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Abstract: Diabetic nephropathy (DN) is a common complication of diabetes that is the dominant cause of end-
stage renal disease. However, the pathological mechanism of DN is yet to be elucidated. Serum and glucocorticoid
induced kinase (SGK) 1, a ubiquitously expressed kinase, was employed in the current study to assess its effect
on DN in vivo and in vitro. Male BALB/C mice and a human tubular epithelial cell line (HK-2) were utilized for ex-
perimentation. Male BALB/C mice and a human tubular epithelial cell line (HK-2) were utilized for experimentation.
Pathological changes were measured via HE and staining and immunohistochemistry was performed to measure
the expression of SGK 1. An SGK1 inhibitor, GSK650394, was applied to analyze the role of SGK1 in HK-2 cell
epithelial-mesenchymal transition (EMT). Associated protein expressions were assessed via western blotting. In
addition, migration was measured using a scratch wound healing assay. 3-methyladenine (3-MA), an autophagy
inhibitor, was used to determine the variation of autophagy following SGK1 inhibition. The expression of autophagy
proteins were analyzed. Furthermore, the expression of PI3K, AKT, mTOR and their levels of phosphorylation were
measured. The results revealed that the ultrastructure of renal tissue suffered damage and that the expression
of SGK1 was markedly increased. After SGK1 inhibition, HK-2 cell EMT was suppressed and cell migration was
attenuated. Furthermore, the autophagy of HK-2 cells was promoted, an increased expression of Beclin-1 and LC3
Il was detected, and a decreased expression of p62 was observed. Additionally, the phosphorylation of PI3K, AKT
and mTOR were markedly upregulated. The results indicated that blocking autophagy signaling via 3-MA muted
SGK1-protected against HG-evoked cell injury. Our study demonstrated that SGK1 inhibition promoted autophagy
and suppressed renal tubular epithelial cell EMT in DN, indicating that SGK1 may serve as a potential therapeutic
target of DN.
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transition

Introduction accumulation of extracellular matrix [4, 5].
Emerging evidence has indicated that proximal

Diabetic nephropathy (DN) is an important tubule injury is involved in renal injury and

microvascular complication of diabetes that is
one of the leading causes of end-stage kidney
disease, which is also primarily attributed to
the increasing prevalence of type 2 diabetes [1,
2]. With an increasing number of new diagno-
ses and a 5-year survival rate of ~20%, DN has
attracted much attention [3]. The main patho-
logical features of DN include glomerular hyper-
trophy, mesangial proliferation, thickening of
the glomerular basement membrane and the

serves a crucial role in the early stages of DN
[6].

Renal tubular epithelial cell epithelial-mesen-
chymal transition (EMT) is the main pathologi-
cal process that leads to end-stage renal dis-
ease in various kidney diseases, including DN
[7, 8]. It has been well documented that EMT is
a process from which epithelial cells lose their
polarity and are converted into a mesenchymal
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phenotype epithelial cells [9]. Serum-and glu-
cocorticoid induced kinase (SGK) 1, a ubiqui-
tously expressed kinase, acts as an anti-onco-
gene in many different types of cancer, includ-
ing colon, gastric and endometrial cancer [10-
12]. A previous study reported that the inhibi-
tion of SGK1 in prostate cancer epithelial cells
suppressed cell invasion, migration and EMT
via autophagy [13]. Furthermore, SGK1 is
involved in the mediation of obstructive ne-
phropathy-associated fibrosis by attenuating
EMT progression [14].

Autophagy is an intracellular catabolic process
in which the lysosome participates in ageing
and degrades damaged organelles and pro-
teins. It is essential for maintaining cellular
homeostasis [15, 16]. Accumulating studies
have revealed that autophagy is implicated in
the pathogenesis of DN and may serve as a
novel therapeutic target [17, 18]. The different
phases of autophagy are regulated by a num-
ber of autophagy proteins. A well-known previ-
ous study determined that Beclin-1 is a subun-
it of the class Il phosphoinositide-3-kinase
(PI3K) complex, which is critical for the initia-
tion of autophagosome formation [19]. The
PIBK/AKT signaling serves a crucial role in
regulation of cell growth and metabolism [20].
In addition, Mammalian target of rapamycin
(mTOR) is considered as an intracellular repres-
sor of autophagy, which could be regulated by
PIBK/AKT signaling [21].

In our study, we investigated the role of SGK1
in DN and to elucidate its underlying mecha-
nism. The current study demonstrated that
SGK1 inhibition promoted autophagy and sup-
pressed renal tubular cell EMT in DN by activat-
ing the PI3BK/AKT/mTOR signaling. It was con-
cluded that SGK1 may serve as a potential
therapeutic agent and provide a new therapeu-
tic direction for the clinical treatment of DN.

Material and methods
Animals and treatment

Male BALB/C mice were obtained from
Shanghai SLAC Laboratory Animal Company
Ltd. All animals were raised in a suitable envi-
ronment with a temperature of 21 + 3°C under
a 12 h light/dark cycle. Mice were given free
access to food and water and were acclima-
tized to the environment for at least 1 week
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prior to experimentation. All study protocols
were approved by the Ethics Committee on
Animal Experiments of Bengbu Medical Colle-
ge. Mice were divided into two groups arbitrary:
A normal control group (n = 10) and a model
group (n = 10). Body weight was measured
before the experiment began and animals were
starved for 12 h. Subsequently, 55 mg/kg
Streptozotocin  (STZ; Sigma-Aldrich; Merck
KGaA) was administered to model mice via an
intraperitoneal injection to induce DN. Control
mice were injected with the same volume of
natrium citricum buffer solution (0.1 mol/I; pH
4.5). Fasting blood glucose levels were then
measured from blood obtained via the caudal
vein in triplicate, 3 days after injection. When
the concentration of glucose was > 16.7
mmol/I, the diabetic model was deemed to be
successfully established. The serum urea pro-
tein and urine volume in 24 h of metabolic cage
exceeded 50% of that before the model mean-
ing the successful DN model was made. All
mice were sacrificed at 12 weeks following
anesthesia, after which the kidneys were col-
lected and preserved for the further
investigation.

Cell culture and treatment

The human tubular epithelial cell line HK-2 was
obtained from The Cell Bank of the Type Culture
Collection of the Chinese Academy of Sciences.
Cells were cultured in DMEM-F12 (3:1) contain-
ing 10% fetal bovine serumin 5% CO, at 37°C.
When cells reached a confluence of 80%, they
were exposed to 30 mM glucose to induce
DN. GSK650394 (GSK; Selleck Chemicals), an
inhibitor of SGK1, was used to block the expres-
sion of SGK1. Additionally, 3-methyladenine
(3-MA; Selleck chemicals), an autophagy inhibi-
tor, was utilized to assess changes in autopha-
gy following SGK1 inhibition.

Hematoxylin and eosin (HE) staining and
Masson staining

Harvested kidney tissues were conventionally
fixed in 4% paraformaldehyde overnight at 4°C.
Paraffin-embedded posterior segments, which
contained the optic disc, were then sectioned
into 5 um slices. The sections were deparaf-
finized with graded ethanol together with
xylene. After HE staining, sections were dehy-
drated with graded ethanol and xylene. The
remaining paraffin-embedded kidneys were cut
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into 2 mm sections and stained with Masson’s
trichrome to assess pathological changes.
Images were subsequently obtained using
an OLYMPUS DP73 microscope (Olympus
Corporation).

Immunohistochemical assay (IHC)

ICH was performed using 5 um paraffin-embed-
ded kidney sections. After deparaffinization
and rehydration, slides were placed in citric
acid buffer and heated for antigen retrieval.
Subsequently, all kidney slides were blocked
with 5% bovine serum albumin for 60 min at
37°C. Sections were then incubated with pri-
mary anti-rabbit antibodies against SGK1
(1:2000; cat. no. ab59337; Abcam) overnight at
4°C in a wet box. Slides were incubated with
horseradish peroxidase-conjugated goat anti-
rabbit secondary antibodies and observed
under a light microscope. Semi-quantitative
analysis was subsequently performed using
Image-Pro Plus version 6.0 software.

Immunofluorescence assay

Slides containing HK-2 cells were soaked in
PBS three times in the culture plate. Cells were
subsequently fixed in 4% paraformaldehyde
solution at 4°C for 24 h and treated with 0.1%
Triton X-100 in PBS for blocking at room tem-
perature for 2 h. Cells were then incubated with
anti-LC3 1l (1:1000; cat. no. ab48394; Abcam)
at 4°C for 24 h. After washing in triplicate with
PBS, HK-2 cells were incubated with DyLight™
488-conjugated secondary antibodies (Thermo
Fisher Scientific, Inc.) for 2 h. Immunofluores-
cence was detected via fluorescence micros-
copy (Olympus Corporation).

Reverse transcription-quantitative PCR (RT-
gPCR)

Total RNA was extracted from renal tissues or
HK-2 cells using TRIzol reagent (Invitrogen;
Thermo Fisher Scientific, Inc.). Subsequently,
RNA was reverse-transcribed to cDNA using the
QuantiTect RT kit (Qiagen GmbH) in accordance
with the manufacturer’s protocol. Real-time
PCR was performed using a System 7500
instrument (Applied Biosystems; Thermo Fisher
Scientific, Inc.). The primer sequences utilized
for qPCR were as follows: SGK1 forward,
5-GCAGAAGAAGTGTTCTATGCAGT-3' and re-
verse, 5-CCGCTCCGACATAATATGCTT-3’; GAP-
DH forward, 5-GGAGCGAGATCCCTCCAAAAT-3’
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and reverse, 5-GGCTGTTGTCATACTTCTCATGG-
3. The relative expression of target genes were
normalized to GAPDH, which served as the
endogenous control. Expressions were ana-
lyzed using the 2-22° method [22].

Western blotting

Proteins were extracted from renal tissues or
HK-2 cells using RIPA lysis buffer (Beyotime
Institute of Biotechnology). A BCA protein assay
kit (Bio-rad Laboratories, Inc.) was utilized to
determine protein concentration. Subsequently,
40 ug were loaded for SDS-PAGE analysis and
transferred to PVDF membranes. Membranes
were blocked with 5% skimmed milk. Samples
were then incubated with primary antibodies,
and secondary antibodies were added. Im-
munoreactive bands were measured using ECL
(Thermo Fisher Scientific, Inc.). The expression
of GAPDH was used as an endogenic control in
all samples. The following antibodies were
obtained from Abcam. Anti-SGK1 (cat. no.
59337) and anti-p62 (cat. no. 8690T). Anti-E-
cadherin (cat. no. 3195T), anti-N-cadherin (cat.
no. 13116T), anti-Vimentin (cat. no. 5741T),
anti-Beclin-1 (cat. no. 3495T), anti-PI3K (cat.
no. 4249T), anti-AKT (cat. no. 9272S), anti-
mTOR (cat. no. 2972S), anti-phosphorylated
(p)-PI3K (cat. no. 4228S), anti-p-AKT (cat. no.
4060S), anti-p-mTOR (cat. no. 5536S) and anti-
GAPDH (cat. no. 5174S) antibodies were pur-
chased from Cell Signaling Technology, Inc.

Cell migration assay

A scratch wound healing assay was performed
to measure HK-2 cell migration. HK-2 cells were
plated into 6-well plates for 24 h. Subsequently
formed monolayers were scratched using a
pipette tip and floating cells were removed by
washing with PBS. Cells were incubated in
serum-free DMEM medium for 48 h and photo-
graphed with a camera connected to a micro-
scope. The percentage of wound healing was
analyzed using Image) software (National
Institutes of Health).

Statistical analysis

All results were confirmed in at least three inde-
pendent experiments. All experimental results
were expressed as mean + SD. Statistical anal-
ysis was performed using SPSS software 16.0
(SPSS, Inc.). Statistical comparisons were
made via one-way ANOVA followed by a post-
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Figure 1. Physiological changes of mice after injection with STZ for 72 h. (A) The levels of glucose, (B) urine volume
and (C) urine protein in control and STZ treated mice are presented. The pathologic changes of renal tissues were
measured via (D) hematoxylin and eosin and (E) Masson staining. (magnification, x100). ***P < 0.001 vs. the con-

trol. STZ, streptozotocin.

hoc Dunnett’s test. A significance level of P <
0.05 was adopted for all analyses.

Results

Diabetic nephropathy is successfully estab-
lished in model mice

Fasting blood glucose levels were monitored
after mice were fasted for 12 h following STZ
injections for 72 h. As exhibited in Figure 1A,
murine fasting blood glucose levels were >
16.7 mmol/I in the model group after treatment
with STZ. Furthermore, relative urine volume
and urine protein levels were markedly de-
creased at 24 h (Figure 1B and 1C), indicating
that the diabetic model was successfully
established. Subsequently, HE and Masson
staining were performed to analyze the associ-
ated changes in renal tissue. The structure of
the glomerulus exhibited certain abnormalities,
including an increased glomerular volume and
significantly increased mesangial cell prolifera-
tion when compared with the control group
(Figure 1D and 1E). These data demonstrated
that the murine model of DN was successfully
established.

Expression of SGK1 and transforming growth
factor (TGF)-B1 increases in DN mice

The expressions of SGK1 and TGF-B1 in the
renal tissue of DN mice were measured via
western blotting and RT-qPCR. As presented in
Figure 2A and 2B, the expressions of SGK1
and TGF-B1 were significantly upregulated.
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Furthermore, the positively marked cells of
SGK1 were increased in the DN group com-
pared with the control group (Figure 2C). The
results indicated that SGK 1 was overexpressed
in DN mice.

Inhibition of SGK1 suppresses EMT progres-
sion in high glucose induced HK-2 cells

To investigate the role of SGK1 in vitro, HK-2
cells were exposed to 30 mM glucose to induce
DN cell modelling. The results revealed that
protein and mRNA levels were augmented
(Figure 3A and 3B). GSK, as an inhibitor of
SGK1, was then utilized in the present study.
As presented in Figure 3C, the expression of
E-cadherin was decreased, and the expression
of N-cadherin and Vimentin were increased in
the Glucose+GSK group. In TGF-B1 and high
glucose treatment groups, the protein expres-
sion of E-cadherin was downregulated, which
was accompanied with an upregulated expres-
sion of N-cadherin and Vimentin compared with
the Glucose+GSK group. After treatment with
TGF-B1 in combination with GSK, the expres-
sion of E-cadherin was augmented. Furth-
ermore, N-cadherin and Vimentin levels were
augmented. These results indicated that
the inhibition of SGK1 suppressed EMT
progression.

Inhibition of SGK1 reduced the migration of
high glucose-induced HK-2 cells

Cell migration was assessed via scratch wound
healing and Transwell assays. As presented in
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Figure 4A-D, cell migration was reduced in the
Glucose+GSK group. Subsequently, TGF-B1
was administered to treat high glucose induced
HK-2 cells. The results revealed an increased
cell migration when compared with the
Glucose+GSK group. Additionally, treatment
with TGF-B1 in combination with GSK in high
glucose culture conditions markedly attenuat-
ed cell migration when compared with the
Glucose+TGF-B1 group. The aforementioned
data indicated that the inhibition of SGK1 sup-
pressed the migration of high induced HK-2
cells.

SGK1 inhibition promotes high glucose in-
duced HK-2 cell autophagy

To assess the effect of SGK1 on high glucose-
induced HK-2 cell autophagy, the expression of
Beclin-1 and p62 were detected via western
blotting. As presented in Figure 5A, the expres-
sion of Beclin-1 and p62 were down- and
upregulated, respectively. Furthermore, levels
of Beclin-1 and p62 were increased and
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Figure 2. Expression of SGK1
and TGF-B1 in murine renal tis-
sue following treatment with
STZ. The expression of SGK1
and TGF-B1 were assessed via
(A) western blotting and (B) re-
verse transcription-quantitative
PCR. (C) The expression of SGK1
was determined via immuno-
histochemistry. (magnification,
x200). P < 0.001 vs. the con-
trol. SGK1, serum and glucocor-
ticoid induced kinase; TGF-B1,
transforming growth factor; STZ,
streptozotocin.

decreased

respectively following treatment
with Glucose and GSK. After blocking with
3-MA, the aforementioned effects on Beclin-1
and p62 were reversed. To further confirm the
level of autophagy, immunofluorescence was
performed to measure the level of LC3. As pre-
sented in Figure 5B and 5C, the fluorescence
intensity of the autophagy marker protein, LC3,
was significantly lower than that of the con-
trol group, indicating that autophagy was
decreased. After treatment with high glucose
and GSK, the fluorescence intensity of LC3
expression was high. However, a decreased
expression of LC3 was demonstrated in HK-2
cells following treatment with 3-MA, which indi-
cated that SGK1 inhibition promoted high glu-
cose-induced HK-2 cell autophagy.

Inhibition of SGK1 activates the PI3K/AKT/
mTOR signaling pathway in high glucose-
induced HK-2 cells

The expressions of PI3K/AKT/mTOR were mea-
sured via western blotting. As presented in

Am J Transl Res 2019;11(8):4946-4956
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Figure 3. Expression of SGK1, E-cadherin, N-cadherin and Vimentin following the treatment of high glucose, TGF-f1 or GSK in HK-2 cells. The expression of SGK1
was measured via (A) western blotting and (B) reverse transcription-quantitative PCR. (C) The expression of E-cadherin, N-cadherin and Vimentin was determined
via western blotting. “"P < 0.001 vs. the control; *P < 0.05, #P < 0.01 and ##P < 0.001 vs. the Glucose group; *2P < 0.01 and 2*2P < 0.001 vs. the Glucose+TGF-31
group. SGK1, serum and glucocorticoid induced kinase; TGF-B1, transforming growth factor; GSK, GSK650394.
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Figure 6, the expression of p-PI3K, p-AKT and
p-mTOR were downregulated in high glucose
induced HK-2 cells compared with control.
However, these proteins were upregulated in
the glucose and GSK group. Following treat-
ment with GSK in combination with 3-MA, the
expressions of p-PI3K, p-AKT and p-mTOR were
decreased compared with the glucose and GSK
group. These results indicated that SGK1 inhi-
bition promoted autophagy by activating the
PIBK/AKT/mTOR signaling pathway.

Discussion

The rapidly increasing prevalence of diabetes is
resulting in a concomitant increase in the prev-
alence of DN [23]. In recent years, accumulat-
ing evidence has focused on elucidating the
molecular mechanisms that underlie the initia-
tion and progression of DN, in the hope of
developing novel therapeutic methods. How-
ever, DN remains a worldwide health problem
and as such, an alternative novel therapeutic

4952

Glucose+GSK

Glucose+TGF-g1

S O

Figure 4. HK-2 cell migration
following treatment with high
glucose, TGF-B1 or GSK. The mi-
gratory activity of HK-2 cells was
assessed via (A and C) scratch
and (B and D) Transwell assays
(magnification, x20). P < 0.001
vs. the control; P < 0.05 and ##P
< 0.001 vs. the Glucose group; 2P
< 0.01 vs. the Glucose+TGF-B1
group. TGF-B1, transforming gr-
owth factor; GSK, GSK650394.

agent for the treatment of DN is urgently
required [24]. The present study demonstrated
for the first time that the inhibition of SGK1
ameliorates DN by promoting autophagy and
suppressing EMT via the PI3K/AKT/mTOR sig-
naling pathway in renal tubular epithelial cells.

EMT is characteristic for the transformation of
primer epithelial cells to mesenchymal cells,
which contributes to cell movement during
development and facilitates the pathogenesis
of disease [25, 26]. EMT serves an important
role in the progression of DN and previous stud-
ies have supported the notion that the amelio-
ration of high glucose-induced renal tubular
EMT exerts protective effects on DN [27, 28]. It
has been well documented that high glucose or
TGF-B1 treatment induces human renal tubular
cell EMT, resulting in the decreased expression
of E-cadherin accompanied with the increased
expression of N-cadherin and Vimentin [29]. In
the current study, GSK, an inhibitor of SGK1,
was used to determine the role of SGK1 in high

Am J Transl Res 2019;11(8):4946-4956
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glucose-induced HK-2 cells. Previous studies
have demonstrated that high glucose treat-
ment increases SGK1 protein and mRNA
expression, leading to EMT by increasing the
effects exerted by TGF-B1 in HK-2 cells [30, 31].
The results of the present study were consis-
tent with those of the aforementioned resear-
ch. After treatment with TGF-B1 in combination
with GSK, the expression of E-cadherin,
N-cadherin and Vimentin were reversed when
compared with those after TGF-B1 treatment
alone. In addition, the results of the migration
assay revealed the same changes as described
above.

Autophagy is an evolutionarily conserved cellu-
lar process that degrades protein aggregates,
damaged organelles and other macromole-
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LC3 puncta/cell

clin-1, p62 and LC3 following
HK-2 cell treatment with high
glucose, GSK or 3-MA. A. The
expressions of Beclin-1 and
p62 were measured via west-
ern blotting. B. Levels of LC3
were determined via immuno-
fluorescence. (maghnification,
x200). C. Quantitative analy-
sis for immunofluorescence.
P < 0.001 vs. the control;
#P < 0.01 and #*#*P < 0.001
vs. the Glucose group; %P <
0.05 vs. the Glucose+TGF-1
group. GSK, GSK650394" 3-
MA, 3-methyladenine.

cules in the cytoplasm [31]. It is therefore con-
sidered to serve important roles in cellular
homeostasis [32]. Levels of autophagy are
decreased in individuals with DN and several
studies have reported that autophagy exerts a
defensive role against kidney damage caused
by hyperglycemia. This indicates that the induc-
tion of autophagy may provide protection
against DN [33, 34]. Beclin-1, a key regulator of
autophagy and the mammalian ortholog of
yeast Atg6, has been reported to induce
autophagy by regulating PI3K [35-37]. LC3 and
Beclin-1 are effective biomarkers for monitor-
ing autophagy. p62 is well-known for its role in
linking polyubiquitinated protein aggregates in
autophagic machinery. Furthermore, its upreg-
ulated protein expression indicates the inhibi-
tion of autophagy [38]. The present results

Am J Transl Res 2019;11(8):4946-4956
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Figure 6. Expression of p-PI3K, p-AKT and p-mTOR following HK-2 cell treatment with high glucose, GSK or 3-MA.
The expressions of p-PI3K, p-AKT and p-mTOR were measured via western blotting. P < 0.001 vs. the control;
#P < 0.01 vs. the Glucose group; P < 0.05 vs. the Glucose+TGF-B1 group. p, phosphorylated; GSK, GSK650394’

3-MA, 3-methyladenine.

revealed an upregulated expression of Beclin-1
and LC3-ll/l, and a decreased expression of
p62 in high glucose and GSK treated HK-2 cells
compared with high glucose treatment alone,
which demonstrated that SGK1 inhibition
induced autophagy. After exposure to 3-MA,
levels of Beclin-1 and LC3-II/I in HK-2 cells were
decreased, and the expression of p62 was
increased. These results further indicated that
the induction of autophagy induced by the inhi-
bition of SGK1 protects against DN.

Previous studies have suggested that the PI3K/
AKT/mTOR signaling participats in the control
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of autophagy [39, 40]. Emerging evidence sup-
ports that inhibition of PI3K/AKT/mTOR signal-
ing initiates autophagy and protects against
Kidney tubular epithelial injury [41]. In addition,
KCa3.1 mediates the dysfunction of tubular
autophagy in DN through PI3K/AKT/mTOR
pathway [42]. The present results demonstrat-
ed that glucose suppresses autophagy and
upregulates the expression of p-PI3K, p-AKT
and p-mTOR. After GSK was used to block
SGK1, autophagy was induced and the
decreased phosphorylation of PI3K, AKT and
mTOR was observed. In contrast, the above
mentioned protein expressions were increased

Am J Transl Res 2019;11(8):4946-4956
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after treatment with 3-MA. The results indicat-
ed that SGK1 inhibition promotes renal tubular
epithelial cell autophagy in DN through PI3K/
AKT/mTOR signaling.

Conclusion

The results of our study demonstrated that
SGK1 inhibition promotes autophagy and sup-
presses the EMT of renal tubular epithelial cells
in DN via the PIBK/AKT/mTOR signaling path-
way. On the basis of these results, SGK1 inhibi-
tion may serve as a potential therapeutic target
of DN.
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