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Abstract 48 

Clinically, statins have long been used for the prevention and treatment of chronic renal 49 

diseases, however, the underlying mechanisms are not fully elucidated. The present study 50 

investigated the effects of atorvastatin on diabetes renal injury and ferroptosis signaling. A mouse 51 

model of diabetes was established by the intraperitoneal injection of streptozotocin (50 mg/kg/day) 52 

plus a high fat diet with or without atorvastatin treatment. Diabetes mice manifested increased 53 

plasma glucose and lipid profile, proteinuria, renal injury and fibrosis, atorvastatin significantly 54 

lowered plasma lipid profile, proteinuria, renal injury in diabetes mice.  Atorvastatin reduced renal 55 

reactive oxygen species (ROS), iron accumulation and renal expression of malondialdehyde 56 

(MDA), 4-hydroxynonenal (4-HNE), transferrin receptor1 (TFR1), and increased renal expression 57 

of glutathione peroxidase 4 (GPX4), nuclear factor erythroid 2-related factor (NRF2) and ferritin 58 

heavy chain (FTH) in diabetes mice.  Consistent with the findings in vivo, atorvastatin prevented 59 

high glucose-induced ROS formation and Fe2+ accumulation, an increase in the expression of 4-60 

HNE, MDA and TFR1, and a decrease in cell viability and the expression of NRF2, GPX4 and FTH 61 

in HK2 cells. Atorvastatin also reversed ferroptosis inducer erastin-induced ROS production, 62 

intracellular Fe2+ accumulation and the changes in the expression of above-mentioned ferroptosis 63 

signaling molecules in HK2 cells. In addition, atorvastatin alleviated high glucose- or erastin-64 

induced mitochondria injury.  Ferroptosis inhibitor ferrostatin-1 and antioxidant N-acetylcysteine 65 

(NAC) equally reversed the expression of high glucose-induced ferroptosis signaling molecules.  66 

Our data support the notion that statins can inhibit diabetes-induced renal oxidative stress and 67 

ferroptosis, which may contribute to statins protection of diabetic nephropathy. 68 

Key words: Diabetic nephropathy, ferroptosis, oxidative stress, statins, diabetes, renal diseases 69 
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 1. Introduction 71 

Type II diabetes are prevalent worldwide. Approximately 20% of diabetes patients have 72 

diabetes kidney diseases (DKD), DKD is the leading cause of end-stage renal disease associated 73 

with increased incident dialysis rate, poor cardiovascular outcome and all-cause morbidity and 74 

mortality (Bolignano et al., 2017; Gruden et al., 2005; Mansi et al., 2021). DKD is a prototypical 75 

metabolic disorder of gene and environmental interactions. Hyperglycemia induces metabolic 76 

alterations, including mitochondrial dysfunction, glucose and fatty acid oxidation abnormalities, 77 

endoplasmic reticulum (ER) stress, and energy utilization changes, which may activate multiple 78 

cellular pathways, increasing oxidative stress, inflammation, cell death and proliferation(Lindblom 79 

et al., 2015; Samsu, 2021). 80 

Ferroptosis is a new form of programmed cell death caused by iron-dependent accumulation 81 

of lipid peroxidation(Dixon et al., 2012). In the case of ferroptosis, overexpression of transferrin 82 

receptor 1 (TFR1) and low expression of ferritin heavy chain (FTH) may cause excessive 83 

accumulation of ferrous iron, which promotes massive production of reactive oxygen species (ROS) 84 

through the Fenton reaction, leading to the peroxidation of phospholipid-containing 85 

polyunsaturated fatty acids(Gao et al., 2019; Li et al., 2020). On the other side, the loss of the 86 

antioxidant capacity makes the lipid membranes of cells containing phospholipids vulnerable to 87 

ROS attack, forming the end products of lipid peroxidation, such as malondialdehyde (MDA) and 88 

4-hydroxynonenal (4-HNE), resulting in cytotoxicity and cell ferroptosis(Ayala et al., 2014; 89 

Rochette et al., 2022). 90 

Recent studies have suggested that ferroptosis involves in the pathogenesis of DKD(Huang 91 

and Yuan, 2024; Shen et al., 2022). Some changes related to ferroptosis, such as oxidative stress, 92 

excessive iron accumulation and lipid peroxidation products, are found in the kidney of diabetes 93 
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mice or DKD patients(Mengstie et al., 2023). Animal studies have shown that some agents, such 94 

as ferroptosis inhibitors or iron chelating agents, can slow down or prevent the progression of 95 

DKD(Feng et al., 2021). Therefore, some investigators propose that targeting ferroptosis may be a 96 

new approach for the prevention and treatment of DKD(Chen et al., 2024; Wu et al., 2022).  97 

Statins or the hydroxymethylglutaryl coenzyme A (HMG-CoA) reductase inhibitors, are 98 

potent inhibitor of endogenous cholesterol synthesis. In addition to lowering lipids, statins are also 99 

endowed with pleiotropic effects, including antioxidant, inhibition of inflammation and 100 

upregulation of endothelial nitric oxide synthase (eNOS), which have beneficial effects on the 101 

cardiovascular and renal system(Bellosta et al., 2000). Statins have been shown to slow down the 102 

progression of atherosclerosis and promote the regression of atherosclerosis, and improve 103 

cardiovascular outcomes in humans with normal and elevated serum cholesterol levels(Orkaby et 104 

al., 2020; Zhang et al., 2020). We have previously shown that treatment with atorvastatin increases 105 

renal eNOS expression and reduces renal oxidative stress, inflammation, and fibrosis, thereby 106 

providing renal protection in hypertensive rats(Zhou et al., 2008).  107 

Statins also play an important role in the treatment of diabetic nephropathy (Qin et al., 2017).  108 

Many randomized controlled trials confirm that the therapeutic effects of statins on diabetic 109 

nephropathy are more beneficial than harmful (Sandhu et al., 2006).  However, some investigators 110 

have reported that chronic treatment with statins may increase the risk of insulin resistance in 111 

diabetes patients (Zigmont et al., 2019), and the effect of statin on diabetic nephropathy is still 112 

controversial (Huang et al., 2023; Shen et al., 2016; Zhou et al., 2014). In this study, we investigated 113 

whether statins can inhibit ferroptosis signaling and protect against renal injury in streptozotocin 114 

(STZ)/high fat diet-induced diabetes mice. 115 

2. Materials and Methods 116 
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2.1 Materials and reagents 117 

Atorvastatin was purchased from GLPBIO (Shanghai, China) ,  STZ was obtained from 118 

Sigma-Aldrich (St Louis, MO),  2,7‐dichlorodihydrofluorescein diacetate (DCFH‐DA) 119 

fluorescent probe assay kit was obtained from Beyotime Biotechnology (S0033S, Shanghai, 120 

China), FerroOrang was obtained from DOJINDO (F374, Japan), dihydroethidine (DHE) was 121 

purchased from Med Chem Express LLC (Shanghai, China), and the primary antibodies were 122 

purchased from following companies: anti-glutathione peroxidase4 (GPX4), anti-4-HNE, anti-123 

TFR1 and anti-MDA antibodies (Abcam, Inc.), anti-FTH(Cell Signaling Technology, Inc.) 124 

antibody, anti-β-actin anti-body (ProteinTech Group, Inc.), and anti- nuclear factor erythroid 2-125 

related factor 2 (NRF2) antibody (Abmart, Inc.), anti-p22phox, anti-gp91phox, anti-transform 126 

growth factor 1 （TGFβ1）and anti-fibronectin antibodies (Santa Cruz Biotechnology, Inc.).  127 

2.2 Animal protocols: 128 

The 8-weeks-old male C57BL/6 mice were purchased from Changsheng Biotechnology (Benxi, 129 

China). All animal protocols were implemented in accordance with the institute’s guidelines for 130 

animal care and use, and had been approved by the Animal Care and Use Committee of Shenyang 131 

Medical College (SYYXY2021032301, Shenyang, China).  Mice were housed in a pathogen-free 132 

animal facility at Shenyang Medical College with free access to mouse chow and tap water. Mice 133 

were allowed to adapt to the new environment for 2 weeks. To induce type II diabetes, the mice 134 

were injected intraperitoneally with STZ at a dose of 50 mg/day/kg body weight for 5 consecutive 135 

days, while control mice were injected intraperitoneally with the same volume of citrate solution. 136 

The mice at STZ group or STZ plus atorvastatin group were fed a high-fat diet (45% caloric from 137 

fat, Medicience Ltd. Yangzhou, China) 10 days before the intraperitoneal injection of STZ, until 138 
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the end of the experiments. The mice at control group were fed a normal fed diet (17% caloric from 139 

fat). Fasting blood glucose level > 250 mg/dl is considered as the criterion of successful diabetes 140 

model. After the establishment of diabetes model, diabetes mice were divided into diabetes group 141 

(STZ) and atorvastatin (AT) treated diabetes group. AT group mice were given atorvastatin at the 142 

dose of 30 mg/day/kg body weight by gavage for 8 weeks, the experimental protocols were shown 143 

in figure 1A. Body weight was measured weekly, and fasting blood glucose was measured 144 

biweekly by an automatic blood glucose meter (Roche Accu-CHEK Active, Mannheim, Germany). 145 

Urine was collected by squeezing the mouse bladder on a metal plate to stimulate urination. Urine 146 

albumin was measured by Bio-Rad protein assay (Beyotime Biotech., Shanghai, China), urine 147 

creatinine was determined using creatinine assay kit (Nanjing Jiangchen Bioengineering Institute 148 

Co., Nanjing, China) according to the manufacturer’s instructions, urine albumin excretion was 149 

expressed as the ratio of albumin to creatinine. At the end of the study, mice were fasted overnight 150 

and anesthetized with a mixture of 100 mg/kg ketamine and 20 mg/kg xylazine, the chest of the 151 

mice was immediately opened, and blood was harvested through left ventricular puncture. Blood 152 

samples were used for determining plasma levels of total cholesterol (TC) and total triglycine (TG), 153 

urea nitrogen (BUN). The kidneys were collected and snap frozen in liquid nitrogen. 154 

2.2 Renal histological analysis 155 

Kidney tissue was fixed with 4% paraformaldehyde in PBS and embedded in paraffin, and cut 156 

into 4 μm thick section. Periodic Acid Schiff (PAS) staining was used to evaluate glomerular and 157 

tubular injury, including the glomerular sclerosis and the dilation of the mesangial matrix. The 158 

images were taken using an Olympus DP-72 camera in the Olympus DS-41 microscope (Olympus, 159 

Japan). Five images with total of 10 glomeruli per sample were examined in a blind manner.  160 

Glomerular sclerosis (a dark purple color in glomerular area) was quantified with ImageJ software, 161 

the percentage of glomerular sclerotic area with total glomerular areas for 10 glomeruli was 162 
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measured and averaged as a single measurement. Masson-trichrome staining was used to evaluate 163 

renal fibrosis. Renal collagen was analyzed with ImageJ software and expressed as percentage 164 

positive stained areas with total stained areas. 165 

2.3 Determination of renal tissue iron content 166 

Renal tissue iron content was assayed using an iron assay kit according to manufacturer’s 167 

instructions (Cat#: A039-2-1, Jiancheng Bioengineer Institute, Nanjing, China).  Briefly, renal 168 

tissue (about 80 mg, 1:9 dilution) was homogenized with physiological saline solution, and 169 

centrifuged at 3500 rpm for 10 min. The supernatant was taken, and added 0.5 ml supernatant and 170 

1.5 ml ferrous assay buffer solution in tube to mix well, the mixed solution was boiled for 10 min, 171 

and centrifuged at 3500 rpm for 10 min. The supernatant was taken, and added 200 l supernatant 172 

into 96 well plates. Iron content was detected by spectrophotometer (Omega, Germany) at 510 nm, 173 

tissue iron concentration was calculated by iron standard curve and normalized with per gram tissue 174 

protein. 175 

2.4 Western blot  176 

Kidney tissues were homogenized with lysis buffer containing 1 mmol/L PMSF, 10 μg/ml 177 

aprotinin and 10 μg/ml leupeptin. Protein concentration was measured by Bio-Rad protein assay 178 

kit (California, USA). Thirty μg of protein were separated by SDS-PAGE, and transferred to a 179 

nitrocellulose membrane. After blocking with a 5% milk/TBS blocking solution, the membranes 180 

were incubated with primary antibodies at 4oC overnight, primary antibodies include anti-GPX4 181 

(1:1,000; cat. no. 125066), anti-FTH (1:1,000; cat. no. 4393), anti-4-HNE (1:1,000; cat. no.46545), 182 

anti-TFR1 (1:2,000; cat. no.214039), anti-MDA (1:1,000; cat. no.27642) and anti-NRF2 (1:1,000; 183 

cat. no. T551365), anti-p22phox (1:1,000; cat. no.271262), anti-gp91phox (1:1,000; cat. 184 

no.130543), anti-TGFβ1(1:1,000; cat. no.130348), anti-fibronectin (1:1,000; cat. no.271098) 185 
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antibodies. The membranes were washed three times with TBS, then incubated with the secondary 186 

antibody conjugated with horseradish peroxidase at room temperature for one hour. The 187 

immunoblots were visualized by enhanced chemiluminescence (ECL, Santa Cruz Biotech. Inc.), 188 

which were detected by an Aplegen Omega Lum G Gel Documentation System (Aplegen Inc., 189 

Pleasanton), densitometric analyses were quantified by ImageJ. 1.48V software system. β-actin 190 

(1:10,000; cat. no. 66009-1-Ig) was used as a loading control, and data was expressed as fold 191 

increase versus control group.  192 

2.5 Determination of renal reactive oxygen species (ROS) production with fluorescent 193 

dihydroethidine (DHE) staining. 194 

Oxidative fluorescent dye DHE was used to determine the renal O2
−  production as described 195 

in our previous publications (Huang et al., 2018). In briefly, fresh renal tissues were embedded in 196 

OCT compound and snap frozen with liquid nitrogen.  Four μm thickness of renal sections were 197 

cut with microtome-cryostat. Sections were incubated with 2 μmol/L DHE in HEPES buffer for 30 198 

minutes at 37 oC. At least 5 images per section were taken using a laser scanning confocal 199 

fluorescence microscope, and average oxidative fluorescent intensity was quantified.  200 

2.6 Immunohistochemistry analysis 201 

Renal sections (4 μm) were cut from paraffin embedded tissues for immunofluorescence 202 

analysis. After deparaffinization and hydration, renal sections were microwaved for 30 minutes at 203 

60 oC for antigen retrieval. The sections were incubated with the primary antibodies against MDA 204 

(1:200 dilution with PBS buffer; cat. no.27642) and 4-HNE (1:200 dilution with PBS buffer; cat. 205 

no.46545) overnight at 4 oC, followed by the incubation with HRP labeled streptavidin for 15 min 206 

at room temperature and stained with DAB solution. The section without the incubation with 207 

primary antibody was used as a negative control. The nuclei were counter-stained with DAPI. 208 

Images were acquired by a Leica DM4B fluorescence microscope (Leica Microsystems Inc., 209 
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Mannheim, Germany) and analyzed with ImageJ version 1.48 software. Results were expressed as 210 

a percentage of positive stained areas with total selected areas. 211 

2.7 Cell culture 212 

Human renal epithelial (HK2) cells were cultured in DMEM medium containing 10% FBS, 213 

streptomycin (100 mg/ml) and penicillin (100 U/ml) under a humidified atmosphere of 5% CO2 214 

at 37 °C. Cells were cultured with normal glucose (NG, 5.5 mmol/L D-glucose), high mannitol 215 

(24.5 mmol/L D-mannitol plus 5.5 mmol/L D-glucose, HM), high glucose (HG, 30 mmol/L D-216 

glucose), and HG plus atorvastatin treatment (AT, 10 mol/L) for 24 hours. Mannitol group was 217 

used for controlling cell osmolality. In some experiments, HK2 cells were treated with erastin 218 

(ferroptosis inducer, 10 mol/L), ferrostatin-1 (ferroptosis inhibitor, 10 mol/L) with or without 219 

atorvastatin (10 mol/L). 220 

2.8 Measurement of intracellular ROS 221 

Intracellular ROS production was measured by 2,7‐dichlorodihydrofluorescein diacetate 222 

(DCFH‐DA) fluorescent probe assay kit according to the manufacturer's instructions (S0033S, 223 

Beyotime Biotechnology, Shanghai, China). Briefly, HK2 cells were seeded into a 24 well plate 224 

for 24 hours. Cells were incubated with 10 μmol/L DCFH‐DA without light at 37 °C for 30 225 

minutes, washed with PBS three times, and DCF fluorescence intensity and areas of each cell in 226 

the viewed field were measured using a fluorescence microscope (Leica, Germany), and the total 227 

fluorescence intensity and total areas of cells were calculated.  The mean fluorescence intensity 228 

was obtained by dividing the total fluorescence intensity of cells by the total cell areas and 229 

subtracting the background fluorescence intensity.  Data was expressed as pixels/m2.   230 

2.9 Determination of cell viability 231 

Jo
urn

al 
Pre-

pro
of



11 
 

HK2 cell viability was determined using the CCK-8 assay kit according to the manufacturer's 232 

instruction (Vazyme, A311-01, Nanjing, China). In brief, HK2 cells were diluted to 2×104 cells 233 

and seeded in 96-well plates (6×103 cells/well) and treated with NG, HM, HG or HG plus AT for 234 

24 hours. Then culture medium was replaced with 100 µl fresh medium supplemented with 10 µl 235 

of the CCK-8 solution and incubated for 2 hours at 37°C, absorbance at 450 nm was measured 236 

with a microplate reader (Omega, Germany). PBS without cells was used as blank control.  Each 237 

sample was run in 3 wells (triplet), and the average of three wells is taken as a single measurement.   238 

2.10 Transmission electron microscopy（TEM） 239 

HK2 cells were fixed in 2.5% glutaraldehyde in PBS and postfixed with 1% osmic acid 240 

solution. Cells were followed by dehydration in graded ethanol, and embedded in epoxy resin 241 

embedding medium. Ultra-thin (90 nM) sections were placed on uncoated copper grids, and 242 

stained with 2% uranyl acetate and 0.1% lead citrate. The grids were examined and photographed 243 

using TEM operating at 80 kV (HITACHI, H-7650, Japan）. 244 

2.11 Determination of intracellular Fe2+ concentration with FerroOrange fluorescence 245 

staining  246 

HK2 cells were stained with 1 mmol/L FerroOrang (DOJINDO, F374, Japan) in Hanks’ 247 

balanced salt solution at 37℃ for 30 minutes in the dark, then  fluorescent-stained cells were 248 

observed with a fluorescence microscope.  Average fluorescence intensity was measured using 249 

imageJ software and calculated by dividing the total fluorescence intensity of cells by the total 250 

cell areas and subtracting the background fluorescence intensity.  Data was expressed as 251 

pixels/M2.  252 

2.12 Statistical analysis 253 

Results were expressed as mean ± SD of independent animal or cell-based experiments. 254 
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Statistical analyses were performed by one-way ANOVA with Tukey's multiple comparison. 255 

Values were considered significant when p< 0.05. 256 

 257 

3. Results 258 

3.1 Atorvastatin lowers plasma lipid profile and improves renal function in STZ/high fat diet-259 

induced diabetes mice 260 

Compared with control mice, fasting blood glucose in STZ mice treated with high fat diet 261 

(STZ/HF) significantly increased (17.4 ± 0.7 vs. 3.9 ± 0.5 mmol/L in control mice, p<0.05, Figure  262 

           Figure 1. Atorvastatin treatment reduces plasma lipid profile and renal function in 263 

streptozotocin（STZ) with high fat diet (HF)-induced diabetes mice. A: a schematic diagram 264 

of experimental protocols. B: fasting plasma glucose; C: fasting plasma total cholesterol 265 

(TC); D: fasting plasma total triglyceride (TG); E: body weight; F: plasma urea nitrogen 266 

(BUN), G: urine albumin excretion.  Con: control mice; STZ; streptozotocin with high fat 267 

diet-induced diabetes mice; AT: diabetes mice treated with atorvastatin. Data was expressed 268 

mean ± SD, n=6, **p<0.01 vs. control mice, #p<0.05 & ##p<0.01 vs. diabetes mice. 269 

1B), indicating a successful model of mouse diabetes. STZ/HF-induced diabetes mice had higher 270 

fasting plasma total cholesterol and total triglyceride, and lower body weight (Figures 1C-E, all 271 

Jo
urn

al 
Pre-

pro
of



13 
 

p<0.05). Treatment with atorvastatin significantly lowered lipid profile, and slightly increased 272 

body weight (p<0.05), but had not significant effect on plasma glucose. Plasma BUN and urine 273 

albumin excretion significantly increased in diabetes mice (all p<0.05, Figures 1F-G), and 274 

atorvastatin significantly reduced plasma BUN and albuminuria in diabetes mice. 275 

3.2 Treatment with atorvastatin lowers renal injury and fibrosis in diabetes mice 276 

We evaluated the effects of atorvastatin on renal injury and fibrosis using PAS staining and  277 

        Figure 2. Atorvastatin treatment protects against renal injury and fibrosis in diabetes 278 

mice. A: Representative images of renal sections stained with periodic acid-Schiff (PAS) to 279 

evaluate renal morphological injury, top pane: 200x magnification, low pane: 400x 280 

magnification; B: Quantitation of glomerular sclerosis and injury; C: Representative renal 281 

images stained with Masson trichrome for evaluation of renal fibrosis, top pane: 200x 282 

magnification, low pane: 400x magnification; D. Quantification of renal positive collagen 283 

staining areas; n=6.  Representative image bands (E) and semi-quantitation of the protein 284 

expression of transforming growth factor (TGFβ) (F) and fibronectin (G); n=3, **p<0.01 vs. 285 

control mice, ##p<0.01 vs. diabetes mice. 286 

 287 
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Masson-trichrome staining, respectively. PAS staining showed that diabetes mice had obvious 288 

glomerular and renal tubule injury, which manifested by increased glomerular sclerotic area, 289 

glomerular mesangial expansion and renal tubular atrophy. Atorvastatin treatment reduced 290 

diabetes-induced renal glomerular and tubular injury (Figures 2A&B). Masson-trichrome showed 291 

that diabetes mice had more collagen positive staining areas than control mice, which significantly 292 

reduced in atorvastatin-treated mice (Figures 2C&D). We determined renal protein expressions of 293 

fibrotic factors TGFβ and fibronectin, the protein expression of TGFβ and fibronectin significantly 294 

increased in diabetes mice, treatment with atorvastatin reduced the expressions of these fibrotic 295 

proteins (Figures 2E-G). 296 

 297 

3.3 Atorvastatin attenuates renal oxidative stress in diabetes mice. 298 

We determined renal ROS generation by DHE fluorescent staining and the protein expression  299 

         Figure 3. Atorvastatin reduces renal oxidative stress in diabetes mice. A: Representative 300 

renal images stained with DHE oxidative fluorescence, n=6; B: Quantification of average 301 

oxidative fluorescence intensity; The representative image bands (C) and semi-quantitation of 302 

protein expressions of NADPH oxidative subunits p22phox (D) and gp91phox (E). n=3, 303 

**p<0.01 vs. control mice; ##p<0.01 vs. diabetes mice. 304 

of NADPH oxidase subunits of gp91phox and p22phox. Average oxidative fluorescent density 305 

significantly increased in the kidney of diabetes mice, which was prevented by atorvastatin 306 
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treatment (Figures 3A-B). Renal protein expression of gp91phox and p22phox significantly 307 

increased in diabetes mice, atorvastatin treatment reduced the protein expression of gp91phox and 308 

p22phox (Figures 3C-E).  309 

3.4 Atorvastatin reverses renal protein expression of ferroptosis signaling molecules in 310 

diabetes mice. 311 

NRF2 is an important transcription factor, and GPX4 is a downstream molecule of NRF2(Xu et 312 

al., 2021). It has been shown that the activation of NRF2/GPX4 inhibits ferroptosis inducer RSL3- 313 

            314 

  Figure 4. Atorvastatin reverses renal expression of ferroptosis signaling molecules and 315 

reduces renal ferrous accumulation in diabetes mice. The representative image bands 316 

(A) and semi-quantitation of the protein expression of nuclear factor erythroid 2-related 317 

factor (NRF2, B), glutathione peroxidase 4 (GPX4, C); The representative image bands (D) 318 

and semi-quantitation of the protein expression of ferritin H (FTH, E) and transferrin 319 

receptor 1 (TFR1, F), n=3. G: renal tissue iron concentration. n=6, *p<0.05 &**p<0.01 vs. 320 

control mice, #p<0.05 & ##p<0.01 vs. diabetes mice. 321 

 322 
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induced ferroptosis(Liao et al., 2022). As shown in figures 4A-C, the protein expression of NRF2 323 

and GPX4 significantly reduced in the kidney of diabetes mice, which increased in atorvastatin-324 

treated diabetes mice. FTH is a downstream molecule of NRF2 and has anti-ferroptosis effect. FTH 325 

expression reduced in the kidney of diabetes mice, atorvastatin treatment increased FTH expression 326 

(Figures 4D&E). The renal protein expression of TFR1 significantly increased in diabetes mice, 327 

which prevented by atorvastatin treatment (Figures 4D&F).  Iron content in renal tissue 328 

significantly increased in diabetes mice, which also reduced in atorvastatin-treated diabetes mice 329 

(Figure 4G). Ferroptosis is charactered with iron-dependent lipid peroxidation, MDA and 4-HNE 330 

are two important markers of lipid oxidative damage in cell membrane. Semi-quantitation with 331 

immunohistochemistry showed that the positive staining areas of MDA and 4-HNE significantly 332 

increased in renal section of diabetes mice, and treatment with atorvastatin reduced MDA and 4- 333 

Figure 5. Atorvastatin reduces the expression of lipid peroxidation markers 4-334 

Hydroxynonenal (4-HNE, A&C) and malondialdehyde (MDA, B&D) in diabetes mice. 335 

The representative images of 4-HNE (A) and MDA (B) assessed by immunohistochemistry, 336 

quantification of 4-HNE (C) and MDA (D).  n=6, **p<0.01 vs. control mice, ##p<0.01 vs. 337 

diabetes mice. 338 

 339 
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HNE expressions in diabetes mice (Figure 5). The results suggest that atorvastatin could inhibit 340 

diabetes-induced renal ferroptosis signaling. 341 

3.5 Atorvastatin inhibits erastin-induced oxidative stress and reverses the expression of 342 

ferroptosis signaling molecules in HK2 cells.  343 

It has been shown that erastin can induce oxidative stress and ferroptosis in various cells 344 

through the depletion of glutathione and the inhibition of GPX4 (Gaschler et al., 2018). To 345 

determine the effects of atorvastatin on erastin-induced oxidative stress and ferroptosis signaling, 346 

HK2 cells were treated with ferroptosis inducer erastin (10 mol/L) with or without atorvastatin  347 

Figure 6. Atorvastatin decreases erastin-induced oxidative stress and intracellular 348 

Fe2+ accumulation in HK2 cells. Erastin is a ferroptosis inducer. A: Representative images 349 

of reactive oxygen species fluorescence assessed by DCFH-DA staining; B: Quantification 350 

of ROS fluorescence intensity; C: Representative images of intracellular accumulation of 351 

Fe2+ (Red) stained with FerroOrange fluorescence; D: Quantification of FerroOrange 352 

fluorescence intensity. NG: normal control group, Er: erastin-treated group, AT: erastin 353 

plus atorvastatin treated group. n=6, **p<0.01 vs. control group, ##p<0.01 vs. erastin group.  354 
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treatment (10 mol/L). DCFH-DA fluorescence assay was used to determine the effect of 355 

atorvastatin on erastin-induced ROS production. Erastin significantly increased DCF oxidative 356 

fluorescence intensity, which reduced by atorvastatin treatment (Figures 6A&B).  Intracellular iron 357 

overload is a characteristic of ferroptosis. We used ferroOrange probe to determine intracellular 358 

Fe2+ concentration. As shown in figures 6C&D, erastin treatment significantly increased  359 

 360 

Figure 7. Atorvastatin reverses the expression of erastin-induced ferroptosis signaling 361 

molecules in HK2 cells. Atorvastatin increased the protein expression of antioxidant genes 362 

NRF2, GPX4 and FTH, decreased TFR1 and lipid peroxidation markers MDA and 4-HNE 363 

in erastin-treated HK2 cells. The representative image bands of the protein expression of 364 

NRF2 and GPX4 (A), TFR1 and FTH (D), 4-HNE and MDA (G); the semi-quantitation of 365 

the protein expression of NRF2 (B), GPX4 (C), TFR1 (E), FTH (F), 4-HNE (H) and MDA(I); 366 

Atorvastatin improved mitochondria morphological damage and quantity induced by 367 

erastin (J). NG: normal control group, Er: erastin-treated group, AT: erastin plus 368 

atorvastatin treated group.   Red arrow indicates mitochondria morphology changes in NG, 369 

Er and AT groups.  n=3, **p<0.01 vs. control group, #p<0.05 & ##p<0.01 vs. erastin group. 370 
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intracellular ferroOrange fluorescence intensity, which markedly reduced in atorvastatin-treated 371 

cells. Furthermore, we determined the protein expression of antioxidant genes NRF2 and GPX4 372 

(Figures 7A-C), iron metabolism related genes FTH and TFR1 (Figures 7D-F), and oxidative lipid 373 

damage markers 4-HNE and MDA (Figure 7 G-I). Erastin significantly decreased the expression 374 

of NRF2, GPX4 and FTH, while increasing the expression of TFR1, 4-HNE and MDA. Atorvastatin 375 

prevented erastin-induced changes in these molecules. Mitochondrial morphology is important for 376 

characterizing ferroptosis, we observed mitochondrial morphology in erastin-treated cells using 377 

TEM, as shown in figure 7J, erastin treatment induced mitochondria swelling or shrinkage, 378 

disappearance of mitochondria cristae, and reduction in the number of mitochondria, which is 379 

consistent with the characteristics of ferroptosis. Atorvastatin treatment reversed these changes. 380 

These results suggest that atorvastatin can reverse erastin-induced ferroptosis signaling and 381 

mitochondria morphology changes in HK2 cells. 382 

3.6 Atorvastatin inhibits glucose-induced oxidative stress and reverses the expression of 383 

ferroptosis signaling molecules in HK2 cells  384 

 385 
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Figure 8. Atorvastatin increases cell viability and inhibits high glucose-induced 386 

oxidative stress in HK2 cells. A: Cell viability assessed by CCK8 assay; B: Representative 387 

images of reactive oxygen species fluorescence assessed by DCFH-DA staining; C: 388 

Quantification of ROS fluorescence intensity.  NG: normal glucose control group; HM: 389 

high mannitol (osmolarity control); HG: high glucose group; AT: high glucose with 390 

atorvastatin treatment group. n=6, **p<0.01 vs. control group, ##p<0.01 vs. HG group. 391 

 392 

HK2 cells were incubated with NG, HM, HG or HG plus AT for 24 hours. HG significantly reduced 393 

cell viability (Figure 8A) and increased oxidative fluorescence intensity (Figures 8B&C). 394 

Atorvastatin treatment increased cell viability and decreased oxidative fluorescence intensity in 395 

high glucose-treated cells. High glucose decreased the protein expression of GPX4 , NRF2 and FTH 396 

(figure 9A-E), and increased the protein expression of TFR1, 4-HNE and MDA （Figure 9D, F-397 

I）, which were reversed by atorvastatin (Figure 9). We used TEM to examine mitochondrial          398 
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Figure 9. Atorvastatin reverses the expression high glucose-induced ferroptosis 399 

molecules in HK2 cells. The representative image bands of GPX4 and NRF2 (A), FTH and 400 

TFR1 (D), 4-HNE and MDA (G); the semi-quantitation of the protein expression of NRF2 401 

(B), GPX4 (C), FTH (E), TFR1 (F), 4-HNE (H) and MDA(I), atorvastatin improved 402 

mitochondria morphological damage and quantity induced by HG (J). Red arrow indicates 403 

mitochondria morphology changes in NG, HM, HG and AT groups.  n=3, *p<0.05 404 

&**p<0.01 vs. NG group, #p<0.05 vs. HG group. 405 

morphology, as shown in figure 9J, high glucose-induced changes in mitochondrial morphology 406 

were similar to those induced by erastin, including mitochondria slender and shrinkage, 407 

disappearance of mitochondria cristae and a decrease in the number of mitochondria, atorvastatin 408 

treatment reversed these changes in mitochondria morphology. 409 

3.7. Ferroptosis inhibitor ferostatin-1 and antioxidant NAC reduce high glucose-induced 410 

ROS formation and reverse ferroptosis signaling in HK2 cells.   411 

Ferrostatin-1 is the first synthetic ferroptosis inhibitor in the literature (Dixon et al., 2012). Here 412 

we investigated and compared the effects of ferrostatin-1 and antioxidant NAC on high glucose-413 

induced ROS formation and ferroptosis signaling molecules.  High glucose significantly increased      414 
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Figure 10. Effects of ferrostatin-1 (Fer-1) and NAC on high glucose-induced ROS 415 

formation and the expression of ferroptosis signaling molecules in HK2 cells.  416 

Representative images of oxidative fluorescence stained by oxidative fluorescence DCFH-417 

DA (A), atorvastatin, ferrostatin-1 and NAC significantly reduced high glucose-induced 418 

oxidative fluorescence intensity (B).  The representative image bands of NRF2 &GPX4 (C), 419 

FTH (F) and 4HNE (H), the quantitation of the protein expression of NRF2(D), GPX4(E), 420 

FTH (G) and 4HNE (I).  n=3, *p<0.05 &**p<0.01 vs. NG group, #p<0.05 & ##p<0.05 vs. 421 

HG group. 422 

oxidative fluorescence intensity, atorvastatin, ferostatin-1 and NAC have similar effects on reduced 423 

oxidative fluorescence intensity induced by high glucose (figures 10A&B).  Furthermore, both 424 

ferostatin-1 and NAC prevented high glucose-induced decrease in the expression of NRF2, GPX4 425 

and FTH (figure 10 C-G) and increase in 4-HNE expression (Figures H&I).  426 

4. Discussion 427 

The major findings of this study include: 1) Treatment with atorvastatin has a significant 428 

renoprotective effect in STZ/HFD-induced diabetes mice. Atorvastatin lowers proteinuria, 429 

glomerular and renal tubular injury, and fibrosis; 2) Our in vivo and in vitro studies show that 430 

atorvastatin has a potent antioxidant effect and inhibits ferroptosis signaling in diabetes kidney and 431 

HK2 cells. Atorvastatin lowers renal ROS generation and the expression of oxidative lipid damage 432 

markers, and increases the antioxidant capacity, and reverses the expression of ferroptosis signaling 433 

molecules in diabetes mice and high glucose-treated HK2 cells. In addition, atorvastatin inhibits 434 

erastin-induced ferroptosis in HK2 cells. These results confer that statins have renal beneficial 435 

effects, the underlying mechanisms may involve antioxidant activity and the inhibition of renal cell 436 

ferroptosis signaling. 437 

Statins have long been used for the primary and secondary prevention and treatment of chronic 438 

renal diseases (including DKD), the renoprotective effects of statins have been observed in several 439 

large clinical trials, such as CTT, DALI, WOSCOPS and CARDS(Baigent et al., 2011; Barayev et 440 
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al., 2023; Cholesterol Treatment Trialists et al., 2016). Diabetes is invariably associated with 441 

hyperlipidemia, which may promote lipid deposition in renal tubular and podocytes to cause 442 

lipotoxicity and renal injury(Battisti et al., 2003; Chen and Tseng, 2013). Statins are effective lipid-443 

lowering agents, and are considered as first-line treatment for hyperlipidemia in diabetes and 444 

DKD(Cholesterol Treatment Trialists et al., 2016; Deng et al., 2015). In addition, DKD increases 445 

the risk for cardiovascular diseases, and the clinical application of statins is primarily employed 446 

for reducing blood cholesterol and preventing DKD-associated cardiovascular outcome(Colhoun 447 

et al., 2009). In addition to the lipid-lowering-dependent renoprotective effects, statins also have 448 

pleiotropic renoprotection which is lipid-lowering-independent in DKD patients or mice. These 449 

lipid-lowering-independent renoprotective effects include the inhibition of renal inflammation, 450 

proliferation, oxidative stress, and increased renal eNOS(Deng et al., 2015). 451 

In our study, treatment with atorvastatin significantly reduces plasma cholesterol and 452 

triglycine, improves renal function, and lowers glomerular and renal tubular injury and fibrosis in 453 

diabetes mice. These results support the notion that clinical application of statins provides 454 

renoprotective effects in the patients with DKD. Furthermore, our results show that atorvastatin 455 

reduces renal ROS production, increases antioxidant capacity and inhibits renal cell ferroptosis 456 

signaling in DKD mice. 457 

Oxidative stress plays an important role in the pathogenesis of DKD(Ostergaard et al., 2020; 458 

Winiarska et al., 2021). Hyperglycemia is a key factor for the development of DKD, hyperglycemia 459 

increases ROS generation in renal cells through diverse pathways, including the activation of 460 

NADPH oxidase, mitochondria and uncoupling eNOS(Kashihara et al., 2010). ROS 461 

overproduction induces glomerular cell proliferation and activates redox-sensitive NF-B to 462 

initiate an inflammatory cascade in the kidney, persistent renal inflammation and chronic oxidative 463 
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stress may damage renal structural and function(Li et al., 2022; Malik et al., 2017). In this study, 464 

we show that increased ROS generation is associated with a decrease in antioxidant genes GPX4 465 

and NRF2 expression in the kidney of diabetes mice, atorvastatin significantly reduces renal ROS 466 

and increases the expression of antioxidant genes. 467 

The death of renal tubular cells is considered to be an early event and a major cause of 468 

proteinuria in the patients with DKD(Phillips and Steadman, 2002). Many factors, including ROS, 469 

ischemia and inflammatory cytokines, contribute to renal tubular cell death(Pesce et al., 2002; Qiu 470 

et al., 2022). Recent studies suggest that ferroptosis is one of the main causes of renal tubular cell 471 

death in diabetes(Tan et al., 2022). Ferroptosis is characterized with the loss of the antioxidant 472 

capability and the accumulation of redox-active iron and lipid peroxidation products(Hadian and 473 

Stockwell, 2020). The loss of activities of antioxidant enzymes GPX4, NRF2 as well as the 474 

depletion of glutathione, are considered the main causes of ferroptosis(Ursini and Maiorino, 2020). 475 

It has been shown that erastin induces ferroptosis though the depletion of GPX4(Imai et al., 2017). 476 

NRF2 is a transcription factor that not only regulates the expression of antioxidant genes but also 477 

regulates the genes of iron metabolism(Dodson et al., 2019). In diabetes, hyperglycemia and 478 

hyperlipidemia increase renal oxidative stress and lower the antioxidant capacity of GPX4 and 479 

NRF2, resulting in an oxidative-redox imbalance and abnormal iron accumulation(Chen et al., 2022; 480 

Zhang et al., 2022b). The overload of redox-active iron further increases ROS generation through 481 

Fenton reaction, which promotes lipid oxidation and the generation of lipid peroxide products, 482 

leading to ferroptotic cell death in renal cells, especially tubular cells(Martines et al., 2013; Pan et 483 

al., 2022). 484 

Although it is well demonstrated that statins therapy can provide beneficial effects in 485 

cardiovascular diseases and diabetes mellitus(Ning et al., 2021; Taylor et al., 2017), whether statins 486 

can inhibit ferroptosis is still controversial. Liu et al showed that atorvastatin inhibited cardiac 487 
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ferroptosis and inflammation and ameliorated coronary microembolization-induced myocardia 488 

injury (Liu et al., 2022). In contrast, Zhang et al reported that statins could increase intracellular 489 

accumulation of ROS, iron and lipid peroxide products, lowered the antioxidant capacity of GPX4 490 

and NRF2, and promoted ferroptosis in cardiomyocytes and skeletal muscle cells(Zhang et al., 491 

2022a). The discrepancy of statins effects on ferroptosis may depend on cell type, the dose and 492 

different kinds of statins used(Climent et al., 2019). As far, there are no publications showing 493 

whether statins can inhibit renal ferroptosis in DKD mice. In this study, DKD mice exhibits renal 494 

iron accumulation, increased ROS, FTH and iron oxidative lipid damage products MDA and 4HNE, 495 

and decreased GPX4, NRF2 and TFR1.  These change in ferroptosis-related signaling molecules 496 

can also be observed in HK2 cells treated with high glucose or erastin.  In addition, erastin or high 497 

glucose causes characteristic changes of ferroptosis in mitochondrial morphology. Atorvastatin 498 

reverses these changes in ferroptosis signaling molecule in diabetes mice and in high glucose or 499 

erastin treated HK2 cells. These results suggest statins can inhibit renal ferroptosis signaling in 500 

DKD mice. 501 

It is well known that ferroptosis is an oxidative, iron-dependent form of cell death, which is 502 

triggered by loss of cellular glutathione-dependent antioxidant capacity and accumulation of toxic 503 

lipid ROS (Dixon et al., 2012).  To elucidate the relationship between atorvastatin’s antioxidant 504 

and its inhibition of ferroptosis signaling, we compare the effect of atorvastatin, ferroptosis 505 

inhibitor ferrostatin-1, antioxidant NAC on ROS formation and ferroptosis signaling in high 506 

glucose-treated HK2 cells.  Atorvastatin, ferrostatin-1, and NAC have the same inhibitory effect on 507 

high glucose-induced ROS generation, and both NAC and ferrostatin-1 have almost the same 508 

inhibitory effect on high glucose-induced ferroptosis signaling.  These results suggest that high 509 

glucose promotes ferroptosis signaling mainly by increasing ROS generation in renal tubular cells, 510 

and atorvastatin may inhibit high glucose-induced ferroptosis signaling by reducing ROS formation.  511 
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This study has some limitations. First, atorvastatin significantly reduces lipid profile in 512 

diabetes mice, it has been reported that hyperlipidemia may induce ferroptosis (Kuang et al., 2023), 513 

thus it can’t be ruled out that atorvastatin inhibition of renal ferroptosis may be partially caused by 514 

its lipid-lowering effects. Next, atorvastatin can prevent high glucose-induced iron accumulation 515 

and reduction in cell viability, reverse ferroptosis-related protein expression and mitochondrial 516 

abnormalities in HK2 cells.  Although atorvastatin inhibits renal ferroptosis signaling, this study 517 

does not provide direct evidence that atorvastatin can inhibit renal cell death in diabetes mice.  518 

Finally, we used DHE fluorescence dye to measure renal ROS production.  Although this method 519 

is widely used for measuring tissue ROS, DHE may also produce red fluorescence through 520 

nonspecific oxidation processes, not solely due to ROS (Kalyanaraman et al., 2014).  521 

In summary, we have demonstrated that atorvastatin reduces renal injury and ROS formation, 522 

and improves ferroptosis signaling in diabetes mice.  Atorvastatin also inhibits hyperglycemia- or 523 

erastin-induced ROS formation, and improves hyperglycemia- or erastin-induced mitochondria 524 

injury and ferroptosis signaling in renal tubular cells in vitro. The mechanisms by which 525 

atorvastatin inhibits ferroptosis signaling may be mediated by antioxidant effects.  The inhibition 526 

of ferroptosis signaling pathway may represent a new mechanism for statins protection of renal 527 

injury in DKD patients. 528 
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