
INTERNATIONAL JOURNAL OF MOlecular medicine  50:  107,  2022

Abstract. Stanniocalcin‑1 (STC1), a multifunctional glyco‑
protein with antioxidant and anti‑inflammatory properties, 
serves an important role in kidney protection. STC1 is one 
of the few hormones targeted to the mitochondria to regu‑
late mitochondrial quality control by suppressing oxidative 
stress and mitochondrial damage. However, the mechanisms 
underlying the effect of STC1 remain unclear. The present 
study aimed to investigate the protective role of recombinant 
STC1 (rSTC1) in renal fibrosis and to identify the mechanisms 
underlying cellular fibrosis in HK2 human renal proximal 
tubular cells. Semi‑quantitative PCR, western blot analysis 
and confocal microscopy were used to detect the mRNA 
levels, protein levels and mitochondrial membrane potential 
(MMP). Mitochondrial superoxide production was evaluated 
using MitoSox staining. rSTC1 attenuated TGF‑β‑induced 
downregulation of AMP‑activated protein kinase and uncou‑
pling protein 2 (UCP2). Treatment of HK2 cells with TGF‑β 
reduced the MMP and increased the production of reactive 
oxygen species (ROS). In addition, TGF‑β treatment upregu‑
lated fibrotic markers, such as α‑SMA and fibronectin, in HK2 
cells. Treatment with rSTC1 and TGF‑β suppressed mitochon‑
drial ROS production by recovering the MMP and reversed 
the upregulation of fibrotic markers in HK2 cells. The effects 
of rSTC1 were reversed when UCP2 expression was silenced. 
The present study revealed a novel role of STC1 in preventing 
TGF‑β induced cellular fibrosis in HK2 cells.

Introduction

Chronic kidney disease (CKD) results from a variety of disor‑
ders that affect the structure and function of the kidneys and 
represents a rising global health concern due to its increasing 
prevalence (8‑16%) (1). There is no cure for CKD and the 
available therapies only aim to slow disease progression. The 
progressive nature of CKD, as well as its associated cardio‑
vascular morbidity and mortality and eventual end‑stage 
renal disease place a substantial burden on global healthcare 
resources (2,3). An improved understanding of the nature of 
CKD is required for the development of novel therapeutic strat‑
egies. All types of progressive CKD inevitably induce renal 
fibrosis (4). The induction of renal fibrosis due to mitochondrial 
dysfunction has received considerable research attention since 
the early 2000s (5). The kidney is an organ with high energy 
demand. Mitochondria provide the energy required to main‑
tain kidney function via a number of signaling pathways, such 
as the mechanistic target of rapamycin and AMP‑activated 
protein kinase (AMPK) signaling pathways (6). Aberrations in 
energy metabolism can lead to cellular dysfunction and death. 
Mitochondria not only produce cellular energy but also modu‑
late several cellular processes, including proliferation and 
intracellular calcium homeostasis (7). Mitochondrial dysfunc‑
tion induces apoptosis and the generation of reactive oxygen 
species (ROS), both of which contribute to the development and 
progression of various kidney diseases, including acute kidney 
injury, diabetic nephropathy and CKD (6,8‑11). Reversing 
mitochondrial dysfunction has the potential to halt disease 
progression, emphasizing the need for mitochondria‑targeting 
agents that can restore mitochondrial and renal function (7).

Stanniocalcin‑1 (STC1) was originally identified as a 
calcium/phosphate‑regulating hormone in bony fishes and is 
released from the corpuscles of Stannius (organs associated 
with kidneys) (12). In mammals, STC1 is expressed in various 
tissues (12) and is considered to function in an autocrine and/or 
paracrine manner (13); however, the localization of STC1 to 
mitochondria suggests a possible intracellular role (14). STC1 
is one of the few hormones that target the mitochondrion (15) 
and demonstrates antioxidant effects via activation of mito‑
chondrial antioxidant pathways (16‑18). STC1 regulates AMPK 
activity in the kidneys (19) and suppresses ROS generation via 
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the induction of the mitochondrial uncoupling protein (UCP) 
in macrophages (16,17). The aims of the present study were 
to ascertain whether STC1 reduces TGF‑β‑induced cellular 
fibrosis in the kidney tubular epithelial cells by reducing 
mitochondrial oxidative stress and mitochondrial damage and 
to explore the associated molecular mechanisms.

Materials and methods

Reagents and antibodies. Recombinant human TGF‑β was 
purchased from PeproTech EC Ltd. (cat.  no.  100‑21) and 
recombinant STC1 (rSTC1; MBS1265316) was purchased 
from MyBioSource, Inc. AMPK inhibitor (ab120843) was 
purchased from Abcam. UCP2‑targeted small interfering 
RNA (siRNA) (siUCP2) was purchased from GE Healthcare 
Dharmacon, Inc. (cat. no. L‑005114‑00‑0020). Anti‑fibronectin 
(610077) and anti‑UCP2 antibodies (sc‑390189) were obtained 
from BD Biosciences and Santa Cruz Biotechnology, Inc. 
Antibodies against α‑smooth muscle actin (α‑SMA; a2547) 
and β‑actin (a3854) were obtained from MilliporeSigma. 
Anti‑AMPK (cat. no. 2793) and anti‑phosphorylated AMPK 
(recognizing phosphorylated Thr172; cat. no. 2535) antibodies 
were purchased from Cell Signaling Technology, Inc.

Cell culture and TGF‑β treatment. Human renal proximal 
tubular epithelial cells (HK2, American Type Culture 
Collection) were cultured in complete DMEM‑F12 (Welgene, 
Inc.) supplemented with 10% FBS (Thermo Fisher Scientific, 
Inc.), 50  U/ml penicillin and 50  µg/ml streptomycin 
(MilliporeSigma) at 37˚C in a humidified 5% CO2 atmo‑
sphere. Cells were passaged every 3‑4 days and starved in 
serum‑free medium for 24 h before experiments. TGF‑β is 
the central mediator that drives fibrosis in most, if not all, 
forms of CKD (20). To investigate the role of STC1 in the 
AMPK pathway, the expression levels of AMPK and UCP2 
were analyzed at different time points (0 min, 15 min, 30 min, 
1 h, 3 h and 6 h) following TGF‑β and rSTC1 treatment. To 
identify whether STC1 suppressed TGF‑β‑induced mitochon‑
drial dysfunction and fibrosis, HK2 cells were pre‑incubated 
at 37˚C with 200 ng/ml STC1 for 1 h and then incubated at 
37˚C with fresh medium containing 10 ng/ml TGF‑β for 16 h. 
To determine whether the effect of STC1 was mediated by 
AMPK activation, pharmacological inhibition of AMPK by 
compound C (Calbiochem; Merck KGaA) was performed. 
Compound C (5 µM/ml) was added to HK2 cells at 37˚C for 
1 h and then cells were pre‑incubated at 37˚C with 200 ng/ml 
STC1 for 1 h and subsequently incubated at 37˚C with fresh 
medium containing 10 ng/ml TGF‑β for 16 h.

siRNA transfection. To explore the molecular mechanisms 
underlying the effects of STC1, RNA interference was 
performed using a pool of UCP2‑specific siRNAs from 
On‑TargetPlus Human SmartPools containing 4 distinct 
siRNA species (cat. no. L‑005114‑00‑0020). The negative 
control siRNA was purchased from Santa Cruz Biotechnology, 
Inc. (cat.  no.  sc 37007). siRNA sequences of UCP2 are 
described in Table SI. Cells were transfected with the indi‑
cated concentration of siRNA (40 nM) using DharmaFECT 1 
transfection reagent according to the manufacturer's protocol. 
For knockdown of UCP2, siRNA and control siRNA were 

transfected into HK‑2 cells at 60% confluence at 37˚C in a 
5% CO2 incubator for 24 h using DharmaFECT 1 transfec‑
tion reagent (T‑2001‑02; GE Healthcare Dharmacon, Inc.) at 
a final concentration of 40 nM. After transfection, cells were 
incubated in serum‑free medium for 1 day in a 37˚C incubator 
under a humidified 5% CO2 atmosphere, pretreated at 37˚C with 
200 ng/ml STC1 for 1 h and stimulated at 37˚C with 10 ng/ml 
TGF‑β for 16 h. Confirmation of Successful transfection of 
siRNA in HK‑2 cells was determined using semi‑quantitative 
PCR and western blotting as described subsequently in this 
section (Fig. S1).

Semi‑quantitative PCR. Total RNA was extracted from 
HK‑2 cells using TRIzol reagent (Invitrogen; Thermo Fisher 
Scientific, Inc.). First‑standard complementary DNA synthesis 
was performed using a SuperScript™ First‑Strand Synthesis 
System kit (cat. no. 11904‑018; Invitrogen; Thermo Fisher 
Scientific, Inc.). Total RNA (1 µg) was used for first‑strand 
complementary DNA synthesis and First‑Strand Synthesis 
reaction (10 mM dNTP mix, 50 ng/µl random hexamers, 10 X 
RT buffer, 25 mM MgCl2, 0.1 M DTT, 40 U/µl RNaseOUT™, 
SuperScript™ II RT, DEPC‑treated water) was used. After 
incubation at 42˚C for 50 min, the reaction was completed by 
incubation at 70˚C for 15 min to prepare complementary DNA. 
The specific steps followed the SuperScript™ First‑Strand 
Synthesis System kit manufacturer's protocol. UCP2 expres‑
sion was normalized to that of β‑actin. The specific primers 
sequences were as follows: UCP2 forward, 5'‑TCT​ACA​ATG​
GGC​TGG​TTG​C‑3' and reverse, 5'‑TGT​ATC​TCG​TCT​TGA​
CCA​C‑3' (494 bp); and β‑actin forward, 5'‑GCT​CTT​TTC​CAG​
CCT​TCC​TT‑3' and reverse, 5'‑AGT​ACT​TGC​GCT​CAG​GAG​
GA‑3' (234 bp). After an initial denaturation step of 5 min at 
94˚C, semi‑quantitative PCR amplification was carried out as 
follows: 95˚C for 30 sec, 56˚C for 30 sec and 72˚C for 30 sec 
for 35 cycle, followed by one cycle at 72˚C for 5 min. A 1% 
agarose gel was used for DNA loading, and SYBR DNA gel 
stain (cat. no. S33102; Invitrogen; Thermo Fisher Scientific, 
Inc.) was used for visualization. The relative intensities of 
DNA were measured by densitometry using Scion Image for 
Windows (version Alpha 4.0.3.2; Scion Corporation).

Western blotting. The cells were harvested, washed twice with 
ice‑cold PBS, resuspended in lysis buffer and sonicated briefly. 
Protein extraction buffer consisted of 50 mM Tris‑HCl (pH 7.2), 
5 mM EDTA, 150 mM NaCl, 1% Nonidet P‑40, 0.1% SDS, 
protease inhibitor cocktail (P3100‑001; GenDEPOT, LLC) 
and phosphatase inhibitor cocktail (P3200‑001; GenDEPOT, 
LLC). After centrifugation at 4˚C at 13,500 x g for 5 min, 
supernatants containing the protein extracts were collected 
and the protein concentrations were measured using a Pierce® 
BCA Protein Assay kit (Pierce; Thermo Fisher Scientific, Inc.). 
Proteins were separated on 10 and 12% sodium dodecyl sulfate 
polyacrylamide gels, and transferred onto nitrocellulose 
membranes. The protein concentration loaded per lane was 
30 µg, and the blot was blocked at room temperature for 1 h 
with 5% skim milk in PBS containing 0.1% Tween‑20. Then, 
the blots were incubated overnight with the primary antibody 
(1:2,000) at 4˚C, washed four times at 10 min intervals in 
1X TBS with 0.1% Tween‑20 (TBST) at room temperature, 
and incubated with appropriate anti‑rabbit IgG, HRP‑linked 



INTERNATIONAL JOURNAL OF MOlecular medicine  50:  107,  2022 3

secondary antibody (1:2,500; 7074S; Cell Signaling 
Technology, Inc.) and anti‑mouse IgG, HRP‑linked secondary 
antibody (1:2,500; 7076S; Cell Signaling Technology, Inc.) at 
room temperature for 2 h. After that, the blots were washed 
four times in 1X TBST at 10 min intervals. Specific protein 
bands were visualized using an enhanced chemilumines‑
cence system (cat. no. WBKLS0500; MilliporeSigma). The 
relative intensities of immunoblot signals were measured by 
densitometry using Scion Image for Windows (version Alpha 
4.0.3.2; Scion Corporation) and were expressed as fold‑change 
values relative to the intensities of the controls.

Quantif ication of mitochondrial membrane potential 
(MMP). MMP was assessed using a Leica TCS SP8 confocal 
laser‑scanning microscope (Leica Microsystems GmbH) 
with 5,5',6,6'‑tetrachloro‑1,1',3,3'‑tetraethylbenzimidazole‑
carbocyanide iodine (10009172; JC‑1 MMP Assay kit; Cayman 
Chemical Company). HK2 cells were seeded at a density of 
3x105 cells/well in a 35‑mm confocal special dish, followed 
by a 24‑h incubation at 37˚C. Cells were pretreated with or 
without 10 ng/ml TGF‑β and 200 ng/ml rSTC1 and, then incu‑
bated for 16 h at 37˚C with 5% CO2. Cell nuclei were stained 
with 2 µg/ml Hoechst 33258 for 20 min in a CO2 incubator 
at 37˚C. Slides were analyzed with a confocal laser scanning 
microscope (Leica TCS SP8; Leica Microsystems GmbH) 
and LAS X software (version  4.0.2; Leica Microsystems 
GmbH) was used. Fluorescence was read at an excitation 
wavelength of 488 nm (green) or 530 nm (red) and an emis‑
sion wavelength of 530 nm (green) or 590 nm (red). JC‑1 emits 
green fluorescence in the cytoplasm and exhibits membrane 
potential‑dependent accumulation in mitochondria, resulting 
in a shift in the emission wavelength from green to red. A 
reduction in MMP is indicated by a decrease in the red/green 
fluorescence intensity ratio (21).

Mitochondrial ROS production. Mitochondrial ROS levels 
were measured using MitoSOX, which selectively reacts 
with superoxide in the mitochondria. HK2 cells were seeded 
at a density of 3x105 cells/well on a cover‑glass bottom dish 
and grown to 60% confluence. After incubation at 37˚C for 
24 h, cells were pretreated with or without 10 ng/ml TGF‑β 
and 200 ng/ml rSTC1 and incubated for 16 h at 37˚C with 
5% CO2. The cells were then incubated with 5 µM MitoSOX 
for 15 min at 37˚C and fixed with 4% paraformaldehyde for 
10  min at 37˚C. After fixation, cells were permeabilized 
with 0.1% Triton X‑100 for 10 min and blocked in 1X PBS 
containing 5% BSA (cat. no. ALB001; BioShop Canada Inc.) 
for 2 h at room temperature. The cells were then washed twice 
with phosphate‑buffered saline and incubated with 1 µg/ml 
DAPI solution at 4˚C for 15 min. Images were immediately 
acquired by confocal microscopy on a laser‑scanning micro‑
scope (LSM 510; Carl Zeiss AG) and analyzed using ImageJ 
(version 1.53; National Institutes of Health).

Statistical analysis. All experiments were independently 
replicated at least three times. Data are presented as the 
mean ± standard error of the mean. Multiple comparisons 
among the groups were performed by one‑way analysis of 
variance followed by Tukey's post hoc tests. All statistical 
analyses were performed using SPSS version 24.0 (IBM 

Corp.). P<0.05 was considered to indicate a statistically 
significant difference.

Results

rSTC1 inhibits TGF‑β‑induced fibrosis in HK2 cells. To 
determine whether rSTC1 inhibited fibrotic progression in 
HK‑2 cells, the effects of rSTC1 on TGF‑β‑induced α‑SMA 
and fibronectin expression in HK2 cells were assessed. The 
protein expression levels of α‑SMA and fibronectin were 
higher in the TGF‑β‑only‑treated group than in the control 
group (Fig. 1). Treatment with rSTC1 alone did not affect the 
protein levels of α‑SMA and fibronectin (Fig. 1); however, 
treatment with rSTC1 and TGF‑β together restored the levels 
of α‑SMA and fibronectin to those in the control group.

rSTC1 attenuates the TGF‑β‑induced suppression of 
AMPK‑UCP2‑dependent signaling. Cultured HK2 cells were 
treated with rSTC1 for different durations (0 min, 15 min, 
30 min, 1 h, 3 h and 6 h). While TGF‑β repressed AMPK 
activity for 6 h (Fig. 2A), rSTC1 significantly upregulated 

Figure 1. Expression of profibrotic markers in TGF‑β‑induced fibrosis in HK2 
cells. (A) Protein expression levels of α‑SMA and fibronectin were analyzed. 
(B) Relative α‑SMA protein expression levels normalized against β‑actin 
levels. (C) Relative fibronectin protein expression levels normalized against 
β‑actin levels. Results are presented as the mean ± SEM of three individual 
experiments. *P<0.05 compared with the control; #P<0.05 compared with the 
TGF‑β‑only‑treated cells. α‑SMA, α‑smooth muscle actin; rSTC1, recombi‑
nant stanniocalcin‑1.
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Figure 2. Effects of rSTC1 on the AMPK/UCP2 signaling pathway in HK2 cells. (A) Protein expression levels of AMPK and UCP2 in TGF‑β‑only‑treated 
HK2 cells at the indicated time points, as determined using western blotting. (B) Protein expresison level of AMPK and UCP2 in rSTC1‑treated HK2 cells 
at the indicated time points, as determined using western blotting. (C) Bar graph of ratio of pAMPK/tAMPK in TGF‑β‑only‑treated and rSTC1‑treated HK2 
cells at the indicated time points. (D) Bar graph of protein expression levels of UCP2 in TGF‑β‑only‑treated and rSTC1‑treated HK2 cells at the indicated 
time points. *P<0.05 compared with 0 min. #P<0.05 compared with 6 h. †P<0.05 compared with 3 h. (E) Ratio of pAMPK/tAMPK in response to TGF‑β and 
rSTC1 treatment after 6 h, as determined using western blotting. Relative protein expression levels are shown, with the densitometric values normalized to 
the respective β‑actin values. *P<0.05 compared with the control; #P<0.05 compared with TGF‑β‑only‑treated cells. (F) Protein expression levels of UCP2 
in response to TGF‑β, rSTC1, and AMPK inhibitor treatment after 6 h, as determined using western blotting. Relative protein expression levels are shown, 
with the densitometric values normalized to the respective β‑actin values. *P<0.05 compared with the control; #P<0.05 compared with TGF‑β‑only‑treated 
cells; †P<0.05 compared with TGF‑β, rSTC1 and AMPK inhibitor‑treated cells. AMPK, AMP‑activated protein kinase; rSTC1, recombinant stanniocalcin‑1; 
pAMPK, phosphorylated AMPK; tAMPK, total AMPK; UCP2, uncoupling protein 2.
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AMPK activity by nearly 3‑fold after treatment for 30 min 
to 1 h (Fig. 2B). UCP2 expression was also decreased after 
TGF‑β treatment and upregulated after rSTC1 treatment at 
certain time points (30 min to 1 h). Similar to AMPK activity, 
the peak level of UCP2 was reached 30  min after rSTC1 
treatment (Fig. 2C and D). Treatment with rSTC1 and TGF‑β 
together prevented the TGF‑β‑induced reduction in AMPK 
activity in HK2 cells (Fig. 2E). AMPK has been reported to 
upregulate UCP2 in the kidneys (19). To determine whether 
the activation of AMPK mediated the upregulation of UCP2, 
HK2 cells were treated with the AMPK inhibitor, STC1, and 
TGF‑β. Treatment with the AMPK inhibitor diminished the 
upregulation of UCP2 compared with that observed after 
treatment with rSTC1 and TGF‑β in combination (Fig. 2F). 
These results indicate that rSTC1 induces AMPK activation 
and the AMPK‑mediated induction of UCP2 expression.

UCP2 inhibition decreases the ef fects of STC1 on 
TGF‑β‑induced fibrosis in HK2 cells. STC1 regulates renal 
AMPK‑UCP2 activity (19), and AMPK activation may inhibit 
renal fibrosis (22). To determine whether rSTC1 inhibits fibrotic 
progression via an AMPK‑UCP2‑dependent pathway, cells 
were treated with an AMPK inhibitor. The STC1‑mediated 
attenuation of TGF‑β‑induced upregulation of α‑SMA and 
fibronectin was reversed by AMPK inhibition (Fig. 3A). To 
reveal the function of UCP2 in suppressing fibrosis, UCP2 
was knocked down using a siRNA (siUCP2). HK2 cells were 
transfected with either scrambled siRNA or siUCP2. siUCP2 
transfection resulted in the upregulation of α‑SMA and 
fibronectin compared with scrambled‑siRNA‑transfected cells. 
Treatment of siUCP2‑transfected cells with rSTC1 increased 
the expression levels of α‑SMA and fibronectin compared with 
those in cells treated with rSTC1 alone (Fig. 3B). The treatment 

Figure 3. Effect of rSTC1 on the fibrotic signaling pathway in HK2 cells. (A) HK‑2 cells were exposed to 10 ng/ml TGF‑β for 16 h with or without pre‑treatment 
with 200 ng/ml rSTC1 or 5 µM AMPK inhibitor for 1 h. Western blot analysis of the protein expression levels of α‑SMA and fibronectin after AMPK inhibitor 
treatment. *P<0.05 compared with the control; #P<0.05 compared with TGF‑β‑only‑treated cells; †P<0.05 compared with TGF‑β and rSTC1‑treated cells. 
(B) Expression levels of α‑SMA and fibronectin, profibrotic marker proteins, after 48 h of transient transfection with siUCP2 in HK‑2 cells. The blots indicated 
an increase in profibrotic marker expression after UCP2 inhibition. *P<0.05 compared with scrambled; #P<0.05 compared with siUCP2‑transfected cells; 
†P<0.05 compared with rSTC1. (C) Cells were pre‑treated with rSTC1 for 1 h with or without transient transfection with siUCP2 for 48 h followed by exposure 
to TGF‑β (10 ng/ml for 16 h). The blots indicated the protein expression levels of α‑SMA and fibronectin. Relative protein expression levels are shown, 
with the densitometric values normalized to the respective β‑actin values. Each column represents the mean ± SEM. *P<0.05 compared with the control; 
#P<0.05 compared with TGF‑β‑only‑treated cells; †P<0.05 compared with the TGF‑β and rSTC1‑treated cells; ‡P<0.05 compared with the rSTC1‑treated cells. 
α‑SMA, α‑smooth muscle actin; AMPK, AMP‑activated protein kinase; siUCP2, UCP2‑targeted small interfering RNA; rSTC1, recombinant stanniocalcin‑1; 
UCP2, uncoupling protein 2.
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of siUCP2‑transfected cells with rSTC1 and TGF‑β together 
increased the expression levels of α‑SMA and fibronectin 
compared with the levels in scrambled siRNA‑transfected 
cells or cells treated with rSTC1 and TGF‑β (Fig. 3C). These 
data suggest that the STC1‑mediated reduction in fibrosis 
occurs via UCP2.

rSTC1 treatment attenuates the TGF‑β‑induced decrease in 
MMP and increase in mitochondrial ROS generation in HK2 
cells. Mitochondria account for the majority of cellular ROS 
production, and UCP2 serves an important role in restoring 
MMP and dissipating metabolic energy to prevent oxidative 
stress (23). Since UCP2 expression was induced by rSTC1 and 
attenuated by TGF‑β treatment, we hypothesized that STC1 

might be involved in UCP2‑dependent regulation of MMP and 
ROS generation in mitochondria. Treatment of HK2 cells with 
TGF‑β reduced MMP levels compared with the control, as 
indicated by a decrease in the ratio of red/green fluorescence 
intensity (Fig. 4). In comparison with levels in cells treated 
with TGF‑β alone, the present study revealed that after treat‑
ment with rSTC1 and TGF‑β, the MMP level was restored, as 
indicated by an increase in the ratio of red/green fluorescence 
intensity (42% vs. 23%). To further elucidate the role of UCP2, 
HK2 cells pre‑treated with STC1 alone or in combination 
with TGF‑β were transfected with siUCP2. Treatment of 
siUCP2‑transfected cells with rSTC1 and TGF‑β significantly 
decreased the intensity of red fluorescence compared with that 
in cells with rSTC1 + TGF‑β treatment. These data suggest 

Figure 4. Effect of rSTC1 on the MMP in HK2 cells under fibrotic conditions. (A) Scanning of MMP in HK2 cells using a confocal microscope. Green 
fluorescence represents the monomeric form of the JC‑1 molecule, which appears in the cytosol after mitochondrial membrane depolarization. Red fluo‑
rescence indicates the mitochondrial aggregate form of JC‑1, indicating higher MMP). Cells were labeled with DAPI (blue) to visualize nuclei and JC‑1 to 
visualize mitochondria. White arrow, healthy cells; green arrow, dead cells. (B) Ratio of the red to green fluorescence intensity representing the quantitative 
MMP in each group. *P<0.05 compared with the control; #P<0.05 compared with STC1‑treated cells; †P<0.05 compared with TGF‑β and STC1‑treated cells. 
MMP, mitochondrial membrane potential; siUCP2, UCP2‑targeted small interfering RNA; rSTC1, recombinant stanniocalcin‑1; UCP2, uncoupling protein 2.
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that rSTC1 attenuates TGF‑β‑induced reductions in MMP, 
and this effect is dependent on UCP2. Mitochondrial UCP2 
regulates oxidative stress (24) and STC1 is an effective ROS 
scavenger (16,17). To identify the effect of STC1 on mito‑
chondrial ROS generation, the mitochondria‑specific probe 
MitoSOX was used. As shown in Fig. 5B, mitochondrial ROS 
production was 12.9‑fold higher in TGF‑β‑only‑treated HK2 

cells than in control cells. However, treatment with TGF‑β and 
rSTC1 decreased mitochondrial ROS production to 17.5% of 
the levels in cells treated with TGF‑β alone (Fig. 5).

Discussion

The present results suggest that STC1 protects against cellular 
fibrosis in kidney tubular epithelial cells based on three lines 
of evidence. First, TGF‑β‑induced fibrosis and elevated ROS 
production were ameliorated by rSTC1 treatment in HK2 
cells. Second, the effects of rSTC1 treatment were mediated 

via the AMPK‑UCP2 signaling pathway in HK2 cells. Third, 
STC1‑mediated activation of the AMPK‑UCP2 signaling 
pathway antagonized mitochondrial ROS production and the 
MMP decrease in HK2 cells. Therefore, the present results 
indicate that exogenous STC1 is a potential agent for the 
management of cellular fibrosis in kidney epithelial cells.

Fibrosis represents the final pathway shared by nearly all 
progressive CKDs (4). Although there are no targeted thera‑
pies to slow fibrosis, previous advances in CKD research have 
clarified the cellular and molecular mechanisms underlying 
the disease (5,25,26). However, few studies have evaluated the 
anti‑fibrotic function of STC1 (27,28). Ono et al (27) revealed 
that STC1 ameliorates pulmonary fibrosis by reducing 
oxidative stress in a dose‑dependent manner and reduces 
endoplasmic reticulum (ER) stress and TGF‑β1 synthesis 
in alveolar macrophages in bleomycin‑induced pulmonary 
fibrosis. STC1 may modulate UCP2 expression in lung cells 
and uncoupling respiration reduces MMP. In addition, STC1 
reduce ER stress through the reduction of ROS, ameliorating 
pulmonary fibrosis (28). The present study revealed that STC1 
upregulated AMPK and UCP2 and that an inhibitor of AMPK 
reduced the expression levels of UCP2 in tubular epithelial 
cells, suggesting that STC1 may regulate renal AMPK‑UCP2 
activity, as reported by Pan et al (19). In the present study, 
treatment with STC1 reduced the expression levels of fibrosis 
markers, such as α‑SMA and fibronectin, in TGF‑β‑stimulated 
HK‑2 cells.

However, the mechanism underlying the STC1‑mediated 
inhibition of fibrosis in the kidney is unclear. We hypothesized 
that AMPK‑UCP2 activation could rescue fibrosis by regu‑
lating MMP. AMPK is highly expressed in the kidneys, where 
it is considered to be involved in a variety of physiological 
and pathological processes (29), and a reduction in AMPK 
activity has been proposed as a mechanism underlying renal 
fibrosis in different experimental models of CKD (30‑33). 
Mechanisms underlying the inhibition of fibrosis by AMPK 
activation have been reported (31,32). TGF‑β1, which serves a 
prominent role in fibrosis, diminishes AMPK phosphorylation 
and increases fibrosis (22,31). By contrast, the pharmacologic 
activation of AMPK reverses the fibrogenic response induced 
by TGF‑β (32). Similar to the results of a previous study by 
Pan et al (19), the present study revealed that AMPK inhibition 
restored the STC1‑mediated attenuation of TGF‑β‑induced 
upregulation of α‑SMA and fibronectin in HK2 cells. This 
result suggested that the anti‑fibrotic effect of STC1 is 
mediated by AMPK activity.

AMPK increases the expression of several antioxidant 
genes, such as superoxide dismutase (16), UCP2 and nuclear 
factor erythroid‑2‑related factor  (34). Among them, UCP2 
regulates the production of mitochondrial ROS (27,28). The 
optimal production of mitochondrial ROS is essential for 
mitochondrial biogenesis; however, increased ROS produc‑
tion exceeding local antioxidant capacities is associated with 
mitochondrial dysfunction, mitochondrial DNA damage and 
aberrant metabolism (35,36). Mitochondrial damage triggers 
cell signaling pathways that can cause ROS overproduction, 
resulting in oxidative stress, which serves crucial roles in the 
pathogenesis of renal fibrosis (37,38). The role of UCP2 in 
renal disease has been explored in the context of acute kidney 
injury and diabetic nephropathy (24,39). UCP2 ameliorates 

Figure 5. Mitochondrial ROS assay using MitoSOX in HK2 cells. 
(A) Mitochondrial ROS (magnification, x400; scale bar, 50 µm) were labeled. 
(B) Quantitative analysis of mitochondrial ROS production using the LMS 5 
imaging software. *P<0.05 compared with the control; #P<0.05 compared 
with TGF‑β‑only‑treated cells. ROS, reactive oxygen species; rSTC1, recom‑
binant stanniocalcin‑1.
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mitochondrial dysfunction and oxidative stress in lipopolysac‑
charide‑induced acute kidney injury (39) and UCP2 deletion 
aggravates tubular injury in ischemia‑reperfusion injury by 
inducing ROS overproduction (40), which highlights the impor‑
tance of these transporters in ROS dissipation. Additionally, 
under disease conditions, the deletion of UPC2 may contribute 
to the ameliorate of kidney fibrosis by inhibiting macrophage 
infiltration (41,42). The present results revealed that the upreg‑
ulation of UCP2 by STC1 reduced fibrosis markers induced by 
TGF‑β in HK2 cells and UCP2 silencing in cells treated with 
rSTC1 and TGF‑β increased the levels of fibrosis markers, 
such as α‑SMA and fibronectin. The effect of STC1 in cellular 
fibrosis was diminished by UCP2 suppression. Therefore, we 
hypothesize that the inhibitory effect of STC1 on cellular 
fibrosis is mediated via the AMPK‑UCP2 signaling pathway.

Mitochondrial STC1 suppresses ROS generation through 
the induction of UCP expression (16,18) and serves an impor‑
tant role in the regulation of mitochondrial function  (43). 
Increased UCP2 expression in the tubular epithelium of STC1 
transgenic animal kidneys is associated with lower superoxide 
generation (18). Excessive production of mitochondrial ROS 
is linked to mitochondrial dysfunction, which causes cellular 
damage and the progression of renal disease (5,6). TGF‑β, a key 
driver of renal fibrosis, induces oxidative stress and mitochon‑
drial dysfunction (6), as evidenced by the marked decrease in 
MMP and increase in mitochondrial ROS production in HK2 
cells (44). Mitochondrial dysfunction‑induced renal fibrosis has 
attracted immense research attention since the early 2000s (5). 
The kidneys have high energy requirements, and thus, kidney 
cells contain several mitochondria. Mitochondrial dysfunction 
serves a crucial role in the pathogenesis of CKD, and studies 
have demonstrated that mitochondrial dysfunction is involved 
in the pathological development of renal fibrosis  (5,11,45). 
Mitochondrial dysfunction promotes inflammation and fibrotic 
responses, which induces tubulointerstitial fibrosis and various 
forms of CKD, including diabetic and IgA nephropathy (6,35). 
In the present study, TGF‑β‑mediated fibrosis involved the 
enhanced generation of mitochondrial ROS and loss of 
MMP via the AMPK‑UCP2 signaling pathway. The observed 
changes in MMP may lead to mitochondrial dysfunction and 
occur as a consequence of ROS generation by TGF‑β (46). The 
total force driving protons into the mitochondria is a combi‑
nation of the MMP and mitochondrial pH gradient (47). The 
proton electrochemical gradient potential provides the charge 
gradient required for mitochondrial Ca2+ sequestration and 
regulates ROS production; thus, it is also a central regulator 
of cellular health (47). TGF‑β‑induced MMP loss was reduced 
by STC1, and this effect was diminished by knocking down 
UCP2 expression using siUCP2.

The present study demonstrated a protective role of 
exogenous STC1 in TGF‑β‑induced cellular fibrosis in HK2 
cells. STC1 treatment attenuated TGF‑β‑induced fibrosis by 
reducing mitochondrial ROS production via the AMPK‑UCP2 
pathway. To establish the role of STC1 in renal fibrosis, further 
research using animals may be required to confirm the results 
of the present study.
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