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New insights into the role of empagliflozin 
on diabetic renal tubular lipid accumulation
Hong Sun1*†, Juan Chen2†, Yulin Hua4, Yuyang Zhang3 and Zheng Liu4* 

Abstract 

Background:  Glucose cotransporter (SGLT) 2 suppression provides potent renal protective effect during diabetic kid-
ney disease (DKD). This work aimed to explore how empagliflozin (EMPA, the selective and strong inhibitor of SGLT2) 
affected renal lipid deposition among patients undergoing type 2 diabetes mellitus (T2DM), a T2DM mouse model 
and human renal proximal tubular epithelial (HK-2) cells.

Methods:  This work divided subjects as 3 groups: non-diabetic volunteers, patients treated with metformin and 
those treated with metformin plus EMPA. In an in vivo study, EMPA was adopted for treating db/db mice that were 
raised with the basal diet or the high-advanced glycation end products (AGEs) diet. In addition, AGEs and/or EMPA 
was utilized to treat HK-2 cells in vitro.

Results:  Results showed that diabetic patients treated with metformin plus EMPA had lower AGEs levels and renal fat 
fraction (RFF) than those treated with metformin. Moreover, a significant and positive association was found between 
AGEs and RFF. Results from the basic study showed that EMPA decreased cholesterol level, tubular lipid droplets, and 
protein levels related to cholesterol metabolism in AGEs-mediated HK-2 cells, kidneys of db/db mice and those fed 
with the high-AGEs diet. Additionally, EMPA decreased AGEs levels in serum while inhibiting the expression of recep-
tor of AGEs (RAGE) in vitro and in vivo.

Conclusion:  EMPA inhibited the AGEs-RAGE pathway, thereby alleviating diabetic renal tubular cholesterol 
accumulation.
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Introduction
Diabetic kidney disease (DKD) refers to the diabetes-
induced chronic kidney disease (CKD) that affects 
around 40% of diabetic patients [1]. DKD is a global 
health burden and even though it has been studied for 
years, its molecular mechanism remains largely unclear. 

The factors affecting DKD are usually diabetes-related 
metabolic changes that induce renal pathological altera-
tions and result in impair kidney functions. One of the 
critical metabolic changes that causes DKD is nonen-
zymatic glycosylation (NEG). NEG process irreversibly 
attaches the reducing sugar onto the free amino group in 
proteins. Amadori products and Schiff base can be pro-
duced during the above process, eventually generating 
the advanced glycation end products (AGEs) [2]. Serum 
AGEs contents among diabetics having renal insuffi-
ciency are abnormally high. There is progressive struc-
tural damage to the kidney, caused by AGEs, resulting in 
impairment of renal functions in DKD patients [3].

By integrative analyses of different studies, we dis-
covered that a complete description of the typical DKD 
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histological changes, which mainly emphasizes nodu-
lar and diffuse glomerulosclerosis, is lacking. None-
theless, tubulointerstitial changes play a critical role 
in renal insufficiency in DKD cases when compared 
with glomerulopathy [4, 5]. AGEs cause tubular dam-
age that progress to DKD. Excess AGEs content leads 
to oxidative stress [6], inflammation [7], or apopto-
sis [8] in renal tubules. In the previous study, we had 
shown the role of AGEs in inducing cholesterol pro-
duction that is mediated by 3-hydroxy-3-methylglutaryl 
coenzyme A reductase (HMGCoAR) and cholesterol 
absorption mediated by low-density lipoprotein recep-
tor (LDLr) [9–11]. When excessive cholesterol is suc-
cessfully absorbed and synthesized, tubular foam cells 
are produced in the kidneys. Sterol regulatory element-
binding protein-2 (SREBP-2), along with chaperone 
SREBP cleavage-activating protein (SCAP), has an 
important effect in modulating HMGCoAR and LDLr 
[12]. Once cholesterol is required in cells, SCAP can 
deliver SREBP-2 into Golgi from the endoplasmic retic-
ulum (ER) and activates the latter via proteolytic cleav-
age. In addition, nuclear translocation of N-terminal in 
SREBP-2 (nSREBP-2) is attained once cleaved and pro-
cessed. Thus, nSREBP-2 can activate HMGCoAR and 
LDLr within the cell nucleus, promoting cholesterol 
absorption and production. However, if cells do not 
require cholesterol, the SCAP-SREBP-2 complexes stay 
within ER, which then down-regulates the expression 
of HMGCoAR and LDLR. Such SCAP-mediated feed-
back regulation prevents cholesterol overload within 
cells under homeostatic conditions [13]. While, this 
regulation is disrupted under diseased conditions like 
type 2 diabetes mellitus (T2DM) [11, 14].

Progress in science and technology has aided the devel-
opment of novel antidiabetic agents. Recently, the glu-
cose cotransporter (SGLT) 2 inhibitor has shown high 
efficacy if a specific treatment protocol is followed [15]. 
Being located in apical proximal tubular cells, SGLT2 is 
responsible for 90% of renal glucose reabsorption [16]. 
SGLT2 inhibitor mainly promotes glucose excretion and 
decreases the blood glucose level. Randomized clini-
cal trials (RCTs) have reported such inhibitors to be an 
unexpected benefit on renal outcomes, without regard to 
their glycemic regulation effect [17, 18]. SGLT2 inhibi-
tors can directly alleviate renal damage by inhibiting 
tubular injury-associated signaling pathways related to 
inflammation or oxidative stress [19–21]. Wang and col-
leagues discovered the SGLT2 inhibitor that regulated 
lipid metabolism in mouse kidney and prevent DKD pro-
gression [22]; the underlying mechanism was unspeci-
fied. This study aims to elucidate mechanisms underlying 
SGLT2’s selective inhibitor EMPA, which improves the 
lipid deposition within the kidney of T2DM patients, 

a high-AGEs diet-fed T2DM mouse model, as well as 
AGEs-exposed HK-2 cells.

Methods
Subjects and study design
We recruited patients with T2DM at the Department of 
Endocrinology from The First Affiliated Hospital of Soo-
chow University. Patients who conforming to the follow-
ing criteria were included: (1) patients between the age 
of 18–75 years; (2) patients who could undertake mag-
netic resonance imaging (MRI); (3) those who consented 
to participate in the present study; (4) patients under 
treatment with metformin or metformin combined with 
EMPA for at least 3  months. The patients with the fol-
lowing criteria were excluded: (1) those whose body mass 
index (BMI) < 18  kg/m2; (2) those with unstable physi-
ological conditions or serious psychiatric disorder; (3) 
pregnant women.

This prospective work was approved by Local Ethics 
Committee of our hospital (Ethical No. 145). Each par-
ticipant provided written informed consent before the 
examinations. We recruited 70 patients between Novem-
ber 2019 and October 2021. We eliminated patients 
who could not hold their breath in MRI examination 
(n = 2) or those who quit (n = 2). Finally, we enrolled 66 
participants for data analyses. Among 66 subjects, 15 
were normal volunteers with no history of diabetes and 
no abnormality showed up in the laboratory tests con-
cerning serum creatinine (Scr), glycated hemoglobin 
(HbA1c), and fasting blood glucose (FBG) level. The rest 
51 T2DM patients were assigned into two groups: those 
treated by metformin (n = 31, T2DM group) and those 
treated with a combination of metformin and EMPA 
(n = 20, T2DM + EMPA group).

Anthropometric and biochemical measurements
Patients were physically examined, including their 
heights and weights and BMI [weight (kg) divided by 
the square of height (m2)]. We also collected peripheral 
blood samples (in a fasting state) from every patient to 
analyze FPG, SCR, total cholesterol (TC), and total tri-
glycerides (TG) with the automated biochemical ana-
lyzer (HITACHI 7600, HITACHI Company, Japan). We 
determined HbA1c level by the automated glycosylated 
hemoglobin analyzer (HLC-723G8, TOSOH) and human 
serum AGEs contents by the ELISA kit per specific pro-
tocols (CUSABIO, Wuhan, China).

Dixon MRI for renal fat measurements
The subjects underwent an MRI scan about 1  h after 
lunch. Each subject was asked to lie in the supine position 
during MRI scanning, with the 8-channel receiver coil 
being adopted for the concentration of standard torso 
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phased-array coil in the liver at 1.5 T (SuperVan, Lonwin 
Medical System, China). Scanning protocols included the 
original localizer images and subsequent axial images 
by adopting the multi-echo liver-interpolated volume-
excitation sequence using parameters below including 
3 echoes of 2.25, 3.37, and 4.5 ms, separately, one 12° 
flip angle, forty 2.5  mm slices, a 256 × 205  mm matrix, 
a 400 × 320  mm field of view, and 38-s overall acquisi-
tion time (the initial 19-s scanning under free-breathing 
state, then 19-s scanning under breath-holding state). 
The participants held the breath in their final inspira-
tion for ensuring data consistency. We adopted a plug-in 
algorithm to automatically generate MRI-FF maps using 
WinStation software (WinStation, Lonwin Medical Sys-
tem, China). An experienced radiologist, kept unaware of 
the study design to avoid any bias, reviewed the images 
by WinStation. We chose three central slices from bilat-
eral renal sides. Thereafter, we manually put regions of 
interest (ROIs) onto every slice within the whole renal 
parenchyma. We determined the average renal fat frac-
tion (RFF) by taking the average value of bilateral side 
measurements for every participant. The coefficient vari-
ations (CV) of repetition is 4%.

Animal experiments
The study with db/db (diabetic) as well as db/m (non-
diabetic) male mice of strain C57BL/KsJ was conducted 
at National Model Animal Centre of Nanjing Univer-
sity (Nanjing, China). This work followed the updated 
Helsinki Manifesto. The Ethics Committee of Soochow 
University approved our study protocols. All mice were 
kept in polypropylene cages at 22 ± 2 °C, 60 ± 5% relative 
humidity (RH) and 12-h:12-h light/dark cycle. Animals 
were raised for 2  weeks. Specifically, we raised a group 
of 8-week-old db/db mice with the AGE-rich diet, and 
the other group was fed with AIN-76 basal diet (Xietong 
Biology Co., Ltd., Nanjing, China). AIN-76 basal diet con-
tains 64% carbohydrate, 20% protein, 3.9 Kcal/g energy, 
and 7% fat; following 10-min heat treatment under 90 °C, 
diet-derived AGEs were produced from the AIN-76 basal 
diet [23]. We then classified animals into five groups: 
including Group 1 (db/m mice, control) raised on AIN-
76 basal diet; Group 2 (db/db mice) raised on AIN-76 
basal diet; Group 3 (db/db mice + EMPA) raised on AIN-
76 basal diet plus intragastric administration of EMPA 
(10  mg/kg, MedChemExpress, China) once a day from 
week 6 to week 8; Group 4 (db/db mice + AGEs) raised 
on an AGE-rich diet; Group 5 (db/db + AGEs + EMPA) 
raised on an AGE-rich diet plus intragastric administra-
tion of EMPA (similar to Group 3). We raised mice in 
respective metabolic cages and collected their urine at 
24-h. The week eight samples were used for subsequent 
analyses. Blood samples were subjected to biochemical 

tests, while renal tissue samples were processed for his-
tological analysis.

Biochemical assays
Each mouse was sacrificed after the experiments were 
over. We collected blood samples from the right ventricle 
of the heart for biomechanical analyses performed later. 
We measured the levels of blood urea nitrogen (BUN), 
SCR, FBG, TG, and TC by a fully-automated biochemi-
cal analyzer (Hitachi). The urinary neutrophil gelati-
nase-associated lipocalin (u-NGAL, the marker for renal 
tubular injury) as well as serum AGEs were measured 
with an ELISA kit (CUSABIO; Wuhan, China). Mean-
while, to detect protein content from the urine collected 
at 24-h, this work conducted Coomassie brilliant blue 
protein assay (Jiancheng Bioengineering Institute, Nan-
jing, Jiangsu).

Renal morphology
The renal cortex was embedded in paraffin and stored 
appropriately. The 3-µm cross-sections of tissue were 
kept on the gelatin-coated slides, followed by hema-
toxylin-eosin (HE) as well as periodic acid Schiff (PAS) 
staining.

Cell culture
This work obtained HK-2 cells in American Type Culture 
Collection (Manassas, VA, USA), then cultivated them 
following the method described elsewhere [11]. All assays 
were conducted within serum-free RPMI 1640 medium 
containing 0.2% bovine serum albumin (BSA, fatty acid 
free; SigmaAldrich; Merck KGaA). We obtained EMPA 
in MedChemExpress (Shanghai, China) and AGEs-BSA 
from Abcam (Cambridge, UK). HK-2 cells were culti-
vated in experimental medium including 200  µg/mL 
AGEs-BSA, 500 nM EMPA, or the combination of these 
two for 48-h.

Lipid deposition measurement
We used oil red O stain to observe lipid deposition within 
db/db mouse kidneys as well as HK-2 cells. In brief, four 
critical steps were needed: after fixation using 4% para-
formaldehyde (PFA), samples were subject to 30-min oil 
red O staining, 5-min HE staining, and stained slides 
were observed under the optical microscope (Carl Zeiss, 
Hertfordshire, UK).

Intracellular cholesterol quantification
Enzymatic analysis (Applygen Technologies Inc., Bei-
jing, China) was performed to quantify free cholesterol 
(FC) and TC content under both in  vivo and in  vitro 
conditions, as described earlier [9, 11]. Cholesterol 



Page 4 of 12Sun et al. Diabetology & Metabolic Syndrome          (2022) 14:121 

ester (CE) was evaluated as per the following equation, 
CE = TC − FC.

Protein isolation and Western‑blot (WB) assay
The nuclear and whole-cell proteins were extracted 
and denatured before WB assay following the protocol 
described elsewhere [11, 24]. We incubated the blots 
with antibodies specific for SREBP-2, SCAP, receptor of 
AGEs (RAGE), HMGCoAR, LDLr, and GAPDH (dilu-
tion, 1:200–1000, Abcam, Cambridge, UK). Incubation 
was carried out in Tween 20 (TBST), supplemented with 
5% BSA, overnight at 4 °C. Blots were rinsed, and mem-
branes were further probed for 1 h using secondary anti-
body (1:5000, within TBST, supplemented with 1% BSA; 
Santa Cruz Biotechnology) under ambient temperature. 
Finally, blots were exposed to X-ray films for detecting 
bands after the use of ECL (Pierce, Rockford, IL, USA). 
To quantify protein expression, we assessed band density 
using LabWorks software (UVP Laboratory Products, 
Upland, CA, USA); GAPDH was applied as the internal 
reference.

Confocal microscopy
As described previously, human SCAP cDNA was ligated 
with pEGFP-C1 vector at BstE-XbaI restriction sites 
(Genechem Co. Ltd., Shanghai, China) for creasing the 
green fluorescent protein (GFP)-SCAP expression con-
struct [9, 11]. The clone, pEGFP-SCAP, was transfected 
into cells using the Effectene Transfection Reagent (Invit-
rogen, Paisley, UK) in line with specific protocols. After-
ward, we inoculated HK-2 cells onto the chamber slides. 
At 48-h after diverse treatments, this work fixed cells for 
30 min using 5% formalin, followed by 15-min permea-
bilization using 0.25% Triton X-100, and 2-h addition of 
Golgin-97 antibody (Molecular Probes, Inc., Eugene, OR, 
USA) at room temperature. Samples were then washed 
and incubated for 1 h with the secondary antibody. This 
work utilized Zeiss LSM 510 Meta confocal microscope 
(Carl Zeiss, Hertfordshire, UK) to visualize the slides.

Coimmunoprecipitation (Co‑IP)
Co-IP was performed to analyze SCAP-SREBP-2 interac-
tion within HK-2 cells. We initially isolated total proteins 
using the cell IP lysis buffer (Thermo Scientific Pierce, 
USA). After sample centrifugation, this work removed 
cell lysates using the protein A/G-agarose beads. In addi-
tion, supernatant was collected for immunoprecipita-
tion with appropriate antibodies. Samples were further 
incubated with additional antibodies for immunoblotting 
assay.

Statistical analysis
Experimental data were analyzed by SPSS20.0 and pre-
sented as mean ± SD, mean ± S.E.M, or median (25th and 
75th percentiles). One-way ANOVA or Bonferroni test 
was used for multiple data comparisons. The association 
of AGEs with RFF was assessed by Spearman’s correla-
tion. p < 0.05 stood for statistical significance.

Results
Anthropometric and demographic features
This study enrolled 51 T2DM patients (metformin treated 
patients: n = 31; Metformin plus EMPA treated patients: 
n = 20) and 15 healthy subjects. Differences in age and 
gender were not significant across the three groups. 
T2DM group had an increased BMI, FPG, HbA1c, SCR, 
TC, TG, AGEs, and RFF than the non-diabetic control 
group. Patients receiving metformin plus EMPA showed 
decreased BMI, HbA1c, AGEs, and RFF compared to the 
patients receiving metformin alone (Table 1).

Correlation between RFF and AGEs
Our finding suggests that AGEs are positively related to 
RFF (Fig.  1A). Even after statistically adjusting TG and 
TC values, RFF still showed positive relation to AGEs 
(Fig. 1B). After adjusting for BMI, HbA1c, FBG, and SCR, 
the association of RFF with AGEs were still statistically 
significant, albeit it had declined slightly (Fig. 1C).

Role of EMPA in biochemical features and renal 
morphology in diabetic mice
After the experiments, we acquired general mouse fea-
tures (Fig.  2). The diabetic mice had high FBG levels 
(Fig.  2A). In comparison, db/db mice had increased 
AGEs (Fig. 2B), TG (Fig. 2C), TC (Fig. 2D), SCR (Fig. 2E), 
BUN (Fig. 2F), u-NGAL (Fig. 2G), and proteins contents 
in urine collected at 24-h (Fig.  2H). The AGE-rich diet-
fed db/db mice showed significantly high expression the 
above factors (except for TC and TG values) compared 
with db/db mice. EMPA treatment led to marked reduc-
tions in the levels of AGEs, FBG, BUN, SCR, proteins in 
urine (collected at 24-h), and u-NGAL, whereas insignifi-
cant change was observed in the levels of TG or TC in 
db/db mice receiving the basal or an AGE-rich diets.

The HE staining did not reveal any noticeable patholog-
ical indications in the tubules or glomeruli of db/m mice. 
Renal tubular vacuolar degeneration could be seen in db/
db mic, which significantly increased among AGE-rich 
diet-fed db/db mice. However, the EMPA enhanced renal 
tubular morphology (Fig.  2I). The PAS staining result 
showed that the db/m mice had a clear glomerular vas-
cular loop and intact tubular basement membrane. How-
ever, db/db mice exhibited thickened tubular basement 
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membrane and expanded renal glomeruli, which were 
conspicuous in kidneys of an AGE-rich diet-fed db/db 
mice. Interestingly, EMPA remarkably mitigated these 
pathological changes (Fig. 2I).

Role of EMPA in in‑vitro and in‑vivo renal lipid deposition
For assessing the role of EMPA in alleviating lipid accu-
mulation in tubular cells, lipid droplets were observed, 
and intracellular cholesterol levels were evaluated within 
db/db mouse kidneys. The db/m mouse kidneys showed 

no color with the oil red O staining indicating no lipid 
deposition, but there were strong positively-stained 
regions in db/db mouse renal tubules (Fig.  3A). After 
quantifying the intracellular cholesterol contents, it was 
found that cholesterol levels had enhanced within db/db 
mouse kidneys (Fig.  3B). Also, oil red O staining could 
be seen within control db/db mice; normal intracellular 
cholesterol levels were found within AGE-rich diet-fed 
db/db mice. EMPA exposure decreased the intracellular 

Table 1  Characteristics of the study population

Variables with normal distribution were presented as the mean ± SD, whereas those with abnormal distribution as the median (25th, 75th percentiles). P values were 
obtained from one-way ANOVA for normally distributed variables or Kruskal–Wallis H test for skewed distributed variables. Categorical data were evaluated by the 
chi-square test (sex)

*P < 0.05, and **P < 0.01 vs. Non-diabetic control; #P < 0.05, ##P < 0.01 vs. T2DM

Parameter Non-diabetic control T2DM T2DM + EMPA P value

Number 15 31 20 NA

Age (years) 46.53 ± 10.32 45.68 ± 11.12 41.55 ± 10.15 0.304

Sex (M/F) 7/8 19/12 12/8 0.632

BMI (kg/m2) 21.67 ± 2.29 27.01 ± 4.14** 24.69 ± 3.32## < 0.001

FBG (mmol/L) 5.09 (4.80, 5.30) 8.06 (6.27, 10.73)** 7.69 (6.05, 8.73) < 0.001

HbA1c (%) 5.25 ± 0.27 9.26 ± 2.36** 7.51 ± 1.27# < 0.001

SCR (µmol/L) 46.27 ± 6.62 61.20 ± 14.74** 59.74 ± 11.92 0.001

TC (mmol/L) 3.87 ± 1.05 5.02 ± 1.35* 4.87 ± 1.39 0.021

TG (mmol/L) 1.62 (0.84, 2.07) 2.80 (1.51, 3.99)* 2.06 (0.88, 2.26) 0.008

AGEs (µg/mL) 3.87 ± 1.76 11.72 ± 4.27** 6.79 ± 2.59## < 0.001

RFF (%) 3.14 ± 1.08 5.30 ± 0.93** 4.18 ± 1.14# < 0.001

Fig. 1  Correlation between RFF and AGEs. Association of RFF with AGEs (A). Associations of RFF with AGEs after adjustment for TC and TG (B). 
Associations of RFF with AGEs after adjustment for TC, TG, BMI, SCR, FBG and HbA1c (C)

(See figure on next page.)
Fig. 2  Effects of EMPA on biochemical characteristics and renal morphology of diabetic mice. The levels of FBG (A), AGEs (B), TG (C), TC (D), SCR 
(E), BUN (F), u-NGAL (G) and 24-h urine protein (H) in mice. HE and PAS (I) staining in the kidneys of mice was observed under a light microscope 
(200×). The mesangial area was expressed quantitatively by calculating the percentage of the total glomerular area that was PAS positive. Fifteen 
glomerular tufts per animal were chosen randomly for analysis. The histogram represents the mesangial matrix index. 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 ▲▲P < 0.01 versus the AGEs + db/db group; ns not significant
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Fig. 2  (See legend on previous page.)
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cholesterol levels as well as tubular lipid droplets within 
basal diet- or AGE-rich diet-fed db/db mice (Fig. 3A, B).

We then analyzed how EMPA affected lipid deposi-
tion within renal tubular cells under in vitro conditions. 
According to Fig.  3C, lipid droplet depositions and 

cholesterol levels (Fig. 3D) were significantly increased 
within HK-2 cells exposed to AGEs-BSA treatment. 
Nevertheless, using EMPA decreased both lipid drop-
lets and intracellular cholesterol levels within AGEs-
BSA-exposed HK-2 cells (Fig. 3C, D).

Fig. 3  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
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Role of EMPA in the in‑vivo and in‑vitro metabolism 
of renal cholesterol
To investigate how EMPA affected cholesterol metabo-
lism, this study measured LDLr, HMGCoAR, SCAP, 
SREBP-2, and nSREBP-2 levels within diabetic mouse 
kidneys; the result shows elevated levels within db/db 
mouse kidneys (Fig.  4A) relative to control. AGE-rich 
diet-fed db/db mice had obviously higher LDLr, SCAP, 
HMGCoAR, SREBP-2 and nSREBP-2 protein expression 
in comparison with the db/db mice. But EMPA-exposed 
db/db mice, fed with either basal diet or diet rich in 
AGEs, had markedly reduced protein levels.

We also analyzed how EMPA affected HMGCoAR, 
LDLr, SCAP, nSREBP-2, and SREBP-2 expression in 
HK-2 cells. Protein levels significantly increased within 
AGEs-BSA-exposed HK-2 cells (Fig.  4B) compared to 
the control, while EMPA exposure inhibited their high 
expressions in HK-2 cells.

We also performed confocal microscopy for observ-
ing the ER-to-Golgi translocation of SCAP within the 

HK-2 cells. It was discovered that AGEs-BSA treatment 
significantly increased SCAP accumulation within Golgi, 
but EMPA exposure markedly reduced its accumulation 
(Fig.  5A). Besides, as revealed by co-IP analysis, SCAP-
SREBP-2 complexes were amplified within AGEs-BSA-
exposed HK-2 cells, whereas EMPA treatment reduced 
the SCAP-SREBP-2 interaction (Fig.  5B). Based on the 
above findings, AGE may contribute to the ER-to-Golgi 
translocation of SCAP-SREBP-2 complexes through 
increasing SCAP/SREBP-2 levels, accelerating SREBP-2 
hydrolysis. Additionally, nuclear transport of nSREBP-2 
fragments was observed, which then bound to LDLr and 
HMGCoAR promoters to promote their transcription 
and subsequent translation, inducing cholesterol produc-
tion and absorption. Interestingly, EMPA reduced SCAP/
SREBP-2 expression, diminished SCAP-SREBP-2 pro-
tein complex transport, reduced LDLr and HMGCoAR 
expression, and eventually decreased cholesterol produc-
tion and absorption.

Fig. 4  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. 
Image J 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
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Role of EMPA in regulating RAGE level
Some specific RAGE exists on the renal tubular surface. 
AGE binds to RAGE, activates the intracellular signaling 
pathways, and generates adverse biological effects dur-
ing DKD. Thus, we evaluated both the in vivo and in vitro 
RAGE levels. We found that RAGE level was high within 
db/db mouse kidneys, especially those fed with the 

AGE-rich diet, relative to db/m mice (Fig.  6A). Similar 
observations were found in HK-2 cells (Fig.  6B). EMPA 
exposure decreased the RAGE levels within db/db mice 
fed with either basal or an AGE-rich diets; similar results 
could be found within HK-2 cells (Fig. 6A, B).

Discussion
DKD accounts for over 30% of all CKD cases progress-
ing into end-stage renal disease, which is becoming the 
major health burden due to the high global prevalence 
of diabetes. Apart from hyperglycemia, inflammatory 
factors, hypertension, and renal ectopic lipid deposition 
are also recognized as the risk factors for DKD. There-
fore, it is important to explore the etiology and mecha-
nism of diabetic renal lipid deposition to develop better 
prevention and treatment strategies. In the earlier study, 
we reported that excessive consumption of AGEs could 
disturb intracellular cholesterol negative feedback mod-
ulation and induce renal lipid accumulation in db/db 
mice [11]. However, the relationship between AGEs and 
renal lipid content has never been reported in diabetic 
patients. Renal biopsy has proven that there is lipid dep-
osition in the kidneys of patients with T2DM [25]. But 
due to the invasive procedure involved in renal biopsy, 
its clinical application is limited. Only a small number 
of patients, either undergoing kidney surgery or having a 
renal disease of unknown etiology, will consent to renal 
tissue biopsy. Therefore, non-invasive renal fat detection 
needs to be further studied, developed, and popularized. 
Recently, some studies have reported that MRI is a use-
ful and accurate tool to detect human renal fat content 
[26, 27]. Additionally, it has been reported that the RFF in 
patients with T2DM, detected by Dixon MRI, increases 
significantly compared to the non-diabetic cases [27, 28]. 
Consistent with the above findings, we show that RFF in 
T2DM cases increases markedly relative to non-diabetic 
cases. Furthermore, RFF was significantly correlated with 
serum AGEs levels, and this correlation between RFF and 
AGEs was statistically significant even after adjustments 
for TC, TG, BMI, SCR, FBG, and HbA1c. The previous 
basic research on AGEs-induced renal lipid deposition 
might explain the above clinical phenomenon [11]. The 
results of this study are encouraging since it is the first 
study to report that EMPA significantly reduces RFF in 
patients with T2DM. Though it is unclear whether this 
was related to the reduced levels of AGEs after EMPA 
treatment, further detailed in  vivo and in  vitro studies 
should provide more answers.

The data obtained from the experiments showed the 
increased amount of intracellular cholesterol and lipid 
droplets in kidneys, particularly in renal tubules. We 
also identified the renal functional impairment and 

Fig. 5  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)
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pathological changes, especially in diabetic mice fed 
with an AGE-rich diet. But, EMPA markedly improved 
these pathological conditions. AGEs induced lipid 
droplet accumulation was inhibited in EMPA-exposed 
HK-2 cells. To understand the role of EMPA in tubu-
lar lipid accumulation, we analyzed how EMPA affected 
cholesterol feedback modulation within db/db mouse 
kidneys as well as HK-2 cells. We found that LDLr, 
SREBP-2, HMGCoAR, SCAP, and nSREBP-2 were up-
regulated in kidneys of diabetic mice, particularly in 
AGE-rich diet-fed diabetic mice. Similar findings were 
observed within AGEs-exposed HK-2 cells. There-
fore, EMPA decreases renal proteins in diabetic mice, 
as well as mice and HK-2 cells raised with an AGE-
rich diet. Moreover, AGE-BSA exposure stimulated 

SCAP-SREBP-2 complex formation while increasing 
their transport to Golgi apparatus but was suppressed 
via EMPA within HK-2 cells. These observations sug-
gest that AGEs increase SCAP/SREBP-2 levels and 
promote SCAP-SREBP-2 complex formation. Subse-
quently, ER-to-Golgi transport of complexes induced 
SREBP-2 hydrolysis, nuclear import of nSREBP-2 also 
promoted LDLr/HMGCoAR transcription and trans-
lation, elevated cholesterol production and absorption 
within renal tubules, and finally caused the formation 
of tubular foam cells. Incidentally, EMPA decreased 
SCAP/SREBP-2 expression, reduced ER-to-Golgi trans-
port of SCAP-SREBP-2 complexes, reduced SREBP-2 
targeted gene transcription and decreased cholesterol 
production and absorption within renal tubules.

Fig. 6  Effects of EMPA on RAGE expression. The protein expression of 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 < 0.01 versus db/db group or AGEs-BSA 
treated cells; ▲▲P < 0.01 versus the AGEs + db/db group
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Our previous studies have shown that anti-RAGE could 
suppress SCAP/SREBP-2 levels, and reduce lipid deposi-
tion in HK-2 cells [10]. Based on this, we further stud-
ied the impact of EMPA on the AGEs-RAGE axis. The 
renal RAGE protein expression and serum AGEs con-
tents were elevated in db/db mice, especially in AGE-
rich diet-fed db/db mice, relative to db/m mice. EMPA 
significantly suppressed renal RAGE expression and 
serum AGEs content within basal and AGE-rich diet-fed 
db/db mice. Additionally, EMPA also decreased RAGE 
protein expression in AGE exposed HK-2 cells. Con-
sequently, EMPA decreased renal lipid deposition by 
reducing AGEs synthesis and suppressing AGEs-RAGE 
signal transduction, thereby inhibiting the SCAP-SREBP-
2-HMGCoAR/LDLr pathway.

Certain limitations should be noted in the present 
work. Firstly, the sample size in the present clinical work 
was small, which could have affected the accuracy of our 
result. The cause-effect relation should be determined 
on large-scale longitudinal studies. Secondly, EMPA 
improved renal function and pathological changes under 
in-vivo conditions. It is possibly associated with reduced 
renal lipid accumulation. However, it can’t eliminate the 
impact of blood glucose decreased by EMPA. Thirdly, 
although EMPA reduced renal cholesterol levels, it made 
no difference to blood TC level, and it might be asso-
ciated with EMPA decreasing blood volume, thereby 
increasing TC concentration. Additionally, EMPA may 
directly affect the local lipid metabolism of the kidney, 
and whether it affects blood lipids still requires large clin-
ical studies.

Collectively, this work indicates that AGEs-RAGE 
interaction can up-regulate SCAP/SREBP-2 expression 
within renal tubular cells, thereby increasing SCAP-
SREBP-2 complex formation and accelerating its trans-
port to Golgi, in which SREBP-2 is hydrolyzed. The 
nSREBP-2 enters the cell nucleus to increase LDLr and 
HMGCoAR expression; promotes cholesterol production 
and absorption. But EMPA treatment decreases AGEs 
production and suppresses activation of AGEs-RAGE 
signal pathway, thereby inhibiting the SCAP-SREBP-2-
LDLr/HMACoAR pathway and mitigating renal lipid 
deposition.

Acknowledgements
None.

Author contributions
HS designed the experiments. HS, JC, YH, YZ and ZL performed the experi-
ments. HS and JC wrote the first draft. JC, HS and ZL revised the manuscript. 
All authors read and approved the final manuscript.

Funding
This work was supported by grants from People’s Livelihood Science and 
Technology of Suzhou (Grant No. SYS2020104 to Hong Sun), National Natural 
Science Youth Foundation of China (Grant No. 81700632 to Hong Sun; Grant 

No. 81900794 to Zheng Liu), the Natural Science Youth Foundation of Jiangsu 
Province (Grant No. BK20170366 to Hong Sun) and China Postdoctoral Science 
Foundation (2020M671559 to Juan Chen).

Availability of data and materials
The datasets analyzed in this study are available from the corresponding 
author (sunhong_611@126.com) upon reasonable request.

Declarations

Ethics approval and consent to participate
The study adhered to the Declaration of Helsinki and ethics approval was 
obtained from the Institutional Review Board of the First Affiliated Hospital of 
Soochow University (Ethical No. 145). Written inform consent was obtained 
from each participant at the recruitment stage of the study.

Consent for publication
Not applicable.

Competing interests
The authors declare no cmpeting interests.

Author details
1 Department of Endocrinology and Metabolism, Dushu Lake Hospital Affili-
ated to Soochow University, Medical Center of Soochow University, Suzhou, 
Jiangsu, China. 2 Department of Endocrinology, Jiangsu Province Hospital 
of Chinese Medicine, Affiliated Hospital of Nanjing University of Chinese Medi-
cine, Nanjing, China. 3 The First Clinical Medical College, Soochow University, 
Suzhou, Jiangsu, China. 4 Department of Endocrinology and Metabolism, The 
First Affiliated Hospital of Soochow University, Suzhou, Jiangsu, China. 

Received: 4 April 2022   Accepted: 4 August 2022

References
	1.	 Alicic RZ, Rooney MT, Tuttle KR. Diabetic kidney disease: challenges, 

progress, and possibilities. Clin J Am Soc Nephrol. 2017;12(12):2032–45.
	2.	 Kumar Pasupulati A, Chitra PS, Reddy GB. Advanced glycation end prod-

ucts mediated cellular and molecular events in the pathology of diabetic 
nephropathy. Biomol Concepts. 2016;7(5–6):293–309.

	3.	 Nishad R, Meshram P, Singh AK, Reddy GB, Pasupulati AK. Activation of 
Notch1 signaling in podocytes by glucose-derived AGEs contributes to 
proteinuria. BMJ Open Diabetes Res Care. 2020;8(1):e001203.

	4.	 Ojima A, Matsui T, Nishino Y, Nakamura N, Yamagishi S. Empagliflozin, an 
inhibitor of sodium-glucose cotransporter 2 exerts anti-inflammatory 
and antifibrotic effects on experimental diabetic nephropathy partly 
by suppressing AGEs-receptor axis. Horm Metab Res = Hormon- und 
Stoffwechselforschung = Hormones et metabolisme. 2015;47(9):686–92.

	5.	 Haraguchi R, Kohara Y, Matsubayashi K, Kitazawa R, Kitazawa S. New 
insights into the pathogenesis of diabetic nephropathy: proximal renal 
tubules are primary target of oxidative stress in diabetic kidney. Acta 
Histochem Cytochem. 2020;53(2):21–31.

	6.	 Sotokawauchi A, Nakamura N, Matsui T, Higashimoto Y, Yamagishi SI. 
Glyceraldehyde-derived pyridinium evokes renal tubular cell damage via 
RAGE interaction. Int J Mol Sci. 2020;21(7):2604.

	7.	 Kaifu K, Ueda S, Nakamura N, Matsui T, Yamada-Obara N, Ando R, Kaida 
Y, Nakata M, Matsukuma-Toyonaga M, Higashimoto Y, et al. Advanced 
glycation end products evoke inflammatory reactions in proximal tubular 
cells via autocrine production of dipeptidyl peptidase-4. Microvasc Res. 
2018;120:90–3.

	8.	 Ishibashi Y, Yamagishi S, Matsui T, Ohta K, Tanoue R, Takeuchi M, Ueda S, 
Nakamura K, Okuda S. Pravastatin inhibits advanced glycation end prod-
ucts (AGEs)-induced proximal tubular cell apoptosis and injury by reduc-
ing receptor for AGEs (RAGE) level. Metab Clin Exp. 2012;61(8):1067–72.

	9.	 Yuan Y, Sun H, Sun Z. Advanced glycation end products (AGEs) increase 
renal lipid accumulation: a pathogenic factor of diabetic nephropathy 
(DN). Lipids Health Dis. 2017;16(1):126.



Page 12 of 12Sun et al. Diabetology & Metabolic Syndrome          (2022) 14:121 

•
 
fast, convenient online submission

 •
  

thorough peer review by experienced researchers in your field

• 
 
rapid publication on acceptance

• 
 
support for research data, including large and complex data types

•
  

gold Open Access which fosters wider collaboration and increased citations 

 
maximum visibility for your research: over 100M website views per year •

  At BMC, research is always in progress.

Learn more biomedcentral.com/submissions

Ready to submit your researchReady to submit your research  ?  Choose BMC and benefit from: ?  Choose BMC and benefit from: 

	10.	 Sun H, Yuan Y, Sun Z. Update on mechanisms of renal tubule injury 
caused by advanced glycation end products. BioMed Res Int. 
2016;2016:5475120.

	11.	 Sun H, Chen J, Sun L, Shi B, Li J. Role of thioredoxin-interacting protein 
in diabetic fatty kidney induced by advanced glycation end-products. J 
Agric Food Chem. 2021;69(40):11982–91.

	12.	 Brown MS, Goldstein JL. The SREBP pathway: regulation of cholesterol 
metabolism by proteolysis of a membrane-bound transcription factor. 
Cell. 1997;89(3):331–40.

	13.	 Sakai J, Rawson RB. The sterol regulatory element-binding protein 
pathway: control of lipid homeostasis through regulated intracellular 
transport. Curr Opin Lipidol. 2001;12(3):261–6.

	14.	 Sun H, Yuan Y, Sun ZL. Cholesterol contributes to diabetic nephropathy 
through SCAP-SREBP-2 pathway. Int J Endocrinol. 2013;2013:592576.

	15.	 Scheen AJ. Sodium–glucose cotransporter type 2 inhibitors for the treat-
ment of type 2 diabetes mellitus. Nat Rev Endocrinol. 2020;16(10):556–77.

	16.	 Nespoux J, Vallon V. SGLT2 inhibition and kidney protection. Clin Sci. 
2018;132(12):1329–39.

	17.	 Margonato D, Galati G, Mazzetti S, Cannistraci R, Perseghin G, Margonato 
A, Mortara A. Renal protection: a leading mechanism for cardiovas-
cular benefit in patients treated with SGLT2 inhibitors. Heart Fail Rev. 
2020;26(2):337–45.

	18.	 Heerspink HJL, Kosiborod M, Inzucchi SE, Cherney DZI. Renoprotec-
tive effects of sodium–glucose cotransporter-2 inhibitors. Kidney Int. 
2018;94(1):26–39.

	19.	 Hodrea J, Balogh DB, Hosszu A, Lenart L, Besztercei B, Koszegi S, Sparding 
N, Genovese F, Wagner LJ, Szabo AJ, et al. Reduced O-GlcNAcylation and 
tubular hypoxia contribute to the antifibrotic effect of SGLT2 inhibi-
tor dapagliflozin in the diabetic kidney. Am J Physiol Renal Physiol. 
2020;318(4):F1017–29.

	20.	 Woods TC, Satou R, Miyata K, Katsurada A, Dugas CM, Klingenberg NC, 
Fonseca VA, Navar LG. Canagliflozin prevents intrarenal angiotensinogen 
augmentation and mitigates kidney injury and hypertension in mouse 
model of type 2 diabetes mellitus. Am J Nephrol. 2019;49(4):331–42.

	21.	 Yaribeygi H, Katsiki N, Butler AE, Sahebkar A. Effects of antidiabetic drugs 
on NLRP3 inflammasome activity, with a focus on diabetic kidneys. Drug 
Discov Today. 2019;24(1):256–62.

	22.	 Wang XX, Levi J, Luo Y, Myakala K, Herman-Edelstein M, Qiu L, Wang D, 
Peng Y, Grenz A, Lucia S, et al. SGLT2 protein expression is increased in 
human diabetic nephropathy: SGLT2 protein inhibition decreases renal 
lipid accumulation, inflammation, and the development of nephropathy 
in diabetic mice. J Biol Chem. 2017;292(13):5335–48.

	23.	 Sowndhar Rajan B, Manivasagam S, Dhanusu S, Chandrasekar N, Krishna 
K, Kalaiarasu LP, Babu AA, Vellaichamy E. Diet with high content of 
advanced glycation end products induces systemic inflammation and 
weight gain in experimental mice: protective role of curcumin and gallic 
acid. Food Chem Toxicol. 2018;114:237–45.

	24.	 Sun H, Sun Z, Varghese Z, Guo Y, Moorhead JF, Unwin RJ, Ruan XZ. Non-
esterified free fatty acids enhance the inflammatory response in renal 
tubules by inducing extracellular ATP release. Am J Physiol Renal Physiol. 
2020;319(2):F292–303.

	25.	 Herman-Edelstein M, Scherzer P, Tobar A, Levi M, Gafter U. Altered 
renal lipid metabolism and renal lipid accumulation in human diabetic 
nephropathy. J Lipid Res. 2014;55(3):561–72.

	26.	 Sijens PE, Edens MA, Bakker SJ, Stolk RP. MRI-determined fat con-
tent of human liver, pancreas and kidney. World J Gastroenterol. 
2010;16(16):1993–8.

	27.	 Yokoo T, Clark HR, Pedrosa I, Yuan Q, Dimitrov I, Zhang Y, Lingvay I, Beg 
MS, Bobulescu IA. Quantification of renal steatosis in type II diabetes mel-
litus using dixon-based MRI. J Magn Reson Imaging. 2016;44(5):1312–9.

	28.	 Wang YC, Feng Y, Lu CQ, Ju S. Renal fat fraction and diffusion tensor 
imaging in patients with early-stage diabetic nephropathy. Eur Radiol. 
2018;28(8):3326–34.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in pub-
lished maps and institutional affiliations.


	New insights into the role of empagliflozin on diabetic renal tubular lipid accumulation
	Abstract 
	Background: 
	Methods: 
	Results: 
	Conclusion: 

	Introduction
	Methods
	Subjects and study design
	Anthropometric and biochemical measurements
	Dixon MRI for renal fat measurements
	Animal experiments
	Biochemical assays
	Renal morphology
	Cell culture
	Lipid deposition measurement
	Intracellular cholesterol quantification
	Protein isolation and Western-blot (WB) assay
	Confocal microscopy
	Coimmunoprecipitation (Co-IP)
	Statistical analysis

	Results
	Anthropometric and demographic features
	Correlation between RFF and AGEs
	Role of EMPA in biochemical features and renal morphology in diabetic mice
	Role of EMPA in in-vitro and in-vivo renal lipid deposition
	Role of EMPA in the in-vivo and in-vitro metabolism of renal cholesterol
	Role of EMPA in regulating RAGE level

	Discussion
	Acknowledgements
	References




