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Abstract: 45 

Background: Advanced glycation end products (AGEs) are pathogenic factors of renal 46 

tubular lipid accumulation and play a negative role in diabetic kidney disease (DKD). 47 

Glucose cotransporter (SGLT) 2 inhibition offers strong renoprotection in the 48 

progression of DKD. The aim of the current study was to investigate the effects of 49 

empagliflozin (EMPA, a potent and selective SGLT2 inhibitor) on AGEs-induced renal 50 

tubular lipid accumulation in both diabetic mice fed with a high-AGEs diet and 51 

AGEs-treated cultured human renal proximal tubular epithelial (HK-2) cells.  52 

Methods: In vivo, EMPA was used to treat db/db mice fed a high-AGEs diet or an 53 

AIN-76 basal diet. In an in vitro study, HK-2 cells were treated with AGEs-bovine 54 

serum albumin (BSA) and/or EMPA. Sterol regulatory element binding protein 55 

(SREBP) cleavage-activating protein (SCAP) translocation was detected by confocal 56 

microscopy.  57 

Results: EMPA reduced tubular lipid droplets and intracellular cholesterol content, as 58 

well as the expression of proteins involved in the synthesis and absorption of 59 

cholesterol in the kidneys of basal diet-fed db/db mice, high-AGEs diet-fed db/db mice 60 

and AGEs-BSA-treated HK-2 cells. AGEs-BSA loading promoted the formation of 61 

SCAP-SREBP-2 complexes and enhanced the transport of the complexes to the Golgi, 62 

but these effects were markedly inhibited by EMPA in HK-2 cells. EMPA reduced 63 

renal inflammation both in basal diet-fed db/db mice and high-AGEs diet-fed db/db 64 

mice, and suppressed NLRP3 inflammasome activation in AGEs-BSA-treated HK-2 65 

cells. In addition, EMPA reduced the serum AGEs level in vivo and inhibited renal 66 

tubular endoplasmic reticulum (ER) stress and receptor of AGEs (RAGE) expression 67 

both in vivo and in vitro.  68 

Conclusions: EMPA attenuated AGEs synthesis and inhibited the AGEs-RAGE 69 

signaling pathway, thereby suppressing ER stress and inhibiting abnormal cholesterol 70 

metabolism and release of inflammatory cytokines, thus alleviating renal tubular lipid 71 

accumulation and inflammation. 72 
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1. Background 89 

Diabetic kidney disease (DKD) is a chronic kidney disease caused by diabetes, 90 

and almost 40% of diabetic patients with DKD [1]. DKD plays a major role in the 91 

global burden of disease. Although the research on DKD has lasted for many years, the 92 

comprehensive mechanism of DKD is still not fully understood. Metabolic changes 93 

associated with diabetes lead to renal pathological changes and functional damage, 94 

which are generally considered the leading causes of DKD. Among the many key 95 

metabolic changes that lead to the onset of DKD, nonenzymatic glycosylation (NEG) 96 

is a significant presence. NEG attaches reducing sugar to the free amino group of 97 

protein through a series of events, which is irreversible. In this process, Schiff base and 98 

Amadori products are formed, and advanced glycation end products (AGEs) are finally 99 

produced [2]. In addition, the serum level of AGEs in patients with diabetes 100 

complicated with renal insufficiency will be significantly increased in this process. 101 

What's more, renal structure will suffer progressive damage caused by renal AGEs, 102 

which will further lead to renal function damage in DKD patients [3]. 103 

 104 

Through the integration and analysis of many years of research, it can be found 105 

that some previous description of the characteristic histological changes of DKD is not 106 

comprehensive, and the focus is on diffuse and nodular glomerulosclerosis. However, 107 

in the aspect of renal insufficiency of DKD, changes within the tubulointerstitium are 108 

more important than glomerulopathy [4, 5]. Some studies have shown that AGEs play 109 

important roles in tubular injury during DKD. Excessive levels of AGEs can cause 110 

renal tubular oxidative stress [6], inflammatory responses [7], and even apoptosis [8]. 111 

In our previous study, we have reported that AGEs could induce low-density 112 

lipoprotein receptor (LDLr)-mediated cholesterol uptake and 113 

3-hydroxy-3-methylglutaryl coenzyme A reductase (HMGCoAR)-mediated cholesterol 114 

synthesis. After the successful uptake and synthesis of cholesterol, a foam cell can be 115 

formed in the human renal tubular epithelial cell line (HK-2). [9, 10]. LDLr and 116 

HMGCoAR are mainly regulated by sterol regulatory element binding protein-2 117 

(SREBP-2) [11]. SREBP cleavage-activating protein (SCAP) is the chaperone of 118 

SREBP-2 [12]. When cells have an obvious demand for cholesterol, SCAP will 119 

transports SREBP-2 from the endoplasmic reticulum (ER) to the Golgi and activates it 120 

through proteolytic cleavage. The N-terminal fragment of SREBP-2 (nSREBP-2) is 121 

transferred into the nucleus after cutting and processing. In the nucleus, nSREBP-2 122 

actively activates LDLr and HMGCoAR, which will increase the uptake and synthesis 123 

of cholesterol. However, when there is no obvious demand for cholesterol in cells, the 124 

SCAP-SREBP-2 complexes will be retained in the ER, thus down regulating the 125 

expression of LDLR and HMGCoAR. This kind of feedback regulation mediated by 126 

SCAP plays an indispensable role in preventing the overload of intracellular 127 

cholesterol content under physiological conditions [13]. However, it may be forcibly 128 

destroyed in the state of disease, such as type 2 diabetes mellitus (T2DM) [14]. 129 

 130 

In recent years, with the development of science and technology, antidiabetic 131 

drugs have also been updated. Nowadays, the newly developed glucose cotransporter 132 



(SGLT) 2 inhibitor has attracted increasingly attention due to its unique therapeutic 133 

principle and better therapeutic effect. SGLT2 is located on the apical side of proximal 134 

tubular cells, accounting for the majority of renal glucose reabsorption, as high as 90% 135 

[15]. The therapeutic principle of SGLT2 inhibitor is to reduce the blood glucose level 136 

by increasing the excretion of glucose. Evidence from randomized clinical trials (RCTs) 137 

has shown an unexpected benefit and safety of these inhibitors in renal outcomes 138 

irrespective of their impact on glycemic control [16]. SGLT2 inhibitors can directly 139 

mitigate kidney damage by suppressing numerous pathways linked to tubular hypoxia 140 

and fibrosis, such as oxidative stress and inflammation [17-19]. What's more, Wang 141 

XX et al. reported that an SGLT2 inhibitor could modulate renal lipid metabolism and 142 

prevent the development of DKD in db/db mice [20]. However, the specific 143 

mechanism remains unclear. Hence, the current study was undertaken to explore the 144 

mechanism of empagliflozin (EMPA), a potent and selective SGLT2 inhibitor, in 145 

improving renal lipid deposition in a T2DM mouse model fed with a high-AGEs diet 146 

and AGEs-treated HK-2 cells. 147 

 148 

2. Methods 149 

2.1 Animal experimental design 150 

The male db/m mice and db/db mice were obtained from the National Model 151 

Animal Centre of Nanjing University (Nanjing, China) and all of them had 152 

C57BL/KsJ gene background. This study follows the latest edition of Helsinki 153 

Manifesto and adopts the protocol approved by the Ethics Committee of Soochow 154 

University. The mice were placed in polypropylene cages and the room temperature 155 

was controlled at a certain standard (22±2C), the humidity was kept within 60±5%, 156 

and the light was controlled at 12:12 hour light:dark cycle. After 2 weeks of 157 

adaptation, some of the 8-week-old db/db mice were fed an AIN-76 basal diet 158 

(Xietong Biology Co., Ltd., Nanjing, China), and other mice were fed a high-AGEs 159 

diet. The high-AGEs diet is based on AIN-76 basic diet. After heat exposure (90°C 160 

for 10 min), AIN-76 basic diet will generate diet-derived AGEs [21]. Then, the 161 

mice were divided into five groups consisting of five animals each as follows: 162 

Group 1, db/m mice fed an AIN-76 basal diet (db/m) served as a control; Group 2, 163 

db/db mice fed an AIN-76 basal diet (db/db); Group 3, db/db mice fed an AIN-76 164 

basal diet and administered 10 mg/kg EMPA (MedChemExpress, China) by oral 165 

gavage once daily from the sixth week and lasting for two weeks (db/db+EMPA); 166 

Group 4, db/db mice fed a high-AGEs diet (db/db+AGEs); Group 5, db/db mice 167 

fed a high-AGEs diet and administered EMPA as in Group 3 168 

(db/db+AGEs+EMPA). A single mouse was placed in a special metabolic cage to 169 

collect urine excreted within 24 hours. At the end of the 8th week, that is, the last 170 

week of the experiment, we began to collect samples for follow-up studies and 171 

collate relevant data. The blood samples were used for subsequent biological and 172 

chemical analysis. In addition, kidney samples were used for histological 173 

evaluation later. 174 

 175 

2.2 Biochemical assays 176 



After the experimental period, the mice were sacrificed, blood samples were 177 

collected from the right ventricle, which was used for subsequent biochemical 178 

analysis. The concentrations of fasting blood glucose (FBG), total triglycerides 179 

(TG), total cholesterol (TC), blood urea nitrogen (BUN) and serum creatinine (SCR) 180 

were determined using a fully automatic biochemical analyzer (Hitachi). Using 181 

ELISA provided by CUSABIO (Wuhan, China) to measure the serum AGEs and 182 

urinary neutrophil gelatinase-associated lipocalin (u-NGAL, a marker of renal 183 

tubular injury), and 24-hour urine protein was measured by Coomassie brilliant 184 

blue protein assay (Jiancheng Bioengineering Institute, Nanjing, Jiangsu). 185 

 186 

2.3 Renal morphology 187 

The paraffin embedded tissues were sectioned from the renal cortex, collected 188 

completely and preserved reasonably. Gelatin coated slides were selected and 189 

cross-sections (3 µm) of previously collected slides were placed on them and 190 

stained with hematoxylin-eosin (HE) staining. 191 

 192 

2.4 Cell culture 193 

HK-2 cells which the source of culture is the American Type Culture 194 

Collection (Manassas, VA, USA) were cultured in RPMI 1640 medium (HyClone; 195 

Logan, UT, USA) in a cell culture incubator under 37°C with 95% air and 5% CO2 196 

for 24 h. This medium contained 10% fetal calf serum (HyClone; GE Healthcare 197 

Life Sciences, Logan, UT, USA), 2 mM L-glutamine solution, 100 U/ml penicillin 198 

and 100 µg/ml streptomycin (Sigma-Aldrich; Merck KGaA). All experiments were 199 

performed in serum-free RPMI 1640 medium, which contained 0.2% bovine serum 200 

albumin (BSA; Sigma-Aldrich; Merck KGaA). AGEs-BSA was purchased from 201 

Abcam (Cambridge, UK), while EMPA was purchased from MedChemExpress 202 

(Shanghai, China). HK-2 cells were placed in the experimental medium, which 203 

contained 200 μg/ml AGEs-BSA, 500 nM EMPA, or 200 μg/ml AGEs-BSA plus 204 

500 nM EMPA for 48 hours. 205 

 206 

2.5 Observation of lipid accumulation 207 

    The lipid accumulation in HK-2 cells and kidneys of db/db mice was observed 208 

by Oil Red O staining. Briefly, there are four key steps. The first is to fix the 209 

sample with 4% paraformaldehyde, the second step is to dye with Oil Red O for 30 210 

minutes, the third step is to dye with hematoxylin for 5 minutes, and the fourth step 211 

is to examine the results obtained through the experiment with an optical 212 

microscope (Carl Zeiss, Hertfordshire, UK). 213 

 214 

2.6 Quantitative measurement of intracellular cholesterol 215 

    A commonly used method to quantitative measure TC and free cholesterol 216 

(FC) in vitro and in vivo is enzymatic analysis (Applygen Technologies Inc., 217 

Beijing, China). The formula for calculating the concentration of cholesterol ester 218 

(CE) is calculated as TC minus FC. 219 

 220 



2.7 Protein extraction and Western blot analysis 221 

Proteins from whole-cell and nuclear extracts were denatured and then 222 

subjected to electrophoresis on 6%~15% SDS polyacrylamide gels, which was 223 

performed as previously described [22]. After the denatured proteins had been 224 

electrophoresed, the polyvinylidene fluoride membranes (GE Healthcare, 225 

Buckinghamshire, UK) were chosen to carry out the transfer. After transfer, the 226 

blots were placed at room temperature and blocked for 1 hour with 5% bovine 227 

serum albumin in Tris-buffered saline containing 0.05% Tween 20 (TBST). Then, 228 

the blots were washed. After cleaning, the blots were cultured in TBST containing 229 

5% bovine serum albumin overnight at 4°C with a 1:200-1000 dilution of NLRP3, 230 

IL-1β, SCAP, SREBP-2, LDLr, HMGCoAR, glucose-regulated protein 78 (GRP78), 231 

C/EBP-homologous protein (CHOP), receptor of AGEs (RAGE) antibodies and a 232 

GAPDH antibody (Abcam, Cambridge, UK). The membranes were washed three 233 

times with TBST, incubated with a secondary antibody (1:5000 dilution in TBST 234 

containing 1% bovine serum albumin; Santa Cruz Biotechnology) for 1 h at room 235 

temperature and then washed three times with TBST. After the chemiluminescence 236 

reaction (Pierce, Rockford, IL, USA), bands were detected by exposing the blots to 237 

X-ray films for the appropriate period. For quantitative analysis, LabWorks 238 

software (UVP Laboratory Products, Upland, CA, USA) was used to detect and 239 

evaluate the density of the bands, and β-actin density was used for normalization. 240 

 241 

2.8 Confocal microscopy 242 

A green fluorescent protein (GFP)-SCAP expression construct was made by 243 

ligating human SCAP cDNA into the BstE-XbaI sites of the pEGFP-C1 vector 244 

(Genechem Co. Ltd., Shanghai, China), which was performed as previously 245 

described[9]. Cells were transfected with pEGFP-SCAP using Effectene 246 

Transfection Reagent (Invitrogen, Paisley, UK) according to the manufacturer’s 247 

protocol. Next, HK-2 cells were plated on chamber slides. After 48 hours of 248 

treatment under different experimental conditions, the transfected cells were fixed 249 

in 5% formalin solution for 30 minutes, then infiltrated with 0.25% Triton X-100 250 

for 15 minutes, and stained with Golgin-97 antibody (Molecular Probes, Inc., 251 

Eugene, OR, USA) for 2 h at room temperature. After washing, the samples were 252 

further stained with a secondary fluorescent antibody for 1 hour. Then, a Zeiss 253 

LSM 510 Meta (Carl Zeiss, Hertfordshire, UK) was selected for confocal 254 

microscopy.  255 

 256 

2.9 Coimmunoprecipitation (Co-IP) 257 

The activation of the NLRP3 inflammasome and the interaction between 258 

SCAP and SREBP-2 in HK-2 cells were analyzed by co-IP. In short, the total 259 

protein was extracted in cell IP lysis buffer (Thermo Scientific Pierce, USA). Cell 260 

lysates were cleared by centrifugation, and supernatants were immunoprecipitated 261 

with the appropriate antibodies using protein A/G-agarose beads. Samples were 262 

then subjected to immunoblotting analysis with the antibodies shown. 263 

 264 



2.10 Statistics 265 

SPSS software 20.0 was used to analyze the experimental data. The data were 266 

expressed by mean±S.E.M. method, and multiple comparisons were made by 267 

one-way ANOVA. After the comparison, Bonferroni multiple comparison test was 268 

operated. Differences were considered significant when P values < 0.05. 269 

 270 

3. Results 271 

3.1 Effects of EMPA on biochemical characteristics of diabetic mice. 272 

At the end of the experiment, the general characteristics of mice were obtained, 273 

as shown in Fig. 1. All diabetic mice displayed increased FBG (Fig. 1A), and the 274 

levels of AGEs (Fig. 1B), TG (Fig. 1C), TC (Fig. 1D), SCR (Fig. 1E), BUN (Fig. 275 

1F), u-NGAL (Fig. 1G) and 24-hour urine protein (Fig. 1H) in db/db mice were 276 

higher than those in db/m mice. Compared with those in db/db mice, the levels of 277 

the above parameters in addition to TG, TC and BUN in db/db mice fed a 278 

high-AGEs diet were significantly elevated. However, EMPA treatment resulted in 279 

a remarkable decrease in the levels of FBG, AGEs, SCR, BUN, u-NGAL and 280 

24-hour urine protein while TG and TC showed no change in either basal diet-fed 281 

db/db mice or db/db mice fed a high-AGEs diet. 282 

  283 

3.2 Effects of EMPA on renal lipid accumulation in vivo and in vitro. 284 

To assess whether EMPA could alleviate lipid accumulation in renal tubular 285 

cells, we observed lipid droplets and analyzed the intracellular cholesterol content 286 

in the kidneys of db/db mice. Oil Red O staining revealed that the kidney of the 287 

db/m mice had almost no staining, indicating that there was no lipid deposition in 288 

the renal tubules of this group of mice. However, strong positive areas in the renal 289 

tubules of db/db mice were observed (Fig. 2A). By quantitative analysis of 290 

intracellular cholesterol, we obtained a proof of increased cholesterol content in the 291 

kidney of db/db mice (Fig. 2B). In addition, when db/db mice were used as the 292 

control group, Oil Red O staining was more obvious and intracellular cholesterol 293 

content was more prominent in db/db mice fed with a high-AGEs diet (Fig. 1A and 294 

B). However, EMPA treatment reduced tubular lipid droplets and the intracellular 295 

cholesterol content in both the basal diet-fed db/db mice and high-AGEs diet-fed 296 

db/db mice (Fig. 2A and B). 297 

 298 

Next, we investigated the effects of EMPA on lipid accumulation in tubular 299 

cells in vitro. As shown in Fig. 2C, compared with the control group, the 300 

accumulation of lipid droplets in HK-2 cells treated with AGEs-BSA showed an 301 

obvious upward trend. This could be demonstrated by quantitative cholesterol 302 

measurements (Fig. 2D). However, EMPA treatment lowered the lipid droplet and 303 

intracellular cholesterol content in AGEs-BSA-treated HK-2 cells (Fig. 2C and D). 304 

 305 

3.3 Effects of EMPA on renal cholesterol metabolism in vivo and in vitro. 306 

To further study the effect of EMPA on cholesterol metabolism, we analyzed 307 

the expression of HMGCoAR, LDLr, SREBP-2, nSREBP-2 and SCAP in the 308 



kidneys of diabetic mice. As shown in Fig. 3A, the protein levels of HMGCoAR, 309 

LDLr, nSREBP-2, SREBP-2 and SCAP in the kidneys of db/db mice increased 310 

with db/m mice as the control group. Taking db/db mice as control group, the 311 

protein levels of HMGCoAR, LDLr, nSREBP-2, SREBP-2 and SCAP in the 312 

kidneys of db/db mice fed with a high-AGEs diet were significantly increased. 313 

However, after EMPA treatment, the expression of these proteins decreased 314 

significantly in the basal diet-fed db/db mice, as well as in db/db mice fed with a 315 

high-AGEs diet. 316 

 317 

Next, we examined the effects of EMPA on HMGCoAR, LDLr, SREBP-2, 318 

nSREBP-2 and SCAP expression in HK-2 cells. As shown in Fig. 3B, the protein 319 

expression of HMGCoAR, LDLr, SREBP-2, nSREBP-2 and SCAP in 320 

AGEs-BSA-treated HK-2 cells, which was significantly higher than that in the 321 

control, could be suppressed by EMPA treatment in HK-2 cells. 322 

 323 

Furthermore, confocal microscopy was used to observe the translocation of 324 

SCAP between the endoplasmic reticulum (ER) and the Golgi in HK-2 cells. We 325 

found that AGEs-BSA loading played a positive role in the accumulation of SCAP 326 

in the Golgi. However, the accumulation of SCAP in HK-2 cells was significantly 327 

decreased by EMPA treatment (Fig. 4A). In addition, the result of co-IP showed 328 

that the number of SCAP-SREBP-2 complexes was significantly higher in 329 

AGEs-BSA-treated HK-2 cells, while EMPA weakened the interaction between 330 

SCAP and SREBP-2. These above results suggested that AGEs facilitated the 331 

transport of SCAP-SREBP-2 complexes from the ER to the Golgi by upregulating 332 

the expression of SCAP and SREBP-2. Thus, the hydrolysis of SREBP-2 was 333 

accelerated. Then, nSREBP-2 fragments that entered the nucleus increased in 334 

number and bound to the promoters of HMGCoAR and LDLr, which enhanced the 335 

transcription and translation of HMGCoAR and LDLr, and caused increased 336 

cholesterol synthesis and uptake. However, EMPA dowenregulated the expression 337 

of SCAP and SREBP-2, which attenuated the transport of SCAP-SREBP-2 protein 338 

complexes, followed by the downregulation of HMGCoAR and LDLr, and 339 

ultimately, reduced the synthesis and uptake of cholesterol. 340 

 341 

3.4 Effects of EMPA on renal tubular inflammation in diabetic mice and HK-2 cells. 342 

Through the analysis of HE staining, it could be seen that no obvious 343 

pathological changes in glomeruli and tubules in db/m mice; however, in the 344 

kidneys of db/db mice, it was obvious that inflammatory cells were infiltrated in 345 

the renal interstitium. This change was more prominent in db/db mice fed with a 346 

high-AGEs diet. However, EMPA improved renal inflammation in basal diet-fed 347 

db/db mice and high-AGEs diet-fed db/db mice (Fig. 5A). 348 

 349 

Next, we analyzed the effect of EMPA on the activation of the NLRP3 350 

inflammasome since the NLRP3 inflammasome is one of the most prominent 351 

signaling pathways involved in the pathogenesis of DKD [23]. NLRP3 352 



inflammasome is composed of three parts: the NOD-like receptor protein 3, the 353 

adapter ASC, and pro-caspase-1. These three parts combine to form a platform 354 

called intracellular multimeric protein danger-sensing platform. It promotes the 355 

autocatalytic activation of pro-caspase-1 and mediates the proteolytic activation of 356 

proinflammatory cytokines, including pro-interleukin (IL)-1β. As shown in Fig. 5B, 357 

with db/m mice as the control group, the protein level of NLRP3 and IL-1β in the 358 

kidney of db/db mice increased significantly. And these data were higher in the 359 

kidneys of db/db mice fed a high-AGEs diet. However, the protein expression in 360 

db/db mice was significantly reduced by EMPA treatment, and the protein 361 

expression in db/db mice fed with a high-AGEs diet was also affected to a great 362 

extent; consistent results were confirmed in HK-2 cells (Fig. 5C). After that, we 363 

detected the activation of NLRP3 inflammasome by co-IP in HK-2 cells. The 364 

results showed that the number of NLRP3-ASC-caspase-1 protein complexes was 365 

significantly higher in AGEs-BSA-treated HK-2 cells, whereas the protein 366 

complexes barely formed in EMPA-treated HK-2 cells (Fig. 5D), which indicated 367 

that EMPA had a positive effect on the activation of NLRP3 inflammasome, and 368 

could inhibit the cleavage and release of IL-1β in renal tubular cells. 369 

 370 

3.5 Effects of EMPA on ER stress and RAGE expression. 371 

As known that intracellular cholesterol metabolism and NLRP3 372 

inflammasome activation are closely related to ER stress. For further study, we 373 

evaluated the expression of GRP-78 (an ER chaperone, the expression of which is 374 

increased upon exposure to ER stress) and CHOP (a transcription factor that is 375 

activated during excessive ER stress) both in vivo and in vitro. Elevated protein 376 

expression levels of GRP-78 and CHOP were observed in the kidneys of the basal 377 

diet-fed db/db mice and high-AGEs diet-fed db/db mice (Fig. 6A), as well as in 378 

AGEs-BAS-treated HK-2 cells (Fig. 6B), which indicated that ER stress was 379 

triggered by AGEs in the kidneys of diabetic mice and HK-2 cells. However, 380 

EMPA treatment inhibited the expression of GRP-78 and CHOP (Fig. 6A and B), 381 

suggesting that EMPA could suppress the ER stress induced by AGEs. 382 

 383 

There are specific AGEs receptors (RAGE) on the surface of renal tubules. 384 

AGEs can bind to RAGE. After the completion of the binding step, ER stress will 385 

be activated and specific biological effects will be produced in the progress of 386 

DKD [24, 25]. Therefore, we evaluated the expression of RAGE both in vivo and 387 

in vitro. The results showed that the protein expression of RAGE was increased in 388 

the kidneys of db/db mice compared with those of db/m mice and was even higher 389 

in the kidneys of db/db mice fed with a high-AGEs diet (Fig. 6C); at the same time, 390 

we also obtained consistent results in HK-2 cells, which further confirmed the 391 

above phenomenon (Fig. 6D). However, EMPA treatment clearly reduced the 392 

expression of RAGE both in the basal diet-fed db/db mice and high-AGEs diet-fed 393 

db/db mice, and consistent results were confirmed in HK-2 cells (Fig. 6C and D). 394 

 395 

4. Discussion 396 



This research is groundbreaking to some extent, mainly because this research has 397 

created a new research topic, that is, the effect of EMPA on lipid accumulation and 398 

inflammation induced by AGEs in diabetic renal tubules. Previously, our team found 399 

that renal tubular injury is associated with lipid accumulation in high fat/sucrose diet 400 

and streptozotocin-induced T2DM rats [14]. Other studies have shown lipid droplet 401 

deposition in the renal tubules of T2DM db/db mice [26], and a similar phenomenon 402 

was found in the kidney biopsies of humans with T2DM [27]. However, in this study, 403 

we further discovered that increased level of AGEs was a risk factor for renal tubular 404 

lipid deposition in db/db mice, while EMPA treatment alleviated AGE-induced lipid 405 

accumulation both in vivo and in vitro. Although increasing attention has been given to 406 

the disorder of renal lipid metabolism in T2DM, most studies have focused on renal 407 

triglyceride metabolism, and little attention has been given to the abnormal metabolism 408 

of cholesterol. The current study mainly focuses on the disturbed cholesterol feedback 409 

regulation, and we found that AGEs upregulated the expression of SCAP and SREBP-2, 410 

causing increased formation of SCAP-SREBP-2 complexes. Next, the enhanced 411 

transport of the complexes from ER-to-Golgi promoted the hydrolysis of SREBP-2, 412 

and then its active fragment (nSREBP-2) entered the nucleus, which accelerated the 413 

transcription and translation of HMGCoAR and LDLr, followed by increased 414 

cholesterol uptake and synthesis in renal tubular epithelial cells, and ultimately, leading 415 

to tubular foam cell formation. However, EMPA could downregulate AGEs induced 416 

SCAP and SREBP-2 expression, inhibiting SCAP-SREBP-2 translocation from the ER 417 

to the Golgi; thus, the transcription of SREBP-2 target genes declined, resulting in a 418 

reduction in cholesterol synthesis and uptake in renal tubules. Although EMPA 419 

decreased the content of cholesterol in the kidneys, it did not affect the TC in the blood, 420 

which might be related to the change of blood volume and the increased oxidation or 421 

intestinal excretion of cholesterol. 422 

 423 

Lipid deposition is always accompanied by inflammatory responses in DKD. It 424 

has been reported that renal inflammation aggravates the disorder of renal lipid 425 

metabolism [28], whereas lipid accumulation stimulates inflammatory responses in the 426 

kidneys [29]. Hence, we further studied renal inflammation and the effects of EMPA on 427 

it. To make a more comprehensive and detailed exposition of the molecular mechanism 428 

of the beneficial effect of EMPA, we decided to focus on a relatively observation unit, 429 

namely NLRP3 inflammasome. This is a protein complex that can be found in the 430 

development of DKD [23, 30]. A number of studies have reported that AGEs can 431 

activate the NLRP3 inflammasome in macrophages, glomerular podocytes and some 432 

other cell types [31-33]. However, for the first time, this study demonstrated that AGEs 433 

could activate the NLRP3 inflammasome in renal tubular epithelial cells, thus causing 434 

the release of IL-1β from renal tubules. Recent studies showed that SCAP-SREBP-2 435 

complexes ER-to-Golgi translocation facilitates the optimal activation of the NLRP3 436 

inflammasome in macrophages [34]. Therefore, we speculated that the transport of the 437 

SCAP-SREBP-2 complexes induced by AGEs might contribute to the activation of the 438 

NLRP3 inflammasome in renal tubules. In addition, based on previous studies, we 439 

know that for those present in C57BL/6 mice, EMPA can inhibit the activation of the 440 



renal NLRP3 inflammasome induced by a high fat/sugar diet [35]. Here, we confirmed 441 

that EMPA decreased AGEs-induced tubular NLRP3 activation. The last but also 442 

important point of this effect was that the production of IL-1β in the kidneys of 443 

diabetic mice and in HK-2 cells decreased significantly. 444 

 445 

The lack of effects on cholesterol metabolism and inflammatory responses in 446 

control renal tubular cells suggested that EMPA may not exert a direct role on 447 

cholesterol regulation or NLRP3 inflammasome activation. Therefore, ER stress was 448 

further evaluated since it is a trigger of disturbed cholesterol feedback regulation and 449 

NLRP3 inflammasome activation. According to the reports from P.L. Faust et al., ER 450 

stress usually regulates lipid metabolism through activation of SREBP-2, and does not 451 

depend on the concentration of intracellular cholesterol that we habitually believe [36]. 452 

Through in-depth analysis of our previous studies in vitro, we know that inhibition of 453 

ER stress has a significant inhibitory effect on AGEs induced cholesterol accumulation 454 

in HK-2 cells [10]. In addition, we have expanded the scope of our research, it can be 455 

found that there is a close relationship between ER stress and the activation of NLRP3 456 

inflammasome under metabolic disorders [37]. ER stress inhibitors can suppress 457 

NLRP3 inflammasome activation in HepG2 and HK-2 cells [38, 39]. In this study, we 458 

found that EMPA can not only reduce the increase of GRP-78 and CHOP induced by 459 

AGEs in vivo, but also reduce the increase of GRP-78 and CHOP caused by AGEs in 460 

vitro, suggesting that EMPA can alleviate the lipid deposition and inflammatory 461 

response induced by AGEs through inhibiting ER stress. Since the AGEs-RAGE axis 462 

could activate ER stress and influence the progression of DKD, we think it is essential 463 

to evaluate the levels of AGEs and RAGE. Through the data obtained from the 464 

experiment, we know that the serum AGEs levels and renal RAGE protein levels were 465 

increased in db/db mice compared with those in db/m mice and were even higher in 466 

db/db mice fed with a high-AGE diet. However, EMPA had a significant inhibitory 467 

effect on serum AGEs and renal RAGE protein levels in basal diet-fed db/db mice and 468 

high-AGEs diet-fed db/db mice. Moreover, EMPA reduced the protein level of RAGE 469 

in AGEs-treated HK-2 cells. These results suggested that EMPA may reduce renal 470 

tubular lipid accumulation and inflammation by decreasing AGEs formation and 471 

inhibiting the AGEs-RAGE signaling pathway, thus suppressing the ER stress, 472 

followed by the inhibition of SCAP-SREBP-2- HMGCoAR/LDLr and the NLRP3 473 

inflammasome pathway. In addition, EMPA showed the ability to decrease the levels of 474 

u-NGAL, SCR, BUN and 24-hour urine protein, suggesting that EMPA might improve 475 

renal function by reducing renal lipid deposition and the inflammatory response. 476 

 477 

In summary, our study shows that AGEs-RAGE induces ER stress in renal tubular 478 

epithelial cells, which stimulates the expression of SCAP and SREBP-2, causing 479 

increased formation of SCAP-SREBP-2 complexes and enhanced transport of the 480 

complexes to the Golgi, where SREBP-2 is hydrolyzed. The active fragments of 481 

SREBP-2 (nSREBP-2) enter the nucleus, thereby upregulating HMGCoAR and LDLr 482 

expression levels and ultimately, increasing cholesterol synthesis and uptake. 483 

Simultaneously, the NLRP3 inflammasome is activated by AGEs and promotes the 484 



release of IL-1β, leading to renal tubulointerstitial inflammation. However, EMPA 485 

attenuates AGEs synthesis and inhibits the AGEs-RAGE signaling pathway, thus 486 

suppressing ER stress and prohibiting the SCAP-SREBP-2-LDLr/HMACoAR and 487 

NLRP3 inflammasome pathways, thereby alleviating renal lipid accumulation and 488 

inflammation and finally preventing the development of DKD (Fig. 7). 489 

 490 
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Figure legends 661 

Fig. 1 Effects of EMPA on biochemical characteristics of diabetic mice. The levels of 662 

FBG (A), AGEs (B), TG (C), TC (D), SCR (E), BUN (F), u-NGAL (G) and 24-hour 663 

urine protein (H) in mice. The values are expressed as the mean ± S.E.M. of 5 664 

independent experiments. *P < 0.05 and **P < 0.01 versus the db/m group; 
#
P < 0.05 665 

and 
##

P < 0.01 versus the db/db group;
 ▲

P < 0.05 and 
▲▲

P < 0.01 versus the 666 

AGEs+db/db group; ns = not significant. 667 

 668 

Fig. 2 Effects of EMPA on renal lipid accumulation in vivo and in vitro. Renal Oil Red 669 

O staining and the semi-quantitative analysis for the percent of the positive areas in 670 

each group (A). The intracellular cholesterol contents in the kidneys of mice (B). Oil 671 

Red O staining in the HK-2 cells and the positive percentage of HK-2 cells (C). The 672 

intracellular cholesterol content in HK-2 cells (D). Oil Red O staining was observed 673 

under a light microscope (400×). The percentage of positive staining areas in the 674 

kidneys of mice was semi-quantitative analyzed by Image J. The positive percentage of 675 

HK-2 cells was counted from 5 experiments. Values of intracellular cholesterol content 676 

are expressed as the means±S.E.M. of 5 independent experiments. **P < 0.01 versus 677 

the db/m group or the control cells (Ctr); 
#
P < 0.05 and 

##
P < 0.01 versus db/db group 678 

or AGEs-BSA treated cells;
 ▲

P < 0.05 and 
▲▲

P < 0.01 versus the AGEs+db/db group. 679 

 680 

Fig. 3 Effects of EMPA on HMGCoAR, LDLr, SREBP-2, nSREBP-2 and SCAP 681 

expression in the kidneys of diabetic mice and HK-2 cells. The protein expression of 682 

HMGCoAR, LDLr, SREBP-2, nSREBP-2 and SCAP in the kidneys of mice (A) and in 683 

HK-2 cells (B) was determined by Western blotting. ImageJ was used to quantify the 684 

relative levels of proteins. GAPDH or Lamin A was used as an internal control. The 685 

values are expressed as the mean ± S.E.M. of 5 independent experiments. *P < 0.05 686 

and **P < 0.01 versus the db/m group or the control cells (Ctr); 
#
P < 0.05 and 

##
P < 687 

0.01, versus db/db group or AGEs-BSA treated cells; 
▲▲

P < 0.01 versus the 688 

AGEs+db/db group. 689 

 690 

Fig. 4 Effect of EMPA on SCAP-SREBP-2 complexes in HK-2 cells. The translocation 691 

of GFP-SCAP from the ER to the Golgi was investigated using confocal microscopy 692 

after staining with anti-Golgi antibody. EMPA inhibited the translocation of 693 

GFP-SCAP from the ER to the Golgi in HK-2 cells (A). The interaction between SCAP 694 

and SREBP-2 proteins was investigated using Co-IP. AGEs-BSA increased the 695 

interactions of SCAP and SREBP-2 in HK-2 cells, whereas this could be inhibited by 696 

EMPA (B) 697 

 698 

Fig. 5 Effects of EMPA on renal tubular inflammation in diabetic mice and HK-2 cells. 699 

HE (A) staining in the kidneys of mice was observed under a light microscope (×400). 700 

The protein expression of NLRP3 and IL-1β in the kidneys of mice (B) and in HK-2 701 

cells (C) was determined by Western blotting. ImageJ was used to quantify the relative 702 

levels of proteins. GAPDH was used as an internal control. Values are expressed as the 703 

mean ± S.E.M. of 5independent experiments. NLRP3 inflammasome activation was 704 



detected by coimmunoprecipitation (D). **P < 0.01 versus the db/m group or the 705 

control cells (Ctr); 
#
P < 0.05 and 

##
P < 0.01 versus db/db group or AGEs-BSA treated 706 

cells;
 ▲

P < 0.05 versus the AGEs+db/db group. 707 

 708 

Fig. 6 Effects of EMPA on ER stress and RAGE expression. The protein expression of 709 

GRP78, CHOP and RAGE in the kidneys of mice (A) and HK-2 cells (B) was 710 

determined by Western blotting. ImageJ was used to quantify the relative levels of 711 

proteins. GAPDH was used as an internal control. The values are expressed as the 712 

mean ± S.E.M. of 5 independent experiments. **P < 0.01 versus the db/m group or the 713 

control cells (Ctr); 
#
P < 0.05 and 

##
P < 0.01 versus db/db group or AGEs-BSA treated 714 

cells; 
▲

P < 0.05 and 
▲▲

P < 0.01 versus the AGEs+db/db group. 715 

 716 

Fig. 7 Role of EMPA in AGEs induced renal tubular lipid accumulation. AGEs-RAGE 717 

induces ER stress in the renal tubular epithelial cells, which stimulates the expression 718 

of SCAP and SREBP-2, causing increased formation of SCAP-SREBP-2 complexes 719 

and enhanced transport of the complexes to the Golgi, where SREBP-2 is hydrolyzed. 720 

The active fragments of SREBP-2 (nSREBP-2) enter the nucleus, thereby upregulating 721 

HMGCoAR and LDLr expression levels and ultimately, increase the cholesterol 722 

synthesis and uptake. Simultaneously, the NLRP3 inflammasome is activated and 723 

promotes the release of IL-1β, leading to renal tubulointerstitial inflammation. 724 

However, EMPA attenuates AGEs synthesis and inhibits the AGEs-RAGE signaling 725 

pathway, thus suppressing ER stress and prohibiting the 726 

SCAP-SREBP-2-LDLr/HMACoAR and NLRP3 inflammasome pathways, thereby 727 

alleviating renal lipid accumulation and inflammation. 728 



Figures

Figure 1

Effects of EMPA on biochemical characteristics of diabetic mice. The levels of FBG (A), AGEs (B), TG (C),
TC (D), SCR (E), BUN (F), u-NGAL (G) and 24-hour urine protein (H) in mice. The values are expressed as
the mean ± S.E.M. of 5 independent experiments. *P < 0.05 and **P < 0.01 versus the db/m group; # P <



0.05 and ##P < 0.01 versus the db/db group; P < 0.05 and  666 P < 0.01 versus the AGEs+db/db group;
ns = not signi�cant.

Figure 2

Effects of EMPA on renal lipid accumulation in vivo and in vitro. Renal Oil Red O staining and the semi-
quantitative analysis for the percent of the positive areas in each group (A). The intracellular cholesterol
contents in the kidneys of mice (B). Oil Red O staining in the HK-2 cells and the positive percentage of HK-



2 cells (C). The intracellular cholesterol content in HK-2 cells (D). Oil Red O staining was observed under a
light microscope (400×). The percentage of positive staining areas in the kidneys of mice was semi-
quantitative analyzed by Image J. The positive percentage of HK-2 cells was counted from 5 experiments.
Values of intracellular cholesterol content are expressed as the means±S.E.M. of 5 independent
experiments. **P < 0.01 versus the db/m group or the control cells (Ctr); # P < 0.05 and ## P < 0.01 versus
db/db group or AGEs-BSA treated cells; P < 0.05 and  P < 0.01 versus the AGEs+db/db group.

Figure 3



Effects of EMPA on HMGCoAR, LDLr, SREBP-2, nSREBP-2 and SCAP expression in the kidneys of diabetic
mice and HK-2 cells. The protein expression of HMGCoAR, LDLr, SREBP-2, nSREBP-2 and SCAP in the
kidneys of mice (A) and in HK-2 cells (B) was determined by Western blotting. ImageJ was used to
quantify the relative levels of proteins. GAPDH or Lamin A was used as an internal control. The values are
expressed as the mean ± S.E.M. of 5 independent experiments. *P < 0.05 and **P < 0.01 versus the db/m
group or the control cells (Ctr); # P < 0.05 and ## P < 0.01, versus db/db group or AGEs-BSA treated cells;
 P < 0.01 versus the AGEs+db/db group.



Figure 4

Effect of EMPA on SCAP-SREBP-2 complexes in HK-2 cells. The translocation of GFP-SCAP from the ER
to the Golgi was investigated using confocal microscopy after staining with anti-Golgi antibody. EMPA
inhibited the translocation of GFP-SCAP from the ER to the Golgi in HK-2 cells (A). The interaction
between SCAP and SREBP-2 proteins was investigated using Co-IP. AGEs-BSA increased the interactions
of SCAP and SREBP-2 in HK-2 cells, whereas this could be inhibited by EMPA (B)



Figure 5

Effects of EMPA on renal tubular in�ammation in diabetic mice and HK-2 cells. HE (A) staining in the
kidneys of mice was observed under a light microscope (×400). The protein expression of NLRP3 and IL-
1β in the kidneys of mice (B) and in HK-2 cells (C) was determined by Western blotting. ImageJ was used
to quantify the relative levels of proteins. GAPDH was used as an internal control. Values are expressed
as the mean ± S.E.M. of 5independent experiments. NLRP3 in�ammasome activation was detected by
coimmunoprecipitation (D). **P < 0.01 versus the db/m group or the control cells (Ctr); # P < 0.05 and ##
P < 0.01 versus db/db group or AGEs-BSA treated cells;  P < 0.05 versus the AGEs+db/db group.

Figure 6

Effects of EMPA on ER stress and RAGE expression. The protein expression of GRP78, CHOP and RAGE in
the kidneys of mice (A) and HK-2 cells (B) was determined by Western blotting. ImageJ was used to
quantify the relative levels of proteins. GAPDH was used as an internal control. The values are expressed
as the mean ± S.E.M. of 5 independent experiments. **P < 0.01 versus the db/m group or the control cells



(Ctr); # P < 0.05 and ## P < 0.01 versus db/db group or AGEs-BSA treated cells; P < 0.05 and  715 P <
0.01 versus the AGEs+db/db group.

Figure 7

Role of EMPA in AGEs induced renal tubular lipid accumulation. AGEs-RAGE induces ER stress in the
renal tubular epithelial cells, which stimulates the expression of SCAP and SREBP-2, causing increased
formation of SCAP-SREBP-2 complexes and enhanced transport of the complexes to the Golgi, where
SREBP-2 is hydrolyzed. The active fragments of SREBP-2 (nSREBP-2) enter the nucleus, thereby
upregulating HMGCoAR and LDLr expression levels and ultimately, increase the cholesterol synthesis and
uptake. Simultaneously, the NLRP3 in�ammasome is activated and promotes the release of IL-1β, leading
to renal tubulointerstitial in�ammation. However, EMPA attenuates AGEs synthesis and inhibits the AGEs-



RAGE signaling pathway, thus suppressing ER stress and prohibiting the SCAP-SREBP-2-LDLr/HMACoAR
and NLRP3 in�ammasome pathways, thereby alleviating renal lipid accumulation and in�ammation.


