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Abstract

Diabetic kidney disease (DKD) is a major health burden closely related to lipid metabolism disorders. Leptin has lipid-
lowering efficacy, but the specific mechanism of its local effects on kidney is still unclear. This study aims to investigate the
role of ectopic lipid deposition (ELD) in DKD and evaluate the lipid-lowering efficacy of leptin in the palmitic acid (PA)-
induced renal tubular epithelial cells (NRK-52E). DKD model was established in Sprague—Dawley (SD) rats by giving single
intraperitoneal injection of streptozotocin (STZ, 30 mg/kg) after high-fat diet for 8 weeks. Then, the expression changes of
lipid metabolism-related markers were observed. At week 12, the protein expression level of lipid-deposited marker adipose
differentiation-related protein (ADRP) was significantly increased. Besides, the lipid synthesis marker sterol regulatory
element-binding protein 1c (SREBP 1c) was highly expressed while the expression of insulin-induced gene 1 (Insig-1), a key
molecular of inhibiting SREBP 1c, was decreased. Leptin and compound ¢ were incubated with the PA-induced NRK-52E
cells to investigate the lipid-lowering effects and whether this effect was mediated by the AMPK/Insig-1/SREBP Ic signaling
pathways. mRNA and protein of ADRP and SREBP 1c were reduced after leptin treatment, while Insig-1 and phosphorylated
AMP-activated protein kinase (AMPK) were increased. Conversely, inhibition of AMPK phosphorylation by compound ¢
mostly eliminated lipid-lowering efficacy of leptin in PA-induced cells. Collectively, these results suggested that there was
ELD of renal tubular epithelial cells in DKD rats. Leptin upregulated the expression level of Insig-1 by activating AMPK
to attenuate ELD in PA-induced NRK-52E cells.
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Introduction
Key Points . . . . . .
1. Lipid deposition was increased in renal tissues of DKD rats. D{abe'tes mellitus (DM) is associated with a variety qf COH}'
2. Abnormal expression of Insig-1 may be involved in renal plications, such as retinopathy, nephropathy, and diabetic
lipid deposition. ketoacidosis (DKA) [9, 30]. Diabetic kidney disease (DKD)

Szgéiﬁgm attenuated lipid accumulation in PA-induced NRK- is a major microvascular complication of DM, and even-

4. Leptin increased Insig-1 activity by the activation of AMPK tually leads to end-stage renal disease (ERSD) [10, 33]. It
phosphorylation. is reported that type 2 diabetic nephropathy (T2DN) rats
developed renal and physiological abnormalities similar to
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injury plays an integral role in the pathogenesis of DKD
[41], and suggested that ELD is related to renal tubule injury
in DKD [39], but the specific mechanism is still unclear.
Vaziri reported that lipid and lipoprotein metabolism dis-
orders are closely related to the development and progres-
sion of kidney diseases [34]. Studies have shown that adi-
pose differentiation-related protein (ADRP) is located on the
surface of lipid droplets and is the main component of lipid
droplet vesicle formation in cells. It plays a pivotal role in
the balance between cellular lipid storage and lipid outflow;
thus, its increased expression may suggest a specific marker
for lipid deposition [3, 4]. Eberlé et al. [7] and Sun et al.
[32] suggested that sterol regulatory element-binding protein
(SREBP) transcription factors serve a family of transcrip-
tion factors which regulate lipid homeostasis by controlling
cellular fatty acid, triacylglycerol, and cholesterol synthesis.
It has been demonstrated that SREBP-1 protein levels are
significantly increased in the kidneys of type 2 diabetic ani-
mals and reducing the expression of SREBP-1 in diabetic
kidney can delay the progression of the kidney [18, 31].
Insulin-induced gene 1 (Insig-1) is a new regulatory factor
of lipid metabolism, which is widely involved in the regu-
lation of intracellular lipid metabolism, and the abnormal
expression of Insig-1 is involved in various lipid disorders
[26]. Served as a potent inhibitor for the proteolytic pro-
cess and maturation of SREBP by binding the sterol-sens-
ing domain of SREBP cleavage-activating protein (SCAP),
Insig-1 facilitates retention of the SCAP/SREBP complex in
the endoplasmic reticulum (ER) [38]. It has been reported
that overexpression of Insig-1 in liver can improve hepatic
steatosis [15]. These studies implied that Insig-1 might play
a potential role in the pathogenesis of ELD in DKD.
Leptin, a 167-amino acid adipokine, plays a critical role
in regulating body weight, food intake, and energy metabo-
lism [42]. It has been reported that insulin resistance and
hepatic steatosis are improved in some patients with lipo-
dystrophy after receiving leptin replacement therapy [28].
Besides, leptin is a key factor in regulating lipid metabolism.
Diéguez et al. [6] revealed that leptin treatment stimulated
the lipolytic action in the adipose tissues, and the activation
of AMPK in skeletal muscle could protect non-adipocytes
from lipotoxicity. AMP-activated protein kinase (AMPK)
is a metabolic sensor in mammals, which modulates lipid
metabolism by directly phosphorylating proteins or modu-
lating gene transcription in specific tissues [36]. It has been
reported that leptin is thought to be metabolized primarily
by the kidney and is bound and absorbed by megalin in the
proximal convoluted tubules [14]. Megalin was a large gly-
cosylated receptor belonging to the low-density lipoprotein
receptor family. It is partly located in the microvilli of proxi-
mal tubule epithelial cells (PTECs) and plays a key role in
the reabsorption of diverse glomerular-filtered substances,
including albumin and low molecular weight proteins [20,
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25]. Thus, leptin could reduce lipid accumulation in non-
adipose tissue, but its role in the kidney is unclear.
Therefore, the present study aims to observe the changes
of lipid deposition-related proteins in T2DN rat model and
investigate the mechanism of leptin on lipid accumulation
in PA-induced NRK-52E cells. Then, whether leptin attenu-
ate ELD by regulating AMPK/Insig-1/SREBP Ic signaling
pathways was further explored using AMPK inhibitor. The
current study would provide a new strategy for the lipid
metabolism regulation of leptin on the pathogenesis of DKD.

Materials and methods
Animals

Sixty specific pathogen-free 6-week-old male Sprague—Daw-
ley (SD) rats (200 +20 g, SCXK (Jing) 2019-0008) were
purchased from Beijing Huafukang Biotechnology Co.,
Ltd. (Beijing, China). Rat experiments were conducted in
accordance with the policies of the National Institutes of
Health Guidelines for the Care and Use of Laboratory Ani-
mals and China animal welfare legislation. The research
was approved by the ethics committee of Guizhou People’s
Hospital [Approval Number: (2020)090]. The study protocol
was approved by the institutional animal care and welfare
committee. All animals were raised in the standard tempera-
ture (21 °C+2 °C) and stable humidity (55% +2%) with a
light/dark cycle of 12/12 h. All animals were allowed to have
free access to standard food and water and habituated to the
animal facilities for a week. All animal experiments were
done at the animal center of Guizhou Medical University.

Animal models establishment, drug administration,
and grouping design

All rats were randomly assigned to two groups: control
(Con) and T2DN groups. The T2DN group rats were fed
a high-fat diet (HFD) for 8 weeks and the Con group rats
were fed a normal diet (ND). A single dose of STZ (30 mg/
kg) was intraperitoneally injected into the T2DN group
rats. The Con group rats were intraperitoneally injected
the same dose of normal saline. After 72 h, the tail vein
blood glucose was measured. If the fasting blood glucose
(FBG) > 13.9 mmol/L, the T2DN model was successfully
established. The animal experiment lasted for 16 weeks
(Fig. 1a).

Samples’ collection and indicators’ detection: before
measuring FBG, all rats were fasted for 12 h. Then, the
vail vein blood glucose was measured using a blood glu-
cose test chip (Roche Diabetes Care GmbH, Shanghai,
China). All rats were housed in metabolic cages to col-
lect 24-h urine, and 24-h urinary albumin was measured



Renal tubule ectopic lipid deposition in diabetic kidney disease rat model and in vitro mechanism... 391
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using a QuantiChrom™ BCG albumin assay kit (Bioas-
say Systems, Hayward, CA). Then, the 24-h urine volume
and 24-h urinary albumin were used to calculate the 24-h
urinary protein quantity. All rats were sacrificed with 4%
pentobarbital sodium (50 mg/kg, Sigma, Merck, Germany)
anesthesia. Blood, urine, brain, and kidney were collected
at weeks 4, 8, 12, and 16. The serum was separated and
stored at — 80 °C. Brain and kidney tissues were stored in
liquid nitrogen or 4% paraformaldehyde.
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Histological examination
and immunohistochemistry of renal tissues

Harvested kidneys were immersion fixed (4% paraformalde-
hyde), embedded in paraffin, and sliced into 4-um-thick sec-
tions. Hematoxylin and eosin (HE) staining was performed
to observe the pathological and morphological changes in rat
renal tissues. Immunohistochemical staining: tissue sections
were dewaxed, rehydrated, and exposed to 3% H,O, (10 min)
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to quench the endogenous peroxidase. Antigen retrieval with
0.01 M sodium citrate buffer under high pressure and high
temperature, the sections were blocked by 5% bovine serum
albumin (BSA) for 30 min at room temperature (RT). The
sections were then incubated with anti-SREBP 1c antibody
(Sc-13551, 1:100 dilution; Dallas, TX, USA), anti-ADRP
antibody (15294-1-AP, 1:200 dilution; Proteintech, Wuhan,
China), and anti-Insig-1 antibody (22,115-1-AP, 1:100 dilu-
tion; Proteintech, Wuhan, China) at 4 °C overnight. Next,
the sections were washed in 0.01-M phosphate buffer saline
(PBS) and then incubated with the corresponding HRP-con-
jugated secondary antibody (Abcam, Cambridge, UK) for
90 min at RT and 30 min at 37 °C. Subsequently, DAB kit
(Zhongshan Jingqgiao Biotechnology, Beijing, China) stain-
ing was used to observe protein expression. For each slice,
10 nonoverlapping fields in the cortical area were randomly
selected for the measurement of the integrated optical den-
sity (IOD) using a fully automated image analysis system
(Image-Pro Plus 6.0). IOD was used as a measure of the
relative content of positive substances in each slice.

Cell culture

Renal tubular epithelial cells (NRK-52E; Cell Bank of Chi-
nese Academy of Sciences, Shanghai, China) were grown
in Dulbecco’s modified Eagle’s medium (DMEM) (Ther-
mofisher, Suzhou, China) supplemented with 5% heat-inac-
tivated fetal bovine serum (FBS) (Biological Industries, Kib-
butz Beit Haemek, Israel) and 1% penicillin/streptomycin
(Solarbio, Beijing, China), at the condition of 37 °C, 5%
CO,, and 95% humidity. NRK-52E cells had been used in
various passage numbers from 3 to 9. Cells were incubated
with 0.2-mM PA and various concentrations of leptin (0.62,
6.25, 12.5 nM) for 24 h. For some experiments, cells were
incubated with 0.2-mM PA for 24 h after pretreatment with
or without compound ¢ (10 pM, 30 min) (B3252, ApexBio
Technology, Houston, USA) or leptin receptor antagonist
(10 ng/mL, 10 min) (CB500256, California Bioscience, CA,
USA). Then, cells were treated with 12.5-nM leptin for 24 h.
NRK-52E cells were starved overnight in culture medium
without FBS prior to treatment with PA. NRK-52E cells
incubated with BSA served as controls.

Oil Red O staining

Cells grown on coverslips were first washed in PBS and
fixed with 4% paraformaldehyde for 20 min, and washed
thrice in PBS. Next, the cells were incubated in isopropyl
alcohol (60%, v/v) for 5 min and then subjected to Oil Red
O staining for 15 min, and washed thrice in PBS. The cells
were counterstained with hematoxylin and then washed in
PBS thrice, and images were obtained under a microscope
(Olympus, Tokyo, Japan).
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Cellular total triglyceride measurement

The cells were homogenized for 1 min by adding appropriate
amount of PBS solution under ice water bath, and triglycer-
ide (TG) content of the prepared homogenate was detected
by a TG detection kit (Jiancheng Bioengineering Institute,
Nanjing, China).

Quantitative real-time PCR (qRT-PCR)

Total RNA was extracted using TRIzol reagent (TaKaRa,
Shiga, Japan) according to the manufacturer’s instructions.
Then, samples containing 5 pg of RNA were reverse tran-
scribed to obtain cDNA using PrimeScript® RT reagent
kit (Thermofisher, Suzhou, China) according to the manu-
facturer’s protocol. qRT-PCR was performed using SYBR
Green Talent qPCR PreMix kit (TianGen, Beijing, China).
The mRNA expression level was calculated using the com-
parative cycle threshold (Ct) method normalized to GAPDH.
Specific primer sequences used for qRT-PCR are listed in
Table 1.

Immunofluorescence test

Prior to treatment, NRK-52E cells were seeded on glass
coverslips, washed in PBS, and fixed for 20 min in 4% para-
formaldehyde. Cells were blocked in normal donkey serum
(Solarbio, Beijing, China) for 1 h, and incubated overnight
at 4 °C with primary antibody against ADRP (15294-1-AP,
1:200 dilution; Proteintech, Wuhan, China). After washing
with PBS, cells were incubated with Alexa Fluor 488-con-
jugated secondary antibodies (ab150073, 1:100 dilution;
Abcam, Cambridge, UK) for 2 h at RT and counterstained

Table 1 Sequences of the primers for qRT-PCR

Genes Sequence (5" to 3') Annealing
temperature,
°C
GAPDH  F: CAAGGTACTCCATGACAACTTTG 60
R: GGGCCATCCACAGTCTTCTG

AMPK F: GCCGAGAAGCAGAAGCACGAC 60
R: GCTTGCCCACCTTCACTTTCCC

Insig-1 F: CTCCCGCGAGGCATGATT 60
R: CGCCAAATGAGAAGAGCACG

SREBP Ic F: CGCTTCTTACAGCACAGCAA 60
R: TGCCCAAGGACAAGGGGCTA

ADRP F: AGCTCCACTCCACTGTCCATCTG 60

R: TAGCCGACGATTCTCTTCCACTCC

F, forward primer; R, reverse primer; AMPK, AMP-activated protein
kinase; Insig-1, insulin-induced gene 1; SREBP Ic, sterol regulatory
element-binding protein lc; ADRP, adipose differentiation-related
protein. GAPDH as reference genes.
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with DAPI for 15 min. Coverslips were visualized using an
Olympus BX53 fluorescence microscope and photographed
with Cellsens Entry software (Olympus, Tokyo, Japan).

Western blotting

Cells were lysed in RIPA buffer (Solarbio, Beijing, China)
containing 1% PMSF (Solarbio, Beijing, China) and 1%
protease inhibitor cocktail (Solarbio, Beijing, China). The
supernatant was obtained and protein content was deter-
mined by bicinchoninic acid protein assay kit (Solarbio,
Beijing, China). Samples containing 20 pg of protein were
separated by 10% sodium dodecyl sulfate—polyacrylamide
gel electrophoresis and transferred to a polyvinyl difluoride
(PVDF) membrane (Immobilon-P, 0.45 pm, Merck Milli-
pore, Darmstadt, Germany). The membranes were blocked
in 5% BSA or 5% nonfat milk for 2 h, and incubated with the
primary antibodies against AMPK (ab131512, 1:500 dilu-
tion; Abcam, London, UK), p-AMPK (ab194920, 1:500 dilu-
tion; Abcam), SREBP 1c (Sc-13551, 1:500 dilution; Dallas,
TX, USA), Insig-1 (22,115-1-AP, 1:500 dilution; Protein-
tech, Wuhan, China), ADRP (1s294-1-AP, 1:500 dilution,;
Proteintech), and GAPDH (60,004-1-Ig, 1:3000 dilution;
Proteintech). After incubating with the corresponding HRP-
conjugated secondary antibody (Abcam, Cambridge, UK)
at 37 °C for 2 h, the protein samples were detected by ECL
reagents (Millipore, Billerica, MA) and quantification of sig-
nals was performed using ImagelJ software (Rawak Software
Inc., Stuttgart, Germany).

Statistical analysis

All statistical analyses were performed using the Graph-
Pad Prism (8.0.2. for Windows, GraphPad Software, San
Diego, CA, USA). All experiment data were expressed as
the means + SD. The means were compared using Student’s
t-test or one-way ANOVA of variance. P values < 0.05 were
considered statistically significant.

Results

Ectopic lipid accumulation of renal tubular
epithelial cells in T2DN rats

Six-week-old SD rats were fed with HFD for 8 weeks and
a single intraperitoneal injection of STZ to induce the
T2DN model. To determine whether the T2DN model
had been established, the fasting blood glucose (FBG) and
urinary albumin levels were tested. The FBG levels of the
T2DN group in different stages (19.34 +4.37 mmol/L;
23.17 +6.01 mmol/L; 17.34 +4.53 mmol/L;
16.85+2.59 mmol/L) were significantly higher than those

in the Con group (4.15+0.39 mmol/L; 4.50 +0.35 mmol/L;
4.87+0.72 mmol/L; 4.32 +0.50 mmol/L) (Fig. 1b). Com-
pared with the Con group, the 24-h total urinary protein
quantity of the T2DN group was increased (Fig. 1c). HE
staining showed that the kidney tissues of T2DN groups
had glomerular hypertrophy and mesangial matrix expan-
sion, and some renal tubular epithelial cells showed vacu-
olar degeneration and partial shedding (Fig. 1e). These
results demonstrated that the T2DN model was successfully
established.

In order to detect lipid deposition of kidney tissues in
T2DN rats, immunohistochemistry was used to determine
the expression level of lipid-related marker (ADRP). As
shown in Fig. 1d and f, compared with the Con group, the
protein expression of ADRP was increased in the T2DN
group, and the difference was statistically significant at the
12th week (P <0.05). These data suggested that there was
significant lipid deposition in the kidneys of T2DN rats at
the 12th week.

Insig-1 was downregulated in T2DN rats

Next, we investigated whether Insig-1 and SREBP 1c were
involved in lipid deposition of T2DN rats. The Insig-1 and
SREBP Ic expression levels in kidney were detected by
immunohistochemistry. As shown in Fig. 2a and b, compared
with the Con group, protein expression level of SREBP 1c
was increased in the T2DN group. Interestingly, as shown
in Fig. 2a and c, the expression level of Insig-1 of kidneys
in the T2DN group was significantly lower than that in the
Con group. These results indicated that lipid deposition in
the T2DN group was related to the decrease of Insig-1 and
the increase of SREBP 1c, which may play a key role in the
regulation of renal lipid metabolism in T2DN rats.

Leptin attenuated lipid accumulation in PA-induced
NRK-52E cells

NRK-52E cells were incubated with 0.2-mM PA for 24 h
to induce lipid accumulation, and different concentrations
of leptin (0.62, 6.25, 12.5 nM) were added for 24 h. Lipid
deposition in PA-induced NRK-52E cells, and leptin atten-
uated lipid accumulation were observed after Oil Red O
Straining (Fig. 3a). Consistent with the Oil Red O staining
results, compared with the Con group, TG content was
significantly increased in PA-induced cells, and 0.62-,
6.25-, and 12.5-nM leptin reduced the PA-induced TG
content, while the higher 2 doses had statistically signifi-
cant difference (Fig. 3b). The mRNA and protein levels
were detected by qRT-PCR and Western blot analysis; the
expression of ADRP mRNA and protein in the PA group
was significantly higher than that in the Con group, while
decreased after 6.25-nM and 12.5-nM leptin treatment
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(Fig. 3c, d, e). Taken together, these data indicated that
leptin attenuated PA-induced lipid accumulation in NRK-
52E cells.

Leptin upregulated Insig-1 and downregulated lipid
synthesis gene expression in PA-induced NRK-52E
cells

Next, we examined whether leptin can regulate Insig-1 and
inhibit the expression of lipid synthesis gene. The expres-
sion of Insig-1 and lipid synthesis gene were detected by
qRT-PCR, compared with the PA group and mRNA lev-
els of Insig-1 were increased after 12.5-nM leptin treat-
ment, while mRNA levels of SREBP Ic were significantly
decreased, but levels of AMPK were not changed (Fig. 4a,
b, c). Consistent with the qRT-PCR results, the protein
expression level of SREBP 1c was decreased after leptin
treatment in PA-induced NRK-52E cells (Fig. 4d, g). Com-
pared with the PA group, the protein expression of Insig-1
and the p-AMPK/AMPK ratio were obviously increased
after the treatment of leptin, while the higher 2 doses had
statistically significant difference (Fig. 4d, e, f). Together,
these data indicated that leptin increased AMPK phos-
phorylation levels and upregulated Insig-1, whereas inhib-
ited the expression of lipid synthesis gene SREBP 1c and
attenuated lipid deposition in PA-induced NRK-52E cells.
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Leptin improved lipid deposition in PA-induced
NRK-52E cells by enhancing AMPK phosphorylation

It is reported that activation of AMPK enhanced Insig-1
expression and improved hepatic steatosis in HFD mice [15].
Therefore, NRK-52E cells were incubated with 0.2-mM PA
and 10-pM AMPK inhibitor (compound c, Cc) or 10 ng/mL
leptin receptor antagonist (I). Western blot analysis was used
to determine the effects of compound ¢ on p-AMPK/AMPK;
as shown in Fig. 5c and d, the ratio of p-AMPK/AMPK was
decreased. Compared with the leptin treatment (the PA +lep
group), Oil Red O staining showed that inhibiting AMPK led
to the increase of the lipid content, but the lipid content not
obviously increased in the receptor antagonist-treated group
(the PA +1lep+1 group) (Fig. 5a). Consistent with the Oil
Red O staining results, the TG content in the AMPK inhibi-
tor group (the PA +1lep + Cc group) was higher than that in
the PA +lep group; the difference was statistically significant
(Fig. 5b). Similarly, the expression of lipid-related marker
ADRP was increased after adding compound c detected by
immunofluorescence test and Western blot analysis (Fig. 5a,
c, g).

However, compared with the PA +lep group, the pro-
tein expression of ADRP seemed to be not changed in the
PA +1ep +1 group by immunofluorescence test and Western
blot analysis (Fig. 5a, c, g), and the TG content was consist-
ent with the ADRP expression result (Fig. 5b). As shown in
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Fig. 5c, e, and f, compared with the PA +lep group, inhibi-
tion of AMPK by adding compound c reduced the protein
expression of Insig-1 and increased the protein expression
of SREBP 1c. The leptin receptor antagonist did not reduce
these lipid-lowering effects of leptin. Together, these data
suggested that AMPK was sufficient to stimulate Insig-1
activity in vitro likely through a post-translational regulation
and that leptin-attenuated PA-induced lipid accumulation in
NRK-52E cells may not entirely through the leptin receptor.

Discussion

In this study, it was demonstrated that there was signifi-
cant lipid deposition in the kidney of T2DN rats, the pro-
tein expression level of lipid-related marker (ADRP) was
increased, and abnormal expression of SREBP 1c and
Insig-1 was related to lipid synthesis. We found that leptin
attenuated lipid accumulation in PA-induced NRK-52E cells

by upregulating Insig-1 through activating phosphorylation
of AMPK.

Recent studies have reported that ELD occurs in non-adi-
pose tissue and will trigger the lipotoxicity [11, 22, 31]. ELD
may mediate tubular damage in DKD, ultimately leading
to DN progression. It is reported that lipid deposition was
observed in the kidneys of type 2 DKD patients [39], and
Mishra et al. [24] also found lipid deposition in renal tissues
of db/db mice by Oil Red O staining. Studies have shown
that ADRP is located on the lipid droplet surface, and its
expression was related to the degree of lipid accumulation,
which could be used for the quantitative analysis of lipid
deposition [2]. In this study, we found that the expression
level of ADRP was increased in the T2DN group (Fig. 1),
suggesting lipid deposition in the kidneys of T2DN rats,
which is consistent with previous studies.

Herman-Edelstein et al. [16] reported that lipid deposi-
tion was associated with dysregulation of lipid metabolism
genes. SREBPs belong to a family of transcription factors
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Fig.4 Effects of leptin on
lipid-related proteins in PA-
induced NRK-52E cells. a—¢
AMPK, Insig-1, and SREBP Ic
mRNA detected by qRT-PCR.
d Western blot analysis of the
expression level of p-AMPK,
AMPK, Insig-1, and SREBP

1c in NRK-52E cells, treated
with a 0.2-mM PA and different
concentrations of leptin (0.62,
6.25,12.5 nM) for 24 h. e-g
p-AMPK/AMPK, Insig-1, and
SREBP Ic¢ protein expression
level measured by Imagel
software. Abbreviations: Con,
control; PA, 0.2-mM palmitic
acid; PA+1ep 0.62 nM, 0.2-
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that is critical for maintaining lipid homeostasis, and it is
involved in fatty acid (FA) synthesis and insulin-induced
glucose metabolism in lipogenesis [7, 35]. Saravanan et al.
[29] found that the expression of SREBP-1c was increased
in renal tissues of HFD-induced diabetic C57BL/6 J mice.
It has been reported that Insig-1 is an upstream regulatory
factor of SREBP Ic, and the overexpression of Insig-1
inhibits SREBP 1c expression, thereby reducing insulin-
stimulated lipogenesis in the livers of transgenic mice [8].
Han et al. [15] also reported that increasing the stability of
Insig-1 can reduce the expression of lipogenic genes and
attenuate hepatic steatosis in HFD-induced mice. These
studies suggested that Insig-1 plays a key role in the regu-
lation of ELD. Therefore, we speculated that the abnormal
expression of Insig-1 protein may lead to lipid deposition
in T2DN rats. Our results demonstrated that the expression
level of SREBP 1c was significantly increased, while the
expression level of Insig-1 was decreased in the T2DN rat
model (Fig. 2). These results suggested that Insig-1 may
also as a potential target for the treatment of lipid deposi-
tion in T2DN rat model.
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Leptin is an adipocyte-derived hormone with both cen-
tral and peripheral effects on energy metabolism. Study
has reported that leptin targets the hypothalamus to protect
from steatosis by promoting hepatic triglyceride export and
decreasing lipogenesis independent from caloric intake [13].
However, there is no evidence related to the effect of leptin
on renal lipid deposition. Leptin has been suggested to be
primarily metabolized by the kidneys, taken up by proximal
convoluted tubules and where megalin likely mediates its
binding and uptake [14]. Although growing studies focus
on that leptin resistance, it has been shown that high con-
centrations of leptin have pro-inflammatory and pro-apop-
totic effects on the kidneys [1, 5, 17]. However, it has also
been reported that leptin can attenuate apoptotic injury in
gentamicin-induced NRK-52E cells through PI3K/Akt sign-
aling pathway [5]. Leptin itself can promote lipolysis and
inhibit lipid synthesis [23], but the role of leptin in high
lipid-induced renal tubular epithelial cells is unclear. In this
study, we observed that leptin can reduce the expression of
ADRP in PA-induced NRK-52E cells, suggesting its lipid-
lowering effect (Fig. 3).
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AMP-activated protein kinase (AMPK) is a serine/
threonine protein kinase that emerges as a sensor of cel-
lular energy [12]. In eukaryotes such as mammals, AMPK
is believed to act as a key master switch that modulates
lipid metabolism by directly phosphorylating proteins or
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modulating gene transcription in specific tissues such as the
liver, fat, and muscle [36]. Li et al. [21] reported that AMPK
activation can inhibit SREBP-1c cleavage and nuclear trans-
location, thereby reducing lipogenesis and lipid accumula-
tion in hepatocytes induced by high glucose. Other studies
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have shown that activation of AMPK can enhance Insig-1
expression and lead to improvement of hepatic steatosis in
HFD-induced mice [15]. Our findings confirmed that lep-
tin reduced the expression of lipid synthesis genes, and
increased Insig-1 expression (Fig. 4). Furthermore, our study
further identified that leptin upregulated Insig-1 by the acti-
vation of AMPK (Fig. 5), suggesting leptin could attenuate
lipid deposition by regulating AMPK/Insig-1/SREBP 1c
pathway.

There are some limitations in this study. First, although
in vivo and in vitro methods were used in this study, Oil Red
O staining is needed to further verify lipid accumulation in
T2DN rats. Then, although we showed that leptin-improved
lipid accumulation may not entirely through the leptin recep-
tor, but we could not identify the other receptors leptin may
bind. Therefore, the specific mechanism of leptin receptor
remains to be further studied.

In conclusion, we demonstrated that there was lipid depo-
sition in the kidney of T2DN rats with the mechanism of
increasing SREBP 1c protein expression and decreasing
Insig-1 protein expression. Leptin attenuated lipid deposition
by activating AMPK phosphorylation which upregulated the
expression of Insig-1 in PA-induced NRK-52E cells.
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