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Abstract
Diabetic kidney disease (DKD) is the leading cause of morbidity and mortality in individuals with diabetes, and it is the
leading cause of end-stage renal disease (ESRD) worldwide. Stanniocalcin-1 (STC-1) is present in various tissues, and it has
antioxidant and anti-apoptotic activities, which play a role in kidney protection, including diabetic nephropathy (DN).
However, the mechanism that underlies these effects remains unknown. This study suggests that STC-1 ameliorates
oxidative stress and cell apoptosis in the kidneys of db/db mice and high glucose (HG)-treated BUMPT cells by inhibiting
Bnip3 expression through AMPK/Sirt3 pathway activation. In the clinic, DKD patients with high levels of STC-1 have a
better prognosis than patients with low STC-1 levels. Thus, we concluded that STC-1 ameliorates renal injury in DN by
inhibiting the expression of Bnip3 through the AMPK/SIRT3 pathway and that serum STC-1 is independently associated
with DKD progression in patients with type 2 diabetes. As high STC-1 levels indicate a better prognosis, synthetic STC-1
may become a potential drug for the treatment of DKD patients.

Introduction

Diabetic kidney disease (DKD) is the leading cause of
morbidity and mortality in individuals with diabetes, and it
is the leading cause of end-stage renal disease (ESRD)
worldwide [1]. DKD has traditionally been diagnosed on
the basis of persistent proteinuria and impaired renal func-
tion [2]. The pathogenesis of DKD remains unclear; how-
ever, a substantial number of causes are considered to be
related to the development of DKD, including oxidative
stress and apoptosis [3, 4].

Stanniocalcin-1 (STC-1) is present in various tissues
and is thought to be an autocrine or paracrine factor [5].
STC-1 is expressed in many cells and can be released into
the extracellular milieu; moreover, it exerts its

physiological role by binding to proteins on the cell sur-
face or the mitochondrial membrane [6]. STC-1 was ori-
ginally thought to be the glycoprotein hormone that
regulates the dynamic balance of calcium and phosphate
in fish [7]. However, in recent studies, it has been reported
that STC-1 has antioxidant, anti-inflammatory, and anti-
apoptotic activities, which play a role in kidney protec-
tion, including diabetic nephropathy (DN) [8]. STC-1
inhibits renal ischemia/reperfusion injury via an AMP-
activated protein kinase (AMPK)-dependent pathway;
moreover, they reported that AMPK regulates the
expression of UCP2 and sirtuin 3 (Sirt3) induced by STC-
1, resulting in kidney protection, which suggests that the
STC-1/AMPK/Sirt3 signaling pathway plays a critical
role in ischemia/reperfusion-induced kidney injury [9].
Sirt3 is the main deacetylase in the mitochondrial matrix
that promotes aerobic metabolism, and it is the instru-
mental regulator of ROS [10]. ROS production con-
tributes to DN development, and a lack of Sirt3 aggravates
tissue damage caused by ROS [11]. Thus, we hypothe-
sized that STC-1 delays the progression of DN through
the inhibition of ROS production via an AMPK/Sitr3-
related signaling pathway.

Bcl-2-like 19-kDa-interacting protein 3 (Bnip3), a
member of the Bcl2 family, is a critical regulator of mito-
chondrial function and cell apoptosis [12, 13]. The
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overexpression of Bnip3 leads to the opening of the mito-
chondrial permeability transformation pore (PTP), thereby
eliminating the proton electrochemical gradient, which
activates a series of events that ultimately lead to chromatin
concentration and DNA fragmentation [14]. Regula KM
et al. demonstrated that Bnip3 provokes mitochondrial
defects and cell death in hypoxia [15]. In addition, the
inhibition of Bnip3 protects mitochondrial function and
reduces cell death [16, 17]. ROS and cell death are highly
related to the progression of DN. Thus, the inhibition of
oxidative stress and apoptosis can delay the development of
DN. Interestingly, numerous studies have reported that both
ROS production and cell death are related to the expression
of Bnip3, indicating that Bnip3 may be a potential ther-
apeutic target for DN [18, 19]. Qiong Du et al. found that
Sirt3 attenuates doxorubicin-induced cardiac hypertrophy
and mitochondrial dysfunction via the suppression of
Bnip3. These findings suggest a new molecular mechanism
in which Sirt3 restores the mitochondrial respiratory chain
defects by inhibiting the expression of Bnip3, indicating a
potential relationship between Sirt3 and Bnip3 [20].

Given the previously described findings, it is plausible
that the AMPK/Sirt3/Bnip3 signaling pathway plays a cri-
tical role in DN development. In this study, we observed an
altered expression of STC-1 in the serum of patients with
different degrees of DN and their prognosis. Moreover, we
assessed the relationship between the serum STC-1 level
and prognosis in DN patients. Finally, we analyzed the
expression of Sirt3, Bnip3, and AMPK both in vivo and
in vitro. Together, our findings suggest that STC-1 ame-
liorates renal injury in DN by inhibiting the expression of
Bnip3 through the AMPK/SIRT3 pathway.

Materials and methods

Basic medical research

Animal experimental design

Twelve-week-old male C57BL/6J db/db and C57BL/6J
db/m mice were used for the animal experiments. These
mice were purchased from the JunKe Experimental Ani-
mal Company (Nanjing, China). Mice were organized into
the following three groups for the animal experiments: the
db/m group (control, n= 6); the db/db group (n= 8); and
the db/db group that received an intraperitoneal injection
(i.p.) of rSTC-1 (BioVendor Research and Diagnostic
Products, Asheville, NC or Czech Republic, n= 8). The
mice were euthanized at 24 weeks of age. The Animal
Care and Use Committee of Second Xiangya Hospital
of Central South University approved all animal
procedures.

Morphological studies

Kidney tissues were fixed with 4% buffered paraformalde-
hyde and were embedded in paraffin; 4-μm-thick sections
were subsequently prepared. The sections were then sub-
jected to periodic acid-Schiff (PAS) and Masson’s tri-
chrome staining. A semiquantitative scoring system was
used to evaluate the tubulointerstitial injury severity.

Immunohistochemical and immunofluorescence staining

Immunofluorescence and immunohistochemical stains were
performed on formalin-fixed, paraffin-embedded 4-µm sec-
tions. The sections were rehydrated, and antigens were
retrieved using heated citrate. For immunohistochemistry,
staining was visualized using horseradish peroxidase-
coupled secondary antibodies (Vectastain Elite; Vector
Laboratories, Peterborough, UK). For immunofluorescence,
the slides were exposed to FITC- (1:200) or rhodamine-
labeled (1:500) secondary antibodies (Jackson ImmunoR-
esearch, West Grove, PA, USA). The sections were mounted
in Vectashield medium that contained DAPI (Invitrogen,
Carlsbad, CA, USA). Images were acquired using a fluor-
escence microscope (Nikon, Tokyo, Japan). Related isotype
immunoglobulins (Jackson ImmunoResearch) were used as
negative controls for all stainings. All immunohistochemical
and immunofluorescence analyses were repeated at least
three times, and representative images are presented.

Measurement of ROS generation and apoptosis

Dihydroethidium (DHE) was used to assess the production
of intracellular superoxide anion (O2–). TUNEL staining
was used to evaluate apoptosis following the manufacturer’s
instructions (Roche, Basel, Switzerland).

Immunoassays

Superoxide dismutase (SOD), malondialdehyde (MDA),
and STC-1 were measured by an ELISA kit (R&D Systems)
according to the manufacturer’s instructions.

Apoptosis assessment by Annexin V-FITC and propidium
iodide staining

Cell apoptosis was measured by Annexin V FACS according
to the manufacturer’s protocol (Calbiochem). Briefly, cells
were harvested after the incubation period and were washed
in cold PBS; the cells were subsequently incubated in 300 μl
of binding buffer that contained 3 μl of Annexin V-FITC and
3 μl of propidium iodide in the dark for 15min at room
temperature. The stained samples (which contained 200,000
cells/sample) were subsequently analyzed on a FACS Calibur
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flow cytometer within 1 h following the manufacturer’s pro-
tocol (BD Biosciences) [21].

Assessment of physiological features and renal function

Body weights were measured, and blood, serum, and urine
sample collection was performed every 2 weeks. The blood
glucose levels were detected using a blood glucose monitor
(Boehringer Mannheim, Mannheim, Germany). The urine
albumin concentrations were measured using a mouse urine
albumin ELISA kit (Bethyl Laboratories, USA), and the
serum creatinine levels were assessed with a QuantiChrom
Creatinine Assay Kit (BioAssay Systems, USA) according to
the manufacturer’s protocol. Urinary ACR was calculated as
the urine albumin/creatinine ratio. The urine β-NAG was
measured using an automated colorimetric method (Pacific
Biomarkers, Inc., USA).

Cell culture studies and reagents

The Boston University mouse proximal tubular cell line
(BUMPT) was used in this study (obtained from the Dong
Lab). BUMPT cells were plated in 35-mm dishes at a density
of 0.3 × 106 cells/dish. The cells were starved overnight in
serum-free DMEM medium supplemented with 10% FBS,
insulin (10 μg/ml), transferrin (5 μg/ml), epidermal growth
factor (10 ng/ml), and dexamethasone (4 μg/ml). The cells
were treated with 35mM glucose for the indicated time. The
experimental group was pretreated with rSTC-1 (1.0 μg/ml)
[22]. Control cells were maintained in normal medium. After
treatment, the cells were further cultured for 24 h; the cells
were monitored morphologically or collected for biochemical
analyses [23]. Cell-permeable activator of AMP-activated
protein kinase (AICAR, 500 μM), a selective and reversible
AMP-kinase inhibitor (dorsomorphin,10 μM), and a selective
SIRT3 inhibitor (3-TYP, 50 μM) were purchased from
Abcam (UK). The doses of AICAR, dorsomorphin, and YC-1
were selected on the basis of existing data [24–27].

Cell immunofluorescence

Cells were grown on coverslips, washed three times with
PBS, fixed in 4% paraformaldehyde for 20 min, permeabi-
lized with 0.1% Triton X-100, and then incubated in
blocking buffer. The cells were subsequently incubated in

primary antibody solution overnight. The cells were then
incubated with FITC- or rhodamine-conjugated secondary
antibodies and examined with a Zeiss fluorescence micro-
scope equipped with U Vepi-illumination [28].

Extraction of total RNA and quantitative real-time PCR

Total RNA was isolated from the kidneys of individual mice
using TRIzol (TaKaRa, Dalian, China). cDNA was synthe-
sized using the M-MLV Reverse Transcriptase cDNA
Synthesis Kit (TaKaRa) according to the manufacturer’s
instructions. Real-time PCR was performed with an ABI
Prism 7300 Sequence Detection system (Applied Biosystems)
using SYBR® Premix Ex Taq TM II (TaKaRa). The primer
sequences are shown in Table 1. The gene expression in each
sample was analyzed in duplicate and normalized against the
internal control gene (GAPDH). Relative quantification of the
target gene expression in patients compared with normal
samples was performed via the ΔΔCt method [29].

Western blotting

Lysates of kidney tissue or BUMPT cells were prepared. All
antibodies used for western blotting were purchased from Cell
Signaling Technology Inc. (Beverly, MA, USA), and the
diluted concentration was based on the antibody instructions.
The membranes were incubated with primary antibodies
overnight at 4 °C and washed with TBST three times. Sec-
ondary horseradish peroxidase-conjugated antibodies
(1:10,000) were incubated with the membranes for 1 h at
room temperature. Antibody-positive bands were visualized
using a VersaDoc imaging system (Bio-Rad, USA). Data
were analyzed by Quantity One (Bio-Rad, USA). Peroxidase
and bands were visualized using the Super Western Sensi-
tivity Enhanced Chemiluminescence Detection System (ECL
kit, Pierce Biotechnology, Pierce, IL, USA). Image J was used
to quantify the density of the bands.

Prospective cohort study

Inclusion criteria and exclusion criteria

Inclusion criteria: (1) patients diagnosed with type 2 dia-
betes according to the 2005 Diabetes Prevention Guidelines
in China; (2) age of 45–60 years; (3) willing to sign an

Table 1 Specific grouping
ACR < 30 mg/g 30 mg/g ≤ACR <

300 mg/g
ACR ≥ 300 mg/g

Low High Low High Low High

Number 99 117 112 91 140 132

Sex (male/female) 49/50 56/61 60/52 48/43 75/65 62/70

Age 51.0 ± 7.4 50. ± 9.1 53.6 ± 6.8 54.9 ± 7.1 55.1 ± 6.0 57.8 ± 7.3
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informed consent; and (4) patient occupation fixed and able
to provide detailed information.

Exclusion criteria: (1) patients diagnosed with other
diseases that cause increased urinary albumin; (2) patients
diagnosed with severe brain, heart, or liver diseases; or (3)
patients diagnosed with severe mental disorders.

According to the previously described criteria, we recruited
691 patients from the Second Xiangya Hospital of Central
South University during 2012–2013. These patients were
divided into three groups based on the ACR value as follows:
normal to mildly elevated (ACR < 30mg/g, “normoalbumi-
nuria”), moderately elevated (ACR30–299 mg/g, “micro-
albuminuria”), or severely elevated (ACR > 300mg/g,
“macroalbuminuria”) [30]. In each group, the serum STC-1
levels were measured using ELISA kits. Each group was
divided into two subgroups according to the STC-1 level. The
mean STC-1 level was calculated in each group. STC-1 levels
less than the mean were defined as the low group, and STC-1
levels greater than the mean were assigned to the high group.
The specific grouping is shown in Table 1.

Within each group, there were no significant differences
between the low and high groups with respect to age and
sex. Moreover, each patient had strictly controlled blood
glucose during the follow-up.

Follow-up methods

Through various methods (mail, mobile phone, telephone, e-
mail, and fax), the patients were contacted to make regular
appointments at the hospital for follow-up. The center
assigned trained personnel to determine the patient’s condi-
tion, treatment, and examination. The follow-up observation
time points were 12, 24, and 36 months after enrollment, and
the follow-up was completed on January 1, 2016.

Outcomes

If the following conditions occurred during the follow-up,
the endpoint event was calculated using the following
equation:

1. ACR progression (normal- to micro- or macroalbu-
minuria; micro- to macroalbuminuria)

2. Receiving dialysis treatment
3. DN led to death

End incidence of events= number of endpoint incidents/
the total number of cases × 100%.

Statistical analysis

The analyses were conducted with GraphPad Prism 5.0 and
SPSS 17.0 statistical software. Data are expressed as the

means ± standard errors (SEs). For the measurement data for
comparison between groups, the normality test was first
performed. If the data obeyed the normal distribution, a
t test was used. If the data did not obey the normal dis-
tribution, the Wilcoxon rank-sum test was used. For the
counting data, the χ2 test was used. P<0.05 was considered
statistically significant.

Results

Effects of STC-1 on renal function and
morphological changes in db/db mouse kidneys

The db/db mice showed increased body weights, urinary
ACRs, serum creatinine levels, serum β-NAG levels, and
blood glucose compared with the db/m mice (Fig. 1a–d). In
contrast, decreased urinary ACR, β-NAG levels, and blood
glucose levels were observed in the db/db mice after STC-1
treatment. Masson staining showed remarkable renal fibro-
sis in the kidneys of the db/db mice, including glomerulo-
sclerosis and interstitial fibrosis (Fig. 1g). Furthermore,
TEM indicates basement membrane thickening accom-
panied by extensive foot process fusion (Fig. 1g). However,
STC-1 treatment substantially ameliorated these changes.
Quantitative analysis of the Masson-positive areas and
tubular damage scores confirmed the alterations (Fig. 1f, h).

STC-1 inhibits renal fibrosis in db/db mouse kidneys

Western blot analysis showed significantly increased FN
and α-SMA expression in the kidneys of the db/db mice
compared with the control mice (Fig. 2a–c). However,
treatment with STC-1 downregulated the expression of FN
and α-SMA compared with the vehicle-treated db/db mice.
Similar results were obtained using immunohistochemical
staining of FN and α-SMA in kidney sections (Fig. 2d–f).
PAS staining showed notable morphological changes in the
kidneys of the db/db mice (Fig. 2d–f), including glomerular
hypertrophy, increased mesangial matrix, and increased
tubular epithelial disruption. However, STC-1 treatment
substantially ameliorated these changes.

STC-1 treatment inhibits ROS and apoptosis in db/
db mice

ROS generation was increased in the kidneys of the db/db
mice compared with the db/m mice, as shown by staining
with DHE (an indicator of oxidation). STC-1 treatment
significantly decreased DHE staining in the db/db mice
(Fig. 3a). Compared with the control mice, the serum MDA
levels were downregulated, and the serum SOD levels were
upregulated. STC-1 treatment ameliorated these changes
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(Fig. 3c, d). Similarly, significant tubular epithelial cell
apoptosis was observed via TUNEL staining in the kidneys
of db/db mice, which was attenuated by STC-1 treatment
(Fig. 3a, b). Western blot analysis showed that the c-
caspase-3 and p53 expression was significantly increased in
the kidneys of the db/db mice compared with the control
mice (Fig. 3e, f). After treatment with STC-1, both c-
caspase-3 and p53 were downregulated compared with the
db/db mice.

STC-1 treatment upregulates AMPK and Sirt3 and
inhibits Bnip3

Western blot analysis indicates that the p-AMPK expression
was significantly reduced in the kidneys of the db/db mice

compared with the db/m mice (Fig. 4d). Similar results were
observed regarding the Sirt3 protein expression (Fig. 4a, b,
f, h). In contrast, the Bnip3 protein expression was mark-
edly increased in the kidneys of the db/db mice (Fig. 4a, c,
f, g). However, after STC-1 treatment, these changes were
abrogated.

STC-1 treatment attenuates high glucose-induced
cell fibrosis

Western blot analysis reveals that the α-SMA and Fn
expression was significantly upregulated in the cells treated
with HG compared with the cells treated with LG (Fig. 5a).
Treatment with STC-1 downregulated the expression of FN
and α-SMA. Similar results were obtained using RT-PCR

Fig. 1 Effects of STC-1 on renal function and morphological char-
acteristics in db/db mice. a Body weight changes in db/m, db/db, and
db/db mice that received STC-1 treatment for 4–12 weeks. b Blood
glucose concentrations in each group. c Serum creatinine levels.
d Urine β-NAG levels. e Urinary ACRs. g Masson staining and EM

showing notable deformations in the tubules and glomeruli of db/db
mice compared to those of db/m mice. These changes were sub-
stantially ameliorated by STC-1 treatment. f, h Quantitative analysis of
Masson-positive staining and tubular damage in each group. Values
are the mean ± SE, *P < 0.05 vs. db/m; #P < 0.05 vs. db/db mice. n= 6
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(Figs. 5d, e). These data suggest that STC-1 inhibits HG-
induced cell fibrosis.

STC-1 regulates high glucose-induced p-AMPK,
Sirt3, and Bnip3 expression in BUMPT cells

Western blot analysis showed that the p-AMPK expression
was significantly reduced in the HG-treated cells compared
with the LG-treated cells (Fig. 6a, b). Similar results were
observed regarding the Sirt3 protein or mRNA expression
(Fig. 6c, d, f). In contrast, the Bnip3 protein and mRNA levels
were markedly increased in the HG-treated cells (Fig. 6c, e,
g). These changes were abrogated after STC-1 treatment.
Similar results were seen for the in vivo experiments.

STC-1 treatment inhibits ROS and apoptosis in
BUMPT cells

The MDA and SOD levels were used to evaluate the anti-
oxidant capacity of cells. HG treatment upregulated MDA
and downregulated SOD compared with the LG treatment,
and STC-1 treatment ameliorated these changes, which

indicates the antioxidant effect of STC-1 (Fig. 7b, c). Sig-
nificant cell apoptosis was observed after DAPI staining and
morphological analysis in the HG-treated cells. As shown in
Fig. 7a, the affected cells displayed a typical apoptotic
morphology with cell shrinkage and membrane blebbing.
Moreover, staining with DAPI demonstrated chromatin
condensation and nuclear fragmentation. Fortunately, the
apoptosis rate was notably attenuated following STC-1
treatment (Fig. 7a). Similarly, the apoptosis detection by
flow cytometry also confirmed this conclusion (Fig. 7d).

Effects of AICAR, dorsomorphin, and 3-TYP on p-
AMPK, Sirt3, Bnip3, p53, c-caspase3, MDA, and SOD
levels in the presence of HG in BUMPT cells treated
with STC-1

To determine whether the AMPK–Sirt3 pathway modulates
STC-1-induced Bnip3 expression, studies with various
inhibitors or activators were performed. BUMPT cells were
exposed to different concentrations of D-glucose and sub-
jected to STC-1 treatment plus dorsomorphin (selective
AMPK inhibitor), 5-aminoimidazole-4-carboxamide-1-β-D-

Fig. 2 STC-1 treatment inhibits renal fibrosis in db/db mouse kidneys.
Kidney samples were collected at the indicated time. a Western blot of
Fn and α-SMA. The expression of β-actin was used as a control.
b Statistical analysis of the expression of FN/actin. Values are the
mean ± SE, *P<0.05 vs. db/m; #P<0.05 vs. db/db mice. n= 6. c Sta-
tistical analysis of the expression of α-SMA/actin. Values are the

mean ± SE, *P<0.05 vs. db/m; #P<0.05 vs. db/db mice. n= 6. d PAS
staining and immunohistochemical staining for FN and α-SMA in
kidney sections. e Relative FN expression (1OD/area). Values are the
mean ± SE, *P<0.05 vs. db/m; #P < 0.05 vs. db/db mice. n= 6.
f Relative α-SMA expression (1OD/area). Values are the mean ± SE,
*P<0.05 vs. db/m; #P<0.05 vs. db/db mice. n= 6
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ribofuranoside (AICAR; AMPK activator), or 3-TYP
(selective SIRT3 inhibitor) (Fig. 8a, b, e–h). Treatment
with STC-1 significantly reduced the Bnip3 expression in
the BUMPT cells exposed to HG conditions, and this effect
was partially blocked by dorsomorphin or 3-TYP treatment.
AICAR treatment enhanced the effects of STC-1, but not in
the presence of 3-TYP. Immunofluorescence showed that
STC-1 treatment significantly ameliorated the decreases in
the p-AMPK and Sirt3 expression elicited by HG conditions
(Fig. 8a). However, these changes were nearly restored to
baseline in the cells treated with dorsomorphin or 3-TYP.
AICAR treatment enhanced the effects of STC-1, but not in
the presence of 3-TYP. The results regarding Sirt3 con-
trasted with those regarding the Bnip3 expression. These
findings indicate that STC-1 reduces the Bnip3 expression
through the AMPK/Sirt3 pathway. These findings were also
confirmed by western blot analyses (Fig. 8b). Moreover,
STC-1 reduced the p53 and c-caspase3 levels, and this

effect was also partially blocked by dorsomorphin or 3-TYP
treatment. AICAR treatment enhanced the effects of STC-1
but not in the presence of 3-TYP. Similar results were noted
regarding cellular ROS injury, as determined by MDA and
SOD measurements (Fig. 8c, d). Overall, these data suggest
that STC-1 inhibits Bnip3 expression and ROS generation
via the AMPK/Sirt3 pathway in BUMPT cells exposed to
HG conditions.

Follow-up completion

As shown in Table 2, the follow-up observation time points
were 12, 24, and 36 months after enrollment. After
12 months, 600 individuals remained in the cohort, and the
completion ratio was 86.8%. After 24 months, 512 indivi-
duals remained in the cohort, and the completion ratio was
74.1%. After 36 months, 463 individuals remained in the
cohort, and the completion ratio was 67.0%.

Fig. 3 STC-1 treatment inhibits ROS and apoptosis in db/db mouse
kidneys. Kidney samples were collected at the indicated time.
a TUNEL and DHE staining of kidney sections (200 × ). b Statistical
analysis of TUNEL-positive cells. Values are the mean ± SE, *P <
0.05. c Determination of MDA levels in serum by ELISA Kit. Values

are the mean ± SE, *P<0.05. d Determination of SOD levels in serum
by ELISA Kit. Values are the mean ± SE, *P < 0.05. e Western blot of
C-Caspase-3 and p53. The expression of β-actin was used as a control.
f, g Statistical analysis of the expression of C-Caspase-3/actin and p53/
actin. Values are the mean ± SE, *P<0.05
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Patients with high levels of STC-1 have better
prognosis

At each time point, the number of patients who reached the
endpoint event was counted, and the incidence of endpoint
events was calculated. For the < 30 mg/g ACR group, if the
STC-1 level was low, the incidence of endpoint events was
25.6%, 37.6%, and 71.1% for the 12-, 24-, and 36-month
time points, respectively (Table 3). In the high STC-1 level
group, the incidence of endpoint events was 13.6%, 24.2%,
and 49.4% for the 12-, 24-, and 36-month time points,
respectively, and there were significant differences com-
pared with the corresponding patients in the low STC-1
group. Thus, the patients with high levels of STC-1 have a
better prognosis. The same results were identified in the

30 mg/g ≤ACR < 300 mg/g ACR and ≥ 300 mg/g ACR
groups, as shown in Tables 4 and 5.

Discussion

This study indicates that STC-1 ameliorates renal injury in
db/db mice by inhibiting ROS production and cell apoptosis
mainly through the repression of Bnip3, a mitochondrial
BH3-only protein that induces cell death and oxidative
stress [31, 32]. In addition, these findings suggest that STC-
1 inhibits Bnip3 expression via the AMPK–SIRT3 pathway.
Moreover, the present study indicates that patients with high
STC-1 levels have a better prognosis in each stage of DKD
compared with patients with low STC-1 levels. Overall,

Fig. 4 STC-1 treatment upregulates AMPK and Sirt3 and inhibits
Bnip3. Kidney samples were collected at the indicated time.
a Immunohistochemical staining for Sirt3 and Bnip3 in kidney sec-
tions (200 × ). b Relative Sirt3 expression. Values are the mean ± SE,
*P<0.05, n= 6. c Relative Bnip3 expression. Values are the mean ±
SE, *P<0.05, n= 6. d Western blot of p-AMPK. The expression of

AMPK was used as a control. e Statistical analysis of the expression of
p-AMPK/AMPK. Values are the mean ± SE, *P<0.05. f Western blot
of Sirt3 and Bnip3. The expression of β-actin was used as a control.
g, h Statistical analysis of the expression of Sirt3/actin and Bnip3/
actin. Values are the mean ± SE, *P<0.05
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Fig. 5 STC-1 treatment attenuates high glucose-induced cell fibrosis.
a Western blot of Fn and α-SMA in BUMPT cells after LG treatment,
HG treatment, and HG+ STC-1 treatment. The expression of actin
was used as a control. b, c Statistical analysis of the expression of Fn/

actin and α-SMA/actin. Values are the mean ± SE, *P<0.05, compared
with LG, #P<0.05, compared with HG. d, e RT-PCR for Fn and α-
SMA. Values are the mean ± SE, *P<0.05, compared with LG,
#P <0.05, compared with HG

Fig. 6 STC-1 treatment upregulates AMPK and Sirt3 and inhibits
Bnip3 in vitro. a Western blot of p-AMPK in BUMPT cells with
different conditions (including LG treatment, HG treatment, and HG
+ STC-1 treatment). The expression of AMPK was used as a control.
b Statistical analysis of the expression of p-AMPK/AMPK. Values are
the mean ± SE, *P<0.05. c Western blot of Sirt3 and Bnip3 in

BUMPT cells with different conditions (including LG treatment, HG
treatment, and HG+ STC-1 treatment). d, e Statistical analysis of the
expression of Sirt3/actin and Bnip3/actin. Values are the mean ± SE,
*P<0.05. f, g RT-PCR analysis of Sirt3 and Bnip3 in BUMPT cells
with different conditions (including LG treatment, HG treatment, and
HG+ STC-1 treatment). Values are the mean ± SE, *P<0.05
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these results support a novel strategy for STC-1 treatment of
DKD, thereby providing a new therapy option.

Intrarenal oxidative stress plays a vital role in the
initiation and progression of DKD, and enhanced oxidative
stress results from the overproduction of ROS. Effective
agents that target the source of ROS generation hold pro-
mise to rescue kidneys from oxidative damage and prevent
the subsequent progression of DKD [33, 34]. Similarly,
apoptosis also contributes to DKD development, and the
inhibition of apoptosis may serve as a therapeutic target in
DKD [35]. Unfortunately, the mechanisms that underlie
these changes have not been clearly elucidated, and no
suitable drug that can reverse these changes has been
identified. Bnip3 has been reported to induce apoptosis,
necrosis, ROS production, or autophagy depending on the
cellular context [19]. In this study, we demonstrated that
Bnip3 has a role in the maintenance of ROS production and
cell apoptosis and that the inhibition of Bnip3 reduces cell
apoptosis and oxidative stress. Thus, therapies that suppress
ROS and apoptosis may attenuate renal injury and delay the
progression of DN.

In this study, the increased Bnip3 expression was related
to renal oxidative damage and cell apoptosis in db/db mice.

Another molecule that regulates Bnip3 is Sirt3, an enzyme
that belongs to the family of sirtuins. Sirtuins are highly
conserved NAD+-dependent deacetylases that regulate the
cellular energy and lifespan in mammals through histone
H3 deacetylation [36]. Upregulated Sirt3 may repress the
expression of Bnip3, as well as decrease oxidative stress
and cell apoptosis. A previous study has shown that Sirt3
attenuates doxorubicin-induced cardiac hypertrophy and
mitochondrial dysfunction via the suppression of Bnip3
[20]. These results indicate that the overexpression of Sirt3
may ameliorate renal injury through Bnip3 inhibition,
thereby reducing cell apoptosis and oxidative stress. Sirt3 is
highly related to the activation of AMPK [37, 38], and
AMPK phosphorylation is decreased in STZ-induced dia-
betic and db/db mice, as well as in cultured mesangial cells
exposed to HG [39–41]. Pan et al. demonstrated that STC-1
inhibits renal ischemia/reperfusion injury via an AMPK-
dependent pathway, and they also reported that AMPK
regulates the STC-1-induced expression of UCP2 and sirt3,
resulting in kidney protection [7]. Based on these findings,
we hypothesized that STC-1 protects against renal oxidative
damage and cell apoptosis by inhibiting Bnip3 expression
through the AMPK/Sirt3 signaling pathway. Interestingly,

Fig. 7 STC-1 treatment inhibits ROS and apoptosis in vitro. a DAPI
staining and cell morphological analysis (200 × ). b Determination of
MDA levels in cell lysates by ELISA Kit. Values are the mean ± SE,
*P<0.05, n= 6. c Determination of SOD levels in cell lysates by

ELISA Kit. Values are the mean ± SE, *P<0.05, n= 6. d Flow cyto-
metry assay for apoptosis of BUMPT cells with different treatments
(LG, HG, and HG+ STC-1)
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in the present study, both the in vivo and in vitro results
showed that the p-AMPK expression is significantly
reduced in the kidneys of db/db mice compared with the db/
m mice. Similar results were observed regarding the Sirt3
protein expression. In contrast, Bnip3 protein expression
was markedly increased in the kidneys of the db/db mice.
However, after STC-1 treatment, the levels returned to
normal. We also used various inhibitors or activators in

BUMPT cells exposed to different concentrations of D-
glucose, as well as treated with STC-1 plus dorsomorphin
(selective AMPK inhibitor), 5-aminoimidazole-4-carbox-
amide-1-β-D-ribofuranoside (AICAR; AMPK activator), or
3-TYP (selective SIRT3 inhibitor). Treatment with STC-1
significantly reduced the Bnip3 expression in BUMPT cells
exposed to HG conditions, and this effect was partially
blocked by the dorsomorphin and 3-TYP treatments.
AICAR treatment enhanced the effects of STC-1 but not in
the presence of 3-TYP. These findings suggest that STC-1
reduces the Bnip3 expression through the AMPK/Sirt3
pathway.

To investigate the relationship between the STC-1 level
and the prognosis of DKD patients, we conducted a pro-
spective cohort study that consisted of 691 patients diag-
nosed with DKD. The prognosis between a low STC-1 level
and high STC-1 level in each group had significant

Fig. 8 Effects of AICAR, dorsomorphin, and 3-TYP on P-AMPK,
Sirt3, Bnip3, p53, c-caspase3, MDA, and SOD levels under HG
conditions in BUMPT cells treated with STC-1. a Cellular immuno-
fluorescence using anti-p-AMPK, anti-Sirt3, and anti-Bnip3 anti-
bodies. High levels of p-AMPK were observed under LG conditions
and were accompanied by Sirt3 expression. HG reduced this fluores-
cence. This effect was reversed by STC-1, dorsomorphin, and 3-TYP
treatments; however, it was increased by AICAR treatment. b Western
blot showing Sirt3, Bnip3, p53, and c-caspase3 expression in
BUMPT cells under HG conditions treated with or without STC-1 and

AICAR, dorsomorphin, or 3-TYP. c, d MDA and SOD levels in the
medium of BUMPT cells. Values are the mean ± SE (n= 4), *P<0.01
vs. LG; #P<0.01 vs. HG; &P<0.01 vs. HG+ STC-1. $P<0.01 vs. HG
+ STC-1+ 3-TYP. e–h Statistical analysis of the expression of Bnip3,
Sirt3, c-caspase3, and p53 in BUMPT cells exposed to HG conditions
with or without treatment with various reagents. Quantitative analyses
of western blotting results, and data were normalized to β-actin. Data
are presented as the mean ± SE (n= 4). *P<0.01 vs. LG; #P<0.01 vs.
HG; &P<0.01 vs. HG+ STC-1; $P<0.01 vs. HG+ STC-1+ 3-TYP

Table 2 Follow-up completion

Time Case Ratio (%)

Before follow-up 691

Follow-up 12 months 600 86.8

Follow-up 24 months 512 74.1

Follow-up 36 months 463 67.0
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differences. These results suggest that DKD patients with
high levels of STC-1 have a better prognosis, which indi-
cates that the serum STC-1 is independently associated with
DKD progression in type 2 diabetic patients. Thus, STC-1
may be a novel factor that plays a role in the pathophy-
siology of DKD. Unfortunately, the present findings do not
indicate a biological link between higher serum STC-1
levels and DKD progression in the clinic.

In summary, the present study indicates that STC-1
ameliorates oxidative stress and cell apoptosis in the kid-
neys of the db/db mice and HG-treated BUMPT cells by
inhibiting Bnip3 expression, which is mediated by activat-
ing the AMPK/Sirt3 pathway. The clinical data show that
serum STC-1 is independently associated with DKD pro-
gression in patients with type 2 diabetes and that patients
with high levels of STC-1 have a better prognosis. Thus,

Table 3 Incidence of endpoint
events in ACR < 30 mg/g group

ACR < 30 (mg/g) STC-1 levels Time Case Case-positive Ratio (%)

Low Before follow-up 99

Follow-up 12 months 90 23 25.6

Follow-up 24 months 85 32 37.6

Follow-up 36 months 76 54 71.1

High Before follow-up 117

Follow-up 12 months 110 15 13.6*

Follow-up 24 months 99 24 24.2#

Follow-up 36 months 83 41 49.4&

*P<0.05, compared with low STC-1 group when follow-up was 12 months; #P<0.05, compared with low
STC-1 group when follow-up was 24 months; &P<0.05, compared with low STC-1 group when follow-up
was 36 months

Table 4 Incidence of endpoint
events in 30 mg/g ≤ACR < 300
mg/g group

30 < ACR < 300 (mg/g) STC-1 levels Time Case Case-positive Ratio (%)

Low Before follow-up 112

Follow-up 12 months 101 42 41.6

Follow-up 24 months 92 61 66.3

Follow-up 36 months 78 70 89.7

High Before follow-up 91

Follow-up 12 months 85 31 36.5*

Follow-up 24 months 80 42 52.5*#

Follow-up 36 months 74 51 68.9*&

*P<0.05, compared with low STC-1 group when follow-up was 12 months; #P<0.05, compared with low
STC-1 group when follow-up was 24 months; &P<0.05, compared with low STC-1 group when follow-up
was 36 months

Table 5 Incidence of endpoint
events in ACR ≥ 30 mg/g group

AC ≥ 300 (mg/g) STC-1 levels Time Case Case-positive Ratio (%)

Low Before follow-up 140

Follow-up 12 months 114 63 55.3

Follow-up 24 months 79 54 68.4

Follow-up 36 months 78 63 80.1

High Before follow-up 132

Follow-up 12 months 100 49 49*

Follow-up 24 months 77 35 45.5*#

Follow-up 36 months 73 43 60*&

*P<0.05, compared with low STC-1 group when follow-up was 12 months; #P < 0.05, compared with low
STC-1 group when follow-up was 24 months; &P<0.05, compared with low STC-1 group when follow-up
was 36 months
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synthetic STC-1 is a potential drug candidate for the treat-
ment of DKD patients. However, other studies have shown
that STC-1 may serve as a damaging factor. For example,
increased STC-1 expression has been shown to be closely
associated with several cancers and poor prognostic out-
comes [7]. Therefore, additional randomized double-
blinded human trials must be conducted to determine
whether STC-1 is a safe and useful option for DKD
treatment.
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