation and injury, replacing and 

restoring tissue integrity. This process leads to the acceleration of wound healing, tissue 

regeneration, and organ fibrosis (Fig. 2). 
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1.1.3. Models used in EMT and renal fibrosis 

In vitro model  

Several studies show that TECs undergo phenotypic conversion in vitro after being 

incubated with fibrogenic TGF-β1 (45). Most of what we know about how EMT is controlled 

in the kidney comes from in vitro studies performed in renal TECs. TGF-β1 is the main factor 

that induces EMT in the kidney and other body parts (9). Currently, HK-2 is the most commonly 

used in vitro cell line to study tubular cell EMT (46), despite the absence of some transporters. 

However, new development methods are emerging; for example, researchers created 

microfluidic chips that mimic the environment of PTECs. They induced  EMT in HK-2 cells 

using different doses of TGF-β (47).  

In vivo model 

The animal models of renal fibrosis closely mimic the three primary causes of AKI in 

humans: ischemia, toxin exposure, and ureteral obstruction (48). The most often used models 

for acute kidney injury and chronic kidney fibrosis in murine animals include severe bilateral 

ischemia-reperfusion injury (IRI), unilateral IRI, aristolochic acid nephropathy for acute, and 

UUO, 5/6 subtotal nephrectomy, type 1 and 2 DKD models, and genetic engineering (49, 50). 

In this project, we used a widely recognized TGF-β transgenic mouse model (12, 51).  

Genetically modified mice offer valuable opportunities to study protein effects on phenotype 

and therapy responsiveness (52). Sanderson and his colleagues created one of the primary TGF-

β transgenic models (12). As a result, these mice showed elevated levels of mature TGF-β1 in 

their plasma and liver, causing multiple tissue lesions, hepatic fibrosis, severe 

glomerulonephritis, and renal failure (12). The pathological changes and progress of fibrosis in 

TGF-β transgenic mice kidneys were extensively studied in previous publications from our 

research group (51). Diabetic kidney fibrosis is a major cause of fibrotic kidney disease 

nowadays. Recent studies have identified a mouse model called Akita+/− Ren+/− mouse (53). 

This model exhibits several characteristics of human diabetic nephropathy, including 

hyperglycemia, hypertension, albuminuria, reduced glomerular filtration rate, 

glomerulosclerosis, and interstitial fibrosis (53). 

 

1.2. Discovery of microRNAs and their biogenesis 

Lee and colleagues made the initial discovery of microribonucleic acids (miRNA) in 1993 

(54). Subsequently, there has been a significant surge in fascination with miRNAs, supported 

by mounting evidence indicating their role in controlling most transcriptional or translational 

pathways in all organs. Since the discovery of the first miRNA, more than 2654 mature 
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miRNAs in humans, around 2000 in murine, have been identified and registered in the miRBase 

database (55). It is widely accepted that miRNAs regulate at least 60% of human protein-coding 

genes (56). Their primary function is post-transcriptional gene expression regulation (57) (Fig. 

3), and miRNAs have been associated with various cellular processes and diseases. Therefore, 

miRNAs are of significance as possible targets for therapy (58) and as biomarkers for diseases 

[5-7]. 

MiRNAs are transcribed either from individual genes or genes clustered together, such as 

(miR‑194-192 cluster) (59). However, it is also possible for some miRNAs to be encoded from 

distinct genomic loci (60). Genes that encode miRNAs are found in non-coding sequences or 

introns of either protein-coding genes (known as miR-trons) or non-coding RNA (61). 

Typically, miRNAs located within introns are expressed in a coordinated manner with their 

host gene, and often, both the miRNAs and the host gene impact the same signaling pathway 

(62, 63). 

 

Figure 3. MiRNA biogenesis and action. In the nucleus, most primary miRNA transcripts (pri-

miRNAs) are transcribed by RNA polymerase II (RNA pol II) (64). The microprocessor complex 

Drosha-DGCR8 cleaves them to generate precursor miRNAs (pre-miRNAs), which are then 

exported from the nucleus by exportin 5 (65). In the cytoplasm, Dicer cleaves the pre-miRNAs 

to form a miRNA duplex. The duplex interacts with Four Argonaute proteins (AGO1-4) to form 

the RNA-induced silencing complex (RISC) (66). The miRNA-loaded RISC can further process 

the miRNA and upload it to its target mRNA. The mRNA–miRNA complex leads to either mRNA 

destabilization or translational repression (66). Long non-coding RNAs (lncRNAs) can also 
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target mature miRNAs, acting as miRNA sponges (66). Abbreviations: AGO1-4 - Four 

Argonaute proteins; DGCR - DiGeorge syndrome critical region 8; miRISC - miRNA- induced 

silencing complex; mRNA - messenger RNA; RISC - RNA-induced silencing complex; RNA pol 

II - RNA polymerase II; Ran-GTP - Renin-angiotensin system - related nuclear protein 

guanosine-5′-triphosphatase; TRBP – Transactivation - responsive RNA - binding protein; 3′ 

UTR - 3′ untranslated region. Image adapted from N. Mahtal and colleagues (66).  

 

In addition, a faulty base-pairing of miRNAs to the 3’UTR of their gene targets (67) enables 

any specific miRNA to target multiple genes simultaneously. Many miRNA targets enable a 

single miRNA to selectively target multiple genes in a signal transduction cascade, effectively 

abolishing their function (68). Moreover, recent findings suggest that miRNAs regulate 

numerous proteins involved in interconnected signaling pathways (69, 70). 

 

1.2.1. The role of microRNA in kidney diseases 

MiRNAs regulate renal function - from blood pressure to fluid and electrolyte balance 

(59). In mice, inactivation of Dicer (ribonuclease, responsible for processing pre-miRNAs into 

mature miRNAs) in renin-expressing juxtaglomerular cells leads to loss of these cells, reduced 

plasma renin, hypotension, and kidney fibrosis (71, 72). Recently, miRNAs have emerged as 

new diagnostic biomarkers (73) and therapeutic targets (74) with robust stability in urine (75), 

plasma (76), and tissue (73). MiRNA has autocrine, endocrine, and paracrine effects. It 

mediates cell-to-cell interaction and can be produced by cells in the form of exosomes or 

microvesicles. MiRNA can also be bound to plasma proteins and then transported to 

neighboring and distant cells (66). Different groups of miRNAs are dysregulated in various 

kidney conditions such as AKI, CKD, DN, and allograft rejection (reviewed in (66)). These 

differences may reflect variations in the underlying pathophysiology of these conditions. Many 

novel, high-throughput “omics” technologies have recently made it easier to identify hundreds 

of potential biomarkers in renal diseases (77).  The initial studies were conducted in 2004 and 

2005 to identify miRNAs specific to or enriched in the kidney (78, 79). The significance of 

miRNAs in kidney function was revealed between 2007 and 2008 (80, 81), leading to the 

implementation of the Human MicroRNA Disease Database (82) and miRNA tissue atlas (83), 

a subsequent increase in research evidence. This miRNA tissue atlas comprises data obtained 

by next-generation sequencing and microarray techniques, specifically focusing on the 

expression of miRNAs in human kidneys. Such databases provide information on miRNAs 
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linked to AKI, CKD, and healthy donors, all sourced from peer-reviewed studies (84), 

providing a deeper understanding of miRNA dysregulation in kidney diseases.  

The therapeutic potential of miRNAs in kidney disease has been extensively studied in 

murine models of CKD (reviewed in (85, 86)), but human trials have not yet been implemented. 

As Liu and colleagues summarized, studies using murine models have shown that anti-miRNA-

21 treatment can prevent the development of renal fibrosis (87). This was demonstrated in 

experimental models of Alport's syndrome (88) and the UUO model (89). In the UUO model, 

the expression of pro-fibrotic proteins and infiltration of inflammatory macrophages were 

reduced, ultimately leading to attenuated fibrosis (89). Antagonism of miRNAs was also 

beneficial in treating streptozotocin-induced DN with miRNA-124 antisense (87, 90). 

Similarly, miRNA mimics such as miRNA-23b agomir have been found to have beneficial 

effects on renal fibrosis caused by DN (87, 91).  

In clinical cohort studies, several miRNAs are summarized as potential CKD and DN 

diagnostic markers in human serum and urine (92, 93). Research conducted by J. Li and 

colleagues found that miR-133, miR-30a, and miR-126 are promising markers for diagnosing 

CKD with high levels of accuracy, showing sensitivity or specificity above 90% (92).  

Due to their nature of having multiple target genes and being involved in various 

molecular pathways, the functions of miRNAs are not yet fully understood. Therefore, it is 

crucial to comprehend the miRNA expression patterns in various biological sample types during 

specific disease stages and their functional role in the development and progression of kidney 

diseases. This knowledge can be used for diagnostic and therapeutic purposes in the future. 

High-throughput sequencing of small RNAs has increased the number of registered miRNAs. 

However, validation of miRNAs in healthy and diseased conditions is still in progress.  

Meanwhile, several cohort studies have been conducted in CKD patients to ensure miRNAs as 

a novel diagnostic marker for kidney diseases. However, these studies yielded inconclusive 

results due to the heterogeneity of patient populations, disease etiology, and tissue origin. Thus, 

it is essential to systematically review and summarize the existing knowledge of miRNA 

expression patterns in kidney patients grouped by etiology, tissue of origin, and disease stage. 

In addition, early-stage studies in miRNAs were primarily done in murine kidney disease 

models. Therefore, comparing miRNA profiling results from human studies and murine CKD 

models provides an opportunity to identify differences in miRNA expression between humans 

and murine animals. 
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1.2.2. MicroRNAs and TGF-β pathway, fibromiRs 

MiRNAs play a dual role in regulating the fibrosis process: they act as downstream 

effectors of TGF-β-dependent regulation and upstream regulators of TGF-β signaling (59). 

Animal and human studies confirm that TGF-β1 is a dominant pathogenic factor that drives the 

progressive form of renal fibrosis (9). Most of the TGF-β family members and the TGF-β-

dependent pathway serve as targets for miRNAs, indicating the presence of an autoregulatory 

feedback loop between TGF-β and miRNAs (Fig. 4) (94). It is essential to understand the 

relationship between TGF-β and miRNA since TGF-β1 is one of the important players in renal 

fibrosis. In renal fibrosis, several miRNAs, including miR-21 (59) and miR-200 (95), have been 

investigated and validated for their role in pro- and anti-fibrotic functions  (Fig. 4).  

 

Figure 4. The TGF-β1 regulation in kidney cells. The diagram illustrates the miRNA-

regulatory networks in PTECs, mesangial cells activated by TGF-β1, and the miRNA-

regulatory networks in podocytes activated by both TGF-β1 and high glucose. The black arrows 

indicate upregulated and downregulated expressions, respectively. The green line signifies the 

miRNA-dependent signaling loops through TGF-β1, which amplifies its signal. Abbreviations: 

Fog2 - Friend Of GATA 2; HDAC - Histone deacetylase; miRNA - microRNA; Rho kinase - 

Rho-associated protein kinase; SOD1/2 - Superoxide Dismutase 1/2; Spry-1 - Sprouty homolog 

1; TGFBR1 - TGF‑ β receptor type ‑ 1; Nox4 - NADPH Oxidase 4; PAK1 - P21 Activated 

Kinase 1; PI3K/AKT - phosphoinositide 3-kinase / protein kinase B; PTEN - Phosphatase And 
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Tensin Homolog; p53 - Tumor protein p53; UCP2 - Uncoupling Protein 2; VEGF-A - Vascular 

Endothelial Growth Factor A; Ybx1 - Y-Box Binding Protein 1; Zeb1/2 - Zinc Finger E-Box 

Binding Homeobox 1/2. Image adapted from P. Trionfini and colleagues (59). 

 

Additionally, TGF-β induces pro-fibrotic miR-130 in human renal PTECs (96) and miR-199a 

in the kidneys of hypertensive rats (97). Elevated renal miR-199a-3p can trigger STAT3 

activation (98), whereas increased miR-199a-5p was reported in murine and human CKD (99). 

In DN, several miRNAs, such as miR-133b and miR-199b, which protect against fibrosis, are 

downregulated (100). The kidney cortex of diabetic Otsuka Long Evans Tokushima Fatty 

(OLETF) rats showed elevated levels of miR-133b and miR-199b (100). Inhibition of these 

miRNAs reduced the severity of DN in these rats. In HK-2 cells, upregulation of Sirtuin 1 and 

alleviation of TGF-β-induced EMT and pro-fibrotic signaling were observed upon the 

suppression of miR-133b and miR-199b (100). 

 

1.3. PPAR family and molecular mechanism 

The PPAR family is one of the four nuclear receptor groups called adopted orphan 

receptors, which have since been associated with at least one ligand. PPAR family proteins have 

structural similarities, as they all contain a C-terminus ligand-binding domain (LBD). This 

domain is responsive to ligand stimulation and regulates the formation of heterodimers with 

retinoid X receptors (RXR) following activation (101). Unlike others in the nuclear receptor 

superfamily, PPAR is localized in the nucleus, forming an obligatory complex with RXR as a 

heterodimer that binds to its cognate Deoxyribonucleic acid (DNA) binding site (102, 103). 

Upon binding to the ligand, the PPAR/RXR complex undergoes conformational changes in 

associated transcriptional cofactors, leading to activation of the transcriptional complex. 

Without a ligand, the heterodimer complex interacts with corepressor (CoR) and histone 

deacetylases (HDAC) to form a CoR complex, which promotes gene repression. CoR and 

HDAC keep transcription repressed (102, 103). CoRs are dismissed upon ligand interaction, 

and transcriptional coactivators are recruited, promoting transactivation (102, 103). 

PPAR consists of 3 isoforms (α, βδ, and γ), and each isoform has unique characteristics, 

such as ligand selectivity, tissue-specific expression, and target genes. PPARα regulates arterial 

blood pressure and modulates endothelial function as an antioxidant and anti-inflammatory 

gene expression regulator (104), while PPARβδ is linked to muscle development and oxidative 

capability (105). PPARγ is ubiquitously expressed and essential in adipogenesis (106). Fatty 

acids and eicosanoids have the potential to function as PPARγ ligands; however, the specific 
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ligand(s) that are most significant in physiological contexts are not yet definitively known 

(107).  

The PPARγ gene is located on chromosome 3 (3p25.2) in humans and consists of 9 

exons expanding over 100 kb. This gene generates four different variants of PPARγ (γ1, γ2, γ3, 

and γ4) (108). These isoforms have differential expression across many organs.  In both humans 

and mice, two comparable isoforms of PPARγ have been identified (109). PPARγ1 is present 

in high quantities in white and brown adipose tissue and, to a lesser extent, in almost all tissues 

and immune cells, including macrophages. On the other hand, PPARγ2 is primarily found in 

white and brown adipose tissue.  

Activation of PPARγ can be modified by different coactivating or corepressing proteins 

based on the conformational change of the LBD, which can be triggered by cellular signaling 

events or small molecules. Several post-translational modifications likely regulate these protein 

complexes, some of which are still unknown. These post-translational modifications include 

phosphorylation (110), acetylation (111), glycosylation (112), SUMOylation (113), 

ubiquitination (114) of proteins, and miRNAs (103). Our project proposed that miRNAs may 

regulate PPARγ and its ligands. Therefore, we studied miRNA expression in PPARγ agonist-

treated primary TECs of mice. 

 

1.3.1. PPARγ in kidney and tubular cell pathophysiology 

The PPARγ protein is found in different kidney parts, including interstitial cells, 

podocytes, tubule segments, juxtaglomerular apparatus, mesangial cells, and renal 

microvascular endothelial cells (115). It plays a crucial role in maintaining normal kidney 

function and homeostasis. PPARγ controls the metabolism of lipids, glucose, and minerals in 

the kidney and regulates systemic blood pressure (116). It has been discovered that the 

expression of PPARγ isoforms is associated with the circadian rhythm (116), and multiple 

studies suggest that disrupted circadian rhythms and kidney disease can exacerbate each other, 

creating a vicious cycle (117). These reports suggest that the function of PPARγ may be more 

intricate than previously thought and may involve an improvement of both insulin sensitivity 

and insulin secretion. According to recent research, PPARγ activation can facilitate renin 

production and thiazolidinediones and PPARγ activators can reduce the hypertensive effects of 

angiotensin (118). Additionally, researchers reported that aldosterone and mineralocorticoid 

receptors regulate the expression of PPARγ (119, 120). Aldosterone and angiotensin receptor 

blockers boost PPARγ activity in adipose tissue, which could explain the protective effect of 

renin-angiotensin system (RAS) inhibition against developing type 2 diabetes (121).  
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In addition to the interactions mentioned above, TGF-β is a multifunctional cytokine 

that induces inflammation, fibrosis, and cell differentiation, while PPARγ activation mitigates 

these adverse effects in many models (115) , including CKD. Our research group found that 

PPARγ and TGF-β1 have a crosstalk in TGF-β transgenic mice. We also demonstrated that oral 

administration of pioglitazone can effectively minimize glomerulosclerosis, tubular injury, and 

interstitial fibrosis by inhibiting the expression of Early Growth Response-1 (EGR1) and TIMP-

1 in vivo (22). Other researchers support these results, as rosiglitazone, a PPARγ agonist, 

attenuated the induction of EMT and interstitial collagen production in UUO mice (122). 

Moreover, PPARγ activation inhibits EMT and fibrogenesis, preserving the healthy phenotype 

of PTECs. PPARγ activation increases renal Klotho expression, reduces oxidative stress, and 

ameliorates age-related nephrosclerosis in apolipoprotein E-null mice (123).  

As an extension of the previous project, this thesis explores the anti-fibrotic impact of 

PPARγ agonist in TGF-β-induced kidney fibrosis models while examining the regulation of 

pro-fibrotic miRNAs and autophagy markers.   

 

1.4. Early Growth Response Factors in renal fibrosis 

EGR1 is a ubiquitous transcription factor that is intricately linked to the processes of 

inflammation and profibrosis. Early Growth Response genes are part of the ligand-inducible 

early response genes family and a zinc-finger DNA-binding protein. EGR1 is the positive 

regulator of the pro-fibrotic process and builds a positive feedback loop with TGF-β (124). 

Among the several pro-fibrotic transcription factors, EGR1 contributes to fibrosis by directly 

stimulating collagen synthesis (125) and myofibroblast differentiation (126).  

EGR1 expression is low or undetectable in the resting state of cells. However, EGR1 

expression is induced by various stimuli such as cytokines, hormones, growth factors, 

endotoxin, shear stress, mechanical damage, and hypoxia, usually in a rapid and transient 

manner in different human cell types (127, 128). 

EGR1 can upregulate or downregulate the synthesis of various pro-inflammatory and anti-

inflammatory protein mediators that bind to complementary motifs on the DNA of the target 

gene. These mediators play a crucial role in cellular death mechanisms. It is well known that 

EGR1 is an essential component of the cardiac cell death signaling pathways related to 

apoptosis, autophagy, mPOS, and ferroptosis (127). Multiple studies have confirmed that EGR1 

plays a central role in systemic sclerosis and organ fibrosis, particularly in the liver (129) and 

lungs (128) (124).  



22 

 

EGR1 is present during kidney development but not in normal adult kidneys (130) is 

induced in tubular endothelial cells during acute and chronic renal injury (131). Only a few 

studies have focused on the role of EGR1 in renal fibrosis (132, 133). EGR1 contributes to renal 

fibrosis through several pathways, for example, promoting mesangial cell proliferation (134), 

activating the TGF-β signaling pathway (128, 132), and inducing renal TEC transdifferentiation 

into mesenchymal cells (135). Moreover, the effect of Early Growth Response genes on the 

fibrotic process in TIF has not been well understood. Our research group has recently 

investigated the role of Egr1 and Early Growth Response 2 (Egr2) as key players in renal 

fibrosis (22, 51, 136) and studied their regulation in this thesis on HK-2, primary tubular cells, 

and TGF-β transgenic mice.  

 

1.5. Autophagy dysfunction in renal fibrosis 

Autophagy is essential to kidney homeostasis, function, and structure (137). It is 

suppressed in aged kidneys, which can accelerate age-related kidney diseases. In AKI, 

autophagy is induced as a protective mechanism crucial for tubular repair in the recovery phase 

(138). However, persistent activation of autophagy can promote interstitial fibrosis and 

contribute to CKD. Studies have demonstrated that TGF-β1 has a dual effect on the regulation 

of autophagy. Recent research has suggested that TGF-β1 may induce macro-autophagy, 

resulting in cytoprotective effects (139, 140). Atg5, Atg7, LC3, and Beclin 1 genes were 

activated by TGF-β1 in renal TECs, leading to autophagosome formation and LC3-II 

conversion.  

LC3-I is the type of LC3 that is found in the cytoplasm, whereas LC3-II is the form that 

binds to the membranes of autophagosomes. Therefore, a higher LC3-II/I ratio signifies either 

stimulated autophagy or hindered degradation, resulting in autophagosome buildup with un-

degraded contents (141). SQSTM1 (known as p62) is a well-known adaptor protein degraded 

by autophagy. Therefore, reducing its protein levels indicates more autophagic flux (141). 

Autophagy has also been found to regulate the IL-1 family of cytokines, which includes 

TGF-β1. Autophagy plays a crucial role in preventing the development of interstitial fibrosis in 

kidney injury by limiting the secretion of TGF-β1. It does so by negatively regulating the 

production of mature TGF-β1 proteins in renal PTECs (142). Further investigation is needed to 

understand autophagy's true therapeutic potential and molecular mechanism during kidney 

fibrosis. 
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2. OBJECTIVES 

2.1. Objective 1 (EMT in HK-2 cells) 

The HK-2 cells are often used to study EMT in vitro. However, different studies have used 

different types of cell culture media, which might cause inconsistent experimental results. To 

address this issue, we conducted a comparative study investigating how different culture media 

affect the HK-2 cells when exposed to TGF-β1.  

Our specific aims were the following: 

- Comparison of the morphology of HK-2 cells in different culture media by light 

microscopy.  

- Determination of cell culture medium formulation’s effect on the TGF-β1-induced EMT 

model of HK-2 cells. 

- Determining the differential expression of pro- and anti-fibrotic genes and proteins by 

qRT-PCR, immunoblotting, and localization of pro-fibrotic transcription factors in cells 

by immunocytochemistry in various cell culture medium formulations.  

 

2.2. Objective 2 (PPARγ agonist in kidney fibrosis)  

PPARγ plays a crucial role in maintaining normal kidney function and homeostasis. 

Recently, our research group studied the anti-fibrotic effect of PPARγ agonist (pioglitazone) in 

TGF-β transgenic mice by examining pro-fibrotic markers (22). However, we have yet to 

address the impact of PPARγ agonists on TECs, renal autophagy, and miRNA dysregulation 

during fibrosis. By highlighting miRNA dysregulation, we aim to elucidate the effect of PPARγ 

on pro- and anti-fibrotic markers and autophagy in TGF-β-induced kidney tubular cells and 

tissue from TGF-β transgenic mice.  

Our specific aims were the following: 

- Administration of pioglitazone to TGF-β transgenic mice to assess pro-fibrotic, anti-

fibrotic, and autophagy markers in the kidney using qRT-PCR for messenger RNA 

(mRNA) and miRNA expression and immunoblotting for protein expression and 

histology for tissue structure. 

- Treatment of primary TECs with pioglitazone, followed by investigating the pro- and 

anti-fibrotic and autophagy markers using qRT-PCR for mRNA and miRNA expression 

and immunoblotting for protein expression. 
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- Detection of the PPARγ’s effects on VIM, EGR2, and SQSTM1 protein expression in 

vitro and in vivo using immunocytochemistry. Visualize the expression using 

fluorescent microscopy. 

-  

2.3. Objective 3 (miRNAs in kidney diseases, meta-analyses) 

MiRNAs have emerged as potential markers and therapeutic agents for kidney diseases. 

However, with over 2000 miRNAs in humans and mice, it is unclear which ones play a key role 

in kidney diseases. We aimed to identify the most dysregulated miRNAs in human CKD and 

murine models of CKD, along with their molecular pathways, and to assess the diagnostic 

accuracy of miRNAs in human CKD from peer-reviewed articles using two different meta-

analysis approaches.   

Our specific aims were the following: 

First systematic review and meta-analysis:  

- Determination of the most dysregulated miRNAs in different kidney diseases, biological 

samples, and stages of CKD patients compared to healthy populations.  

- Identification of the most dysregulated miRNAs in the most used murine experimental 

CKD models and possible overlap between human disease and murine models.  

- Gene set enrichment analysis of common target genes, Gene Ontology terms, molecular 

pathways, and miRNA-target gene interactions of the most dysregulated miRNAs in 

CKD. 

Second systematic review and meta-analysis:  

- Assessment of single and panel miRNAs’ (combination of several miRNAs) diagnostic 

accuracy for various kidney diseases and sample types by Receiver operating 

characteristic (ROC) curve and Area under the curve (AUC).  

- Investigation of the diagnostic performance of miRNAs by comparing overt kidney 

disease groups with healthy individuals and diseased control groups without 

nephropathy. 
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3. MATERIALS AND METHODS  

The methods section 3.1 has been developed from two thesis-related publications with 

modifications (143, 144).  

 

3.1. In vitro and in vivo experiments 

 

3.1.1. HK-2 cell culture 

HK-2 cells were purchased from the American Type Cell Collection (ATCC, #CRL-

2190). Cells were cultured in T75 flasks in six different growth media (Fig. 5) at 37 °C in a 

humid atmosphere of 95% air and 5% CO2. The medium was refreshed every 48 to 72 hours 

until the desired confluency. After 3 to 5 days, when cells reached 70–80% confluence, HK-2 

cells were trypsinized and passaged at a 1:3 ratio or seeded on 6 or 24-well plates at the desired 

density for immediate experimental use. HK-2 cells were seeded ∼105 cells or 3 × 104 per well 

in 6- or 24-well plates, respectively, cultured in different growth media overnight, and then 

serum starved for 24 hours. Recombinant human TGF-β1 (10 ng/ml, Sigma-Aldrich) was added 

to the appropriate wells for 24 hours. Microphotographs of treated and untreated cells in the 

culture plate wells were taken with a Nikon Coolpix 4500 digital camera attached to a Nikon 

Eclipse TS100 microscope at 200 × magnification. Cells were then harvested in Trizol 

(Invitrogen, Thermo, USA) for total RNA isolation according to the manufacturer’s protocol or 

in ice-cold RIPA buffer for protein extraction, as mentioned below.  

Figure 5. Cell culture media and their formulation (143). 
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3.1.2. Primary Tubular Epithelial Cell Isolation and Cell Culture 

A 4-week-old C57B1/6J male mouse was euthanized, and both kidneys were quickly 

removed after median laparotomy under aseptic conditions. The kidneys were placed on a 10 

cm cell culture dish containing an ice-cold sterile Hanks' Balanced Salt Solution buffer under a 

laminar flow box. The kidneys were de-capsulated and cut into several slices, and the medulla 

was excised. Chopped small cortical fragments were digested in Dulbecco’s Modified Eagle 

Medium: Nutrient Mixture /F12 (DMEM/F12) containing 1 mg/mL collagenase type-II for 20 

minutes at 37 °C with vortexing every 10 minutes. The digested cortex was washed through a 

series of brass sieves with 100-60-40 µm mesh diameters. Tubules were collected from the 40 

µm nylon mesh. The collected cells were resuspended in a selective PTEC medium (detailed in 

Fig. 5). The isolated mouse primary TECs were cultured in tissue culture flasks coated with 1% 

gelatin in a humidified atmosphere with 5% CO2 at 37 °C for 14 days. The purity of TEC 

cultures was then validated by immunoblot and immunocytochemistry. Only the TECs culture 

expressing epithelial marker E-cadherin without mesenchymal markers VIM and α-SMA was 

passed into a new flask and used for further experiments. 

 

3.1.3. Primary Tubular Epithelial Cell Culture treated with PPARγ agonist 

Primary TECs with passage numbers 6 to 8 were seeded at a density of 1 × 105 cells or 

3 × 104 cells per well on 1% gelatin-coated 6-well and 24-well plates, respectively. On the 

following day, the medium was changed to serum-free DMEM/F12 medium, and the cells were 

subjected to pre-treatment with 5 µM pioglitazone in 0.1% dimethyl sulfoxide or 0.1% dimethyl 

sulfoxide alone (controls). After 24 hours of serum starvation, recombinant human TGF-β1 (10 

ng/mL, Sigma-Aldrich) was added to the respective wells and incubated for 24 hours (n = 3–

4/group). 

 

3.1.4. Animal experiments 

Ten-week-old male TGF-β1 transgenic mice on C57Bl6/J genetic background (B6-

Alb/TGF-β1(Cys223,225Ser), obtained initially from Snorri S. Thorgeirsson at the National 

Cancer Institute, USA and backcrossed in our laboratory (12, 51) and wild-type C57Bl6/J males 

of the same age (controls, CTL, n = 6) were kept in a standard specific pathogen-free 

environment at the Semmelweis University NET GMO Animal Facility (Budapest, Hungary). 

Transgenic mice have higher plasma TGF-β1 levels due to hepatic production of full-length 

active TGF-β1, which causes, among other effects, progressive kidney fibrosis (12). Our 
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research group’s previous publication describes the plasma TGF-β1 levels from blood samples 

and proteinuria (urinary protein to creatinine ratio) (51). All mice were kept on a 10/14-hour 

light/dark cycle and had unlimited access to rodent feed and drinking water. Isoflurane 

anesthesia was used for blood sampling and euthanasia. The Animal Ethics Committee of 

Semmelweis University approved all animal procedures in advance (PE/EA/948-4/2018). 

Transgenic mice were separated into two groups: one received standard rodent chow (TGF, n 

= 6), and the other received pioglitazone-containing rodent chow (TGF + Pio, n = 6) for chronic 

treatment (20 mg/kg/day, adjusted to average food consumption). The mice were euthanized 

with 5% isoflurane after 6 weeks of the treatment period and perfused with 4 °C physiological 

saline using an intracardiac cannula until blood was washed out of the kidneys. The kidneys 

were collected and cut to be frozen in liquid nitrogen or fixed in a 4% buffered formalin 

solution. 

 

3.1.5. RNA isolation and Quantitative RT-PCR Analysis 

Total RNA from Trizol (Invitrogen, Thermo, Waltham, MA, USA) samples were 

extracted according to the manufacturer’s protocol. RNA concentration and purity were verified 

on a Nanodrop 2000 (Thermo, USA) and then reverse transcribed using the High-Capacity 

cDNA kit (Applied Biosystems/Life Technologies, Carlsbad, CA, USA) for mRNA and 

miRCURY LNA RT Kit (Qiagen, USA) for miRNA. Each PCR reaction with specific primers 

was performed on a Bio-Rad CFX96 thermal cycler (Bio-Rad Hungary, Budapest, Hungary) in 

duplicates using the SensiFast SYBR Green PCR Master Mix (Bioline, Germany) for mRNA 

and miRCURY LNA SYBR Green PCR Kit (Qiagen, USA) for miRNA. The specificity and 

effectivity of PCR reactions were verified by melting curve analysis. Target gene expression 

was normalized to glyceraldehyde-3-phosphate dehydrogenase (GAPDH) mRNA (for HK-2 

cells) or 18S ribosomal RNA (rRNA) (for mouse samples) and U6 snRNA for miRNA 

expression using the 2−ΔΔCt formula and expressed as fold expression relative to a control 

sample. Each gene expression is presented as mean and standard deviation (mean ± SD). 

Appropriate positive and negative controls were included in each PCR experiment to verify the 

results and avoid false positive signals due to contamination. Only miRNA primers are listed 

below. Human and mouse primers are detailed in corresponding publications (143, 144).  

miRNA primer sequences (5' – 3') used for quantitative PCR: 

mmu-miR-199a-3p 5'ACAGUAGUCUGCACAUUGGUUA 

mmu-miR-199a-5p 5'CCCAGUGUUCAGACUACCUGUUC 

mmu-miR-21-5p 5'UAGCUUAUCAGACUGAUGUUGA 
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mmu-miR-130a-5p 5'GCUCUUUUCACAUUGUGCUACU 

 

3.1.6. Immunoblot 

HK-2 and primary TECs were lysed in ice-cold RIPA buffer containing a “Complete 

Mini” protease inhibitor cocktail (Roche, Mannheim, Germany). Protein concentration was 

determined using BCA assay (Thermo Scientific, Waltham, MA, USA). Equal amounts (20 μg) 

of protein were loaded in 2 x Laemmli buffer on 12% or 15% SDS-polyacrylamide gels. A 3 

mm3 kidney cortex was homogenized for mice kidney tissue in ice-cold RIPA lysis buffer. 

Equal protein amounts (60 μg cortex) were loaded with Laemmli buffer (Bio-Rad) on 12% and 

15% SDS-polyacrylamide gels. Separated samples were transferred to nitrocellulose 

membranes by wet method, blocked with 5% skim milk, and incubated with primary antibodies 

overnight at 4 °C. The primary antibodies used in the study have been listed in the 

corresponding publications (143, 144). After serial washing in Tris-buffered saline with 0.1% 

Tween® 20 Detergent, membranes were incubated with the appropriate HRP-conjugated 

secondary antibodies for one hour at room temperature. Blots were visualized with an enhanced 

chemiluminescence detection kit (Thermo). Tubulin or GAPDH were used as loading controls. 

Image Studio Lite 5.2 (Li-Cor Biosciences, Lincoln, NE, USA) software was used to examine 

and evaluate data.  

 

3.1.7. Immunocytochemistry 

HK-2 cells (10,000/well) were seeded on glass coverslips in a 24-well plate. After 24 h 

treatment with 10 ng/ml TGF-β1 in serum-free medium, cells were washed and fixed in 

methanol (−20 °C) for 15 min on ice, then permeabilized with 0.25% Triton-X for 10 min. Non-

specific secondary antibody binding was blocked using 2% donkey serum for 30 min. Cells 

were incubated overnight at 4 °C with primary antibodies or PBS for negative controls 

(excluding primary antibodies). Next, the cells were incubated with donkey anti-rabbit IgG-

A594 (1:200) (Jackson Immunoresearch) at room temperature for 1 hour in the dark. Coverslips 

were mounted with Vectashield containing DAPI (Vector Laboratories, Burlingame, CA, 

USA). The protein expression of EGR1 and TGF-β was assessed using immunofluorescence 

(see subchapter 3.1.6). Cells were visualized and photographed under UV light using a Leica 

DMR-HC microscope at 400 × magnification. Primary antibody specificity was checked and 

evaluated on immunoblots. 
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Primary TECs at a density of 3 × 104 cells per well were grown on 1% gelatin-coated 

glass coverslips in 24-well plates. Other steps followed, as mentioned in the HK-2 experiment 

section.  Immunostaining reactivity of the cells for EGR2, EGR1, and VIM was evaluated in a 

single-blinded fashion (unaware of the treatment groups) by calculating the average signal 

intensity of each stained area using ImageJ v1.53 and expressed as arbitrary units (a.u.). 

SQSTM1 staining was evaluated by calculating the percentage of positive cytoplasmic area 

with ImageJ. 

 

3.1.8. Renal Histology and Immunohistochemistry 

Formalin-fixed, paraffin-embedded kidney slices were stained with Masson's trichrome. 

The degree of glomerulosclerosis and tubulointerstitial damage was measured blinded using a 

semi-quantitative scale. The arithmetic mean of 100 evaluated glomeruli, the 

glomerulosclerosis index of each animal was determined by light microscopy at 400× 

magnification as follows: 0: healthy morphology, 1: attachment to Bowman’s capsule, 

mesangial expansion in less than 25% of glomerular area, 2: mesangial expansion in 25-50% 

of glomerular area, 3: mesangial expansion and capillary obliteration in 50-75% of glomerular 

area, 4: sclerosis with complete capillary obliteration in the whole glomerulus.  

Tubulointerstitial damage was scored at 100× magnification as follows: for tubular 

dilatation, 0: none, 1: dilated tubule; for tubular atrophy, 0: none, 1: signs of atrophy, 2: 

apoptosis and desquamation of cells; for hyaline deposition, 0: none, 1: hyaline deposition; 

interstitial infiltration of mononuclear cells, 0: none, 1: infiltration of mononuclear cells; for 

interstitial fibrosis, 0: none, 1: mild, 2: severe.  

SQSTM1 immunofluorescent staining of paraffin-embedded sections was performed 

using citrate buffer pH 6.0 for heat-induced antigen retrieval and overnight incubation with the 

primary antibody, followed by Alexa Fluor-594-conjugated anti-rabbit IgG (see subchapter 

3.1.6). ImageJ v1.53 software (NIH, Bethesda, MD, USA) was used to evaluate the SQSTM1-

positive stained area at a magnification of 400 for each slide. 

 

3.1.9. Statistical analysis 

Experimental data are presented as mean ± SD. Statistical analysis was performed using 

IBM SPSS Statistics for Windows, Version 28.0. Armonk, NY: The IBM Corp. Shapiro-Wilk 

test was performed to analyze the normal distribution of the data. For the HK-2 experiments, 

pairwise comparisons were conducted using the independent samples Kruskal-Wallis and 



30 

 

Mann-Whitney U test and Bonferroni multiple comparison corrections, as indicated. Pearson’s 

correlation was used to test the relationship between continuous and discrete variables. For the 

primary TECs and TGF-β transgenic mice experiments, One-Way ANOVA and Holm–Sidak 

post hoc tests were used. The significance level was p < 0.05 at the 95% confidence level.  

 

3.2. Systematic review and meta-analysis 

The methods section 3.2 has been developed from two thesis-related manuscripts (submitted) 

with modifications.  

Methods were specified in a protocol registered with the PROSPERO International Prospective 

Register of Systematic Reviews (CRD42021283763 and CRD42021282785). The PRISMA 

2020 guideline (145) and the Cochrane Handbook (version 6.2) (146) were used as references 

throughout the meta-analyses. We systematically searched Embase, Web of Science (WoS), 

PubMed, Scopus, and CENTRAL databases without restrictions until June 12, 2023, for the 

first meta-analysis and until November 26, 2022, for the second meta-analysis.  

 

3.2.1. Eligibility criteria 

First systematic review and meta-analysis: The PECO framework was applied as follows: the 

population (P) included patients and murine experimental models for which assays on 

hypothesis-free whole miRNA profiling were performed; the exposed group (E) included CKD 

patients regardless of stage or etiology or murine CKD models irrespective of type; the control 

group (C) had: healthy or sham controls, respectively; the outcome (O) was the identification 

of dysregulated mature miRNAs in CKD patients in comparison to healthy controls.  

 

Second systematic review and meta-analysis: To define our clinical question and eligibility 

criteria, we applied the PIRD framework as follows: the population (P) consisted of individuals 

with (case group) and without CKD (healthy and diseased control groups); the index test (I) 

was miRNA detection performed by qRT-PCR; the reference test (R) was clinical diagnosis 

confirmed by biopsy or laboratory parameters; the diagnosis (D) was CKD. Studies were 

considered eligible if they met the following criteria: (1). The diagnostic accuracy of miRNA 

for CKD was provided; (2) all patients with CKD were diagnosed by the gold standards in 

diagnostics (biopsy or laboratory); (3) AUC, ROC curve, sensitivity (SEN) and specificity 

(SPE) were provided; (4) observational and interventional studies were included.  
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3.2.2. Statistical analysis: meta-analysis 

First meta-analysis: To identify the most dysregulated miRNA signatures that are consistently 

up- or downregulated across all studies, we used the robust rank aggregation (RRA) (147, 148) 

and the vote-counting method (149). The RRA method assigns a p-value to each element in the 

aggregated list, indicating how much higher it ranks than a null model with random ordering. 

After Bonferroni p-value correction, an adjusted p-value lower than 0.05 was considered 

significant. As a sensitivity analysis, we calculated the essential components of the vote-

counting method (149) based on the number of appearances and opposite presences of miRNAs. 

Subgroup analysis was conducted based on the types of biological samples, diseases, and stages. 

We used a heat map to visualize ranking similarities between individual studies and miRNAs 

(150). The enrichment analysis was performed on Gene Ontology (GO) terms, KEGG and 

REACTOME (151) pathways set from the Molecular Signatures Database (MSigDB) (152) and 

PFAM (miRNA-protein interaction) utilizing DIANA-miRPath v4.0 (153). miRNA targets 

were identified by two different algorithms experimentally validated tools: miRTarBase (v.8) 

(154) and – in silico target prediction tools: TargetScan (v.8.0) using default settings (155). The 

Minimum Information About a Microarray Experiment (MIAME) for array and Minimum 

Information for Publication of Quantitative Real-time PCR Experiments (MIQE) (156) and 

Syrcle Rob tools (157) for animal studies were used to assess the study quality. 

 

Second meta-analysis: In terms of clinical applicability, data were pooled, considering the 

following moderators: (1) comparison of CKD patients with healthy and diseased controls, (2) 

individual kidney diseases, (3) biological sample types, (4) single miRNA or panel miRNAs, 

and (5) ethnicity. We analyzed the most frequent miRNAs in the included studies separately. 

The statistical analysis was performed using the R software (version 4.1.2.) (158). Statistical 

significance was defined as a p-value less than 0.05. We collected AUC values and computed 

their standard deviation using the confidence interval or the method of Hanley and colleagues 

(159) when the confidence interval was unavailable. For rigorous pooled AUC (pAUC) values, 

we considered the correlations between sample errors and random effects corresponding to the 

miRNAs present in the same study by a multivariate mixed-effect model supplemented with 

the robust approach (160). Univariate and multivariate analyses of AUC values were performed 

to identify the effect of moderator variables. In addition, we applied well-known methods (161-

163) to obtain pooled SEN and SPE. To address the mentioned correlation, we randomly 

selected SEN and SPE; we chose only one miRNA from each study and then calculated pooled 

SEN and SPE. In the ROC plot visualization, the size of the prediction region provides insight 
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into heterogeneity. In the case of the meta-analysis of specific miRNAs, we performed classical 

inverse variance AUC meta-analysis due to the lack of the mentioned correlations. In these 

cases, the heterogeneity was calculated by I2. We created AUC funnel plots showing all 

available data to assess publication bias. Similarly, as above, we performed Egger's test after 

randomly selecting one result from each study. Studies reporting only CKD without a specific 

diagnosis were excluded from the meta-analysis to avoid selection bias.  
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4. RESULTS 

In section 4.1, there is a peer-reviewed publication available (143).  

 

4.1. Results 1 (EMT in HK-2 cells) 

While introducing the TGF-β1-induced EMT model in the HK-2 cell line, we noticed that 

the expression of pro- and anti-fibrotic genes and proteins differed when different cell culture 

media were used. Subsequently, we investigated the effect of six different cell culture medium 

formulations on the expression of pro- and antifibrotic markers (143). 

First, we observed the effect of six culture medium formulations (ingredients are shown 

in Fig. 5) on cell morphology (Fig. 6). As a result, cells without TGF-β1 showed epithelial 

morphology, whereas cells treated with TGF-β1 (10 ng/ml) for 24-hour were elongated in all 

culture media. However, HK-2 cells cultured in DMEM 5% FBS appeared round-shaped and 

polygonal, but cells in KFSM looked smaller and did not divide as much as cells cultured in 

FBS-supplemented media.  

 

Figure 6. Effect of different medium formulations on HK-2 cell morphology. Figure shown 

by control (CTL) and TGF-β1-treated (TGFb) groups. Light microscopy, 200 × magnification; 

scale bar represents 100 μm (143). 
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In TGF-β-induced HK-2 cells, the TGFB1 gene, protein, and mesenchymal markers 

were highly expressed (Fig. 7). At the mRNA level, the EMT-related changes were consistent 

across all culture media. However, the VIM protein expression was elevated in all media except 

DMEM 5% FBS by immunoblotting (Fig. 8). TGF-β1 partially induced the mRNA expression 

of FN in PTEC 2%, DMEM F12 10% and KFSM (Fig. 8a) and the protein expression in almost 

all media except DMEM/F12 10% and KFSM.  

Figure 7. TGFB1 mRNA and protein (TGF-β) expression of HK-2 cells in different medium 

formulations. A. QRT-PCR results of TGF-β1-induced effects on TGFB1 mRNA expression in 

HK-2 cells cultured in different medium formulations for 24 h. The gene expression of TGFB1 

was normalized to GAPDH and indicated as fold expression relative to the respective controls 

(mean ± SD). Significant differences between the control vs. TGFb groups (n = 7–16/group) are 

marked in red, and TGFb vs. TGFb groups between culture media are marked in blue; 

p < 0.05*, p < 0.01** and p < 0.001***. Independent samples - Kruskal-Wallis and Mann-

Whitney U test. B. TGF-β1 protein expression is shown for each group; GAPDH was used as 

a loading control. C. Representative immunoblot of TGF-β1 and GAPDH. The order of stripes 

is the same as in Fig. 7A. Abbreviations: TGFB1 - Transforming growth factor mRNA, TGF- 

β1 -  Transforming growth factor beta protein, CTL - Control group, TGFb - Transforming 

growth factor beta-1 (10 ng/ml)-treated group (143).  

 

CTGF, COL4A1, and EGR2 expressions were significantly elevated in the EMT model 

(Fig. 9A, 9B, and 9C), whereas PPARG decreased in all culture media (Fig. 9D). Interestingly, 

medium formulations had a substantial impact on pro-fibrotic EGR1 expression. TGF-β1 
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treatment significantly increased EGR1 mRNA expression only in DMEM 5% and DMEM/F12 

10% media but decreased EGR1 in PTEC 2% and DMEM 10% (Fig. 9E).   

Figure 8. Gene and protein expressions of mesenchymal markers. Gene expression of CTL 

and TGF-β1-treated cells in each culture medium is expressed as fold expression relative to the 

corresponding controls. Expression of each gene was normalized to GAPDH, and mean 

expression levels with standard deviation (± SD) are shown A. FN (n = 7–8/group), B. VIM 

(n = 7–8/group). Significant differences within the groups are marked in red: p < 0.05*, 

p < 0.01**, and p < 0.001***. Inter-group differences are marked in blue; p < 0.05*, 

p < 0.01** and p < 0.001***. Independent samples - Kruskal-Wallis and Mann-Whitney U test. 

Immunoblot results of mesenchymal markers (C: FN1 protein and D: VIM protein) in CTL 

and TGFb treated HK-2 cells in the six culture medium formulations. GAPDH was used as a 
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loading control. The mean expression for each culture medium group is shown relative to the 

corresponding controls. E: representative immunoblot. Abbreviations: CTL – Control group; 

TGFb – Transforming growth factor-β1 (10 ng/ml)-treated group; FN – Fibronectin; VIM - 

Vimentin (143). 

Figure 9. Gene expression pattern of transcription factors in various culture medium 

formulations. Gene expression of control (CTL) and TGF-β1-treated HK-2 cells in each culture 

medium are expressed as fold expression relative to the corresponding controls as follows: A. 

CTGF (n = 7–8/group), B. COL4A1  (n = 5-6/group), C. EGR2 (n = 5–14/group), D. PPARG 

(n = 5–13/group), E. EGR1 (n = 5–12/group), F. ACTA2 (n-7–24/group). Expression of each 

gene was normalized to GAPDH and shown as mean ± SD. Significant differences within the 

groups are marked in red: *p < 0.05, **p < 0.01, and ***p < 0.001. Inter-group differences 
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are marked in blue; *p < 0.05, **p < 0.01 and ***p < 0.001. Independent samples- Kruskal-

Wallis and Mann-Whitney U test (143). 

 

Among the inflammatory markers, IL6 mRNA was not induced in TGF-β1-treated HK-2 cells 

cultured in PTEC 2% medium in addition to the DMEM 2% (Fig. 10A). The expression of the 

complement C3 protein-coding gene, C3, decreased in KSFM and increased in DMEM 5% but 

did not change in any other media upon TGF-β1 treatment (Fig. 10B).  

Figure 10. Cell culture medium-dependent expression of inflammatory genes. Gene 

expression of control (CTL) and TGF-β1-treated HK-2 cells in each culture medium is 

expressed as fold expression relative to the corresponding controls as follows: A. IL6 (n = 5–

7), B. C3 (n = 7–11/group). Gene expression was normalized to GAPDH and shown as 

mean ± SD. Significant differences within the groups are marked in red: *p ≤ 0.05, **p ≤ 0.01, 

and ***p ≤ 0.001. Inter-group differences are marked in blue; *p ≤ 0.05, **p ≤ 0.01 and 

***p ≤ 0.001. Independent samples - Kruskal-Wallis and Mann-Whitney U test (143). 

 

Based on the differential expression of mRNAs in culture medium formulations, we 

investigated the expression pattern of EGR1 in TGF-β-induced HK-2 cells by 

immunofluorescence. TGF-β1 induced EGR1 translocation to the nucleus indicating 

transcriptional activation in DMEM F12 10% and KFSM media (Fig. 11A). Cells grown in 

other media (DMEM 2%, 5%, 10%, and PTEC 2%) showed only cytoplasmic overexpression 

of EGR1 (Fig. 11A). Still, by both gene expression and immunoblot analysis, we observed 

TGF-β1 protein expression induced by TGF-β1 treatment independent of the culture medium 

used (Fig. 11B). 
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Figure 11.  EGR1 and TGF-β1 immunocytochemistry of TGF-β1-induced HK-2 cells. EGR1 

(A) and TGF-β1 (B) protein expression of control and TGF-β1-treated (10 ng/ml for 24 h) cells 

in different medium formulations. Immunofluorescence, 400 × magnification. Neg. Contr.: 

representative photograph of the negative control sample (omitting the primary antibodies). 

The scale bar represents 50 μm. Red staining: EGR1 or TGF-β1 1; blue staining: nuclei 

(DAPI). Magenta: double staining (143). 
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4.2. Results 2 (PPARγ agonist in kidney fibrosis) 

In section 4.2, there is a peer-reviewed publication available (144). 

 

4.2.1. The effect of PPARγ agonist on the fibrotic process 

In previous years, our research team has shown that pioglitazone effectively decreased 

the development of TGF-β-induced glomerulosclerosis and TIF in vivo (22). Therefore, our 

objective was to investigate the impact of pioglitazone on EMT and fibrogenesis in vitro using 

primary mouse renal TECs. In vitro, TGF-β1 induction resulted in increased expression of pro-

fibrotic Tgfb1 and Ctgf mRNA and TGF-β1 protein (Fig. 12A–C). A two-fold rise in Col1a1 is 

observed (Fig. 12D). Pioglitazone therapy effectively inhibited all these inductions of pro-

fibrotic gene expression. The data presented here corroborate our research team’s prior in vivo 

findings (22). 

In addition, TGF-β1 increased the expression of the pro-fibrotic Runx1 transcription 

factor (Fig. 12E) and the matrix-degrading Mmp2 (Fig. 12F), dramatically reduced by 

pioglitazone therapy. While TGF-β1 did not enhance the mRNA expression of the Mmp2 

inhibitor Timp2 (Fig. 12G), pioglitazone decreased its expression to lower levels than the 

control. TGF-β1 also stimulated the EMT in primary TECs, as seen by increased levels of Acta2 

mRNA and VIM protein expression (Fig. 12H, J). Conversely, pioglitazone reduced the 

expression of both transcripts to levels comparable to the control.  

Interestingly, the nearly 50% reduction in Pparg expression upon TGF-β1 

administration was not influenced by pioglitazone treatment in vitro (Fig. 12I). In addition, we 

noticed that pioglitazone therapy had a beneficial effect on the expression of Egr1 and Stat3 

mRNA in primary TECs (Fig. 13A, B), which aligns with our prior findings in vivo (22). 

Given the significant involvement of EGR2 in the development of kidney fibrosis (51), we 

aimed to examine the impact of pioglitazone on the expression of Egr2 induced by TGF-β, both 

in vitro and in vivo. The application of TGF-β1 to primary mouse TECs resulted in a four-fold 

increase in Egr2 expression, which was inhibited by the administration of pioglitazone (Fig. 

14A). The cells showed minimal levels of EGR2 immunostaining in untreated controls. 

However, with TGF-β1 treatment, there was a considerable increase in EGR2 expression with 

nuclear localization. In contrast, pioglitazone treatment reduced the up-regulation of TGF-β1-

induced EGR2 expression (Fig. 14B). 

We observed similar protective effects of chronic pioglitazone treatment in vivo. 

Untreated TGF-β transgenic mice showed a significant Egr2 mRNA (Fig. 14C) and protein 

overexpression compared to wild-type controls (Fig. 14D), significantly reduced to control 
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levels by pioglitazone treatment. Pioglitazone inhibited further fibrotic responses in mouse 

kidneys. The extent of TGF-β-induced glomerulosclerosis (Fig. 14E and G) was significantly 

reduced by pioglitazone. However, chronic pioglitazone treatment completely reversed 

tubulointerstitial damage induced by TGF-β (Fig. 14F and G).  

 

Figure 12. The effect of pioglitazone on the fibrotic response and EMT of primary murine 

TECs. Bar charts represent PTECs treated with TGF-β1 for 24 h (10 ng/mL) and pioglitazone 

(5 μM) (n = 4/group): expression of mRNAs is shown in (A) Tgfb1, (B) Ctgf, (D) collagen-1 

(Col1a1), (E) Runx1, (F) Mmp2, (G) Timp2, (H) α-SMA (Acta2), (I) PPARγ (Pparg). Proteins 

are shown in (C) TGF-β1 and (J) vimentin (VIM). Target gene expressions were normalized to 
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18S rRNA. VIM staining intensity in arbitrary units (a.u.) was calculated using ImageJ v1.53 

(VIM: red; nuclear staining (DAPI, blue); 400× magnification, white scale bars represent 20 

µm). Data represented as mean ± SD, One-way ANOVA, and Holm–Sidak post hoc test: *: p < 

0.05; **: p < 0.01; ***: p < 0.001 (144). 

 

Figure 13. Pioglitazone inhibits TGF-β1-induced EGR1 and STAT3 transcription in primary 

TECs. The mRNA expression of Egr1 (A) and Stat3 (B) was significantly induced by 24 h TGF-

β1 treatment (10 ng/mL), but they restored to or maintained less than control levels by 5 μM 

pioglitazone (n = 4/group). Data are presented as mean ± SD, One-way ANOVA, and Holm–

Sidak post hoc test, *: p < 0.05; **: p < 0.01 (144). 

 

Therefore, the expression of the clusterin (Clu) gene, which serves as an indicator of tubular 

damage, was considerably increased in transgenic mice that did not receive treatment. However, 

in mice treated with pioglitazone, the expression of the Clu gene remained at the same level as 

in the control group (Fig. 14H). The administration of pioglitazone eliminated the increased 

expression of Mmp2 and Timp2 genes in TGF-β transgenic mice, similar to the findings in 

primary TECs. Additionally, pioglitazone therapy significantly suppressed the up-regulation of 

the Runx1 transcription factor (Fig. 15A–C). In contrast to primary TECs, pioglitazone therapy 

effectively restored the renal Pparg expression, significantly reduced by TGF-β1 in vivo (Fig. 

15D). 
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Figure 14. The effect of TGF-β and pioglitazone on the renal pro-fibrotic EGR2 response in 

vitro and in vivo. A-B charts represent PTECs treated with TGF-β1 for 24 h (10 ng/mL) and 

pioglitazone (5 μM) (n = 4/group): expression of mRNA or protein shown in (A) Egr2, (B) 

EGR2 protein. A-H charts represent mouse groups (n = 6/group): CTL: wild-type controls, 

TGF: un-treated TGF-β transgenic mice; TGF + Pio: pioglitazone-treated (20 mg/kg/day) 

TGF-β transgenic mice: (C) Egr2 mRNA, (D) EGR2 protein, (H) Clu mRNA. Mouse kidney 

immunohistochemistry is shown in (E) glomerulosclerosis index, (F) tubulointerstitial index, 

(G) dilatation, and epithelial cell desquamation. Target gene expressions were normalized to 

18S rRNA. EGR2 staining intensity in arbitrary units (a.u.) was calculated using ImageJ v1.53 

(EGR2: red; nuclear staining (DAPI, blue); co-localization: purple; 400× magnification, white 

scale bars represent 20 µm). Representative photomicrographs of Masson’s trichrome-stained 

mouse kidneys were taken at 400× magnification (black scale bars represent 50 µm). Data are 

presented as mean ± SD, One-way ANOVA, and Holm–Sidak post hoc test, *: p < 0.05; **: p 

< 0.01; ***: p < 0.001 (144). 
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Figure 15. Pioglitazone reverses the dysregulated renal gene expression of fibrosis-related 

factors in TGF-β transgenic mice. Charts represent mouse groups (n = 6/group): CTL: wild-

type controls, TGF: un-treated TGF-β transgenic mice; TGF + Pio: pioglitazone-treated (20 

mg/kg/day) TGF-β transgenic mice: (A) Mmp2, (B) Timp2, (C) Runx1, (D) Pparg. The 

expression of target genes was normalized to 18S rRNA. Data are presented as mean ± SD, 

One-way ANOVA, and Holm–Sidak post hoc test, *: p < 0.05; **: p < 0.01 (144). 

 

The anti-inflammatory effect of pioglitazone was also explored. In mouse primary TECs, 

pioglitazone administration decreased TGF-β1 inducted Ccl2, Lgals3, and pro-inflammatory 

cytokine Il6 mRNA overexpression. TGF-β1 suppressed C3 mRNA expression and was even 

further reduced by pioglitazone in primary TECs (Fig. 16D). Pioglitazone alleviated TGF-β1 

induced mice renal Ccl2, Lgals3, and Il6 ((Fig. 16E-G). To investigate the potential regulation 

of C3 by TGF-β and pioglitazone in primary TECs and mice kidneys, we also studied the 

possible contribution of local renal C3 to tubulointerstitial inflammation and fibrosis. While the 

expression of renal C3 was increased in TGF-β transgenic animals (Fig. 16H), it is doubtful 

that this shift can be attributable to modifications in tubular cells since they exhibited a 

decreasing tendency in vitro (Fig. 16D). 
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Figure 16. Pioglitazone inhibited the TGF-β1-induced inflammatory response in vitro and in 

vivo. Charts A-D represent PTEC treatment groups (n = 4/group; TGF-β: 10 ng/mL; Pio: 5 

μM pioglitazone): (A) Ccl2, (B) Lgals3, (C) Il6 and (D) C3 mRNA.  Charts E-H represent 

mouse groups (n = 6/group): CTL: wild-type controls, TGF: untreated TGF-β transgenic mice; 

TGF + Pio: pioglitazone-treated (20 mg/kg/day) TGF-β transgenic mice: (E) Ccl2, (F) Lgals3, 

(G) Il6, and (H) C3 mRNA expression. Target gene expressions were normalized to 18S rRNA. 

Data are presented as mean ± SD, One-way ANOVA, and Holm–Sidak post hoc, *: p < 0.05; 

**: p < 0.01; ***: p < 0.001 (144). 

 

4.2.2. PPARγ agonist and “fibromiRs” 

Both miR-199a-3p and miR-199a-5p can regulate TGF-β-mediated pathological renal 

processes, as shown in studies (97-99). The treatment with TGF-β1 significantly enhanced the 

expression of both miR-199a-3p and miR-199a-5p in primary TECs. However, this effect was 

suppressed by pioglitazone, as shown in Fig. 17A and B. In line with these findings observed 

in vitro, the kidneys of untreated TGF-β transgenic mice showed a four-fold increase in miR-

199a-3p expression and a three-fold increase in miR-199a-5p expression compared to the 

kidneys of control mice. However, when these mice were treated with pioglitazone for a long 

time, the levels of miR-199a-3p and miR-199a-5p were effectively reduced to those in the 

kidneys of control mice (Fig. 17D and E). Consistent with previous findings on human kidney 

cells (96), our experiments confirmed that the expression of miR-130a was significantly up-

regulated in our primary murine TECs after TGF-β1 treatment (Fig. 17C) and also in the 
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kidneys of TGF-β transgenic mice (Fig. 17F). However, this up-regulation was effectively 

suppressed by pioglitazone treatment. The renal miR-21-5p, expressed at a much higher level 

in TGF-β transgenic than in wild-type mice, returned to normal levels after five weeks of oral 

administration of pioglitazone (Fig. 17G). This finding further confirms the effectiveness of 

pioglitazone therapy against the pro-fibrotic effects of TGF-β in vivo (Fig. 15).  

Figure 17. Pioglitazone attenuates the TGF-β induced dysregulation of pro-fibrotic miRNAs 

in vitro and in vivo. Charts A-C represent primary TEC treatment groups (n = 4/group; TGFβ: 

10 ng/mL; Pio: 5 μM pioglitazone): (A) miR-199a-3p, (B) miR-199a-5p and (C) miR-130a.  

Charts D-G represent mouse groups (n = 6/group): CTL: wild-type controls, TGF: untreated 

TGF-β transgenic mice; TGF + Pio: pioglitazone-treated (20 mg/kg/day, p.o.) TGF-β 

transgenic mice: (D, E) miR-199a, (F) miR-130a, and (G) miR-21-5p. Target miRNA 

expressions were normalized to U6 snRNA. Data are presented as mean ± SD, One-way 

ANOVA, and Holm–Sidak post hoc test, *: p < 0.05; **: p < 0.01; ***: p < 0.001 (144). 

 

4.2.3. PPARγ agonist improves autophagy dysfunction 

To evaluate the impact of pioglitazone on impaired autophagy in renal tubules, both in 

vitro and in vivo, we measured the levels of LC3 and SQSTM1. The expression of LC3 was 

increased in primary TECs when exposed to human recombinant TGF-β1, as shown in Fig. 

18A and B. However, despite the observed increase, autophagy degradation was not stimulated, 

as shown by the decreased LC3-II/I ratio (Fig. 18C) and the accumulation of SQSTM1 (Fig. 
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18D). The immunostaining results provided further evidence by demonstrating a significant 

buildup of SQSTM1 protein in cells treated with TGF-β1, which was subsequently eliminated 

with pioglitazone treatment (Fig. 18E). 

Figure 18. Pioglitazone protects primary tubular epithelial cells (TEC) from TGF-β-induced 

autophagy dysfunction in vitro. Charts represent primary TEC treatment groups. (n = 

4/group; TGF-β1: 10 ng/mL; Pio: 5 μM pioglitazone): (A) Lc3b mRNA, (B) LC3-I protein, (C) 

LC3-II/LC3-I ratio, (D, E) SQSTM1 protein. Target gene expressions were normalized to 18S 

rRNA. SQSTM1 staining was evaluated as the percentage of positively stained cytoplasmic area 

using ImageJ v1.53 (SQSTM1: red; nuclear staining (DAPI, blue), 400× magnification, white 

scale bars represent 20 µm). Data are presented as mean ± SD, One-way ANOVA, and Holm–

Sidak post hoc test, *: p < 0.05; **: p < 0.01; ***: p < 0.001 (144). 

 

Moreover, the kidneys of TGF-β transgenic mice demonstrated increased LC3b and Sqstm1 

expression levels. Additionally, there was a decrease in the LC3-II/I ratio and a significant 

accumulation of SQSTM1 (Fig. 19A-E). This indicates that the increase in gene expression did 

not result in an enhanced rate of autophagy degradation. On the other hand, long-term 

administration of pioglitazone restored the impaired autophagy induced by TGF-β. This was 

evident from the increased LC3-II/I ratio and decreased accumulation of SQSTM1. 

Significantly, SQSTM1 was mostly found in the renal tubular epithelium (Fig. 19E), which 

confirms our in vitro findings. 
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Figure 19. Pioglitazone reversed renal autophagy dysfunction induced by TGF-β in mice.  

Charts represent mouse groups (n = 6/group): CTL: wild-type controls, TGF: un-treated TGF-

β transgenic mice; TGF + Pio: pioglitazone-treated (20 mg/kg/day) TGF-β transgenic mice: 

(A) Lc3b mRNA, (B) LC3-II/LC3-I protein ratio, (C) Sqstm1 mRNA, (D) SQSTM1 protein and 

(E) SQSTM1 accumulation in kidney tubules. Target gene expressions were normalized to 18S 

rRNA. SQSTM1 staining was evaluated as the percentage of a positively stained tubular area 

using ImageJ v1.53 (SQSTM1: red; nuclear stain DAPI: blue 400× magnification, white scale 

bars represent 50 µm). Data are presented as mean ± SD, One-way ANOVA, and Holm–Sidak 

post hoc test, *: p < 0.05; **: p < 0.01; ***: p < 0.001 (144). 

 

4.3. Results 3 (miRNA in kidney diseases, meta-analysis) 

Two systematic reviews and meta-analyses are contained in Section 4.3, one published (164) 

and one unpublished (accepted in BMC Nephrology). 

 

First systematic review and meta-analysis: 

38 human (762 cases, 671 controls) and 12 murine (70 cases, 66 controls) eligible studies were 

analyzed. The most dysregulated miRNAs in human CKD and murine model of CKD are listed 

in Table 1. Additionally, early CKD stages depicted up-regulated urinary miR-27b-3p and 

circulating miR-122-5p. Enrichment analysis revealed apoptosis, TNF-α signaling via NF-kB, 

G2/M checkpoint, EMT, TGF-β signaling, hypoxia, and cholesterol homeostasis known to be 

involved in CKD pathogenesis as the most affected pathways in both species (Fig. 20).  
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Table 1. The CKD miRNA signature for humans and murine was obtained through Robust 

Rank Aggregation. * - Bonferroni adjusted p-value (p<0.1 considered significant), 

Abbreviations: miRNA - microRNA, N – number (unpublished).  

CKD patients 

miRNA p-value* N. of studies Sample type 

Downregulated 

hsa-miR-181a-5p 1.6E-02 5 urine 

hsa-miR-451a 9.7E-03 6 blood 

hsa-miR-106b-5p 2.8E-02 5 

hsa-miR-486-5p -6.0E-06 12 kidney biopsy 

hsa-miR-486-3p 1.4E-05 8 

hsa-miR-451a 4.9E-03 7 

Upregulated 

hsa-miR-27a-3p 3.1E-02 6 urine 

hsa-miR-1260b 2.4E-02 5 blood 

hsa-miR-155-5p 3.5E-03 6 kidney biopsy 

hsa-miR-21-5p 1.8E-02 7 

Murine experimental models of CKD 

miRNA p-value* 
 

Sample type 

Downregulated 

mmu-miR-20a-5p  6.7E-04 4 kidney tissue 

mmu-miR-709  1.8E-03 4 

mmu-miR-429-3p 3.5E-02 4 

Upregulated 

mmu-miR-21a-5p  2.8E-03 5 kidney tissue 

mmu-miR-223-3p  3.0E-03 4 

mmu-miR-342-3p  3.7E-03 4 

mmu-miR-214-3p  1.8E-02 4 

mmu-miR-199a-5p  4.6E-02 4 
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Figure 20. Pathway union.  The scheme was created from the DIANA-miRPath v4.0 (153) 

analysis for the pathway union of MSigDB hallmark gene sets of significantly dysregulated 

miRNA in human CKD. MSigDB pathway union represents well-defined biological states or 

processes from GSEA software. Abbreviations: E2F – E2F transcription factor; mTORC1 - 

Mechanistic Target of Rapamycin Kinase; G2/M checkpoint -; Gap2 phase and Mitosis 

checkpoint; TNF-α - Tumor necrosis factor α; NF-κB - Nuclear factor κB (unpublished). 

Second systematic review and meta-analysis: 

Eighty-seven articles (from 2013 to 2022) reported 238 single and 34 panel miRNA results, 

which were included in the analysis. We analyzed data from 8351 CKD patients, 2989 healthy 

individuals, and 4331 diseased controls. Among single miRNAs, pooled SEN was 0.82, and 

SPE was 0.81 for DN vs. diabetes mellitus (DM). SEN and SPE were 0.91 and 0.89 for DN vs. 

healthy control, respectively (Fig. 21A). MiR-192 was the most frequently reported in DN, with 

pAUC of 0.91 and SEN and SPE of 0.89 and 0.89, respectively, compared to healthy controls 

(Fig. 22A). Panel miRNAs outperformed single miRNAs (pAUC of 0.86 vs 0.79, p<0.05). SEN 

and SPE of panel miRNAs were 0.89 and 0.73 in DN vs. DM, respectively. In lupus nephritis 

(LN) vs. systemic lupus erythematosus (SLE), the SEN and SPE of single miRNAs were 0.84 

and 0.81, respectively (Fig. 21B). Urinary miRNAs tended to be more effective than blood 

miRNAs (p=0.06). 
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Figure 21. The pooled sensitivity and specificity of single miRNAs in CKDs. The pooled SEN 

and SPE results in DN compared to T2DM patients were 0.82 (95% CI; 0.76-0.87) and 0.81 

(95% CI; 0.74-0.86) for single miRNAs (A). When LN patients were compared to SLE, the 

pooled SEN was 0.84 (95% CI; 0.74-0.91), and the SPE was 0.81 (95% CI; 0.72-0.88) (B). (C) 

and (D) show the pooled analysis from IgAN and FSGS. Abbreviations: LN - Lupus nephritis; 

DN - Diabetic nephropathy; FSGS - Focal segmental glomerulosclerosis; IgAN - IgA 

nephropathy; SLE – systemic lupus erythematosus; T2DM - Type 2 diabetes mellitus; H-control 

- Healthy control; D-control - Diseased control (unpublished).  
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Figure 22. The pooled AUC values of panel miRNAs in CKD comparison with A. Healthy 

and B. Diseased control groups. In the DN with healthy control, only AUC values for a panel 

of miR-15b, miR-34a, and miR-636 were reported (0.91, 95% CI; 0.86-0.96) (A). The pAUC of 

panel miRNAs in IgAN vs healthy controls was 0.79 (95% CI; 0.72-0.86) (A). The pAUC of DN 

vs. DM was 0.86 (95% CI; 0.82-0.91) for panel miRNAs (B). Among the individual studies, 

panel miR-21 and miR-30-b-5p showed higher AUC in DN than DM patients, 0.93 (95% CI; 

0.86-1.0) (B). LN patients with SLE control groups had a higher AUC than the other kidney 

diseases, e.g., panel miR-29c, miR-150, and miR-21 had 1.00 (95% CI; 0.97-1.00) (B).  

Abbreviations: LN - Lupus nephritis; DM - diabetes mellitus; DN - Diabetic nephropathy; 

FSGS - Focal segmental glomerulosclerosis; IgAN - IgA nephropathy; SLE - systemic lupus 

erythematosus; MN - Membranous nephropathy; H-control - Healthy control; D-control - 

Diseased control (unpublished).  
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5. DISCUSSION 

5.1.Discussion 1 (EMT in HK-2 cells) 

The HK-2 cell is widely used to study EMT in kidney tubules in vitro. However, 

different cell culture media have been used in published studies (165-167), which can lead to 

inconsistent experimental results. Therefore, we conducted a comparative study to investigate 

how different culture medium formulations affect cell behavior upon TGF-β1 administration, 

including cell morphology, gene expression pattern, and protein expression pattern. This is the 

first study to compare HK-2 cell morphology and expression patterns in different culture 

medium formulations. 

In general, our research found that TGF-β1 induced EMT in all the culture media we 

used. We also discovered that HK-2 cells cultured in serum-free and DMEM 2% medium had 

a slower growth rate and smaller cell size than those cultured in other media. Interestingly, our 

study showed that cells grown in media with a higher proportion of FBS (10%) appeared 

enlarged, but we did not find any evidence suggesting a connection between PTECs size and 

FBS concentration. Another study reported increased size, similar to human pancreatic cancer 

spheres, when FBS was present (168). Further research is needed to understand the effects of 

FBS on cell growth and size. We also observed that cells grown in a hormonally defined 

medium looked more flattened and elongated. The slower growth rate of cells in the DMEM 

2% medium was predictable since FBS is the main component of culture media supporting cell 

growth (169, 170).  

Our study found that the gene expression of classic EMT markers ACTA2, TGFB, VIM, 

and CTGF was significantly increased in TGF-β1-induced HK-2 cells, irrespective of the 

culture medium used. This suggests that any of the tested medium formulations can be used to 

investigate the expression changes of these genes in a TGF-β1-induced system. This finding 

supports previously published research (171). The EMT model used in this study induced the 

expression of some mesenchymal markers such as α-SMA, VIM and FN. However, there were 

some differences between protein and mRNA expression results. Khundmiri and colleagues 

noted that protein expression in HK-2 cells could differ from mRNA expression in human 

kidney and primary PTECs due to the low percentage (26%) of proximal tubule-specific 

transcripts detected in the HK-2 cell line, as obtained from RNA-Sequencing (172).  

The differential expression of genes and proteins may be explained by the lack of serum 

in the serum-free medium or interactions with other additives in the culture medium. Among 

these additives, EGF is a mitogen that aids cell proliferation, but its combination with TGF-β 

may cause primary PTECs hypertrophy and excessive accumulation of extracellular matrix 
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proteins (173). This could be the reason behind the higher expression of COL4A1 in the KFSM 

medium supplemented with EGF compared to other media used in our study. 

PPARγ is a nuclear receptor superfamily member shown to improve renal fibrogenesis 

(22, 122). Studies have found that PPARG is downregulated in fibrosis, and PPARγ agonists 

can potentially treat fibrotic diseases (22, 174, 175). Our findings support these studies, as we 

observed a significant decrease in PPARG expression in all medium formulations tested when 

exposed to TGF-β1 (Fig. 9D).  

The EGR1 and EGR2 are believed to be essential for fibrosis in kidney diseases (126, 

128, 176-178). In a previous study, we found evidence of a PPARG-EGR1 connection in TGF-

β-induced renal fibrosis (22). Interestingly, EGR1 expression varied in response to TGF-β1 

stimulation depending on the culture medium used. Despite increased TGF-β mRNA and 

protein expression and reduced PPARG in all media, we observed nuclear translocation of 

EGR1 only in two culture media tested. This suggests that EGR1's transcriptional activity may 

be influenced by the culture medium used. In contrast, EGR2 expression was significantly and 

similarly induced by TGF-β1 in all media investigated. 

Interestingly, inflammatory mediators IL-6 and C3 expression depend on the type of 

cell culture media used. The kidney proximal tubular cells are exposed to various cytokines 

from glomerular filtration, and they synthesize complement proteins, including C3 and factors 

B and H (179, 180). Our study found that C3 production depended on the serum content of the 

medium, particularly in DMEM and DMEM/F12-based formulations. TGF-β induced C3 

overexpression only in DMEM with 5% FBS medium. Previous research has shown that C3 

decreases upon TGF-β1 in primary PTECs in a serum-free medium supplemented with 

hormones and EGF (181). This supports our observation as C3 was downregulated by 50% in 

the serum-free KSFM. The differences in FBS-supplemented media require further 

investigation. 

It is essential to acknowledge the limitations of using cultured HK-2 cells as a model of 

the proximal tubule. These cells do not fully replicate the natural expression of apical/basal 

membrane transporters and metabolizing enzymes in the kidneys. In vivo, renal proximal 

tubular cells display metabolic zonation with different enzyme machinery and transporters 

along proximal tubule segments S1, S2, and S3 (182, 183). HK-2 cells may only represent one 

of these segments. Despite these limitations, HK-2 cells are widely used in translational 

research (184).  

To gain a more detailed understanding of the effect of different medium formulations in 

HK-2 cells, it is necessary to investigate the long-term effect of TGF-β1-induced gene and 
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protein expression and regulation. Furthermore, future studies should investigate the effect of 

individual additives, hormones, growth factors, and insulin, e.g., on the TGF-β-induced EMT 

model in HK-2 cells. 

 

5.1.Discussion 2 (PPARγ agonist in kidney fibrosis)  

We have demonstrated that pioglitazone, a PPARγ agonist, can protect renal tubular 

cells from TGF-β1-induced pro-fibrotic response (Fig. 24). This protection was observed in 

both in vitro and in vivo settings. Pioglitazone ameliorated autophagy dysfunction, reduced pro-

fibrotic miRNAs and EGR2, and inhibited inflammation. Notably, our study is the first to show 

that pioglitazone can prevent a significant increase in EGR2 expression induced by TGF-β1 in 

both mouse primary TECs and TGF-β transgenic mouse kidneys. Pioglitazone modulation was 

associated with reduced nuclear localization (shuttling) of EGR2. 

The EGR2 protein is similar to EGR1 in structure and function, but they have distinct 

roles and are not interchangeable. EGR2 is critical in peripheral nerve myelination, 

adipogenesis, and immune tolerance (185). Its involvement in kidney fibrosis has been recently 

discovered (51). When TGF-β is present, EGR1 is quickly and transiently upregulated, which 

triggers the stimulation of EGR2 gene expression. Both EGR1 and EGR2 directly enhance 

collagen gene expression (185). In vitro, EGR2 overexpression induces the fibrotic response, 

while EGR2 silencing in vitro and in vivo inhibits the response. Additionally, EGR1 enhances 

renal collagen transcription and induces autophagy-related LC3B expression in pulmonary 

disease (186).  

Some miRNAs with abnormal expression have also been associated with fibrosis 

progression (referred to as fibromiRs) and were postulated as potential therapeutic targets. The 

miR-199a-5p and -3p can be generated from miR-199a-1 and -2 precursors, and both can 

influence the TGF-β pathway. For instance, miR-199a-5p was reported to inhibit ER stress in 

renal IRI (187) and to down-regulate PPARγ, exacerbating renal interstitial fibrosis in rats with 

hyperuricemia (97). Elevated miR-199a-5p has also been reported in mouse and human CKD, 

underscoring its potential importance (99). On the other hand, PPARγ might regulate the 

expression of miR-199a-5p by influencing the processing or stability of pre-miR-199a at the 

post-transcriptional level (188). Other studies suggested miR-199a-3p to play a role in fibrosis 

development by regulating TGF-β signaling. Yang and colleagues showed that p53 increased 

renal miR-199a-3p expression, leading to STAT3 activation in UUO mice (98). In rats, subtotal 

nephrectomy induced renal miR-199a-3p overexpression (189). In renal TECs, miR-199a-3p 

expression was significantly elevated upon TGF-β1 treatment, and overexpression of miR-
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199a-3p influenced collagen synthesis (190). Our experiments revealed that both miR-199a-5p 

and miR-199a-3p were similarly increased in TGF-β-treated primary TECs and the kidneys of 

TGF-β-overexpressing mice, but the PPARγ agonist pioglitazone alleviated the dysregulation 

of miR-199a-3p and miR-199a-5p. 

 

Figure 24. Proposed tubular cells respond to pro-fibrotic factors, leading to the development 

of kidney fibrosis. The figure shows possible tubular cell responses to TGF-β overexpression, 

such as inflammation, autophagy dysfunction, and the expression of both anti- and pro-fibrotic 

miRNAs, in addition to the known tubular cell responses, such as overexpression of RAS, 

decreased FAO, cell cycle arrest and ECM production. PPARγ agonists can modulate these 

responses during kidney fibrosis. PPARγ agents are known to have off-target effects, but we 

propose a crosstalk between PPARγ and TGF-β expression during kidney fibrosis based on our 

PPARγ agonist results in vitro and in vivo models. Abbreviations: CPT-1 - Carnitine 

palmitoyltransferase 1α; ECM - Extracellular matrix; EMT - Epithelial to mesenchymal 

transition; FA - Fatty acid; FAO - Fatty acid oxidation; PGC-1α - PPARγ coactivator; ROS - 

Reactive oxygen species; Snail - Snail family zinc finger 1; RAS - Renin-angiotensin system; 

Shh - Sonic hedgehog signaling ligands; Wnts - Wnt/β-catenin signaling ligands. Image 

modified from D. Zhou and Y. Liu (39).  

 

TargetScan analysis suggests that PGC-1α coding genes PPARGC1B, EGR1, FN1, and 

RUNX1 are among the miR-199a-3p target genes, and they are highly conserved (191). 
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However, the only RUNX1 binding that was experimentally validated in the miRTarBase 

database (154), EGR1, FN1, and PPARGC1B, must be validated in further studies. During TGF-

β1 overexpression, the levels of RUNX1, EGR1, miR-130a, and miR-199a-3p/5p increased in 

primary TECs and kidney tissue from TGF-β transgenic mice in our study. On the other hand, 

in administering a PPARγ agonist, all of them returned to the control group expression levels. 

This might explain the relationship between these genes, miRNAs, and PPARγ during renal 

fibrosis. However, we did not investigate the expression of PPARGC1B in our study, and 

researchers need to address this aspect further. 

 

Figure 25. The conserved binding sites between miR-199a-3p and target genes 3′UTR. 

Abbreviations: PPARGC1B - PGC-1α coding gene; EGR1 - Early growth response 1; FN1 - 

Fibronectin 1; RUNX1 - Runt-related transcription factor 1 (data retrieved from TargetScan 

(v.8.0) (155), unpublished).  

 

For instance, the inhibition of miR-130a-3p protected against renal fibrosis in vitro 

through the TGF-β1/Smad pathway (96). Our research team has previously reviewed that TGF-

β1 decreases PPARγ mRNA via induction of the miR-130a/301b cluster in human and murine 

pulmonary artery smooth muscle cells (30). Additionally, PPARγ inhibits miR-130a expression 

in cardiac cells, and pioglitazone mitigates doxorubicin-induced cardiotoxicity via miR-130a 

(192). Corroborating these studies, we observed that five-week treatment with the PPARγ 

agonist pioglitazone reduced miR-130a expression to control levels in mice with TGF-β-

induced kidney fibrosis. In addition, as previously demonstrated in HK-2 cells (193), the ability 

of pioglitazone to reduce miR-21 was also expressed in our mouse kidneys.  

Studies have demonstrated that TGF-β1 has a dual effect on the regulation of autophagy 

(194). Persistent activation of autophagy can promote interstitial fibrosis and contribute to 

CKD. On the other hand, autophagy functions as a cytoprotective mechanism by negatively 

regulating mature TGF-β1 in renal PTECs (142).  
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In the kidney, PTECs exhibit relatively low levels of autophagy function, which TGF-β  

can induce (195). Mature TGF-β is degraded by the autophagic pathway when stimulated by 

TGF-β and auto-induction (196). Defective autophagy can worsen renal fibrosis, as seen in a 

rat model of UUO, where the administration of the autophagy inhibitor 3-MA enhanced tubular 

apoptosis and interstitial fibrosis (196, 197). Deletion of the autophagic protein beclin-1 in mice 

increased type-1 collagen deposition in the kidneys (195). LC3-deficient and beclin-1-deficient 

mice subjected to UUO also showed increased collagen deposition and TGF-β1 protein levels 

(196). Despite the transcriptional upregulation of autophagy-related genes, our experiments 

indicate that tubular SQSTM1 protein levels remained elevated, suggesting dysfunctional 

degradation via autophagy upon TGF-β induction in both primary TECs and the kidneys of 

TGF-β transgenic mice. 

Several studies have verified the association between PPARγ and the pathways 

associated with autophagy. PPARγ agonists in bronchial epithelial cells have been shown to 

enhance the expression of autophagy-related proteins, including beclin-1 and LC3-II/I, while 

reducing the buildup of SQSTM1. These findings indicate that PPARγ can enhance autophagy 

(198). Our data confirm that the PPARγ agonist pioglitazone (a clinically proven anti-diabetic 

medication) has shown efficacy in decreasing the tubular buildup of SQSTM1. Furthermore, it 

restored the impaired autophagy caused by TGF-β both in vitro and in vivo. 

The pathogenesis of kidney fibrosis can also be initiated or worsened by inflammation 

through multiple pathways, regulated by a complex interaction of different factors involving 

cytokines, chemokines, and adhesion molecules. CCL2 levels significantly correlated with the 

progression of interstitial fibrosis in human CKD patients (199). Suppression of IL-6 in TECs 

hampered interstitial fibrosis and tubular atrophy. Conversely, chronic administration of IL-6 

enhanced the fibrotic process (34). Extracellular galectin-3 can modulate significant 

interactions between epithelial cells and the extracellular matrix (200), and the absence of 

galectin-3 protects against renal myofibroblast accumulation and activation in the UUO kidney 

fibrosis model (33). Additionally, studies suggest that functionally active C3 proteins and C3aR 

are expressed in PTECs and play an essential role in the pathogenesis of kidney fibrosis (201, 

202). In our study, fibrotic kidneys and TGF-β-treated TECs exerted up-regulation of pro-

inflammatory transcripts Il6, Ccl2, and Lgals3, successfully attenuated by pioglitazone 

treatment. Previous studies reported the anti-inflammatory actions of pioglitazone in coronary 

arteriosclerosis by reducing the expression of CCL2 receptor (CCR2) (203) as well as in 

traumatic brain injury by modulating the PPARγ/NF-κB/IL-6 pathway (204). As part of its anti-

inflammatory effect, pioglitazone attenuated the renal C3 overexpression in our TGF-β 
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transgenic mice. Moreover, short-term pioglitazone administration exerted anti-inflammatory 

effects in DN patients as well (205). 

 

5.2.Discussion 3 (miRNA in kidney diseases, meta-analyses) 

First systematic review and meta-analysis: 

The first meta-analysis was the new method to summarize hypothesis-free miRNA 

profiling studies by disease, sample type, and stages that might reveal novel miRNAs and avoid 

miRNA selection bias.  To overcome the potential effects of various platforms and sample sizes, 

we implemented RRA (147, 148) and vote-counting (149) methods for statistical analysis. 

Overall, RRA and vote-counting results were consistent, and four up- and six down-regulated 

miRNAs in CKD patients and five up- and three down-regulated miRNAs in murine CKD 

models were identified. The enrichment analysis of top dysregulated miRNAs revealed their 

involvement in various pathways. These pathways are known to be associated with the 

pathogenesis of CKD (Fig. 20) (206-208). 

In our study, miR-21a-5p, miR-223-3p, and miR-214-3p were up-regulated in murine 

experimental CKD, while miR-21-5p was up-regulated in CKD patients. These findings are 

consistent with a previous meta-analysis of kidney fibrosis (209). In the meta-analysis of DN, 

three up-regulated and two down-regulated miRNAs were previously reported, but only miR-

21-5p overlapped with our analysis (210). A meta-analysis of LN patients identified five meta-

signatures in kidney tissue, 9 in blood, and 5 in urine samples, but only miR-1260b, miR-21-

5p, and miR-155 corroborate our results (211). Our study focused only on hypothesis-free 

miRNA profiling studies that included healthy controls, which might explain the differences in 

top-listed miRNAs compared to previous studies.  

 

Second systematic review and meta-analysis: 

Our objective was to assess the accuracy of single and panel miRNAs in diagnosing 

kidney diseases using various sample types. After a meta-analysis, we found that panel miRNAs 

more effectively detect kidney diseases than single miRNAs. Furthermore, the overall 

diagnostic performance of miRNAs, the pAUC, was better when comparing kidney disease 

patients to healthy controls rather than diseased controls. In addition, urinary miRNAs tended 

to exhibit higher diagnostic accuracy with an overall pAUC of 0.86 compared to blood samples 

with an overall pAUC of 0.82. 

Previous studies are in agreement with our finding that the diagnostic accuracy of the 

panel of miRNAs is superior to that of single miRNAs (212). We also considered specific 
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kidney diseases and conducted separate analyses for healthy and diseased control groups while 

considering the correlation between results from the same population. In addition, we 

performed a pooled analysis for AUC values from each study to determine overall diagnostic 

accuracy, eliminating the possibility of threshold effects.  

We found that certain panels of miRNAs had higher overall AUC when comparing DN, 

LN, or FSGS to healthy controls. These panels include miR-15b, miR-34a, miR-636 for DN, 

miR-21, miR-150, miR-423 for LN and miR-125b, miR-186, miR-193a-3p for FSGS. For 

disease control studies, panels of miRNAs, such as miR-21 and miR-30-b-5p, had better overall 

AUC differentiating between DN vs. T2DM patients. Similarly, panels of miR-29c, miR-150, 

and miR-21 effectively distinguished LN from SLE patients. Another study by J. Li and 

colleagues also identified specific miRNA panels that were superior for CKD, such as miR-

27b-3p and miR-1228-3p for DN, miR-21, miR-150, and miR-29c for LN, miR-106a-5p, and 

miR-30a-5p for mesangial proliferative glomerulonephritis (212). 

In comparison, our findings may differ slightly from those of J. Li and colleagues, it is 

essential to note that our analysis included separate controls for healthy and diseased individuals 

with various kidney diseases. Multiple studies on cancer have also shown that a miRNA panel 

is a more effective diagnostic marker than a single miRNA (213).  For instance, Bhaskaran V 

and colleagues reported that several miRNAs showed a clustered expression pattern in 

glioblastoma, even if not encoded in the same genetic locus (214). Moreover, they focused on 

targeting several miRNAs simultaneously; as a result, co-expressed miRNAs allow repression 

of epigenetic oncogenic signaling pathways and have more profound therapeutic effects than 

single miRNA therapy (214). In nephrology, it might also be helpful to consider the expression 

of miRNA clusters and test a miRNA panel for diagnostic purposes. 
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6. CONCLUSIONS 

Our study concludes that the behavior of HK-2 cells during TGF-β1-induced in vitro 

EMT can be affected by cell culture medium formulations. Although TGF-β1 triggers EMT in 

all investigated culture medium formulations in HK-2 cells, the activation of EGR1 and the 

inflammatory response varies. Therefore, it is crucial to carefully select cell culture medium 

formulations and explain the expression of EMT and pro- and anti-fibrotic markers in TGF-β1-

induced HK-2 cells, as it should not be ignored in translational research.  

Taken together with results from the second experimental study, we propose that 

pioglitazone treatment can rescue the dysfunctional autophagic activity in TGF-β1 induced 

renal fibrosis and facilitate the clearance of damaged cellular organelles, restoring cellular 

function. This effect and the decreased expression of fibromiRs and pro-inflammatory 

molecules (Fig. 16-17) likely account for the potential anti-fibrotic, anti-inflammatory, and 

protective effects of PPAR agonists in CKD, which are highly relevant according to clinical 

therapy. 

Two meta-analysis approaches showed us the importance of miRNA dysregulation in 

CKD and their usage as diagnostic biomarkers.  In addition, dysregulated miRNAs could be 

specific to disease, biological samples, and disease stages in CKD patients. From the diagnostic 

accuracy analyses, miRNAs could differentiate CKD patients, healthy individuals, and disease 

patients without overt CKD. The panel miRNAs were more compelling to diagnose CKD 

patients than single miRNAs. However, the fewer published articles in this field complicated 

the meta-analysis approach and did not provide the possibility to synthesize data on each kidney 

disease.  

Novelty of the thesis: 

• Highlighting the variety of cell culture medium-related biases in the TGF-β-induced 

EMT model in vitro. 

• miR-199-3p and miR-199-5p are involved in TGF-β-induced kidney fibrosis in vitro 

and in vivo. The antifibrotic effect of PPARγ might be related to miR-199 and its target 

genes. 

• Using systematic review and meta-analysis approaches to identify most dysregulated 

miRNAs from studies focused on hypothesis-free assays and identifying targeted 

molecular pathways are relatively new methods in translational nephrology. 
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7. SUMMARY 

CKD is a significant health challenge that affects 13.4 percent of the global adult population 

(3). It is a leading cause of mortality (4), and patients often face irreversible structural and 

functional losses in their kidneys. However, recent research has shed light on several promising 

avenues for tackling kidney fibrosis. These include exploring TGF-β-induced renal fibrosis 

models, which have helped researchers gain a deeper understanding of the molecular basis of 

this condition. Dysregulation of autophagy and miRNAs also appear to play critical roles in 

kidney injury besides well-known fibrotic and inflammatory processes, and further study in this 

area may yield new insights into the development of diagnostic markers and therapeutic agents. 

In addition to novel therapeutic approaches, repurposing existing medications is a timeless 

strategy for enhancing health outcomes — for example, the anti-diabetic PPARγ agonist 

pioglitazone is known to have anti-fibrotic effects. 

In this thesis, we elucidated four separate projects focused on different aspects of kidney 

fibrosis: 1) human PTECs response to the pro-fibrotic cytokine, TGF-β1, and variety of cell 

culture medium can influence the understanding of the fibrotic mechanisms in vitro; 2) in 

addition to the previously known anti-fibrotic effect of pioglitazone in vivo from our research 

group, anti-fibrotic and -inflammatory effects were validated in TEC, in vitro. Additionally, 

there was miRNA dysregulation and autophagy dysfunction in TGF-β-induced kidney fibrosis. 

The administration of pioglitazone attenuated these processes; 3) using systematic review and 

meta-analysis approaches, the most dysregulated miRNAs in human and murine models of 

CKD and diagnostic performance of miRNA in human CKDs were determined. The panel 

miRNAs had better diagnostic performance than single miRNAs in any biological sample type. 

The following conclusions were drawn from our studies: 1) In translational research, 

experimental factors, such as culture medium variability, can lead to inconclusive results, 

especially in the TGF-β-induced EMT model in HK-2 cells; 2) Pioglitazone has an anti-fibrotic 

effect and has the potential to regulate miRNA and macroautophagy function. Our in vitro and 

in vivo kidney fibrosis model results may indicate that we can repurpose pioglitazone to treat 

CKD. However, adverse reactions due to the activation of PPARγ, such as fluid retention, are 

a concern in the clinic. Understanding the molecular mechanism of PPARγ in CKD can increase 

the chance of developing targeted agents with fewer adverse reactions in the future; 3) Lastly, 

miRNA dysregulation is common during CKD. These miRNAs have the potential to be used 

as biomarkers in CKD. 
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