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ABSTRACT 10 

Diabetic kidney disease (DKD) is a major complication of diabetes mellitus, characterized by 11 

podocyte injury and lipid accumulation, which contribute to high morbidity and mortality. Current 12 

treatments primarily alleviate symptoms, underscoring the need for targeted therapies to address the 13 

underlying mechanisms of DKD progression. This study explores the protective effects of 14 

dapagliflozin (DAPA), a selective sodium-glucose cotransporter 2 (SGLT2) inhibitor, on podocyte 15 

lipotoxicity and its regulatory role in the estrogen-related receptor alpha (ERRα)-acyl-CoA oxidase 1 16 

(ACOX1) axis. Using db/db mice and streptozotocin-induced DKD models, we demonstrate that 17 

DAPA significantly reduces the urinary albumin-to-creatinine ratio (ACR) and improves renal 18 

pathology by alleviating glomerular hypertrophy, mesangial matrix expansion, and podocyte foot 19 

process effacement. DAPA also decreases triglyceride and free fatty acid accumulation in glomeruli, 20 

as evidenced by Oil Red O and BODIPY staining. Mechanistically, DAPA upregulates ERRα and 21 

ACOX1 expression in podocytes, enhancing fatty acid oxidation (FAO) and mitigating lipidtoxicity. 22 

Loss of ERRα exacerbates lipid-induced podocyte injury, while ERRα overexpression confers 23 

protective effects. These findings highlight DAPA’s renoprotective effects via modulation of the 24 

ERRα-ACOX1 axis, suggesting that targeting ERRα could be a promising therapeutic strategy for 25 

DKD. 26 

 27 
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Abbreviations: 31 

ACOX1, Acyl-CoA oxidase 1; ACR, Albumin to Creatinine Ratio; ATP, Adenosine Triphosphate; 32 

BSA, Bovine Serum Albumin; BUN, Blood Urea Nitrogen; ChIP-seq, Chromatin 33 

Immunoprecipitation Sequencing; CCK-8, Cell Counting Kit-8; Cr, Creatinine; DAPA, Dapagliflozin; 34 

DKD, Diabetic Kidney Disease; ERRα, Estrogen-related receptor alpha; FFA, Free Fatty Acid; FITC, 35 

Fluorescein Isothiocyanate; HRP, Horseradish Peroxidase; IHC, Immunohistochemistry; IF, 36 

Immunofluorescence; ITS, Insulin-Transferrin-Selenium; LUC, Luciferase; NPHS2, Nephrosis 2; 37 

OCR, Oxygen Consumption Rate; ORO, Oil Red O; PAS, Periodic Acid-Schiff; PE, Phycoerythrin; 38 

qRT-PCR, Quantitative Real-Time Polymerase Chain Reaction; SDS-PAGE, Sodium Dodecyl 39 

Sulfate-Polyacrylamide Gel Electrophoresis; SGLT2, Sodium-glucose co-transporter-2; STZ, 40 

Streptozotocin; TEM, Transmission Electron Microscopy; TG, Triglyceride; WB, Western Blot 41 
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Background 43 

Diabetic kidney disease (DKD), also known as diabetic nephropathy, is a common and severe 44 

complication of diabetes mellitus (DM)[1]. Altered lipid metabolism, including genes involved in 45 

fatty acid oxidation (FAO) and oxidative phosphorylation (OXPHOS) in kidney cells, is significantly 46 

correlated with the progression of DKD[2, 3]. Podocyte injury plays a pivotal role in the pathogenesis 47 

of DKD. Damage and loss of podocytes disrupt the normal structure of the glomerular basement 48 

membrane, directly leading to proteinuria. Recently, our group and others have reported that lipid 49 

deposition in podocytes is associated with glomerulosclerosis and proteinuria[4-6]. Growing 50 

evidence suggests that dysregulation of β-oxidation and intracellular lipid trafficking contributes to 51 

podocyte dysfunction and apoptosis, a condition known as lipotoxicity[7]. Attenuating renal lipid 52 

accumulation can improve podocyte damage and delay renal function decline[8]. However, clinical 53 

studies have shown that the use of statins to correct hyperlipidemia does not prevent the progression 54 

to end-stage renal disease (ESRD)[9]. Therefore, exploring effective therapeutic targets to improve 55 

podocyte lipid metabolism in DKD is crucial. 56 

Dapagliflozin (DAPA), a selective inhibitor of sodium-glucose transport protein 2 (SGLT2), 57 

lowers blood glucose by blocking glucose reabsorption in the renal proximal tubule and stimulating 58 

urinary glucose excretion without inducing an increase in insulin release[10]. Several large-scale 59 

clinical trials, such as EMPA-REG OUTCOME, CREDENCE, and DAPA-CKD, have investigated 60 

the impact of SGLT2 inhibitors on renal outcomes[11, 12]. DAPA significantly reduced renal events 61 

in these studies and exhibited renal protective effects in diabetic patients. Thus, DAPA is considered 62 

a novel pharmacological alternative for counteracting the progression of DKD[13]. Intriguingly, 63 

DAPA also exhibits a renoprotective effect by improving renal lipid metabolism[14]. Recent 64 

investigations have demonstrated that SGLT2 inhibitors decrease podocyte cholesterol accumulation, 65 

Jo
urn

al 
Pre-

pro
of



suggesting that DAPA protects the kidney through pleiotropic effects beyond glycemic control[15, 66 

16]. However, the underlying molecular mechanisms by which DAPA influences podocyte fatty acid 67 

(FA) metabolism remain unclear. 68 

Peroxisomal acyl-coenzyme A oxidases (ACOXs) are the initial and rate-limiting enzymes that 69 

catalyze the β-oxidation system in mitochondria[17]. ACOXs are generally classified into three 70 

subtypes: ACOX1, ACOX2, and ACOX3. Studies have shown that ACOXs are essential for renal 71 

FAO and redox homeostasis[18, 19]. ACOX polymorphisms are associated with DM, suggesting that 72 

ACOXs may be crucial for modulating lipid metabolism disorders in DKD[20]. Moreover, 73 

differential expression of ACOX1 in podocytes under high glucose stimulation has been reported[21]. 74 

ACOX1 deficiency leads to lipid accumulation and impaired FAO in the kidney, whereas upregulation 75 

of ACOX1 expression can improve renal metabolism and delay renal fibrosis in DKD[21, 22]. 76 

Additionally, emerging studies have shown that DAPA regulates lipid biosynthesis and degrading 77 

protein levels[23]. Researchers have reported that treating Zucker diabetic fatty (ZDF) rats with 78 

DAPA reduced hepatic lipid accumulation by upregulating ACOX1[24]. However, the mechanism by 79 

which DAPA regulates podocyte ACOX1 expression and lipotoxicity in DKD remains unclear. 80 

Estrogen-related receptor α (ERRα) is a nuclear receptor with essential metabolic regulatory 81 

functions[25-27]. ERRα depletion has been identified to cause mitochondrial dysfunction, leading to 82 

cell death[28]. Increasing evidence indicates that ERRα may be an emerging target for regulating 83 

renal FAO and OXPHOS[29]. Furthermore, estrogen-related receptor agonism has been found to 84 

reverse mitochondrial dysfunction in the aging kidney, suggesting that ERRα may be a key target for 85 

improving podocyte lipid metabolism[30]. Available data suggest that ERRα is a transcriptional 86 

regulator of human ACOXs, activation of the ERRα-associated pathway decreases lipid deposition in 87 
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muscle cells by regulating the expression of genes related to FAO and OXPHOS[31]. Therefore, we 88 

hypothesize that ERRα may play a critical role in regulating lipid metabolism in diabetic podocytes, 89 

thereby contributing to the protective effect of SGLT2 inhibitors[30, 32].  90 

In this study, we report that ERRα affects FAO in podocytes by regulating ACOX1 transcription. 91 

The ERRα-ACOX1 axis is down-regulated in the DKD state, exacerbating lipotoxicity. Furthermore, 92 

DAPA slows DKD progression by improving lipid metabolism and attenuating lipotoxicity by 93 

activating the ERRα-ACOX1 axis, providing a potential therapeutic target for DKD. 94 

  95 

Jo
urn

al 
Pre-

pro
of



Methods 96 

Mice studies 97 

All mice used in this study were maintained under specific pathogen-free (SPF) conditions, with 98 

humidity levels between 40% and 70%, temperatures ranging from 20 to 25°C, and a 12-hour 99 

light/12-hour dark cycle. They had unrestricted access to food and water. After the study, all mice 100 

were euthanized via an intraperitoneal injection of 150 mg/kg sodium pentobarbital. The kidneys 101 

were harvested for subsequent experiments. Each experiment involved at least six mice. All animal 102 

experimental procedures were conducted by the National Institutes of Health (NIH) Guidelines for 103 

the Care and Use of Laboratory Animals (Revised 2011), and ethical approval was obtained from the 104 

Ethics Committee for the Use of Animals of Wuhan University Renmin’s Hospital (WDRM-105 

2022397). 106 

 107 

Establishment of animal models of DKD and drug treatment 108 

Two DKD animal models were used in this study. The first model involved 8-week-old male 109 

db/db mice (genetic background of BKS), leptin-deficient, spontaneously obese diabetic mice that 110 

develop renal impairment (proteinuria, elevated blood creatinine, etc.). The second model was a 111 

streptozotocin (STZ)-induced DKD model. As previously reported, 8-week-old male 112 

ERRαpodKI/ERRαctrl mice were administered STZ at 50 mg/kg via intraperitoneal injection for three 113 

consecutive days, followed by a high-fat diet[33]. After establishing the DKD model, dapagliflozin 114 

(DAPA, 1.0 mg/kg) or equivalent saline (VEH) was administered intraperitoneally daily for 4 weeks. 115 

 116 

Establishment of ERRαpodKI mice  117 
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ERRαflox/flox knock-in mice (ERRαpodKI) (C57BL/6N background) were obtained from Cytogenes 118 

Biosciences (Suzhou, China). Using the CRISPR/Cas9 system, we designed a pCAG-loxP-STOP-119 

loxP-ERRα construct containing the pCAG promoter, ERRα coding sequence, and a floxed STOP 120 

cassette to regulate transcriptional activation. This construct was microinjected into fertilized zygotes, 121 

targeting the male pronucleus. Recombinant transgenic offspring were generated through Cre-122 

mediated recombination driven by NPHS2-Cre expression (Catalog #: 008205, Jackson Laboratory, 123 

USA)[34]. The F1 progeny exhibited targeted ERRα expression, and their generation and validation 124 

were conducted under blinded conditions.  125 

 126 

Intrarenal adeno-associated virus (AAV) delivery 127 

In vivo, the knockdown of ACOX1 was achieved by intrarenal AAV injection, as described 128 

previously[35]. Four weeks before STZ treatment, 1×1012 genomic particles of AAV-nphs1-129 

shACOX1 (AAV-shACOX1) or AAV-nphs1-null (AAV-shNC) (WZBio, China) were delivered into 130 

the kidney via in situ injection at six independent points. 131 

 132 

Isolation of glomeruli 133 

In brief, the digested mouse kidney tissue was sequentially passed through a 100-micron cell 134 

strainer, a 70-micron cell strainer and a 40-micron cell strainer. Subsequently, the glomeruli are 135 

harvested by washing the inner layer of the 40-micron screen with an equilibration buffer[35]. The 136 

cell suspension is then subjected to centrifugation at 1500 rpm for a period of 5 minutes at a 137 

temperature of 4°C, after which it is resuspended in 5 mL of culture medium. 138 
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 139 

Cell line and treatment 140 

The immortalized human podocytes were provided by professor Moin A. Saleem from the 141 

Academic Nephrology Department at Southmead Hospital, Bristol, UK [35, 36]. The podocytes were 142 

cultured at 33°C in RPMI 1640 medium (HyClone, USA) supplemented with 10% heat-inactivated 143 

fetal bovine serum (FBS, Sigma, USA), 100 U/mL penicillin-streptomycin (Invitrogen, USA), and 144 

1× insulin-transferrin-selenium (ITS, Invitrogen, USA). The cells were incubated at 37°C for two 145 

weeks to induce differentiation. The differentiated podocytes were then stimulated for 24 hours with 146 

30 mM glucose or a hypertonic control (30 mM mannitol). For treatments involving overexpression 147 

of ERRα and ACOX1, 2 µg of the human ERRα and ACOX1 overexpression plasmid or pcDNA3 148 

was transfected into podocytes for 24 hours using X-tremeGENE HP Reagent (Roche, Germany). For 149 

in vitro experiments with DAPA, 10 µM DAPA (MCE, USA) was used following 48 hours of 150 

stimulation. Each experiment was validated using three independent podocyte clones.  151 

 152 

Human Kidney Biopsy Samples 153 

Kidney samples from DKD patients with confirmed clinical and pathological diagnoses were 154 

obtained for this study. Detailed clinical data for the two patient groups, which were extracted by 155 

researchers from medical records, are presented in Supplementary Table 1. This study was approved 156 

by the Ethics Committee of Renmin Hospital of Wuhan University, and participants who provided 157 

informed consent (WDRY2021-KS034) were granted access to digital medical records. 158 

 159 

Measurement of renal function parameters in mice 160 
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Before euthanasia, 24-hour urine samples were collected from the mice using metabolic cages. 161 

Blood samples were obtained via retro-orbital bleeding. Serum was separated by centrifugation using 162 

an automated biochemical analyzer (Beckman, USA) to measure serum creatinine (Cr) and blood 163 

urea nitrogen (BUN) levels. Urine sample supernatants were centrifuged and analyzed using an 164 

ELISA kit (Abcam, USA) to quantify urine albumin levels. The urinary albumin-to-creatinine ratio 165 

(ACR) was calculated from the urinary and creatinine levels. 166 

 167 

Cell viability assay 168 

The impact of elevated glucose levels and the influence of DAPA on podocyte viability were 169 

evaluated using the Cell Counting Kit-8 (CCK-8; Beyotime, China). Briefly, cells were treated with 170 

different conditions: 10 μL of CCK-8 solution was added to each well, and the cells were incubated 171 

at 37°C for one hour in a 5% CO₂ incubator. Absorbance was measured at 450 nm using a fully 172 

automated microplate reader (Thermo Scientific, USA). 173 

 174 

Histological and immunohistochemical staining 175 

Kidney tissues from DKD patients and animal models were sectioned, deparaffinized, hydrated, 176 

and subjected to antigen retrieval. Periodic acid-Schiff (PAS) staining, BODIPY staining (Thermo 177 

Scientific, USA), and Oil Red O (ORO) staining (Beyotime, China) were performed to observe 178 

histopathological changes in the kidney. The average values of mesangial matrix expansion for PAS 179 

staining and the area of positive staining for BODIPY/ORO were evaluated in each group using 30 180 

randomly selected non-overlapping fields (Five visual fields for each section analyzed).  181 

For immunohistochemistry (IHC), kidney sections were incubated with 5% bovine serum 182 

albumin (BSA) for one hour at room temperature, followed by incubation with the primary antibody 183 
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overnight at 4°C. Subsequently, sections were incubated with horseradish peroxidase (HRP)-184 

conjugated secondary antibody for one hour at room temperature, and immunoreactivity was detected 185 

using diaminobenzidine as the substrate. The primary antibodies used were ERRα (GTX108166, 186 

Genetex, USA) and ACOX1 (GTX32989, Genetex, USA). Positive areas or integrated optical density 187 

(IOD) were evaluated in each group using 30 randomly selected non-overlapping fields (Five visual 188 

fields for each section analyzed). Microscopic images were captured using an upright microscope 189 

(Olympus, Japan).  190 

 191 

Immunofluorescence (IF) assay 192 

Mouse kidney sections and cell cultures underwent pre-treatment as previously described for IF 193 

analysis. Sections were blocked with 5% BSA for one hour at room temperature. Subsequently, 194 

kidney sections or cell cultures were incubated with primary antibodies overnight at 4°C, followed 195 

by incubation with HRP-conjugated secondary antibodies at room temperature for one hour. The 196 

primary antibodies used were ERRα (GTX108166, Genetex, USA), ACOX1 (GTX32989, Genetex, 197 

USA), TFAM (ab119684, Abcam) and WT1 (ab89901, Abcam). Cell nuclei were stained using an 198 

anti-fluorescence quenching sealer containing DAPI (Thermo Scientific, USA). Intracellular lipid 199 

droplets were labeled using fluorescent probes BODIPY and ORO dye. Microscopic images were 200 

captured using a confocal microscope (Olympus, Japan). The average fluorescence intensity, 201 

mitochondrial morphology values were assessed by analyzing 15 randomly selected, non-overlapping 202 

fields in each group (Five visual fields for each section analyzed). 203 

 204 

Adenosine triphosphate (ATP) analysis 205 

ATP levels in the treated podocytes were quantified using an ATP assay kit (Beyotime, China). 206 
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Absorbance was measured using a fully automated enzyme label reader (Thermo Scientific, USA). 207 

 208 

Oxygen consumption rate (OCR) measurements 209 

The mitochondrial oxygen consumption rate (OCR) and extracellular acidification rate (ECAR) 210 

were quantified using the XFe96 extracellular flux analyzer (Seahorse Bioscience, USA), following 211 

the manufacturer's protocol. Briefly, cells were seeded in XF 24-well cell culture microplates, and 212 

OCR was measured after sequential additions of oligomycin, FCCP, fisetinone, and antimycin A. 213 

 214 

Transmission electron microscopy (TEM) 215 

Kidney and podocyte samples were fixed, embedded in epoxy resin, and sectioned for TEM 216 

analysis. As previously described[35], the glomerular foot process and podocyte mitochondrial 217 

morphology were observed using a transmission electron microscope (Hitachi, Japan). Five fields of 218 

view per sample were analyzed to calculate the glomerular foot process width and the proportion of 219 

damaged podocyte mitochondria. 220 

 221 

Western blot (WB)  222 

Cells or isolated glomeruli were subjected to protein extraction and concentration determination. 223 

Equal amounts of protein were loaded onto SDS-PAGE gels and transferred to PVDF membranes 224 

(Millipore, USA). Membranes were blocked with Rapid Closure Buffer (Proteintech, China) for one 225 

hour at room temperature, followed by overnight incubation with primary antibodies at 4°C. The 226 

primary antibodies used were ERRα (GTX108166, Genetex, USA), ACOX1 (GTX32989, Genetex, 227 

USA), and β-actin (ab8226, Abcam, UK). Membranes were then incubated with HRP-conjugated 228 

secondary antibodies for one hour at room temperature and visualized using a chemiluminescent ECL 229 
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substrate (Abbkine, China). Bands were observed using an imaging system (Monad, China), and grey 230 

values were quantified using ImageJ software. 231 

 232 

Apoptosis detection 233 

Apoptosis in cultured podocytes was assessed by flow cytometry using Annexin V-FITC and 7-234 

AAD double staining, following the manufacturer’s instructions (FITC-Annexin V Apoptosis 235 

Detection Kit with PE, BioLegend, USA). Briefly, podocytes were harvested, washed with cold PBS, 236 

and resuspended in binding buffer. Cells were then incubated with Annexin V-FITC and PE at room 237 

temperature in the dark before immediate analysis by flow cytometry to distinguish viable, early 238 

apoptotic, and late apoptotic/necrotic cells. Proper controls were included to ensure accurate gating 239 

and analysis. 240 

 241 

Determination of triglyceride (TG) and free fatty acid (FFA) concentrations 242 

According to the manufacturer’s instructions, TG and FFA levels in mouse glomeruli and 243 

podocytes were quantified using TG content kits (Beyotime, China) and FFA content kits (Sigma, 244 

USA). 245 

 246 

Luciferase (LUC) Reporter Assay 247 

The LUC reporter assay was performed by Genecreate Bioscience (China). A target sequence 248 

(wild-type or mutant) of approximately 200 base pairs from the ACOX1 gene promoter region was 249 

inserted into the pGL3-basic plasmid. The ERRα coding sequence was inserted into the pcDNA3 250 

plasmid. 293T cells were transfected with these plasmids, and LUC activity was measured using a 251 

luminometer (Promega, USA) with a LUC assay kit (Yeasen, China). 252 
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 253 

Quantitative reverse transcription-polymerase chain reaction (QRT-PCR) analysis 254 

Total RNA from mouse glomeruli was isolated using TRIzol reagent (Invitrogen, USA) and 255 

reverse transcribed into cDNA. To detect mRNA expression levels, qRT-PCR was performed using a 256 

real-time PCR system (Bio-Rad, USA). The primers used are detailed in Supplementary Table 2. 257 

 258 

RNA-sequencing (RNA-seq) and single-cell (sc) RNA-seq data analyses 259 

The GSE166239 dataset was retrieved from the GEO database and analyzed using an online 260 

platform (bioinformatics.com.cn) for data processing and visualization. Differentially expressed 261 

genes (DEGs) were identified through the DESeq2 algorithm with a significance threshold of p < 262 

0.05. To compare gene expression across different groups, heatmaps were generated. Volcano plots 263 

were used to highlight genes with p-values below 0.05 and a log2 fold change greater than 5, 264 

indicating upregulation or downregulation. A correlation heatmap was created to examine gene 265 

relationships, while a chord diagram was employed to explore key pathways related to DKD.  266 

For single-cell RNA sequencing (scRNA-seq), the KIT website (humphreyslab.com/SingleCell/) 267 

or the GEO database (GSE220939) was used for data analysis. The Uniform Manifold Approximation 268 

and Projection (UMAP) algorithm helped visualize distinct renal cell clusters in the scRNA-seq data. 269 

Most of the analysis scripts were written in Python and R, with the code available on the KIT website. 270 

 271 

Statistical analysis 272 

Quantitative data were expressed as the mean ± SD. Statistical analysis was performed using 273 

GraphPad Prism 9.0 software (USA). Comparisons between two groups were made using the t-test, 274 

while one-way ANOVA and Tukey’s multiple comparisons test were used to compare more than two 275 
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groups. Each experiment was repeated at least three times. Bivariate correlation analysis was 276 

performed using Pearson’s correlation. A p-value of less than 0.05 was considered statistically 277 

significant. 278 

  279 
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Results 280 

Effects of DAPA on diabetes-induced glomerular lipid accumulation 281 

To elucidate the effect of Dapagliflozin (DAPA) on glomerular lipid metabolism, db/db mice, a 282 

well-established insulin resistance diabetic model with progressive kidney injury, were treated with 283 

DAPA, and renal tissues were collected for further analysis (Figure 1A). Consistent with previous 284 

studies[37, 38], urinalysis revealed a significantly elevated urinary albumin-to-creatinine ratio (ACR) 285 

in db/db mice at the end of the observation period. In contrast, ACR was significantly reduced in 286 

DAPA-treated db/db mice compared to vehicle control (VEH)-treated mice (Figure 1B). 287 

Morphological changes were observed using periodic acid-Schiff (PAS) staining and transmission 288 

electron microscopy (TEM). PAS staining revealed glomerular hypertrophy, dilated mesangial matrix, 289 

and glycogen deposition in db/db mice (Figure 1C-D). TEM examination disclosed massive foot 290 

process effacement of the podocytes in db/db mice (Figure 1E). After DAPA treatment showed 291 

improvements in these pathological phenomena (Figure 1C-E). Additionally, we have also found that 292 

both triglyceride (TG) and free fatty acid (FFA) levels were elevated in the glomeruli of db/db mice 293 

compared to db/m mice (Figure 1F-G). Oil Red O staining (Figure 1H-I) and BODIPY staining 294 

(Figure 1J-K) consistently indicated that DAPA effectively inhibited renal lipid accumulation in 295 

diabetic mice. 296 

 297 

Effects of DAPA on the expression of ERRα and ACOX1 298 

Given that triglycerides are the main components of lipid droplets and that lipid accumulation 299 

results from an imbalance between triglyceride synthesis and clearance, we investigated pathways 300 

regulating glomerular triglyceride metabolism by analyzing the publicly available GEO database 301 

(GSE166239). As shown in Figure 2A, FA metabolism significantly differed between healthy controls 302 
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and DKD patient groups. Differential gene expression analysis revealed that ACOX1, a rate-limiting 303 

enzyme in mitochondrial FAO, was downregulated in the glomeruli of DKD patients (Figure 2B). 304 

Furthermore, ACOX1 expression was positively correlated with the estimated glomerular filtration 305 

rate (eGFR) in DKD patients (Figure 2C). Our previous study demonstrated that the nuclear receptor 306 

ERRα plays a distinct role in regulating renal FAO and OXPHOS [39, 40], further correlation analyses 307 

showed that ERRα expression was positively correlated with eGFR in DKD patients (Figure 2D). 308 

Single-cell RNA (GEO ID: GSE220939), transcriptome sequencing (GEO ID: GSE166239) and 309 

Nephroseq (https://www.nephroseq.org/) data identified key genes related to fatty acid metabolism in 310 

DKD development[41, 42]. Secondary analysis showed that ACOX1 expression was significantly 311 

downregulated in podocytes of DKD patients, while pretreatment with DAPA upregulated ACOX1 312 

expression (Figure 2E). We further assessed the expression of ERRα and ACOX1 in renal tissues. 313 

Immunohistochemical staining revealed decreased expression of ERRα and ACOX1 in the glomeruli 314 

of DKD patients and db/db mice. In contrast, DAPA significantly upregulated ERRα and ACOX1, as 315 

evidenced by immunofluorescence co-staining in podocytes (Figure 2F-H). Western blot analysis of 316 

isolated mouse glomeruli confirmed that DAPA partially reversed the diabetes-induced 317 

downregulation of ERRα and ACOX1 in db/db mice (Figure 2I). These results suggest that decreased 318 

expression of ERRα and ACOX1 may be key indicators of dysregulated glomerular lipid metabolism 319 

in DKD and that DAPA may alleviate renal lipid accumulation by upregulating ERRα and ACOX1 320 

expression. 321 

 322 

DAPA treatment mitigates high glucose-induced lipid accumulation in vitro 323 

To investigate the role of DAPA in lipid metabolism, an in vitro high glucose (HG)-induced 324 

human podocyte model was established. A cell viability assay (CCK8) was first employed to ascertain 325 
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the impact of HG and DAPA concentrations on cellular viability (Figure S1A-B). The findings 326 

indicated that a 30 mM HG concentration did not significantly affect cell viability, whereas a 10 mM 327 

DAPA concentration notably mitigated the impaired cell viability. Lipid accumulation in podocytes 328 

was examined using Oil Red O (ORO) and BODIPY staining (Figure 3A-B). Lipid droplets were 329 

detected in podocytes stimulated with HG, but pre-treatment with DAPA reduced lipid deposition. 330 

Intracellular free fatty acids (FFA) and triglycerides (TG) were also assayed (Figure 3C-D), revealing 331 

that DAPA treatment alleviated the increased FFA and TG content induced by HG. 332 

Moreover, HG increased cellular apoptosis, but DAPA diminished this cellular damage (Figure 333 

3E). As cellular FAO is a crucial source of adenosine triphosphate (ATP) in podocytes, mitochondrial 334 

respiration and ATP content were measured. Results showed that HG treatment decreased oxygen 335 

consumption rate (OCR) and ATP content, whereas DAPA partially restored OCR and ATP levels 336 

(Figure 3F). Additionally, DAPA significantly attenuated mitochondrial damage in podocytes (Figure 337 

S1C). The expression of ERRα and ACOX1 was also assessed in vitro. Consistent with in vivo and 338 

previous studies[39, 43, 44], HG-treated podocytes exhibited significant decreases in ERRα and 339 

ACOX1 expression, as shown by immunofluorescence assays (Figure 3G) and Western blot analysis 340 

(Figure 3H). 341 

In contrast, DAPA pre-treatment upregulated ERRα and ACOX1 expression in podocytes, 342 

partially reversing the decline caused by HG. These results suggest that decreased ERRα and ACOX1 343 

expression induced by HG leads to compromised FA utilization and lipid accumulation in podocytes. 344 

DAPA improves lipid metabolism by upregulating ERRα and ACOX1 expression in podocytes. 345 

 346 

Effects of the ERRα-ACOX1 axis on fatty acid utilization 347 

Previous studies confirmed ACOX1 as a potential target of ERRα by ChIP-on-chIP in mouse 348 
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kidney cells[45]. To determine whether ERRα is involved in fatty acid metabolism, podocytes were 349 

transfected with an ERRα pcDNA recombinant or control plasmid and then incubated with HG. 350 

Western blot analysis showed that ERRα overexpression significantly restored the diminished 351 

expression of ACOX1 induced by HG, consistent with previous studies[39, 40] (Figure 4A-B). ERRα 352 

overexpression also promoted lipid metabolism and utilization, evidenced by reduced lipid droplet 353 

accumulation and decreased TG and FFA content under HG exposure (Figure 4C-G). Furthermore, 354 

ERRα overexpression rescued the HG-induced decrease in OCR and ATP content in podocytes 355 

(Figure 4H-I). In addition, immunofluorescence staining of TFAM (mitochondrial marker) showed 356 

that overexpression of ERRα also attenuated HG-induced mitochondrial damage (Figure S2A). The 357 

cell apoptosis rate was slightly reduced in podocytes transfected with ERRα plasmid under HG 358 

conditions (Figure 4J). These results suggest ERRα regulates ACOX1 expression and participates in 359 

podocyte fatty acid metabolism. 360 

 361 

Effects of specific knock-in of ERRα on ACOX1 expression in podocytes 362 

To further corroborate our hypothesis, podocyte-specific ERRα knock-in (ERRαpodKI) mice were 363 

generated using the Cre-LoxP system (Figure 5A). Conditional knock-in mice were identified by 364 

sequencing genomic DNA (Figure 5B). Immunohistochemistry confirmed increased ERRα 365 

expression in glomeruli from ERRαfl/fl/NPHS2Cre+ mice (ERRαpodKI) compared to ERRαfl/fl/ 366 

NPHS2Cre- mice (ERRαctrl) (Figure 5C). Immunofluorescence co-staining (Figure 5D) and Real-time 367 

PCR (Figure 5E) further validated these findings. Western blots showed that ACOX1 expression was 368 

primarily increased in ERRαpodKI mice (Figure 5F), demonstrating in vivo a regulatory effect of ERRα 369 

on ACOX1 expression, consistent with our in vitro studies. 370 

 371 
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The protective effect of ERRα is reversed by the knockdown of ACOX1 372 

To further investigate the relationship between ERRα and ACOX1 in vivo, we constructed a DKD 373 

model in ERRαpodKI/ctrl mice using STZ. Subsequently, an adeno-associated virus (AAV) with 374 

podocyte-specific ACOX1 knockdown was constructed and injected in situ into mouse kidneys 375 

(Figure 6A). As anticipated from the in vitro experiments, overexpression of ERRα significantly 376 

upregulated ACOX1 expression, as demonstrated by immunofluorescence and Western blot analyses 377 

(Figure 6C-F). Additionally, the mRNA level of ACOX1 was significantly elevated (Figure 6G). In 378 

the STZ-induced DKD model, ERRαpodKI mice exhibited markedly reduced levels of DKD injury 379 

markers, including urea nitrogen, blood creatinine, and ACR, compared to controls (Figure 6B). The 380 

overall degree of glomerular injury, evidenced by a significant reduction in the glomerulosclerosis 381 

index and the fusion of podocyte foot processes, was also significantly improved (Figure 6H-I). In 382 

addition, immunofluorescence staining of TFAM also showed that mitochondrial damage was 383 

attenuated (Figure S3A). Furthermore, ERRα overexpression significantly attenuated glomerular 384 

lipid accumulation (Figure 6J-K). However, the protective effect of ERRα was reversed after AAV-385 

mediated knockdown of ACOX1 expression (Figure 6B, 6H-K). These results suggest that ERRα 386 

exerts its protective effects by upregulating ACOX1 expression. 387 

 388 

DAPA alleviated renal lipid accumulation and ameliorated kidney injury in STZ-induced 389 

diabetic mice in an ERRα-dependent manner 390 

To clarify the therapeutic effect of DAPA on DKD, we used STZ to establish a high-fat diet 391 

diabetic model in ERRαpodKI and ERRαctrl mice. The mice were treated with DAPA or vehicle control 392 

(VEH) for 4 weeks (Figure 7A). Pathological markers of DKD, such as blood urea nitrogen (BUN), 393 

serum creatinine (Cr), and ACR, were evaluated before sacrifice. DAPA treatment substantially 394 
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reduced the increased BUN, serum Cr, and ACR. ERRα knock-in mice showed a better therapeutic 395 

response than those without the knock-in gene (Figure 7B). DAPA significantly reduced the overall 396 

degree of glomerular injury in diabetic ERRα knock-in mice, as evidenced by a significantly lower 397 

glomerulosclerosis index and improved fusion of podocyte foot processes compared to mice without 398 

the knock-in gene (Figure 7C-D). In addition, immunofluorescence staining of TFAM also showed 399 

that mitochondrial damage was attenuated (Figure S3B). We also measured glomerular lipid content 400 

and found that ERRα knock-in enhanced the therapeutic effect of DAPA in reducing glomerular lipid 401 

accumulation (Figure 7E-G). The expression of ERRα and ACOX1 was examined to elucidate the 402 

molecular mechanism. Immunohistochemistry and immunofluorescence results, consistent with 403 

Western blot and RT-PCR findings, showed that ERRα expression was upregulated by DAPA 404 

treatment, and ACOX1 expression was further increased in ERRα knock-in mice (Figure 7H-K). 405 

These data indicate that DAPA attenuates lipid accumulation primarily by enhancing ACOX1-406 

dependent lipid catabolism via an ERRα-dependent mechanism. 407 
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Discussion 409 

Diabetic kidney disease (DKD) is one of the most prevalent and severe complications of diabetes, 410 

affecting over 50% of individuals with diabetes and being associated with high morbidity and 411 

mortality. Given the significant health risks and economic costs associated with DKD, there is a 412 

pressing need to identify targeted agents that can effectively reverse its progression[46]. This study 413 

has demonstrated that the expression of the transcription factor ERRα is significantly downregulated 414 

in podocytes in the DKD state. This downregulation leads to marked inhibition of ACOX1-mediated 415 

FAO, exacerbating lipotoxicity and promoting cellular damage. Additionally, we have found that the 416 

SGLT2 inhibitor Dapagliflozin (DAPA) reverses ACOX1-mediated FAO by targeting and 417 

upregulating ERRα expression, thereby attenuating lipotoxicity in DKD. These findings offer a novel 418 

perspective on using SGLT2 inhibitors for treating DKD and reveal a distinctive therapeutic 419 

mechanism by which these inhibitors enhance FAO in podocytes. 420 

Currently, DKD treatment is primarily symptomatic, with no targeted agents available to reverse 421 

its progression[47]. The main reason for the lack of effective therapeutic targets is the unclear 422 

pathogenesis of DKD[48]. Major studies on DKD indicate that impaired glomerular structure and 423 

function are crucial in its development[49]. Podocytes, the main components of the glomerulus, are 424 

critically affected, with damage leading to significant renal function impairment[49]. In DKD, 425 

podocytes undergo various injuries, including increased apoptosis and cell detachment, though the 426 

specific mechanisms remain unclear[48]. Previous and recent studies have shown that FAO is 427 

markedly suppressed in podocytes in the DKD state, resulting in lipotoxicity[4, 5, 50]. As a crucial 428 

pathway for lipid degradation and energy supply, FAO is essential for podocyte lipid metabolism[7]. 429 

Moreover, as terminally differentiated cells, podocytes are particularly vulnerable to lipotoxicity, 430 

underscoring the potential therapeutic value of targeting podocyte lipid metabolism[51]. 431 
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Peroxisomal acyl-coenzyme A oxidases (ACOXs), the initial and rate-limiting enzymes of the 432 

catalytic β-oxidation system in mitochondria, are highly expressed in organs such as the liver and 433 

kidney[52]. ACOXs are classified into three isoforms: ACOX1, ACOX2, and ACOX3. Recent studies 434 

have shown that ACOX1 plays a distinctive role in renal FAO and is significantly associated with 435 

acute kidney injury and renal fibrosis[53, 54]. However, no studies have confirmed the role of 436 

ACOX1 in podocytes. Our in vivo and in vitro experiments demonstrated for the first time that 437 

ACOX1 expression was significantly downregulated in podocytes under DKD conditions, leading to 438 

significant inhibition of its mediated lipid metabolism and exacerbated lipotoxicity, further promoting 439 

podocyte injury. These findings suggest that ACOX1 and its mediated FAO represent important 440 

therapeutic targets in DKD. 441 

Despite numerous studies showing that ACOX1 expression is downregulated in various disease 442 

models and associated with disease progression, the regulatory mechanism of ACOX1 has not been 443 

confirmed[55-57]. The present study further explored the regulatory mechanism of ACOX1 in 444 

podocytes. The results demonstrated that ACOX1 transcription was regulated by the transcription 445 

factor ERRα, providing a new perspective on ACOX1 regulation in podocytes. ERRα is a crucial 446 

nuclear transcription factor, metabolically active and highly expressed in organs, such as the liver, 447 

skeletal muscle, and kidney[28]. Functionally, ERRα maintains membrane transport and energy 448 

metabolism by regulating the transcription of downstream molecules[26]. ERRα is associated with 449 

renal aging, acute kidney injury, and puromycin aminonucleoside-induced renal injury in renal 450 

diseases, playing an important protective role[30, 32, 58]. Our previous study confirmed that 451 

overexpression of ERRα by renal tubular epithelial cells significantly ameliorated renal tubular 452 

pathological injury[39, 59], and in the present study we demonstrated that ERRα expression was 453 

downregulated in podocytes and that overexpression of ERRα significantly ameliorated podocyte 454 
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injury in DKD. On the other hand, our previous study confirmed that in renal tubular cells, the level 455 

of mRNA of ERRα was unchanged by HG stimulation, but its ubiquitination degradation was 456 

increased, which in turn decreased its protein level[39]. However, there is still a lack of studies on the 457 

changes in ERRα expression in podocytes and their specific mechanisms. In the present study, we 458 

found that high glucose stimulation leads to a decrease in the protein level of ERRα, which is similar 459 

to previous studies, but the specific mechanisms have not been further confirmed in the present study. 460 

These differences may arise due to cell type–specific responses and the influence of post-translational 461 

modifications.  462 

Furthermore, our findings revealed that ERRα could regulate lipid metabolism by modulating 463 

ACOX1 transcription. In vivo and in vitro experiments validated the binding sequences of ERRα and 464 

ACOX1, elucidating the specific mechanisms through ERRα-mediated regulation. These results 465 

confirm the importance of the ERRα-ACOX1 axis in FAO in DKD, suggesting that targeting this axis 466 

in podocytes has therapeutic potential. 467 

Large clinical cohort studies have confirmed the important role of SGLT2 inhibitors like DAPA 468 

in DKD patients[60]. Recent studies have shown that DAPA significantly improves DKD patient 469 

prognosis[10, 61]. However, the exact mechanisms remain unclear. SGLT2 is predominantly 470 

expressed in proximal tubule cells, but recent studies have shown comparable SGLT2 expression in 471 

podocytes [61]. DAPA’s capacity to reduce podocyte lipotoxicity in experimental Alport syndrome 472 

suggests a shared pathogenic mechanism with DKD. In both conditions, excess lipid accumulation in 473 

podocytes leads to cellular dysfunction and detachment, contributing to glomerular injury. By 474 

improving lipid metabolism and reducing lipotoxicity, DAPA may help preserve podocyte integrity, 475 

thereby preventing the progression of DKD and improving overall renal function.[61]. 476 
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Additionally, DAPA can reverse metabolic reprogramming by promoting FAO and inhibiting 477 

glycolysis, thus attenuating tubular cell injury. Interestingly, recent studies indicated that DAPA could 478 

act independently on SGLT2, extending its mechanisms of action[62, 63]. No studies have confirmed 479 

the therapeutic effects of DAPA on podocytes or elucidated its mechanisms. This study demonstrated 480 

for the first time that DAPA significantly improves FAO, and reduces lipotoxicity in high glucose-481 

stimulated podocytes and glomeruli in a DKD animal model, exerting a vital renal protective effect. 482 

Furthermore, DAPA antagonized diabetes-induced decrease in ERRα and ACOX1 expression, and 483 

podocyte-specific overexpression of ERRα resulted in outcomes similar to DAPA treatment, 484 

suggesting that DAPA exerts its effects by upregulating ERRα expression in DKD. These findings 485 

provide new insights into the action mechanisms of action of DAPA. 486 

While our study yielded promising results, several limitations should be considered. First, 487 

extending the intervention period could provide insights into the long-term therapeutic effects and 488 

disease progression. Second, the role of ACOX1 overexpression in vivo was not further explored. 489 

Finally, analyzing kidney specimens from DKD patients may further confirm our animal experiment 490 

findings. 491 

In conclusion, our study supports the hypothesis that the downregulation of ERRα expression in 492 

podocytes under DKD conditions inhibits ACOX1-mediated FAO, promoting lipotoxicity and 493 

subsequent podocyte injury. DAPA administration significantly ameliorates lipotoxicity and 494 

attenuates podocyte injury by upregulating the ERRα-ACOX1 axis. This provides a novel perspective 495 

on the mechanism of action of SGLT2 inhibitors in DKD. 496 
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Figure legends  735 

Figure 1. Effect of DAPA on diabetes-induced glomerular lipid accumulation 736 

(A) Schematic diagram of 4-week treatment of 1 mg/kg dagliflozin (DAPA) or normal saline (Vehicle) 737 

to db/db mice. 738 

(B) Serum ACR levels in each mouse group. 739 

(C-D) Representative images of PAS stainings and quantification of mesangial matrix expansion of 740 

glomeruli from each group of mice. 741 

(E) Representative images of TEM and quantification of foot process width from each group of mice. 742 

(F-G) Triglyceride (TG) and free fatty acid (FFA) contents in glomeruli of mice in each group. 743 

(H-I) Representative images and quantification of Oil Red O (ORO) stanings of glomeruli from each 744 

group of mice. 745 

(J-K) Representative images and quantification of BODIPY stanings of glomeruli from each group 746 

of mice. 747 

n=6 independent group mice. Data are expressed as mean ± SD. Statistical differences among three 748 

or more groups were evaluated using one-way ANOVA followed by Tukey’s post hoc test. *** P < 749 

0.001. 750 

 751 

Figure 2. Effects of DAPA on the expression of ERRα and ACOX1 752 

(A) Chord plots showing KEGG-enriched items of DEGs in kidneys from patients (GSE166239) of 753 

the control group versus the DKD group. 754 

(B) Heatmap showing the alterations of fatty acid oxidation (FAO) related gene expression in kidneys 755 

from patients (GSE166239) of the control group versus the DKD group.  756 

(C) Correlation analysis of glomerular filtration rate (GFR) and ACOX1 expression in DKD patients 757 

(using nephroseq). 758 

(D) Correlation analysis of GFR and ERRα expression in DKD patients (using nephroseq). 759 

(E) ScRNA-seq (GSE220939) depicted podocytes (POD), ACOX1-positive cell localization, and 760 

ACOX1’s expression in the POD cluster from each patient group. 761 

(F-G) Representative images and quantification of immunohistochemical stainings in glomeruli of 762 

mice and patients from each group. 763 

(H) Representative images and quantification of ACOX1 (red), ERRα (green), WT1 (grey), and DAPI 764 

(blue)-immunofluorescent stained kidney sections in glomeruli of mice from each group. 765 
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(I) Representative images and band density quantification of Western blots using isolated glomeruli 766 

from each mouse group to quantify protein expression of ACOX1 and ERRα normalized to β-actin. 767 

n=6 independent group mice. Control, control patients; DKD, diabetic kidney disease patients. Data 768 

are expressed as mean ± SD. Statistical differences among three or more groups were evaluated using 769 

one-way ANOVA followed by Tukey’s post hoc test. * P < 0.05; ** P < 0.01; *** P < 0.001. 770 

 771 

Figure 3. DAPA treatment mitigated high glucose-induced lipids accumulation in vitro 772 

(A) Representative images and quantification of Oil Red O (ORO) stanings of podocytes from each 773 

group. 774 

(B) Representative images and quantification of BODIPY stanings of podocytes from each group. 775 

(C-D) Triglyceride (TG) and free fatty acid (FFA) contents of podocytes from each group. 776 

(E) Flow cytometry analysis of the apoptotic rate of podocytes from each group. 777 

(F) OCR and ATP contents measurement experiment performed on podocytes from each group.  778 

(G) Representative images and quantification of ACOX1 (red), ERRα (green) and DAPI (blue)-779 

immunofluorescent stained podocytes from each group.  780 

(H) Representative images and band density quantification of Western blots using podocytes from 781 

each group to quantify protein expression of ACOX1 and ERRα normalized to β-actin. 782 

n=3 cultures per group. HG, high gluose (30mM, 24h); DAPA, dapagliflozin (10 µM, 24h). Data are 783 

expressed as mean ± SD. Statistical differences among three or more groups were evaluated using 784 

one-way ANOVA followed by Tukey’s post hoc test. * P < 0.05, ** P < 0.01, *** P < 0.001. 785 

 786 

Figure 4. Effects of the ERRα-ACOX1 axis on fatty acids utilization. 787 

(A) Representative images and band density quantification of Western blots using podocytes from 788 

each group to quantify protein expression of ACOX1 and ERRα normalized to β-actin. 789 

(B) Representative images and quantification of ACOX1 (red), ERRα (green) and DAPI (blue)-790 

immunofluorescent stained podocytes from each group. 791 

(C) Representative images and quantification of Oil Red O (ORO) stanings of podocytes from each 792 

group. 793 

(D-E) Representative images and quantification of BODIPY stanings of podocytes from each group. 794 

(F-G) Triglyceride (TG) and free fatty acid (FFA) contents of podocytes from each group. 795 

(H-I) OCR and ATP contents measurement experiment performed on podocytes from each group. 796 
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(J) Flow cytometry analysis of the apoptotic rate of podocytes from each group. 797 

n=3 cultures per group. HG, High gluose (30mM, 24h); OE-ERRα, overexpression ERRα group. Data 798 

are expressed as mean ± SD. Statistical differences among three or more groups were evaluated using 799 

one-way ANOVA followed by Tukey’s post hoc test. ns: not significant (P > 0.05), ** P < 0.01, *** 800 

P < 0.001. 801 

 802 

Figure 5. Effects of specific knock-in of ERRα on ACOX1 expression in podocytes. 803 

(A) Schematic diagram of ERRαpodKI mice. 804 

(B) Genotyping the mice by PCR analysis of genomic DNA, lanes 1-4 are ERRαctrl genotype, lane 3 805 

is ERRαpodKI genotype. 806 

(C) Representative images and quantification of immunohistochemical stainings in glomeruli of mice 807 

from each group. 808 

(D) Representative images and quantification of ACOX1 (red), ERRα (green), WT1 (grey), and DAPI 809 

(blue)-immunofluorescent stained kidney sections in glomeruli of mice from each group. 810 

(E) Relative mRNA levels of ACOX1 and ERRα in glomeruli of mice from each group. 811 

(F) Representative images and band density quantification of Western blots using isolated glomeruli 812 

from each mouse group to quantify protein expression of ACOX1 and ERRα normalized to β-actin. 813 

n=6 independent group mice. ERRαctrl, control mice; ERRαpodKI, podocyte-specific knock-in mice. 814 

Data are expressed as mean ± SD. Statistical differences among three or more groups were evaluated 815 

using one-way ANOVA followed by Tukey’s post hoc test. *** P < 0.001. 816 

 817 

Figure 6. The protective effect of ERRα is reversed by the knockdown of ACOX1. 818 

(A) Schematic diagram of intraperitoneal injection of Streptozotocin (STZ) and adeno-associated 819 

virus (AAV) injection to ERRαpodKI mice. 820 

(B) Serum BUN, Cr, and ACR levels in each mouse group. 821 

(C-D) Representative images and quantification of ACOX1 (red), ERRα (green), WT1 (grey), and 822 

DAPI (blue)-immunofluorescent stained kidney sections in glomeruli of mice from each group. 823 

(E-F) Representative images and band density quantification of Western blots using isolated 824 

glomeruli from each mouse group to quantify protein expression of ACOX1 and ERRα normalized 825 

to β-actin. 826 

(G) Relative mRNA levels of ACOX1 and ERRα in glomeruli of mice from each group. 827 
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Data are presented as means ± SD. ns: not significant (P > 0.05), ** P < 0.01, *** P < 0.001. 828 

(H) Representative imagesf PAS stanings and quantification of mesangial matrix expansion from 829 

each group of mice. 830 

(I) Representative images of TEM and quantification of foot process width from each group of mice. 831 

(J) Representative images and quantification of BODIPY stanings of glomeruli from each group of 832 

mice. 833 

(K) Representative images and quantification of Oil Red O stanings of glomeruli from each group of 834 

mice. 835 

n=6 independent group mice. ERRαctrl, control mice; ERRαpodKI, podocyte-specific knock-in mice; 836 

shNC, empty AAV injection group; shACOX1, knockdown of ACOX1 expression group using AAV. 837 

Data are expressed as mean ± SD. Statistical differences among three or more groups were evaluated 838 

using one-way ANOVA followed by Tukey’s post hoc test. ns: not significant (P > 0.05), * P < 0.05, 839 

** P < 0.01, *** P < 0.001. 840 

 841 

Figure7. DAPA alleviated renal lipid accumulation and ameliorated kidney injury in STZ-842 

induced diabetic mice in an ERRα-dependent manner. 843 

(A) Schematic diagram of intraperitoneal injection of Streptozotocin (STZ) and 4-week treatment of 844 

1 mg/kg dagliflozin (DAPA) or normal saline (Vehicle) to ERRαpodKI mice. 845 

(B) Serum BUN, Cr, and ACR levels in each mouse group. 846 

(C) Representative imagesf PAS stanings and quantification of mesangial matrix expansion from each 847 

group of mice. 848 

(D) Representative images of TEM and quantification of foot process width from each group of mice. 849 

(E) Representative images and quantification of Oil Red O (ORO) and BODIPY stanings of glomeruli 850 

from each group of mice. 851 

(F-G) Triglyceride (TG) and free fatty acid (FFA) contents in glomeruli of mice in each group. 852 

(H) Representative images and quantification of immunohistochemical stainings in glomeruli of mice 853 

from each group. 854 

(I) Representative images and quantification of ACOX1 (red), ERRα (green), WT1 (grey), and DAPI 855 

(blue)-immunofluorescent stained kidney sections in glomeruli of mice from each group. 856 

(J) Representative images and band density quantification of Western blots using isolated glomeruli 857 

from each mouse group to quantify protein expression of ACOX1 and ERRα normalized to β-actin. 858 
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(K) Relative mRNA levels of ACOX1 and ERRα in glomeruli of mice from each group. 859 

n=6 independent group mice. VEH, saline; DAPA, dapagliflozin; ERRαctrl, control mice; ERRαpodKI, 860 

podocyte-specific knock-in mice. Data are expressed as mean ± SD. Statistical differences among 861 

three or more groups were evaluated using one-way ANOVA followed by Tukey’s post hoc test. ns: 862 

not significant (P > 0.05), * P < 0.05, ** P < 0.01, *** P < 0.001. 863 
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Figure 7. 883 
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Highlights: 

1. ERRα upregulation mitigates podocyte lipotoxicity. 

2. ERRα/ACOX1 is crucial for podocyte FAO and OXPHOS. 

3. DAPA enhances FAO through ERRα activation. 

4. DAPA reduces glomerular lipid accumulation beyond glycemic control.  
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