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Blood glucose control contributes to protein stability of
Ski-related novel protein N in a rat model of diabetes
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Abstract. Ski-related novel protein N (SnoN) negatively
regulates the transforming growth factor-p1 (TGF-B1)/Smads
signaling pathway and is present at a low level during diabetic
nephropathy (DN), but its underlying regulatory mechanism
is currently unknown. The present study aimed to assess the
effects of insulin-controlled blood glucose on renal SnoN
expression and fibrosis in rats with diabetes mellitus (DM).
Streptozotocin-induced DM rats were treated with insulin
glargine (INS group) following successful model establish-
ment. Blood samples were collected and centrifuged for
biochemical indexes and the kidneys were collected for
morphological analysis. In vitro, rat renal proximal tubular
epithelial cells were treated with high-glucose medium for
24 h and transferred to normal glucose medium for 24 h. The
expression levels of TGF-f1, SnoN, Smad ubiquitin regulatory
factor 2 (Smurf2), Arkadia, Smads, E-cadherin, a-smooth
muscle actin and collagen III were assessed by western blotting
and immunohistochemistry. The ubiquitylation of SnoN was
detected by immunoprecipitation, and the expression levels of
SnoN mRNA were evaluated by reverse transcription-quan-
titative PCR. The biochemical parameters and morphology
indicated that renal fibrosis was notable in the DM group and
mitigated in the INS group. Compared with the control group,
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levels were enhanced in the DM group, and the levels of SnoN
protein were decreased, whereas the levels of SnoN mRNA
and ubiquitylation were increased in renal tissues. Notably,
treatment with insulin reversed this trend. Furthermore,
changing the glucose levels in the medium from high to
normal glucose suppressed the epithelial-mesenchymal transi-
tion of NRK-52E cells by restoring the SnoN protein levels,
and this phenomenon was impaired by the knockout of SnoN.
SnoN protein levels were likely reduced through a mechanism
enhanced by the ubiquitin proteasome system, which reversed
the transcriptional activation of SnoN during DN progression.
In addition, controlling blood glucose may delay DN fibrosis
by rescuing the protein stability of SnoN.

Introduction

Diabetic nephropathy (DN) is one of the most serious
complications of diabetes mellitus (DM) (1). According to
the International Diabetes Federation, there were 370 million
patients with DM worldwide in 2011; this number is estimated
to reach 550 million in 2030 (2). With the increasing incidence
of DM, DN has become one of the major causes of chronic renal
failure; ~24.8% of renal failure cases are caused by DN (3). DN
can induce lesions in the glomerulus and renal tubules, which
eventually cause glomerulosclerosis and tubular fibrosis (4).
The cytokine transforming growth factor-p1 (TGF-f1)
exerts a strong effect on fibrosis; the Smad signaling pathway
is considered to be the main signal transduction pathway of
TGF-B1, and the activation of this pathway serves an impor-
tant role in the pathogenesis of DN (5). Under high-glucose
conditions, a variety of kidney cells secrete TGF-f31, which
binds to the TGF-PII receptor (TP RII), activating TGF-fI
receptor (TP RI) kinase, leading to the phosphorylation of
Smad2 and Smad3 proteins and the formation of a protein
complex with Smad4 (6,7). This activation results in changes
of the inherent phenotype of renal cells that promote the
accumulation of extracellular matrix (ECM), which serves a
key role in the development of tubulointerstitial fibrosis (6).
Previous studies have demonstrated that the transcriptional


https://www.spandidos-publications.com/10.3892/etm.2021.10776

2 LIANG et al: EFFECTS OF INSULIN ON SnoN EXPRESSION IN RAT DIABETIC NEPHROPATHY

co-inhibition factor Ski-related novel protein N (SnoN) antag-
onizes the fibrosis induced by the TGF-1/Smads signaling
pathway (7.8). The inhibition of SnoN promotes renal fibrosis,
and the restoration of SnoN expression reduces or delays the
development of renal fibrosis (9,10), which suggests that the
decrease in the SnoN protein levels is involved in the incidence
and development of renal fibrosis.

Since cytoplasmic SnoN exerts a biological effect of a
‘switch” in the TGF-B1/Smads signaling pathway, the expres-
sion of this protein is tightly regulated by TGF-f1 in terms
of both transcriptional activation and protein stability (11).
TGF-p1 upregulates SnoN transcription in cancer cells and
kidney tissue of rats with unilateral ureteral obstruction (12,13).
Other studies have demonstrated that TGF-f1 rapidly and
significantly reduces the expression of SnoN protein through
specific recognition of the E3 ubiquitin enzymes Arkadia and
Smad ubiquitin regulatory factor 2 (Smurf2), which enhances
the ubiquitin-mediated degradation of SnoN via activated
Smads (13,14). Furthermore, SnoN protein levels during the
development of DN are caused by a defect in protein stability
mediated by TGF-f3-activated kinase 1 (TAKI) (15). TAK1
mediates the phosphorylation of SnoN, resulting in SnoN
ubiquitination and eventual degradation, which enhances the
epithelial-mesenchymal transition (EMT) and ECM deposition
to promote renal fibrosis during DN (15,16). Controlling blood
glucose may inhibit the development of DN (17,18). However,
further studies are needed to characterize the association
between blood glucose control and renal injury in DM rats
and to determine whether SnoN is a target for delaying and
reversing DN lesions. The present study aimed to examine
the effects of insulin-controlled blood glucose on DN fibrosis
development and the expression levels of Smurf2, Arkadia and
SnoN in renal tissues. The present study investigated changes
of SnoN in DN fibrosis, which may provide a theoretical basis
for clinical treatment of DN with novel effective targets.

Materials and methods

Experimental animals. Male Sprague-Dawley rats (weight,
160-200 g; age, 6-8 weeks) were purchased from Beijing
Fukang Biotechnology Co. Ltd. [license no. SCXK (Jing)
2009-0004] and maintained in the animal center of Guizhou
Medical University (Guizhou, China). The rats were housed in
a room with a stable ambient temperature of 18-22°C in wire
cages with free access to a standard diet and tap water. The
study was conducted in accordance with the guidelines of the
National Health and Medical Research Council of China's code
for the care and use of animals for scientific purposes and was
approved by the Animal Experimental Ethical Inspection Form
of Guizhou Medical University (approval no. 1503092). The
blood glucose levels were measured in all rats prior to the start
of the experiment using a glucometer (Johnson & Johnson). The
rats were randomly allocated into three groups (n=6 rats/group):
i) Normal control (NC); ii) diabetes mellitus (DM); and
iii) insulin treatment (INS). The DM model was established
by tail-vein administration of 55 mg/kg streptozotocin (STZ;
MilliporeSigma). STZ was dissolved in 0.1 M citrate buffer
(pH4.5). The NC group received the same volume of the vehicle.
On day 3 post-STZ injection, fasting glycemic measurements
were performed on blood samples (20-50 ul) from the tail vein,

and animals with blood glucose levels =16.7 mmol/I for =3 days
were considered diabetic.

Anesthesia and euthanasia. The use of ether was approved by
the ethics committee. For anesthesia, the rats were placed into
a glass jar with a small beaker containing a cotton ball soaked
with 10 ml ether and observed. When the tension of the limbs
of the animal was reduced and the corneal reflex was dull,
the onset of anesthesia was confirmed. During the course of
the experiment, the changes in the depth of anesthesia were
observed and, if necessary, the ether beaker was placed on the
nose of the animals to maintain the anesthesia. Under anes-
thesia, blood was drawn from the femoral artery, and the rats
were sacrificed by cervical dislocation.

Experimental protocol. Diabetic rats were randomly divided
into two groups. For the DM group, diabetes was induced and
lasted for 16 weeks. For the INS group, at 12 weeks post-diag-
nosis, insulin glargine (8-16 U/kg; Sanofi) was injected daily
for 4 weeks to maintain blood glucose <10 mmol/l. The NC and
DM groups received daily injections of equivalent volumes of
citrate buffer. Blood samples were obtained from the tail vein.
During insulin treatment, blood glucose levels were measured
twice daily, and body weights were obtained weekly.

After completing the treatment, 24-h urine of each rat
was collected, the total urine volume was recorded, and
the rats were sacrificed. The urine volume was measured,
and 24-h urine protein was tested with a Beckman 1650
automated biochemical analyzer (Beckman Coulter, Inc.).
Urine protein excretion (mg/24 h) was assessed as urine
protein (mg/ml) x urine volume (ml)/24 h. Additionally, tail
vein blood was collected to assess the glycosylated hemo-
globin Al (HbAlc) levels.

At the end of the study, the rats were sacrificed under
anesthesia following a 6 h fasting period. The serum was
prepared by centrifugation (2,750 x g; 15 min, 4°C) from
the femoral artery for the detection of blood glucose. The
kidneys of rats were collected; one kidney from each rat
was preserved at -80°C for western blot analysis and reverse
transcription-quantitative (RT-q)PCR, whereas the other was
fixed with 4% paraformaldehyde (24 h; room temperature) for
histological and immunohistochemical evaluation.

H&E staining. The paraffin-embedded kidney sections (3 ym)
were baked in the oven at 60°C for 1 h, placed in two cylinders
of xylene successively, each for 10 min, then placed in 100,
100, 95, 95, 95 and 80% ethanol for 5 min each, washed with
distilled water for 5 min and then stained with 0.5% hema-
toxylin for 1-2 min (room temperature). After soaking in water
for 15 min, sections were dyed with 1% eosin for 2-5 min
(room temperature) and washed with water. The samples were
dehydrated with 80, 95, 95, 100 and 100% ethanol for 2 sec
each, then passed through xylene I and xylene II for 2 min
each. The samples were sealed with neutral gum and observed
under the light microscope (magnification, x200 and x400;
8 samples/group; 10 randomly selected fields of view/sample).

Masson staining. Paraffin-embedded renal sections were
prepared as aforementioned. Sections were stained with
0.5% hematoxylin for 4-5 min (room temperature) and washed
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with water for 2 min. Sections underwent 0.5% hydrochloric
acid alcohol differentiation for 10-30 sec at room tempera-
ture before being washed with water for 5 min and stained
with Masson complex staining solution for 4-5 min (room
temperature). After washing with 0.2% acetic acid solu-
tion, 5% phosphomolybdic acid solution was added (room
temperature) for 5-10 min, followed by further washing with
0.2% acetic acid solution. Sections were exposed to 2% aniline
blue solution for 10-30 sec (room temperature), washed with
absolute ethanol and allowed to dry. The samples were sealed
with neutral gum and observed under the light microscope
(magnification, x200 and x400; 8 samples/group; 10 randomly
selected fields of view/sample).

Immunohistochemical staining. Paraffin-embedded renal
sections (thickness, 4 pzm) were baked in the oven at 60°C for 1 h
and placed into three cylinders of xylene successively (10 min
each), followed by 100, 100, 95, 90, 80 and 70% ethanol for
5 min each. After washing with ddH,O for 5 min, 3% H,0,,
was added at room temperature in dark for 10 min before
washing with ddH,O for 5 min. Antigen repair was performed
using a microwave (100°C, 3 times, 7 min each). After cooling,
each piece was sealed with 5% bovine serum albumin (Beijing
Solarbio Science & Technology Co., Ltd.) at room tempera-
ture for 1 h. The sections were incubated with rabbit collagen
(Col)-IIT primary antibody (1:100; ProteinTech Group, Inc.;
cat. no. 22734-1-AP) overnight at 4°C. The sections were
rewarmed for 30 min (room temperature) and washed 3 times
with TBST (0.08% Tween-20) for 5 min each. Corresponding
biotinylated secondary antibody (1:100; Beijing Zhongshan
Jingiao Biotechnology; cat. no. PV-6001) was added at room
temperature for 1 h. Following washing for 10 min with TBST
(three times), Avidin/Biotinylated HRP complex was added at
room temperature for 30 min and sections were washed with
ddH,O0 for 5 min. DAB was used to develop color (5 min;
room temperature). After washing with ddH,O for 5 min,
0.5% hematoxylin was added for 1-5 min (room temperature).
After washing with water, sections were dehydrated using a
gradient of 70, 80, 90, 95 and 100% ethanol for 5 min each.
After soaking in xylene three times (1 min each), samples
were sealed with neutral gum and observed under the light
microscope (magnification, x200 and x400; 8 samples/group;
10 randomly selected fields of view/sample).

Immunofluorescence. The renal tissue was frozen and fixed
with 3.7% paraformaldehyde at room temperature for 10 min.
Following blocking with 10% donkey serum (Jackson
ImmunoResearch Labor atories, Inc.) for 1 h at room tempera-
ture), the samples were incubated overnight with antibodies
against E-cadherin (1:50; cat. no. 20874-1-AP; ProteinTech
Group, Inc.) at 4°C. E-cadherin expression was detected
with Cy3-conjugated goat anti-mouse secondary antibodies
(room temperature, 1 h; 1:50; cat. no. PMK-014-096S; Wuhan
Pomeike Biotechnology Co., Ltd.). DAPI was used as a
counterstain, and fluorescence was detected under a Leica
DM4000B microscope Leica Microsystems GmbH; magnifi-
cation, x200 and x400.

Cell culture and transfection. NRK-52E cells (Kunming Cell
Bank, Chinese Academy of Sciences) were cultured in
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Dulbecco's modified Eagle's medium (HyClone; Cytiva)
supplemented with 5% fetal bovine serum (Gibco;
Thermo Fisher Scientific, Inc.) and 5.5 mmol/l glucose in
25-cm? culture flasks in an incubator with 5% CO, at 37°C.
Prior to changing to a serum-free medium for 20 h to maintain
the pace of growth or following transfection, the cells were
treated with the following media: i) Normal glucose (NG group,
5.5 mmol/l glucose, cultured for 48 h; ii) high-glucose control
(HG) group, 5.5 mmol/I glucose +19.5 mmol/l D-glucose,
cultured for 48 h; iii) high glucose to normal glucose (HG to
NG) group, cultured under high-glucose medium for 24 h and
then transferred to normal glucose medium for another 24 h.
Transient transfection of NRK-52E cells was performed using
Lipofectamine® 3000 (Invitrogen; Thermo Fisher Scientific,
Inc.) according to the manufacturer's instructions. Transfection
was started when 50-60% of cells were fused. DMEM culture
medium, 6 ul Lipofectamine® 3000 and 3 pg Skil shRNA
plasmid were mixed and placed in a sterile environment for
20 min. After the transfection reagent was added to the cells
and cultured for 6 h (37°C), the culture medium was replaced.
Following 48 h culturing (37°C) in high-glucose medium, the
cells were collected for western blotting to detect the corre-
sponding protein expression levels (SnoN, E-cadherin,
a-SMA). The Skil shRNA (Sh Skil) plasmid was manufac-
tured by Guangzhou RiboBio Co., Ltd., and the sequences
were as follows: Sh Skil sense, 5'-CCGGGA
TTCATCGGTCTCAAATAATCTCGAGATTATTTGAGAC
CGATGAATCTTTTTG-3" and antisense, 5-AATTCAAAAA
GATTCATCGGTCTCAAATAATCTCGAGATTATTTGAG
ACCGATGAATC-3"; and scrambled control shRNA sense,
5'-CCGGCAACAAGATGAAGAGCACCAACTCGAGTTG
GTGCTCTTCATCTTGTTGTTTTTG-3' and antisense,
5-AATTCAAAAACAACAAGATGAAGAGCACCAACTC
GAGTTGGTGCTCTTCATCTTGTTG-3.

Western blotting. Renal tissue samples were homogenized
in lysis buffer (Beyotime Institute of Biotechnology). After
grinding for 2 min in a high-speed automatic grinding machine,
the supernatant was centrifuged at 4°C (16,502 x g, 15 min)
and the protein concentration of each sample was detected by
BCA kit. Proteins were separated by 10% SDS-PAGE, then
PVDF membrane was transferred and sealed, using 50 g/l
skimmed milk at room temperature for 1 h. Rabbit TGF-1
(1:500; Santa Cruz Biotechnology, Inc.; cat sc-130348),
SnoN (1:1,000; Abcam; cat ab58846), Smurf2 (1:1,000; Cell
Signaling Technology, Inc.; cat 12024s), mouse Arkadia
(1:500; Santa Cruz Biotechnology, Inc.; cat sc-134270), rabbit
E-cadherin (1:1,000; ProteinTech Group, Inc.; cat 20874-1-AP),
a-SMA (1:1,000; ProteinTech Group, Inc.; cat 14395-1-AP),
phospho(p)-Smad2 (1:1,000; Cell Signaling Technology, Inc.;
cat 18338S), Smad2 (1:500; Santa Cruz Biotechnology, Inc.;
cat sc-101153), p-Smad3 (1:1,000; Cell Signaling Technology,
Inc.; cat 9520S), Smad3 (1:1,000; Abcam; cat ab40854)
and B-actin (1:4,000; cat. no. PMKO083S; Wuhan Pomeike
Biotechnology Co., Ltd.) antibodies were added and incubated
overnight at 4°C. After washing three times with TBST,
corresponding horseradish peroxidase-labeled secondary IgG
(1:8,000; BioPM; cat. no. PMKO083S) was added and incu-
bated at room temperature for 1 h. After washing three times
with TBST, proteins were detected using an enhanced
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chemiluminescence system (Tanon-5200; Tanon Science
and Technology Co., Ltd.) and ECL Hyperfilm (Smart Life
Sciences, Ltd.; cat. no. H31500).

RNA extraction and RT-gPCR. Total RNA was extracted from
renal tissues using an RNA extraction kit (Tiangen Biotech
Co., Ltd.) and reverse-transcribed (30 cycles of 94°C for 45 sec,
60°C for 45 sec and 72°C for 2 min, followed by final extension
for 7 min at 72°C) using a Takara RNA PCR kit (Takara
Biotechnology Co., Ltd.; cat RRO37A). The cDNA was ampli-
fied in a gradient thermal cycler (initial denaturation at 95°C
for 30 sec, followed by 40 cycles of 95°C for 5 sec and 60°C for
30-34 sec) (Bio-Rad Laboratories, Inc.) using a SYBR® Green
Supermix (Bio-Rad Laboratories, Inc.). The Cq values and
relative expression levels between SnoN and f-actin were
calculated using the 24 method (19). The primer sequences
were as follows: SnoN forward, 5'-GTCTGGAGTGTTGTGG
AATGTTT-3' and reverse, 5S-TTCAGTTTCTTTTCTTCAGG
TGT-3' (163 bp); and P-actin forward, 5'-GCCAACACAGTG
CTGTCT-3" and reverse, 5'-"AGGAGCAATGATCTTGAT
CTT-3' (114 bp).

Immunoprecipitation. Immunoprecipitation was performed
using an Immunoprecipitation kit Dynabeads® Protein G
(Thermo Fisher Scientific, Inc.; cat. no. 88804) according to
the manufacturer's instructions. Renal tissue samples were
homogenized in lysis buffer (500 ul; Beyotime Institute of
Biotechnology) and the proteins were incubated with agarose
beads (20-100 ul) coupled with SnoN antibody (1:1,000;
Abcam; cat ab58846). To remove non-specific binding,
samples were mixed and washed with Wash Buffer and gently
vortexed to mix. The tube was placed into a magnetic stand
to collect the beads and the supernatant was discarded. Then,
1 ml IP Lysis/Wash Buffer was added to the tube and gently
vortexed for 1 min. Beads were collected with the magnetic
stand and supernatant was discarded. This process was
repeated three times. Immunoprecipitated proteins were eluted
by adding 50 ul Elution Buffer to the tube at room temperature
for 10 min. Beads were magnetically separated and superna-
tant containing the target antigen was collected. To neutralize
the low pH, 5 1 Neutralization Buffer/50 ul eluate was added.
The SnoN ubiquitylation was determined by incubation with
rabbit ubiquitin (UB) antibody (4°C overnight; 1:100; Abcam;
cat. no. ab140601).

Malonaldehyde (MDA) and catalase (CAT) assays. A total of
0.02 g renal tissue was weighed and normal saline was added
in a body weight:volume of 1:9. The 10% homogenate was
made by homogenizer (cat. no. SCIENTZ-48; Ningbo Scientz
Biotechnology Co., Ltd.), and the supernatant was centrifuged
at 4°C (16,502 x g; 15 min). MDA content and CAT activity
were assessed using commercial kits (cat. nos. A003-1-2 and
A007-1-1,respectively; both Nanjing Jiancheng Bioengineering
Research Institute) according to the manufacturer's instruc-
tions.

Statistical analysis. Each experiment was repeated at least
twice. Data are presented as the mean + SD. Statistical
analysis was performed using the SPSS 23.0 (IBM Corp.) and
GraphPad Prism 8.0.2 (GraphPad Software, Inc.) software.

Differences were analyzed using one-way analysis of variance
(ANOVA) followed by the least significant difference post hoc
test for multiple comparisons. P<0.05 was considered to indi-
cate a statistically significant difference.

Results

Insulin treatment reverses STZ-induced changes in
diabetes-associated parameters. Fasting blood glucose
(Fig. 1A), HbAlc (Fig. 1B), 24-h urine protein (Fig. 1C) and
malondialdehyde (MDA ; Fig. 1F) levels were increased in
the DM group compared with those in the NC group (all
P<0.05), whereas the body weight (Fig. 1D) and cata-
lase (CAT) activity (Fig. 1E) were significantly decreased
(both P<0.05). Compared with DM group, insulin group
exhibited a decrease in fasting blood glucose, HbAlc, 24-h
urine protein and MDA levels, whereas the body weight and
CAT levels were increased compared with those in the
DM group (P<0.05). These results suggested that the diabetic
rat model was successfully established using STZ and that
insulin affected the STZ-induced changes in blood glucose
and body weight. The increases in the 24-h urine protein
levels in the DM group compared with those in the NC group
indicated the development of DN.

To analyze the therapeutic effects of insulin on the
kidney, renal pathology was examined with H&E and Masson
staining (Fig. 1G). Pathological changes in the kidneys of
rats in the DM were observed; the glomerular volume and
tubulointerstitial area increased, and the tubulointerstitial
area of the DM group appeared larger compared with that
of the NC group. Collagen serves a critical structural role in
the renal fibrosis of DN (20). The results of light microscopy
following Masson staining revealed that the extent of Col-I11
accumulation in the kidneys of the DM group appeared to be
higher compared with that in the NC group; this effect was
decreased by insulin treatment.

Insulin reverses HG-induced EMT and ECM accumulation.
Consistent with the results of Masson staining, western blot-
ting data suggested that the levels of p-Smad2 (Ser465/467)
and p-Smad3 (Ser423/425) in the DM group were higher
compared with those in the NC group (P<0.05; Fig. 2A
and B). Compared with those in the DM group, the levels of
p-Smad2 and p-Smad3 were significantly decreased in the
INS group (P<0.05). Excessive ECM deposits in the kidneys
are a hallmark of tubulointerstitial fibrosis. High expression
levels of TGF-p1 directly induce the deposition of ECM under
HG conditions and stimulate renal tubular epithelial cells to
differentiate into myofibroblasts, which leads to excessive
deposition of ECM and the development of tubulointerstitial
fibrosis (21). Therefore, the present study further assessed the
effects of insulin treatment on Col-III, E-cadherin and a-SMA
expression levels in the renal tissues of DM rats. The levels
of TGF-f1, collagen III and a-SMA significantly increased,
whereas the protein levels of E-cadherin decreased in the
DM group compared with those in the NC group (P<0.05;
Fig. 2C and D). Following insulin treatment, the expression
levels of TGF-p1, Col-IIT and a-SMA decreased, and the levels
of E-cadherin protein increased compared with those in the
DM group (Fig. 2C and D). In addition, immunofluorescence
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Figure 1. STZ-induced changes in (A) BG, (B) HbAlc, (C) 24 h UP, (D) body weight, (E) CAT and (F) MDA levels. n=8. "P<0.05 vs. NC; #P<0.05 vs. DM.
(G) Histological changes in kidneys in each group. Magnification, x200 and x400. Black box indicates the enlarged area of fibrosis. STZ, streptozotocin;
HbA c, glycosylated hemoglobin Al; 24 h UP, 24-h urine protein; CAT, catalase; MDA, malondialdehyde; NC, normal control; DM, diabetes mellitus; INS,

insulin.

analysis revealed that E-cadherin was mainly expressed
in the renal tubular epithelial membrane in the NC group,
which was decreased in the DM group; compared with that
in the DM group, E-cadherin expression in the INS group was
restored (Fig. 2E). Immunohistochemical staining demon-
strated that the expression of Col-III in the DM group was
increased compared with that in the NC group, and this effect
was reversed by insulin treatment (Fig. 2F).

Insulin partially attenuates HG-induced downregulation
of SnoN. Renal tissue western blotting demonstrated that
the protein expression levels of SnoN were reduced in the
DM group compared with those in the NC group (P<0.05;
Fig. 3A and B). The protein levels of SnoN in renal tissues
of rats in the NC and DM groups were detected by immu-
noprecipitation, and western blotting was performed with
a UB antibody. The results demonstrated that STZ-induced
DM increased the levels of ubiquitylation and degradation
of SnoN (Fig. 3D); however, compared with those in the
DM group, the ubiquitin levels and degradation of SnoN in
the INS group were partially reversed by insulin (P<0.05).
In addition, RT-qPCR results demonstrated that the mRNA

levels of SnoN were increased in the DM group compared
with those in the NS group (P<0.05), whereas the INS group
presented with levels similar to those in the NC group
(Fig. 3C).

E3 ubiquitin enzymes Smurf2 and Arkadia were weakly
expressed in the NC group, but highly expressed in the
DM group (P<0.05; Fig. 3A and B), which suggested that DM
induced the activation of the ubiquitin-proteasome pathway.
However, the DM-elevated Smurf2 and Arkadia expression
levels in rat renal tissues were significantly decreased by
insulin and were similar to those observed in the NC group.

To determine whether insulin-dependent control of blood
glucose levels slowed down the fibrotic changes of tubular
cells via SnoN, an in vitro model was established by culturing
NRK-52E cells in HG medium for 24 h, followed by NG for
24 h. The results demonstrated that the return to NG recov-
ered the protein expression levels of SnoN and intervened
EMT (E-Ca protein increased and a-SMA protein decreased)
compared with those observed in the HG group. This trend
was diminished by transfection of the Sh Skil plasmid into
NRK-52E cells, which the level of SnoN protein decreased and
promoted EMT (P<0.05; Fig. 3E and F).
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p-Smad3 and Smad3 in the kidney tissues of rats from different groups. (C) Representative western blots and (D) quantitative analysis of the expression levels
of TGF-B1, Col-III, E-cadherin and a-SMA in the kidney tissues in the three groups. n=8. ‘P<0.05 vs. NC; 4P<0.05 vs. DM. (E) Immunofluorescence staining
of E-cadherin. (F) Immunohistochemical staining of Col-III in the kidney tissues of rats in the three groups. Black box indicates the enlarged. TGF-f1, trans-
forming growth factor 31; EMT, epithelial-mesenchymal transition; ECM, extracellular matrix; p, phosphorylated; Col, collagen; a-SMA, a-smooth muscle

actin; NC, normal control; DM, diabetes mellitus; INS, insulin.

Discussion

Previous studies have demonstrated that the expression
of TGF-B1 is enhanced during the pathogenesis of renal
fibrosis (22,23). TGF-P1 serves an important role in promoting
fibrosis and functions as a cytokine involved in the incidence
and development of renal fibrosis-related disease (6,9). For
example, TGF-f1 exerts its profibrotic activity via stimula-
tion of fibroblast proliferation, extracellular matrix protein
synthesis (such as collagen I, III and IV, proteoglycans,
laminin and fibronectin), and EMT (22). Therefore, preventing
TGF-B1-induced fibrosis may aid renal fibrosis prevention and
treatment. SnoN is a negative regulator of the TGF-f31/Smads
signaling pathway that directly interacts with the Smads

protein (24). In the cytoplasm, SnoN inhibits Smad2/3-Smad4
complex formation and nuclear translocation, whereas in
the nucleus, it interferes with activated Smads and initiates
the transcription of various TGF-f1 target genes (such as
collagen I, III and IV) (7,25).

Previous studies have assessed the expression and effects
of SnoN during DN pathogenesis and reported that SnoN
expression levels decrease during DN progression, which is
accompanied by ECM deposits in the renal interstitium and
the occurrence of the EMT (9,11). Notably, SnoN inhibition
in tubular epithelial cells by small interfering RNA further
upregulates HG-induced fibronectin and a-SMA expression,
which aggravates fibrotic lesions (8). In the present study,
SnoN mRNA and TGF-f1 protein levels in renal tissues of
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Figure 3. SnoN distribution and expression in kidney tissue specimens. (A) Representative western blot and (B) quantitative data of the expression levels of
Arkadia, Smurf2 and SnoN in the kidney tissues in different groups. (C) SnoN mRNA expression levels in the kidney tissues of rats in different groups. n=8.
“P<0.05 vs. NC; #P<0.05 vs. DM. (D) Ubiquitylation of SnoN in the kidney tissues in different groups. Representative (E) western blot and (F) quantitative data
are revealed the expression of SnoN, E-cadherin, a-SMA in NRK-52E cells under different conditions. n=3. "P<0.05 vs. NG; 4P<0.05 vs. HG; “P<0.05 vs. HG
to NG. SnoN, Ski-related novel protein N; Smurf2, Smad ubiquitin regulatory factor 2; NC, normal control; DM, diabetes mellitus; INS, insulin; NG, normal
glucose; HG, high glucose; Sh Skil, short hairpin RNA targeting SnoN; IP, immunoprecipitation; IB, immunoblot; Ub, ubiquitin.

diabetic rats were inhibited and upregulated, respectively,
compared with those in the NC rats. In addition, inconsistent
results were obtained in the DM group for SnoN mRNA and
protein levels: The SnoN mRNA expression levels were higher
in the DM group compared with those in the control group.
TGF-p1 stimulation for 2 h has been reported to promote
the transcriptional activation of SnoN in cancer cells in a
negative feedback mechanism that limits the TGF-f1/Smads
signal transduction (5,11,26). However, our and other studies
have demonstrated that TGF-B1 can rapidly and signifi-
cantly decrease the levels of the SnoN protein by activating
TAKI1 (15,16), which phosphorylates SnoN and affects its
stability (15). Subsequently, p-SnoN is downregulated by
E3 ubiquitin enzyme-mediated degradation involving Smurf2
and Arkadia (13,14). E3 ubiquitin ligase, ubiquitin-activating
enzyme (E1) and ubiquitin-conjugating enzyme (E2) are the
components of the ubiquitin proteasome system (UPS), which
mediates protein degradation via a cascade of responses (27).
E3 ubiquitin ligase serves a decisive role in the UPS by
determining the selectivity and specificity of substrate
proteins (28), whereas Smurf2 and Arkadia are specific
regulators that mediate the UPS to regulate the degradation
of SnoN protein (14,28). As aforementioned, Smurf2 and
Arkadia were highly expressed in the renal tissues of DN rats

in the present study. TGF-f enhances its biological effects by
modulating the Arkadia-mediated SnoN degradation (29,30).
Arkadia binds the SnoN protein with the carboxy-terminal
RING domain (28) and induces ubiquitin-mediated degra-
dation of the SnoN protein in the presence of p-Smad?2/3
involvement (31). Following activation by TGF-f1, Smad2/3
mediates the interaction between Smurf2, Arkadia and SnoN,
which allows the homologous E6-APC-terminus of Smurf2
and Arkadia to target SnoN, inducing the ubiquitin degrada-
tion of the SnoN protein (14,30,32). Therefore, although the
TGF-B1/Smads signaling pathway upregulates SnoN expres-
sion at the transcriptional level, it is not sufficient to offset or
reverse the ubiquitin-mediated degradation of SnoN induced
by Smurf2 and Arkadia through this pathway, which causes
decreased SnoN protein levels in DN rats and alters the nega-
tive feedback inhibition effect of the TGF-f1/Smads signaling
pathway, inducing fibrotic lesions in DN.

HG is the initial factor promoting the decrease of SnoN
protein level in renal tubular epithelial cells, and blood glucose
control by insulin can prevent and delay the development of
DN (17,18). In addition, HG also induces oxidative stress and
aggravates the development of DN. In the present study, the
metabolic function of rats significantly improved and renal
fibrotic lesions were alleviated by insulin treatment compared
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Figure 4. Potential mechanisms of TGF-f1/Smads-dependent regulation of SnoN during DN. TGF-f1 is involved in the regulation of fibrosis, and TGF-31/Smads
is the canonical pathway for its biological functions. In a high-glucose environment, cells secrete TGF-f31, leading to the phosphorylation of Smads, which form
a complex to regulate the expression of SnoN. During the occurrence and development of DN, the level of SnoN protein may be reduced through UPS-mediated
degradation of SnoN protein, reversing the transcriptional activation of SnoN. TGF-f1 mediates E3 ubiquitin ligase and induces SnoN protein degradation.
Thus, the amount of SnoN protein in renal tubular epithelial cells depends on the balance between these two effects. Both processes are mediated by the
TGF-f1/Smads/SnoN signaling pathway, which leads to the fibrosis amplification, promoting the occurrence and development of DN. TGF-f1, transforming
growth factor 1; SnoN, Ski-related novel protein N; Smurf2, Smad ubiquitin regulatory factor 2; Ub, ubiquitin; p, —phosphorylation; UPS, ubiquitin protea-

some system; SBE, Smads binding element.

with those in the DM group. The decreased blood glucose
and glycated hemoglobin levels indicated that hyperglycemia
was improved. Additionally, the expression levels of Smurf2
and Arkadia significantly decreased following insulin treat-
ment. The expression of SnoN was lower at the transcriptional
level, but was enhanced at the protein level in the INS group
compared with the DM group. In addition, the phenotypes of
renal tubular epithelial cells and ECM deposits appeared to
be reduced following insulin treatment compared with those
in the DM group. Therefore, the control of blood glucose may
delay the development of DN and improve the stability of
SnoN protein.

The results of the present study demonstrated that a dual
mechanism contributed to the regulation of SnoN by TGF-f1
in vivo by comparing and analyzing data obtained before
and after blood glucose control in DM rats. On the one hand,
TGF-p1 induced SnoN expression; on the other hand, TGF-f1
mediated E3 ubiquitin ligase-induced SnoN protein degrada-
tion. Therefore, the SnoN protein amounts in renal tubular
epithelial cells may depend on the balance between these two
effects (Fig. 4).

In conclusion, decreased expression of SnoN protein
was observed due to the combined effect of promoting
transcriptional activation of SnoN and mediating ubiquitina-
tion degradation of SnoN protein by Arkadia and Smurf2
following activation of the TGF-B/Smads signaling pathway

in the pathogenesis of DN. Blood glucose control delayed the
progression of DN by restoring SnoN protein levels.
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