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Abstract: This study aimed to investigates obesity-related glomerulopathy (ORG) at cellular, 

structural, and transcriptomic levels. Thirty Wistar rats were randomized into two groups: control 

(n=15) and study groups (n=15) that were fed a standard (SD) and high-fat diet (HFD), respectively. 

After 10 weeks, the weight, kidney function, histological features, and transcriptomic changes were 

assessed. HFD group exhibited increased weight gain (55.8% vs 29.2%; P< 0.001) and albuminuria 

(10384.04 ng/ml vs 5845.45 ng/ml; P<0.001) compared to controls. The HFD group exhibited early 

stages of ORG lesions, with a predominance of mesangial matrix increase and podocyte 

hypertrophy (PH). These lesions correlated with differentially expressed (DE) genes and miRNAs. 

Functional analysis showed that four DE miRNAs in the kidneys of the HFD group negatively 

regulated the PTEN gene, which promotes podocyte endocytosis of lipids in ORG. Among these 

four miRNAs, miR-205 was upregulated in the urine of the HFD group. HFD-fed Wistar rats 

developed early stages of ORG, with a specific targetome of miRNAs and gene expression. The 

upregulation of miR-205 in the kidney and its isolation in urine are associated with lipid endocytosis 

in podocytes, which could become a plausible biomarker of the early stages of ORG and lead to 

future therapeutic research.  

Keywords: microRNA; biomarker; targetome; obesity-related glomerulopathy; mesangial matrix 

increase; podocyte hypertrophy; Wistar rats 
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1. Introduction 

Obesity is a modifiable risk factor for the development and progression of chronic kidney 

disease (CKD) [1,2]. The risk of new-onset albuminuria, one of the two criteria documented for CKD 

diagnosis, increases by 51% in individuals with obesity [1]. In 2017, 697.5 million cases of all-stage 

CKD were recorded [3], an increase that was partially explained by the growing prevalence of obesity 

worldwide. Regrettably, 2.6 million deaths in 2017 were attributable to impaired kidney function, 

indicating that all-age CKD mortality increased by 41.5% between 1990 and 2017 [3]. The spread of 

obesity and its associated comorbidities has led to global health crises. 

The pathogenesis of obesity-related glomerulopathy (ORG) is unclear, as not all individuals with 

obesity develop CKD. Clinical manifestations of ORG include glomerular hyperfiltration, 

proteinuria, and renal impairment, making it a secondary form of focal segmental glomerulosclerosis 

(FSGS) [4]. Interestingly, before secondary FSGS is established, drastic weight loss through bariatric 

surgery reverses the initial clinical alterations in ORG [5]. Therefore, an early diagnosis should be 

mandatory to prevent the development and progression of CKD. 

In a previous study, we first described the presence of early-stage ORG in patients with severe 

obesity without overt clinical renal manifestations [6]. Moreover, renal biopsy in the early stages of 

ORG is not acceptable in clinical practice or investigations for ethical reasons. Undoubtedly, the 

discovery of non-invasive ORG biomarkers would facilitate early diagnosis without exposing 

patients to unnecessary risks. 

To deepen our knowledge of the preliminary phase of ORG, further preclinical research into the 

cellular and molecular changes is of special interest. At the molecular level, these processes are 

regulated by the integrated action of various damaging and protective/regenerative biological 

pathways. Small RNAs, including microRNAs (miRNAs), inhibit or increase the expression of target 

genes via RNA activation [7]. Thus, they may directly regulate >30% of the genes in a cell, including 

those involved in cell differentiation, growth/proliferation, migration, apoptosis/death, metabolism, 

and defense. 

Overall, understanding the initial changes in obesity-related renal disease at the cellular, 

structural, and transcriptomic levels will help recognize the pathogenic phenomena that occur in this 

disease. To enhance our knowledge of ORG and identify potential biomarkers, this study aimed to 

establish the first interactome of miRNAs, their targetome, and the presence of kidney lesions in 

obesity. 

2. Results 

2.1. Weight Gain in Rats with Diet-Induced Obesity 

The SD-fed rats reached a median weight of 461.33 ± 37.36 g (29.20% gain) after 10 weeks, 

whereas the HFD-fed rats gained 55.83% (544.06 ± 43.66 g), P<0. 001 (Figure 1). Although all 30 rats 

developed obesity, significant differences in absolute weight were observed between the two groups 

(P<0.001, Student’s t-test). The HFD-fed rats developed obesity between weeks 2 and 6, whereas half 

of the SD-fed rats developed obesity by week 10. The rate of weight gain in the HFD group was 2.3 

times higher than that in the SD group. 
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Figure 1. Comparison of rats’ weight evolution during the 10-week follow-up. The standard-diet 

group is represented in orange, and the high-fat diet group in green. * p<0.05. 

2.2. Renal Function 

Albuminuria levels were measured in 24 h-urine samples collected and correlated with body 

weight increase (r=0.702; P<0.001). The HFD-fed rats exhibited higher albuminuria levels than the SD-

fed rats (10384.04 ± 1167.96 ng/ml vs. 5845.45 ± 2616.79 ng/ml; P<0.001, respectively). Renal function 

assessed by iohexol plasma clearance technique was not significantly different between the two 

groups (67.8 ± 11.6 ml/min in the SD-fed rats vs. 71.67 ± 10.8 ml/min in the HFD-fed rats). 

2.3. Study of Renal Morphological Changes 

The rat kidneys of both the SD and HFD groups were surrounded by adipose tissue, with the 

kidneys of the HFD-fed rats appearing larger than those of the SD-fed rats. All the HFD-fed rats 

exhibited early ORG lesions observed in humans (mesangial matrix increase [MMI], podocyte 

hypertrophy (PH), mesangial cell proliferation [MCP], and glomerulomegaly), whereas the SD-fed 

rats only exhibited MMI and PH (Figure 2a–f). Morphometric analysis revealed a higher MMI in the 

HFD group than in the SD group (a mean of 93% of the glomeruli analyzed vs. 53%; P<0.001). 

Glomerular area was significantly larger in the HFD group than in the SD group (10640.92 ± 1220.62 

μm2 vs. 8562.28 ± 838.10 μm2, P=0.003). Enlarged and vacuolated proximal tubular cells with signs 

of protein reabsorption were also observed (Figure 2g). No focal or segmental glomerulosclerosis, 

interstitial fibrosis, or tubular atrophy was observed. TEM revealed swollen podocytes with an 

increased number of cytoplasmic organelles, especially mitochondria and lipid vacuoles (Figure 2h–

j). The HFD group had a lower podocyte density (18.09%) than the SD group (23.65%) (Figure 3). 
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Figure 2. a) Glomerulus with global mesangial matrix increase (PAS stain, original magnification 

x400). b) Glomerulus with mesangial cell proliferation (H&E stain, original magnification x400). c) 

Tuft glomerular area from a rat fed a SD (PAS stain, original magnification x400). d) Enlarged tuft 

glomerular area from a rat fed a HFD (PAS stain, original magnification x400). e) Podocyte 

hypertrophy with increased cytoplasm and prominent nucleolus (black arrows) (Masson trichrome 

stain, original magnification x1000). f) Podocyte hypertrophy with nuclear enlargement (black arrow) 

(H&E stain, original magnification x1000). g) Increased intracytoplasmic resorption droplets (black 

arrow) in proximal tubular cells from an obese rat fed a HFD (PAS stain, original magnification x400). 

h) Transmission electron microscopy showing swelling of the podocytes which are hyperplastic, 

occupying the urinary space (uranyl acetate and lead citrate stain, original magnification x5000); i) 

Podocyte cytoplasm showing empty spaces compatible with lipid vacuoles (uranyl acetate and lead 

citrate stain, original magnification x6000). j) Podocyte showing a slight increase in cytoplasmic 

organelles, specially megamitochondria (uranyl acetate and lead citrate stain, original magnification 

x10000). PAS: periodic acid–Schiff; H&E: hematoxylin and eosin; SD: standard diet; HFD: high fat 

diet. 
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Figure 3. Podocyte density. This figure shows two distinct examples illustrating low (a) and high (b) 

podocyte density, assessed through immunohistochemical staining for WT1 and quantified using 

QuPath. Yellow annotations were used to delineate the glomerular region of interest, where the 

‘Positive cell detection’ tool was applied. Blue annotations indicate the count of negative cells, while 

red annotations highlight positive cells. 

2.4. Diet-Induced Transcriptomic Changes and Validation of DE RNAs in Rat Kidneys 

To profile diet-related gene changes in the kidneys, RNA-Seq experiments were performed to 

compare gene expression levels in the SD (n=9) and HFD (n=8) groups, detecting 14,700 sequences. 

Hierarchical clustering and principal component analysis revealed similarities between the samples 

from the SD and HFD groups, although they were not entirely distinct (Figure 4a). Genes were 

considered DE if the adjusted P-value was <0.05 and the absolute log2FoldChange was >1, yielding 

four clearly DE genes (Epha3 and Atp12a were upregulated; Robo3 and Sult4a1 were downregulated 

in the HFD group). Additionally, 11 genes showed a tendency toward DE, including Htr5b, Ccl20, 

and Pros1 (Figure 4b). A biological significance analysis identified overrepresented pathways, 

including those related to renal injury prevention (Epha3 and Pros1), inflammation (CCL20), and 

nervous system function (Sult4a1, Robo3, and Htr5b). qPCR confirmed that ATP12a, along with 

Epha3 (P=0.00278) and Pros1 (P=0.00831), was five times upregulated in the HFD group (P=0.00130). 

Conversely, Sult4a1 and Htr5b were downregulated in the HFD group (P=0.00230 and P=0.01924, 

respectively), whereas Robo3 showed no significant difference (P=0.43209) owing to high variability 

(Figure 4c). 
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Figure 4. Transcriptomic changes and validation of differentially expressed RNAs. a-c) Samples were 

studied sorted by diet. a) Heatmap comparing the expression profiles of all sequenced genes among 

SD and HFD rats. As can be seen, samples of both groups show a very similar gene expression profile. 

b) Heatmap of over and underrepresented groups of genes (red and blue respectively) that clearly 

discriminate samples among groups. Some of these genes were selected for subsequent studies. 

Results are given as number of reads per gene. c) Validation of the differentially expressed genes in 

30 rat kidneys (15 SD vs 15 HFD) by qPCR. Results are calculated as index and given in arbitrary 

units. HFD rat values are shown in dark grey bars, SD rat values in light grey bars. D) Heatmap of 

differentially expressed genes based on kidney lesions. * indicates P <0.05; ** P <0.01; *** P <0.001, 

unpaired Student T-test. PH: podocyte hypertrophy; IMM: increased mesangial matrix; SD: standard 

diet; HFD: high fat diet. 

2.5. Lesion-Related Transcriptomic Changes and DE RNAs in Rat Kidneys 

MMI and PH were the most common histological lesions observed in the rat model. To 

understand the role of gene expression in lesion types, we analyzed transcriptomic data based on the 

presence of MMI and PH, regardless of diet. Only glutathione S-transferase alpha 3 (Gsta3) is 

downregulated in rats with PH, increasing their vulnerability to oxidative stress and contributing to 

renal interstitial fibrosis [8]. Gsta3 regulates the epithelial–mesenchymal transition and is crucial for 

renal fibrosis. Conversely, X Kell blood group precursor-related family member 4 was upregulated 

in the same group and implicated in apoptotic process engulfment [9]. Conserved oligomeric Golgi 

complex subunit 4 (Cog4) and phytoplankton are upregulated in rats with MMI. Cog4 [10] is 

expressed in tubules and is linked to kidney clear cell carcinoma, whereas PHYHIPL [11] is enriched 

after ischemic brain injury (Figure 4d,e). 

2.6. Small RNA Profile Changes According to Diet and Weight 

Unsupervised hierarchical clustering and principal component analysis identified potential 

groups based on molecular expression profiles, showing a slight but not substantial distinction 

between the HFD and SD control rats. A total of 812 sequences were detected, including Mt tRNA 

(n=22), rRNA (n=36), scaRNA (n=14), snoRNA (n=312), snRNA(n=90), and miRNA (n=338), with 15 

meeting the condition of an adjusted P-value of <0.05 and log2FoldChange of >1, mostly 
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downregulated in HFD-fed animals (Figure 5a). Thirteen miRNAs were identified using miRTarBase 

and TargetScan, with nine DE genes (miR-205, miR-140-5p, miR-185-5p, miR-128-3p, miR-28-5p, miR-

340-3p, miR-6329, miR-674-3p, and miR-148b-5p) (Figure 5b,c). GO analysis revealed targets 

associated with inflammatory responses; tissue injury and repair; and nervous tissue, fat, and 

mitochondrial functions. These miRNAs were quantified via qPCR in 30 rats, confirming miR-205 

upregulation as well as miR-6329 and miR-340-3p downregulation in HFD-fed rats (Student’s t-test, 

P=0.0170, P=0.0490, and P=0.0453, respectively). Other miRNAs showed a tendency owing to inter-

sample variability (Figure 5d). 

 

Figure 5. Transcriptomic changes and validation of differentially expressed miRNAs in kidney tissue. 

a-d) Samples were studied sorted by diet. a) Heatmap comparing the expression profiles of all 

sequenced smallRNA genes among SD and HFD rats. b) Volcano plot showing that samples of both 

groups showed a very similar gene expression profile but some underrepresented smallRNA genes 

can be observed in the HFD group. c) Heatmap of over- and underrepresented groups of interesting 

genes. Some miRNA were selected for subsequent studies. d) qPCR validation of miRNAs found to 

be differentially expressed in miRNA-Seq experiments. miR-411-5p was included as a miRNA that 

doesn’t change its expression (in red colour). HFD rat values are shown in dark grey bars, SD rat 

values in light grey bars. * P <0.05 and **P <0.01, unpaired Student T-test. e) Table categorizing 

validated miRNA-mRNA interactions based on involvement with multiple miRNAs. SD: standard 

diet; HFD: high fat diet; miRNA: microRNA; qPCR: quantitative polymerase chain reaction. 
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2.7. Functional Analysis of Pathways and Leading-Edge Genes Targeted by DE miRNAs 

To identify DE miRNAs’ targetome, we intersected, predicted, and validated miRNA targets 

with mRNAs showing negative correlations (Spearman’s correlation coefficients < −0.5) with the 

miRNAs. We identified 712 putative gene targets for the 11 DE miRNAs: 601 genes related to one 

miRNA, 30 genes related to two miRNAs, and 1 gene (PTEN) related to 4 DE miRNAs (miR-22-3p, 

miR-22-5p, miR-144-3p, and miR-205) (Figure 5e). Additionally, 79 genes were not expressed in the 

rat kidneys. Given the complex relationships between miRNAs and their targets, we focused on the 

combined upregulation of miR-22-3p, miR-22-5p, miR-144-3p, and miR-205, which negatively 

regulate PTEN gene function (Table 1). To confirm the transcriptomic data, immunofluorescence 

staining was performed on the kidneys of the SD- and HFD-fed rats. These data revealed that the SD-

fed rats had a higher PTEN–nephrin ratio than the HFD-fed rats, confirming the downregulation of 

PTEN in the HFD-fed rats (Figure 6). 

Table 1. List of genes having one interaction with miRNAs found to be DE in rat kidneys. 

 

Described regulated gene  
Number of miR-

mRNA 
interactions 

miR ID 

Abhd12b, Actl11, Armc6, Atcay, Atp13a4, B3gnt5, Ccnf, Celf4, Chgb, Cyp2a1, Cyp2a2, Cyp2a3, Dbndd1, Dmrt3, Dmrta2, Ereg, Fam71a, 
Frem3, Gbx2, Glp2r, Grm1, Grm6, Has2, Hcar2, Ido1, Iqcf3, Kctd4, Klfl4, Krt77, Ltb, egf10, Mpm13, Myh6, Notum, Nppa, Nppb, Oas1e, 
Odf1, Orl156, Orl210, Olr419, Orl455, Orl459, Orl72, Orl758, P4ha3, Pdzd9, Pou4f3, Romo1, Rps27a, Rspo2, S100a5, Scn9a, Serpinb7, 
Sh3bgrl2, Scl17a7, Scl25a54, Snap25, Snorc, Spem1, Tagln3, Tbx15, Tmem30c, Tnfsf4, Tnn, Vom2r75, Wfdc21, Xirp2, Yif1b 

No miR interactions   

Acan, Abraxas1, Acap1, Acot7, Acp1, Acrbp, Acsm3, Actr3b, Actr5, Adm, Adora2b, Adpgk, Adprhl2, Adpm, Ahvy, Ahrr, Ak2, Akna, 
Alox15, Amdhd2, Amotl2, Anapc2, Ang2, Ankrd23, Ankrd34a, Ankrd50, Ankrd6, Ankrd9, Ap2s1, Apex1, Apln, Aqp1, Arhgap25, Arhgef7, 
Arid3b, Arsg, Atg7, Atrip, Avpi1, B3gnt5, Bach2, Banp, Bbs10, Bbs4, Bbs5, Bcar3, Bckdhb, Bcl2l2, Bcl3, Bco2, Bcor, Bcorl1, Begain, Best1, 
Bfsp1, Bmi1, Bmp2, Borcs6, Bphl, Brsk1, C4bpb, C8g, Cabp1, Cacna1d, Cacna2d2, Camkmt, Camlg, Cand2, Capg, Card10, Cbx2, 
Ccdc126, Ccdc62, Ccl4, Ccl5, Ccn2, Cct5, Cd24, Cd3eap, Cd46, Cd74, Cdk20, Cdk5rap1, Celf2, Ces2g, Cfap410, Cfap52, Cflar, Ch25h, 
Chrnb1, Chst15, Cisd3, Ckmt1, Clcf1, Cldn11, Cldn23, Cldn8, Cog1, Col11a2, Col18a1, Comtd1, Coprs, Coro1a, Cpne5, Cpne7, Cryzl1, 
Csf1, Csnk2b, Cuedc1, Cwf19l1, Cxcl1, Cxcl11, Cyp19a1, Cyp24a1, Cyp46a1, Cyth2, Dbp, Dcaf15, Dctn3, Dcun1d3, Ddx25 ,Deaf1, 
Dennd6b, Depdc1b, Dhodh, Dipk1b, Dll4, Dmac2, Dnaaf5, Dnajb13, Dohh, Dolpp1, Dpp10, Dpy30, Dtwd1, Dtx2, Dusp1, Dusp27, Dusp4, 
Dusp6, E2f3, Eci1, Efna4, Efnb1, Egfr, Egr2, Ehd4, Eif2d, Elf2, Elmsan1, Elp6, Eme1, Epha2, Ephb1, Ephb3, Fabp3, Fam110c, Fam193b, 
Fam214b, Fam221a, Fam89a, Fam89b, Fank1, Fbxl6, Fcgr3a, Fem1a, Fermt3, Fgf1, Fgr, Fhl3, Fjx1, Fmc1, Fmo4, Fmod, Fntb, Foxred2, 
Frmpd4, Frs3, Fscn3, Fsip1, Fyb1, G4, Gadd45b, Galnt2, Gapt, Gatc, Gen, Gfpt2, Ggt7, Gk, Gltp, Gmppb, Gpm6b, Gpr108, Gpr19, Gpr68, 
Gpt, Gpx8, Grb10, Grem2, Grid2, Grn, Gsdma, Gstk1, Gtf3c5, Gucy1b1, Hapln4, Harbi1, Hdac4, Hdhd3, Hint2, Hlx, Hmgn5b, Hoxc5, 
Hoxd9, Hps4, Hpx, Hras, Hsd17b13, Hsd17b8, Htr5b, Hyal2, Ifi30, Ift74, Igfbp5, Ighmbp2, Igsf6, Igsf9, Il1r2, Il22ra1, Ino80b, Insyn1, 
Iqub, Irak2, Irf2bpl, Irf3, Irs1, Isyna1, Itga8, Itgb1bp2, Itgb7, Itpka, Jmjd7, Jph2, Jun, Junb, Kank4, Kat8, Kcnd3, Kcnh6, Kcnn1, Kdm8, 
Kiaa0408L, Kif2c, Kin, Klc1, Klf16, Klf5, Klhl26, Kxd1, Lactb, Lamb3, Lcmt2, Lgals3, Limk2, Lipt2, Lmntd2, Lmo1, Lnx2, Lpxn, Lrfn4, Lrif1, 
Lrp2bp, Lrrc24, Lrrc59, Lrrc71, Lrrn4cl, Ltbr, Lxn, Lypla2, Lzts2, Maff, Mageh1, Map3k14, Map3k7cl, Map3k8, Mapk14, Mapkapk3, 
Masp1, Masp2, Mbip, Mblac1, Megf10, Mettl18, Mettl3, Mfsd11, Mfsd12, Micu3, Midn, Mier2, Mks1, Mlst8, Mob3a, Mon1b, Mrpl12, 
Mrpl14, Mrpl19, Mrpl21, Mrpl37, Mrpl49, Mrpl52, Mrps31, Mtfp1, Myd88, Myo7b, Myocd, Nans, Ncam2, Ncf1, Nckap1l, Ncln, 
Ndufaf8, Ndufv3, Nek8, Neurl4, Nfkbil1, Ngrn, Nme3, Nme7, Nmnat1, Nmrk1, Noc2l, Nod2, Nol12, Nol3, Notch1, Npr1, Nr1d1, Nr2c1, 
Nr2f2, Nr2f6, Nsmf, Nt5c1a, Ntn4, Nupl2, Ocel1, Odf2l, Opn3, Osgin1, P2rx7, P2ry4, P2ry6, Pafah1b3, Pafah2, Pag1, Paqr6, Parm1, 
Pcbd1, Pcdh18, Pcdhb8, Pclaf, Pcyox1l, Pde1c, Pde4b, Pde5a, Pdgfra, Pdia5, Pdxk, Pdzd7, Pex3, Pgm1, Phb2, Phc2, Phf1, Phrf1, Phykpl, 
Pih1d2, Pik3cd, Pik3ip1, Pim1, Pim3, Pitpnm1, Pkdcc, Plac9, Plcd3, Plec, Plet1, Plk2, Plp1, Plpp7, Pmel, Pnkd, Pnma1, Pnn, Podxl2, 
Polr1e, Polr2d, Ppara, Ppp1r32, Ppp1r36, Pqbp1, Prdm1, Prelid3a, Prr5 ,Prr5l, Prss23, Psd, Psma1, Ptcd1, Ptcd2, Ptdss2, Ptpn23, Ptpre, 
Ptx3, Pygm, Qrsl1, Rab12, Rab20, Rab33a, Rabep2, Rabggta, Rad17, Ralgds, Rap1gap2, Rbks, Rbm48k, Rcor1, Recql4, Rell2, Rft1, Rgl2, 
Rgma, Rgs2, Rhpn2, Riox1, Rmdn2, Rnf126, Rnf144a, Rnf225, Rnf24, Rnf32, Rnf39, Rnh1, Rnpc3k, Rpp21,Rpusd1, Rras, Rrnad1, Rsrp1, 
RT1-Da, Rundc3b, Ruvbl2, Rwdd2a, S100a3, S100b, Satb2, Sbno2, Scarb1, Scg2, Scx, Sema4a, Sema4b, Sema4d, Serinc4, Serpinf2, 
Sertad3, Sfxn2, Sgms1, Sirt1, Slamf8, Slc12a7, Slc22a17, Slc25a10, Slc25a22, Slc25a39, Slc26a6, Slc35e3, Slc35e4, Slc35f6, Slc37a1, 
Slc46a3, Slc4a11, Slco2a1, Smad7, Smim11a, Smyd1, Snrnp48, Snrpd1, Socs3, Sowahc, Sox13, Spata24, Spata5l1, Speg, Spin2a, Spint1, 
Spry1, Srsf5, Srsf9, Stk16, Sts, Sult1a1, Sult2b1, Synpr, Syt7, Sytl4, Szrd1, Tagln3, Tbc1d25, Tbp, Tbx3, Tefm, Thap4, Thbd, Thegl, Thnsl2, 
Timm10, Tle2, Tlr2, Tlr7, Tmem130, Tmem134, Tmem14c, Tmem186, Tmem19, Tmem202, Tmem26, Tmem53, Tnfaip2, Tnfrsf14, 
Tnfrsf1b, Tnfsf10, Tnip2, Tomm40l, Tonsl, Tor2a, Tp53i3, Tp53inp1, Tpgs1, Tpst2, Traf2, Trappc4, Trib2, Trim11, Trim3, Trim47, Trim5, 
Trmt5, Trpm4, Tsen15, Tsnaxip1, Tspan18, Tuba4a, Txnrd2, Tymp, U2af1l4, Uba7, Ubd, Ube2q2l, Ube3d, Ubox5, Ubtd1, Ugt8, Unc119, 
Urb2, Urm1, Usb1, Usp43, Usp44, Utp23, Vav2, Vcam1, Vcan, Vim, Vsir, Vwa3a, Vwa7, Wdr19, Wdr24, Wdsub1, Wnk1, Wnt5b, Xcr1, 
Xkr8, Xkr9, Zbtb22, Zfp217, Zfp354c, Zfp384, Zfp394, Zfp418, Zfp458, Zfp46, Zfp57, Zfp653, Zfp786, Zfp787, Zmat4, Znhit2 

1 miR interactions 
miR-140-5p 
miR-185-5p 

miR-28-5p miR-
340-3p miR-

6329 miR-674-
3p miR-148b-5p 

Acadsb, Arl5c, Bid, Ccnf, Cd83, Cdo1, Ceacam4, Cr11, Cx3cl1, Cxcl2, Edn1, Hgf, Kcnk5, LOC103689942, Lrp4, Myh6, Myh7, Nfkbia, 
Nppa, Plau, Pop7, RGD1309808, Rexo1, Rhbdf2, Sec61g, Sgk1, Slc25a22, Slc29a1, Snai1, Tnf 2 miR interactions miR-125b-5p 

miR-128-3p 

Pten  4 miR interactions 
miR-22-3p miR-
22-5p miR-144-

3p miR-205 
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Figure 6. Double immunofluorescence staining for PTEN (green) and nephrin (red) was performed 

on kidney tissue from an SD-fed rat (a-b) and an HFD-fed rat (c-d). The images depict a higher 

PTEN/nephrin ratio in the SD-fed rat. 

2.8. Lesion-Related Transcriptomic Changes in Rat Kidneys (Small RNA) 

To understand the relationship between mRNA expression in rat kidneys, detected miRNAs 

(n=11), and histological lesions, we conducted in silico miRNA functional analyses using DIANA-

miRPath v3.0. Lesion-related results had a P-value of <0.05 and log2FoldChange of >1. 

Regarding MMI, 75 genes, including Nr2f6, Dtx2, Ptpn23, Paqr6, Fam193b, Potpnm1, Mier2, 

Phf1, Slc22a17, Nfkbil1, Ankrd9, and Rexo1, met both criteria. Similarly, 54 genes, including Adm, 

Ugt8, Cd24, Tsnaxip1, Thegl, Pdxk, Hsp4, Socs3, Ptpn23, Junb, Mfsd12, and Slc22a17, met the criteria 

for PH (Figure 7). 

To address chance correlations, gene expression across all rats was analyzed (n=16). In total, 

100,000 random datasets were generated and compared. The average expression of each gene, with 

or without lesions, was calculated relative to the overall expression. On average, all DE genes met 

both conditions. 

To assess the presence and distribution of markers related to the transcriptomic data, 

immunofluorescence staining of the kidneys of the SD and HFD groups was performed. These data 

revealed that T-cells were mainly present in the interstitial zone. Scattered CD3+ cells were observed 

in the peritubular capillaries and some glomeruli of the HFD group, with no T cells observed in the 

rat kidneys of the SD group. No CD20+ B cells were detected, regardless of the diet. 

Immunofluorescence labeling of M1–M2 identified only CD86+ cells in HFD-fed rats, 

corresponding to M1 macrophages. 
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Figure 7. Transcriptomic changes of lesion-related miRNAs in kidney tissue. Scatter-plots showing 

expression of the first 6 genes correlating significantly with MMI (left) and PH (right). The figures are 

classified in ascending order of p_value (the gene on the top left being the gene with the lowest 

p_value). The points correspond to each individual data. MMI: mesangial matrix increase; PH: 

podocyte hypertrophy. 
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2.9. Diet-Dependent Expression of Identified Small RNAs in Rat Urine Samples 

We analyzed urinary miRNAs to analyze kidney pathology and injury sites, mirroring small 

RNA analysis in rat kidneys. Mapping the Rnor6.0 genome detected 471 sequences (240 Mt_tRNA, 

46 rRNA, 2 scaRNA, 32 snoRNA, 45 snRNA, and 106 miRNA sequences). Among them, 53 were DEs 

(adjusted P-value<0.1, log2FoldChange>1) in SD-fed vs. HFD-fed rats; 18 were downregulated in 

HFD-fed rats and 35 were downregulated in SD-fed rats (Figure 8). Interestingly, miR-205 was the 

only overlap between the kidney and urine samples. All DE miRNAs were upregulated in the HFD-

fed rats. Twelve miRNAs that correlated with urine weight, including miR-101b-3p, miR-30a-5p, and 

miR-205, were significantly upregulated in HFD-fed rats. Other miRNAs showed trends but lacked 

statistical significance owing to their high variability (Figure 9). 

 

Figure 8. Heatmap representing transcriptomic changes of differentially expressed miRNAs in urine 

samples sorted by diet. 
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Figure 9. Transcriptomic changes and validation of differentially expressed miRNAs in urine samples 

sorted by diet. a) Table of the main validated interactions miRNA-mRNA reported. b) qPCR 

validation of selected miRNA found to be differentially expressed in miR-Seq experiments. miR-181b-

5p was included as a miRNA that doesn’t change its expression (in red colour). HFD rat values are 

shown in dark grey bars; SD rat values in light grey bars * P <0.05, unpaired Student T-test; “ns” non-

significant. SD: standard diet; HFD: high fat diet; qPCR: quantitative polymerase chain reaction. 

2.10. Lesion-Related Transcriptomic Changes in Urine 

Urinary data, such as those from the kidney, were analyzed based on the presence of MMI or 

PH. Lesion-related results had a P-value of <0.05 and log2FoldChange of >1. No miRNA-tissue injury 

association was observed with MMI, although four miRNAs (miR-1843a-5p, miR-21-5p, miR-125b-

5p, and miR-29a-3p) distinguished rats with PH (Figure 10). 
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Figure 10. Scatter- plots comparing the expression of the most differentially expressed miRNAs 

between rats exhibiting podocyte hypertrophy (PH) and rats without this lesion. 

3. Discussion 

This study established a rat model of diet-induced obesity with early-stage ORG. The paired 

mRNAs and miRNAs were sequenced. Wistar rats with diet-induced obesity developed 

glomerulomegaly, MMI, PH, MCP, and intracytoplasmic lipid deposits in podocytes. Our findings 

describe the immunological, regeneration, and injury processes that occur in this disease when the 

damage is reversed by treatment. We also identified a robust signature of miRNAs in the urine that 

could be explored as a non-invasive biomarker and potential therapeutic target for ORG. 

HFD-fed rats gained more weight, showing greater MMI and larger glomeruli, than SD-fed rats. 

The most frequently encountered lesion was MMI, whereas MCP and podocyte intracytoplasmic 

lipid deposits were observed only in the HFD group. The role of lipid accumulation in non-adipose 

tissue in the development of ORG has attracted increasing interest [12]. Podocytes also slightly 

increased in cytoplasmic organelles, especially mitochondria. Abnormal mitochondrial structures in 

the obesity milieu cause downregulation of key fatty acid oxidative enzymes and upregulation of 

enzymes involved in lipogenesis [13,14]. HFD-fed rats experienced greater podocyte depletion and 

albuminuria, which were almost twice greater than those experienced by SD-fed rats, indicating early 

ORG progression [15,16]. The GFR measurements showed no significant intergroup differences, 

suggesting similar hyperfiltration levels despite weight gain [17]. Adiporenal crosstalk suggests 

chronic subclinical inflammation in the adipose tissue [18,19]. Alterations in lipid metabolism trigger 

macrophage migration, inhibitory factor expression, and release of inflammatory activators, such as 

CD40 and interleukin-6 [12]. M1-type macrophages promote proinflammatory cytokine production, 

whereas M2-type macrophages synthesize anti-inflammatory cytokines and aid tissue repair. Obesity 

prompts a shift from M2 to M1 macrophages in the adipose tissue, exacerbating inflammation [18]. 

Experimental approaches suggest that inhibition of M1 macrophages may reduce kidney injury [20]. 

Accordingly, we identified CD86-marked cells indicating the presence of pro-inflammatory M1 

macrophages in HFD-fed rats. 

A comparison of gene expression profiles in HFD- and SD-fed rats revealed four gene groups 

with differential expression as follows: ATP12a, related to potassium–proton exchange ATPase 

activity; Epha3 and Pros1, involved in renal injury prevention and tissue protection; CCL20 linked to 

inflammation and T-cell recruitment [21]; and Sult4a1, Robo3, and Htr5b, associated with the nervous 

system [22–24]. CCL20 hyper-expression in the proximal tubular epithelial cells of HFD-fed rats likely 

recruits immune cells, particularly M1 macrophages, thereby intensifying inflammation. To 

counteract this, M2 macrophages, Pros1, and Epha3 aid tissue regeneration to maintain kidney 
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function. Pros1 mediates cytoprotection in diabetic kidneys by inhibiting glomerular endothelial cell 

and podocyte apoptosis [25]. 

miRNAs are small noncoding RNA molecules that play a critical role in regulating gene 

expression. They are involved in various biological processes and are essential for normal organ 

development and homeostasis, including kidney development and function. Its dysregulation has 

been implicated in the development and progression of ORG [26]. Of special interest was miR-205, 

the only miRNA that was upregulated in the HFD-fed rats. miR-205 is involved in the epithelial-to-

mesenchymal transition when podocytes lose the expression of highly specialized protein markers 

and acquire mesenchymal markers. miR-205 has been described as a prognostic marker for 

tubulointerstitial damage in patients with IgA nephropathy [27]. Concerning miRNAs 

downregulated in the HFD-fed rats, miR-140-5p affects adipocyte differentiation [28] and mediates 

renal fibrosis [29]; miR-185-5p ameliorates endoplasmic reticulum stress and renal fibrosis by 

downregulating ATF6 [30]; miR-128-3p regulates adipogenesis and lipolysis [31] and promotes acute 

kidney injury process by activating the JAK2/STAT1 pathway [32]; miR-28 is a negative regulator of 

the germinal center reaction and regulates B cell receptor signaling, proliferation, and apoptosis [33]; 

and miR-340-3p is downregulated in the skeletal muscle of mice after HFD feeding [34]. Interestingly, 

miR-6329 is associated with hypertension in rats [35], and miR-674-3p is associated with acute kidney 

injury [36]. 

The relationship between the DE miRNAs and their target genes was also analyzed. 

Approximately 700 genes were associated with these miRNAs. Interestingly, these four miRNA 

interactions exclusively regulated a single gene, PTEN. In podocytes, PTEN protects the kidneys by 

enhancing autophagy, preventing cell death, and maintaining podocyte integrity. In a diet-induced 

obesity model using C57BL/6J mice, Ji et al. explored miR-141-3p’s role in mitochondrial dysfunction 

in hepatic cells by inhibiting PTEN [37]. Other authors have suggested that PTEN downregulation 

increases endoplasmic reticulum stress in a study conducted with podocyte cell cultures [38]. A 

previous study on mice with a podocyte-specific PTEN knockout showed the typical features of ORG 

when fed a high-fat diet [39]. This suggests that loss of PTEN function contributes to ORG 

development. PTEN downregulation is associated with increased lipid endocytosis in podocytes, 

leading to lipid accumulation and aggravation of ORG [39]. Accordingly, the present study 

demonstrated that the upregulation of miR-205 and its interaction with miR-22-3p, miR-22-5p, and 

miR-144-3p inhibited the PTEN gene, contributing to podocyte lipid endocytosis. To the best of our 

knowledge, this study is the first to describe PTEN downregulation in a model of diet-induced 

obesity-related ORG in non-genetically modified rodents. Insights into PTEN’s role in podocyte lipid 

endocytosis and glomerulopathy may offer novel therapeutic approaches for kidney diseases 

characterized by lipid accumulation and metabolic disturbances, such as obesity. 

In kidney diseases, urine may offer a significant advantage over tissue as a non-invasive 

biomarker owing to its direct access to damaged tissue, particularly in the early stages of the disease. 

In the present animal model, we observed a differential gene expression in both tissues and urine 

depending on whether the rats had developed PH, as analyzed using small RNAs. Strikingly, urine 

analysis revealed the same upregulated miRNA in the HFD group (miR 205) that negatively 

regulated PTEN. These findings could contribute to the detection of urinary biomarkers for PH or 

podocyte injury in patients with obesity, aiming to prevent ORG progression to albuminuria and 

GFR decline. 

This study has limitations. The limited sample size may have compromised the generalizability 

of the findings. Moreover, translating the results from animal models to humans requires caution and 

validation in clinical studies. Nevertheless, this was the first exploratory project, and further studies 

will be conducted in the future experimental and clinical studies. The main strength of this study is 

that, by integrating innovative techniques, molecular biology, histopathology, and clinical data 

analysis, it bridges the field of research and offers a multidimensional understanding of ORG. 

In conclusion, miRNAs may play a role in ORG. Specifically, the upregulation of miR-205 in the 

kidneys and its detection in urine are associated with podocyte lipid endocytosis, which occurs in the 

early stages of ORG through the inhibition of the PTEN gene. miR-205 could serve as a plausible 
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biomarker for early stage ORG and pave the way for future therapeutic studies. Moreover, the 

analysis of urinary small RNAs identified DE genes depending on whether the rats developed PH. 

Future studies are needed to confirm the involvement of these miRNAs in human ORG. 

4. Materials and Methods 

4.1. Establishment of the Obesity-Induced Animal Model 

A total of 30 male Wistar Han rats (300–350 g; Charles River Laboratories España S.A.), aged 7 

weeks and not genetically modified, were housed and fed under standard laboratory conditions. 

They were randomized into two groups: control rats (n=15) fed a standard diet (SD) (TEKLAD 2014; 

% by weight: 14.3% protein, 4% fat, 18.0% neutral detergent fiber, 2.9 Kcal/g) and rats (n=15) fed a 

high-fat diet (HFD) (TEKLAD 06414; % by weight: 23.5% protein, 34.4% fat, 27.3% carbohydrate, 5.1 

Kcal/g) (Harlan Laboratories, Indianapolis, IN, USA) for 10 weeks. Weight and food intake were 

measured weekly. The rats were considered obese if their weight gain was >25% of their initial 

baseline weight. They were housed in metabolic cages for 24 h before organ collection to prevent 

urine from being contaminated with feces or feed. 

4.2. Organ and Urine Harvesting 

The kidneys were harvested from each animal and stored in a saline solution at 4 °C to remove 

excess adipose tissue. A quarter of each renal tissue was fixed in formaldehyde and embedded in 

paraffin for immunochemistry and histological studies; another quarter was frozen in an isopentane 

bath and preserved at −80 °C. The remaining tissue was saturated in an RNA-later stabilization 

solution (Thermo Fisher Scientific Inc., Massachusetts, USA) and stored at 4 °C for gene expression 

determination (16 of 30 biopsies for transcriptomic and morphological studies, 14 for quantitative 

polymerase chain reaction experiments). Urine from 16 rats was centrifuged at 2,000 g for 10 min, 

and aliquots were stored at −80 °C. 

4.3. Measurement of Renal Function: Albuminuria and Iohexol Clearance 

Albuminuria was assessed via colorimetric enzyme-linked immunoassay (Abcam, Cambridge, 

UK) with a sensitivity of 0.44 ng/ml and a concentration of 0.195 ng/ml–50 ng/ml. A total of 10 μl of 

urine diluted 1:100 with the appropriate dilution buffer (including standards) was added to the wells 

and precoated and blocked with rat albumin- specific antibody. Subsequently, an anti-albumin 

biotinylated detection antibody and streptavidin–peroxidase conjugate were added, followed by 

visualization using 3,3′,5,5′-tetramethylbenzidine. The samples were processed in triplicates. 

Glomerular filtration rate (GFR) was measured through the plasma clearance of iohexol [40]. 

After slight sedation with isoflurane (2.5%), 200 μl of Omnipaque 300 solution (GE Healthcare, Milan, 

Italy) containing 129.4 mg of iohexol was injected intravenously into one lateral tail vein of conscious 

rats that were placed in a plexiglass rat restrainer. Blood samples (approximately 15 μl) were collected 

before and 20, 40, 80, 120, 140 min after injection. Samples were mixed by gentle vertexing for 7 min, 

collected again using heparinized capillary tubes (10 μl), deposited on filter paper (Whatman 903, GE 

Healthcare, Cardiff, UK), and allowed to dry at least 24 h. Then, iohexol plasma concentrations in the 

total blood samples were measured by high performance liquid chromatography-ultraviolet using a 

C18 reverse- phase column (Advanced Chromatography Technologies LTD, Scotland) in a high-

performance liquid chromatography system (Agilent Series 1260, Santa Clara, CA) equipped with a 

diode array detector set at 254 nm. Plasma concentrations of iohexol were recalculated from blood 

levels using the formula: Cplasma¼ Cblood/1 – hematocrit. The hematocrit was determined using 

the formula hematocrit ¼ (H1 / H2) 100, where H1 is the height of the red blood cell column, and H2 

is the height of the red blood cell plus the height of the plasma column after centrifuging a 

heparinized capillary tube filled with blood for 10 min at 6,000 rpm. The reproducibility of the plasma 

clearance of iohexol in rats using the method described was <10%. 
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4.4. Morphometry, Histology, Immunohistochemistry, Immunofluorescence, and Transmission Electron 

Microscopy (TEM) 

Standard histopathology techniques were applied for 3-μm-thick rat kidney sections. The 

glomeruli, particularly those sectioned through the hilium, were morphometrically analyzed for area 

and mesangial expansion. Thirty glomeruli per sample were assessed in the periodic acid–Schiff- and 

hematoxylin and eosin-stained sections. Slides were scanned at 40 μm resolution using the 

PANNORAMIC® 1000 Flash DX scanner and analyzed using QuPath (v0.4.4) [41]. Mesangial matrix 

increase was defined as increased mesangial extracellular material with an interspace width of >2 

mesangial cell nuclei in one or more peripheral mesangial areas. Mesangial cell proliferation was 

defined as the presence of more than three mesangial cells surrounded by mesangial matrix in an 

intact glomerular segment in 3-μm-thick sections. Podocyte hypertrophy was defined as podocyte 

enlargement with large nuclei and prominent nucleoli, with or without intracytoplasmic protein 

resorption droplets. 

Immunohistochemical staining (BenchMark ULTRA automated IHC/ISH slide staining system; 

Roche Ventana) was performed using antibodies against WT1 (clone 6F-H2, mouse monoclonal 

antibody; Ventana) and Ki67 (clone 30-9, rabbit monoclonal antibody; Ventana). 

The immunohistochemical slides were scanned and assessed similarly with histochemical 

techniques. 

Immunocytochemistry involved blocking peroxidase activity with 3% H2O2 in methanol for 5–

15 min (Thermo Fisher Scientific). Anti-CD3 and anti-CD19 antibodies (Thermo Fisher Scientific) 

were used to distinguish between T and B cells, with goat anti-mouse F(ab)2 used as the secondary 

antibody. Sections were stained with alkaline phosphatase (Abcam, Cambridge, UK), counterstained 

with hematoxylin, and observed under a Zeiss Axioskop-2 microscope. 

Double immunofluorescence was performed for PTEN–nephrin and macrophage M1–M2 

staining using two combinations of rabbit anti-PTEN (Abcam), mouse anti-nephrin (Santa Cruz, 

California, USA), mouse anti-CD86 for M1 macrophages (Abcam), and rabbit anti-CD206 for M2 type 

macrophages (Thermo Fisher). Goat anti-mouse A488 and anti-rabbit Cy3 secondary antibodies were 

used as received. The nuclei were stained with 4′,6-diamidino-2-phenylindole (Thermo Fisher 

Scientific). Slides were viewed using an Abberior STEDYCON confocal microscope, and the ImageJ 

software was used to analyze the mean fluorescence of all markers. 

TEM was used to analyze six rat samples (three in the SD group and three in the HFD group) 

per the standard protocol. Tissues from the paraffin blocks were dewaxed, hydrated, post-fixed, 

dehydrated, and embedded in epoxy resin. Ultrathin sections were cut using a Leica Ultracut 

microtome and stained with uranyl acetate and lead citrate using a Leica EM Stainer. Samples were 

examined using a JEM 1010 TEM (JEOL USA, Inc.) at 80 kV, and digital images were captured using 

an Orius CCD camera (Gatan Inc.). 

4.5. Total RNA Isolation and miRNA Enrichment 

RNA from 30 rat kidneys (15 SD- and 15 HFD-fed rats) was extracted using Trizol Reagent 

(Invitrogen, Thermo Fisher). DNase I treatment (Invitrogen) and quality control (QC) analysis were 

performed using a TapeStation 2200 (Agilent). Half of the RNA was subjected to RNA-Seq, and the 

remainder was used for quantitative polymerase chain reaction (qPCR). 

Small RNAs from 30 rat kidneys were purified using 1 μg of total RNA with SPRIselect beads 

(Bee Na Lee, Beckman Coulter). Sixteen kidneys were used for small RNA-Seq and 14 for qPCR 

validation. Sixteen rat urine samples were collected, and 500 μl of the samples were used for small 

RNA isolation with the ZR Urine RNA Isolation Kit (Zymo Research Corp). QC was assessed using 

a bioanalyzer with a high-sensitivity chip(Agilent). 

4.6. Library Preparation, RNA Sequencing, and Data Analysis 

Sixteen RNA-Seq libraries were prepared from 1 μg of total RNA using NEBNext® Ultra™ II 

Directional RNA Library Prep Kit for Illumina® (New England Biolabs, NEB, Massachusetts, USA). 
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The HighSeq 2500 System generated 40–50 M reads/sample. FastQC assessed the read quality, and 

Cutadapt was used to remove adapters. The Salmon tool was used to map and quantify transcripts 

to Rnor6.0 genome. DESeq2 v1.24.0 was used for differential expression analysis. Gene set 

enrichment analysis was performed using gene ontology (GO) and the Reactome Pathway 

Knowledgebase for biological significance analysis. 

4.7. Library Preparation, smallRNA Sequencing, and Data Analysis 

Sixteen small RNA libraries were prepared using the NebNext Small RNA Library Prep Set 

(Illumina). Fragments were size-selected on a 6% polyacrylamide gel (Invitrogen), and library 

Quality control (QC) was conducted with a TapeStation 2200 using HighSens D1000 screen tape 

(Agilent). HighSeq 2500 System (Illumina) generated 12–15 M reads/sample. FastQC was used to 

assess read quality, and Cutadapt was used to remove adapters. The Subread/Rsubread package was 

used to map and quantify transcripts in the Rnor6.0 genome. Annotations were sourced from 

different databases based on small RNA class (http://www.mirbase.org/ftp.shtml; https: 

//www.ensembl.org/info/data/ftp/index.html). QCs included a multidimensional scaling plot 

analysis and Euclidean distances between samples to ensure the suitability of the normalized data. 

DESeq2 v1.24.0 Bioconductor’s package was used for differential expression testing. The miRNA 

target sites were cataloged based on experimental validation and computational prediction using the 

multiMiR Bioconductor package (http://multimir.ucdenver.edu). miRNAs with an adjusted p-value 

of ≤0.05 and Log2Foldchange of >1 were deemed upregulated; a Log2FC of <−1 indicated 

downregulation. 

4.8. Predicted and Validated Targetome for miRNAs 

In this study, the multiMiR Bioconductor package [42] was used to identify miRNA target sites 

across various databases, including miRecords, miRTarBase, and TarBase for validated targets, and 

DIANA-microT, ElMMo, MicroCosm, miRanda, miRDB, PicTar, PITA, and TargetScan for predicted 

targets. To categorize the validated gene targets, keywords were grouped into five categories as 

follows: inflammatory response (including adhesion, leukocytes, chemokines, and adipokines); 

kidney damage (extracellular matrix, renal injury molecules); mitochondria (metabolism, respiratory 

chain); adipose tissue; and nerve-related tissue. A computer algorithm searched the Entrez summary 

of each gene for these keywords and classified genes accordingly. 

4.9. Gene Ontology and Pathway Analysis 

miRNA gene ontology (GO) and pathway analyses utilized DIANA-miRPath v3.0 [42], 

examining 14 differentially expressed (DE) miRNAs with validated target genes across the groups. 

DIANA-TarBase v7.0 [43] investigates enriched pathways using Fisher’s exact test meta-analysis with 

Benjamini–Hochberg’s false discovery rate (FDR) correction (q-value <0.05). REVIGO [44,45] 

summarizes significant biological processes by eliminating redundancies and illustrating the 

relationships between GO terms. Functional enrichment analysis employs pathways from the Kyoto 

Encyclopedia of Genes and Genomes (KEGG) database after statistical analysis to identify pathways 

significantly targeted by the selected miRNAs. Heat maps facilitate the identification of miRNA 

subclasses or defining pathways. 

4.10. Reverse Transcription and Quantitative Reverse Transcription Polymerase Chain Reaction Validation 

Total RNA extracted from rat kidneys underwent retrotranscription using GoScript™ Reverse 

Transcriptase (Promega Corporation, Madison, WI, USA). The product was diluted 3–5 times in TE 

(10 mM TRIS/1 mM EDTA, pH 8) for subsequent experiments. cDNA triplicates were amplified via 

real-time polymerase chain reaction (PCR) in a LightCycler®-480 (Roche, Mannheim, Germany) using 

TaqMan® Fast Advanced Master Mix (Integrated DNA Technologies, IDT, Iowa, USA) and pre-

designed TaqMan®-probes (IDT, see table primers used for qPCR, A). Actb and Hmbs were tested as 

housekeeping genes, with Hmbs chosen because of their expression level similarity with target genes. 
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All analyzed mRNAs exhibited a Ct value of <25. Relative abundance was corrected by the selected 

housekeeping gene using the 2−ΔCT algorithm and expressed as arbitrary units. 

miRNAs: Isolated miRNA (4 μL) from kidney and urine samples underwent reverse 

transcription using the Universal cDNA Synthesis Kit II (Exiqon, Vedbaek, Denmark). Synthetic 

UniSp6 served as the spike-in control. Incubation was performed at 42 °C for 60 min, followed by 

heat inactivation at 95 °C for 5 min. cDNA samples were diluted 60-fold, and 4 μL was used in 

individual 10 μL PCR reactions with ExiLENT SYBR Green master mix and LNA-enhanced miRNA 

primer assays alongside UniSp6. Real-time quantitative PCR of circulating miRNAs was conducted 

as triplicates with conditions: 95 °C for 10 min, 40 cycles of denaturation (95 °C, 10 s) and annealing 

(60 °C, 60 s), and melting curve analysis. 

Sets of 10 (kidney) and 12 (urine) circulating miRNAs were selected based on the miR-Seq 

results, including DE genes among the groups. Data normalization against UniSp6 reduced technical 

variation, calculated as normalized Ct = Ct UniSp6 – Ct measured miRNA. NormFinder identified 

stable miRNAs within normalized small-RNA seq data for endogenous controls, selecting miR-181b-

5p and miR-411-5p (kidney), and miR-204-5p and miR-181b-5p (urine). The Ct values were calculated 

using the second-derivative method and reported as arbitrary units. 

4.11. Statistical Analysis 

Descriptive analyses summarized qualitative and quantitative characteristics as percentages and 

mean values plus standard errors (or median values and interquartile ranges), respectively. Main 

characteristics between the study and control groups were compared using an unpaired t-test or χ2 

test, as appropriate. The t-test was applied to nonparametric data after log transformation. A 

principal component analysis was performed using multivariate statistics. Fisher’s exact test for 

meta-analysis with Benjamini–Hochberg’s FDR correction was used to calculate the significant 

targeted biological processes and KEGG pathways. The complete linkage clustering method was 

used for hierarchical clustering of pathways and miRNAs, with squared Euclidean distances as 

distance measures. Absolute P-values were used in all calculations, considering the significance 

levels of the interaction. A two-tailed P-value of ≤0.05 denoted statistical significance. Statistical 

analyses were performed using SPSS (version 15.0; SPSS, Chicago, IL). 

4.12. Study Approval 

This study strictly adhered to the Guide for the Care and Use of Laboratory Animals of the 

Generalitat de Catalunya, Catalan Government. Animal procedures were approved by the Animal 

Experimentation Ethics Committee of the Centre de Medicina Comparativa i Bioimatge de Catalunya 

and Germans Trias i Pujol’s Research Institute and Generalitat de Catalunya (CEA-OH/10528/2), 

following the principles of the Declaration of Helsinki for animal experimental investigations. All 

protocols followed the 3R principles and prioritized animal welfare. 
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