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Abstract. Diabetic nephropathy (DN) is a predominant cause 
of end‑stage renal disease. The impairment of the autophagy 
of human renal tubular epithelial cells (HK‑2 cells) is involved 
in the pathogenic mechanisms of DN. Sirtuin (Sirt)3 regu‑
lates the scavenging of damaged organelles and maintains 
energy balance. The present study aimed to examine the 
protective effects of Sirt3 on HK‑2 cells stimulated by high 
glucose (HG). HK‑2 cells were cultured in normal glucose 
(NG), HG or hyperosmotic medium. The viability of the HK‑2 
cells was detected using a Cell Counting Kit‑8 assay. The 
expression and localization of Sirt3 were detected via immu‑
nofluorescence. Following transfection with an overexpression 
plasmid, the expression levels of key components in the Notch 
homolog 1 (Notch‑1)/hairy and enhancer of split‑1 (Hes‑1) 
pathway and those of the autophagy‑related proteins, Beclin‑1, 
LC‑3II and p62, were measured by western blot analysis and 
reverse transcription‑quantitative PCR (RT‑qPCR). As the 
Notch‑1/Hes‑1 pathway was inhibited, the expression levels of 
Beclin‑1, LC‑3II and p62 were also examined at transcriptional 
and translational level. It was found that prolonged culture in 
HG medium markedly reduced cell viability compared with 
the cells cultured in NG or in NG + mannitol, an effect that 
was aggravated with the increasing duration of culture. HG 
was capable of inhibiting the expression levels of Beclin‑1, 
LC‑3II and Sirt3, and upregulating p62 and the Notch‑1/Hes‑1 
pathway, as verified by western blot analysis and RT‑qPCR. 
The results of immunofluorescence staining revealed that HG 
decreased Sirt3 expression. Sirt3 reversed the HG‑induced 
inhibition of the expression of Beclin‑1 and LC‑3II and the 
upregulation of p62. Moreover, Sirt3 reversed the HG‑induced 
inhibition of the Notch‑1/Hes‑1 signaling pathway. However, 

this autophagy‑promoting effect of Sirt3 was counteracted by 
the Notch‑1/Hes‑1 pathway activator. On the whole, the present 
study demonstrated that Sirt3 promoted the autophagy of HK‑2 
cells, at least partly, via the downregulation of Notch‑1/Hes‑1.

Introduction

As one of the severe microvascular complications of type 2 
diabetes mellitus, diabetic nephropathy (DN) is the leading 
cause of end‑stage renal disease (1). Although diagnosis and 
treatment technologies have improved, the incidence of DN is 
increasing worldwide (2). Therefore, there is an urgent need 
to clarify the molecular pathogenesis of DN and to identify 
therapeutic targets.

Autophagic dysfunction is considered to be involved in 
DN (3). Autophagy is a cellular recycling pathway that is 
essential for maintaining cellular integrity (3). Under stress 
conditions, human proximal tubular epithelial (HK‑2) cells 
exploit the autophagic machinery to clear damaged organelles 
and protein aggregates. The degradation and recycling process 
of autophagy contributes to maintaining normal cellular func‑
tions and delays the progression of diabetic renal injury (4). 
Previous research has demonstrated that during autophagy, 
lysosomes contribute to the regulation of the degradation of 
damaged cellular components as an adaptive response, playing 
an important role in the pathogenesis of DN (3,5). As a result, 
the high glucose (HG)‑induced impairment of autophagy in 
renal tubular epithelial cells has emerged as an important 
process responsible for the occurrence and development of 
diabetic renal injury.

Multiple regulatory mechanisms modulate autophagy 
in DN, including nutrient signaling pathways  (6). Among 
these, Sirtuin (Sirt)1 functions as an important regulator 
of autophagy (7). As a member of the Sirt family, Sirt1 has 
been reported to contribute to the clearance of damaged 
organelles and the maintenance of energy homeostasis (8). 
Sirt3 belongs to the same family as Sirt1, and is capable of 
regulating signaling pathways when stress occurs, thereby 
inducing autophagy (9,10). In a previous study, in a model of 
sepsis‑induced acute kidney injury, Sirt3 was demonstrated to 
promote autophagy, alleviating acute kidney injury, tubular 
cell apoptosis and inflammatory responses in the kidneys (11). 
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Moreover, through the activation of the process of autophagy, 
Sirt3 significantly attenuates the occurrence and develop‑
ment of diabetes‑related microvascular complications (12). 
Sirt3 has also been shown to inhibit mitochondrial injury and 
cardiomyocyte apoptosis through the activation of autophagy 
and mitophagy in HG‑stimulated cardiomyocytes  (13). 
Mesenchymal stem cells have been shown to attenuate diabetic 
lung fibrosis by modulating Sirt3‑mediated stress responses, 
such as the enhancement of autophagy and inhibition of oxida‑
tive stress, inflammation, apoptosis and endoplasmic reticulum 
stress (14).

With regards to the pathways regulating autophagy, Notch 
homolog 1 (Notch‑1)/hairy and enhancer of split‑1 (Hes‑1) has 
been proven to be involved in cell proliferation, differentia‑
tion and death (15). Moreover, this pathway has been shown 
to regulate the equilibrium between autophagosome forma‑
tion and clearance by lysosomes in podocytes (16). However, 
whether this pathway plays a role in the autophagic process in 
renal tubular epithelial cells is not yet fully understood, and the 
function of Sirt3 in modulating autophagy in HG‑stimulated 
proximal tubular epithelial cell injury remains undetermined. 
Thus, the present study aimed to evaluate the renoprotective 
effects of Sirt3 against DN. Additionally, whether Sirt3 over‑
expression attenuates kidney injury via modulating autophagy 
in HG‑stimulated proximal tubular epithelial cells was 
determined.

Materials and methods

Cell culture and treatment. HK‑2 cells were purchased 
from the American Type Culture Collection and cultured as 
previously described (17). All cells were cultured in DMEM 
(Invitrogen; Thermo Fisher Scientific, Inc.) with 10% FBS 
(HyClone; Cygtiva) at 37˚C, 5% CO2 in a humidified incu‑
bator. Cells (5x105 cells/well) were seeded in 6‑well plates 
at 80% confluency and continued to be cultured in DMEM 
with 2% FBS. The HK‑2 cells were serum‑starved for 24 h, 
followed by exposure to DMEM with 5.5 mM glucose [normal 
glucose (NG)], 30 mM glucose (HG) or NG + hyperosmotic 
medium [24.5 mmol/l mannitol (M)]. Following washing three 
times with 1X PBS, the HK‑2 cells were harvested for the cell 
viability assay. This was followed by transfection with over‑
expression plasmid and the inhibition of the Notch‑1/Hes‑1 
pathway.

Cell viability assay. HK‑2 cells were cultured in the desig‑
nated medium for an additional 6, 12, 24, 48 and 72 h. Cell 
viability was determined using a Cell Counting Kit‑8 (CCK‑8; 
MedChemExpress) assay. Briefly, the HK‑2 cells were washed 
and plated at a density of 1x103‑104 cells per well in a 96‑well 
plate. Cells were incubated in fresh medium at 37˚C for an 
additional 48 h. Subsequently, CCK‑8 solution (10 µl) was 
added to each well of the culture medium at each time point, 
according to the manufacturer's instructions. The plates were 
kept at 37˚C with 5% CO2 in an incubated plate holder for 1 h. 
The absorbance was determined using a microplate reader 
(BioTek microplate reader; BioTek Instruments, Inc.) at 450 nm.

Transfection with overexpression plasmid. HK‑2 cells were 
seeded in a 6‑well plate at a density of 5x105 cells/well for 

48 h. Plasmid transfection was performed using FuGENE 6 
(Promega Corporation) according to the manufacturer's instruc‑
tions. The plasmids used in the present study were described 
previously and confirmed by DNA sequencing (18). Cells were 
transfected with 2 µg pCMV‑SIRT3 or empty pCMV‑vector 
(Integrated Biotech Solutions) at 37˚C. Following 48 h of 
transfection, the HK‑2 cells were stimulated with HG for 48 h 
at 37˚C. The transfection efficacy was determined by reverse 
transcription‑quantitative PCR (RT‑qPCR) and western blot 
analysis.

Inhibition of the Notch‑1/Hes‑1 pathway. To activate the 
Notch‑1/Hes‑1 pathway, Jagged1‑FC (final concentration, 
0.5 µg/ml; cat. no. 1277‑JG; R&D Systems, Inc.) was added to 
the medium and the incubation was continued for a further 2 h 
at room temperature.

Western blot analysis. Western blot analysis was performed 
as previously described (19). The HK‑2 cells were washed 
with 1X PBS three times and lysed with RIPA lysis buffer 
(Beyotime Institute of Biotechnology). Total protein extracts 
were collected and the concentration was quantified using 
a BCA assay (Pierce; Thermo Fisher Scientific, Inc.). Total 
protein (30 µg) was loaded onto 10% SDS‑PAGE (Beijing 
Solarbio Science & Technology Co., Ltd.) followed by 
transfer onto PVDF membranes (Bio‑Rad Laboratories, 
Inc.). The membranes were blocked with TBS containing 
0.1% Tween‑20 (TBST) containing 5% non‑fat milk for 1 h 
at room temperature, followed by primary antibody incu‑
bation overnight at  4˚C. The antibodies were as follows: 
Anti‑Beclin‑1 (cat. no. ab210498; 1:1,000; Abcam), anti‑LC‑3II 
(cat. no. ab48394; 1:1,000; Abcam), anti‑p62 (cat. no. ab56416; 
1:1,000; Abcam), anti‑Sirt3 (cat.  no.  ab217319; 1:1,000; 
Abcam), anti‑Notch‑1 (cat.  no.  ab52627; 1:1,000; Abcam), 
anti‑Hes‑1 (cat. no. ab108937; 1:1,000; Abcam) and anti‑β‑actin 
(cat. no. ab8227; 1:1,000; Abcam). Following washing with 
TBST three times for 15  min, the membranes were then 
incubated with HRP‑conjugated secondary antibodies 
(cat. no. 7074 and 7076; 1:1,000; Cell Signaling Technology, 
Inc.) for 2 h at room temperature. Proteins were visualized 
using the ECL method (Thermo Fisher Scientific, Inc.). 
Semi‑quantification of the western blot bands was performed 
using ImageJ software (version 1.8.0; National Institutes of 
Health).

RT‑qPCR analysis. Total cellular mRNA of Beclin‑1, LC‑3II, 
p62, Sirt3, Notch‑1 and Hes‑1 was isolated using TRIzol® 
reagent (Invitrogen; Thermo Fisher Scientific, Inc.), according 
to the manufacturer's instructions. RT‑qPCR was performed as 
previously described (15). Total RNA (2 µg) extracted from the 
cultured cells was used as a template for cDNA synthesis. The 
primer sequences were as follows: Beclin‑1 forward, 5'‑AAT​
GAC​TTT​TTT​CCT​TAG​GGG​G‑3' and reverse, 5'‑GTG​GCT​
TTT​GTG​GAT​TTT​TTC​T‑3'; LC‑3II forward, 5'‑AGT​GCC​
TGT​GTT​GTT​ACG​GA‑3' and reverse, 5'‑GCA​GAA​GGG​AGT​
GTG​TCT​GA‑3'; p62 forward, 5'‑AGT​CGG​AGC​GGG​TTC​
TCT​AT‑3' and reverse, 5'‑GTG​ACA​CAC​ATT​CCA​GCG​AT‑3'; 
Notch‑1 forward, 5'‑CAG​ACA​GGC​AGG​TGG​GGT​CGT​GGT​
A‑3' and reverse, 5'‑GCG​ACA​ACG​CCT​ACC​TCT​G‑3'; Hes‑1 
forward, 5'‑CAA​CAC​GAC​ACC​GGA​TAA​AC‑3' and reverse, 
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5'‑TTC​AGC​TGG​CTC​AGA​CTT​TC‑3'; and β‑actin forward, 
5'‑TGA​CGT​GGA​CAT​CCG​CAA​AG‑3' and reverse, 5'‑CTG​
GAA​GGT​GGA​CAG​CGA​GG‑3'. The conditions for amplifica‑
tion were as follows: Initial denaturation at 95˚C for 5 min, 
followed by 40 cycles each at 95˚C for 10 sec, followed by 
60˚C for 30 sec, and 72˚C for 45 sec. β‑actin mRNA served 
as an endogenous control. The relative quantities of products 
were determined using the 2‑ΔΔCq method (20). The experi‑
ments were performed in triplicate for each group.

Cell immunofluorescence. Following seeding on coverslips 
in 6‑well plates (2x105 cells/well), the cells were fixed with 
4% paraformaldehyde for 10 min at 4˚C. Subsequently, the 
cells were blocked with 10% goat serum (Beijing Solarbio 
Science & Technology Co., Ltd.) for 15 min at room tempera‑
ture, and subjected to immunofluorescence staining with 
anti‑Sirt3 polyclonal antibody (1:500; cat. no. ab40963; Abcam) 
as the primary antibody. Following incubation overnight with 
anti‑Sirt3 antibody at 4˚C, the HK‑2 cells were then incubated 
with Cy3‑labeled IgG (cat. no. TA130020; 1:100; OriGene 
Technologies, Inc.) for 1 h at room temperature. The following 
day, the nuclei were stained with DAPI for 10 min at room 
temperature. Immunofluorescence was observed and captured 
using a fluorescence microscope (Olympus Corporation).

Statistical analysis. All experiments were carried out in 
triplicate. The analyses were performed using SPSS software 
(version 23.0; IBM Corp.). Data are expressed as the mean ± SD. 
For multiple comparisons between groups, a one‑way ANOVA 
followed by Tukey's post hoc test was performed. P<0.05 was 
considered to indicate a statistically significant difference.

Results

HG reduces the viability of HK‑2 cells. HK‑2 cell cultivation 
was performed in NG, HG or a hyperosmotic environment, 
and cell viability was then determined using a CCK‑8 assay 
(Fig. 1). When the HK‑2 cells were incubated in HG culture 
medium for 6 and 12 h, it was observed that there was a slight 
increase in cell viability compared with cells cultivated in 
NG. However, treatment with NG + M decreased cell viability 
compared with the NG group over the culturing time. Of note, 

HG markedly decreased cell viability compared with the cells 
treated with NG and NG + M with the duration of culture.

Long‑term culture of HK‑2 cells in HG inhibits the expression 
of Sirt3 and autophagy. After the cells were subjected to the 
different treatments (NG, NG + M and HG), the expression 
level of Sirt3 was detected (Fig. 2A). The expression of Sirt3 
exhibited an unremarkable change in the HK‑2 cells cultured 
in NG + M compared with the NG group. Compared with the 
NG group, the protein expression level of Sirt3 was signifi‑
cantly decreased in the HK‑2 cells following stimulation with 
HG for 48 h (Fig. 2B). A similar trend was observed in the cell 
immunofluorescence assay (Fig. 2J). Short‑term HG culture 
(6 and 12 h) led to a significant elevation in Sirt3 protein 
expression. However, the expression level of Sirt3 tended 
to decrease with the increasing incubation time. No further 
changes in Sirt3 protein expression were observed at 48 h. 
Sirt3 mRNA expression exhibited a similar trend with that 
of its protein expression determined by western blot analysis 
(Fig. 2C).

In order to evaluate the effects of HG on autophagic activa‑
tion in HK‑2 cells, western blot analysis and RT‑qPCR were 
performed to determine the mRNA and protein expression 
levels of Beclin‑1, LC‑3II and p62 (Fig. 2A and D‑I). HG 
increased the protein expression levels of Beclin‑1 and LC‑3II 
at 6 and 12 h compared with the NG group. However, at later 
time points, HG significantly decreased Beclin‑1 and LC‑3II 
protein expression levels. These levels exhibited a downward 
trend from 24 h, with the most significant decrease observed 
at 48 h (Fig. 2D and F). With regards to p62 expression, the 
opposite trend was observed (Fig. 2H). Similar results were 
obtained by RT‑qPCR (Fig. 2E, G and I).

Long‑term culture of HK‑2 cells in HG activates Notch‑1/Hes‑1 
signaling. The expression levels of key proteins in the 
Notch‑1/Hes‑1 pathway were moderately expressed in the HK‑2 
cells (Fig. 3A). At 48 h, there was significant activation of the 
Notch‑1/Hes‑1 pathway in the HK‑2 cells cultured in NG + M 
compared with the NG group. Following a phase of inhibition, 
the Notch‑1/Hes‑1 pathway was significantly activated in the 
cells stimulated with HG for 48 h (Fig. 3B and D). Similar to 
the results obtained by western blot analysis, HG upregulated 

Figure 1. HG reduces the viability of HK‑2 cells. Values are presented as the mean ± SD. *P<0.05 and **P<0.01 vs. HG; #P<0.05 and ##P<0.01 vs. HG at 0 h; 
✶P<0.05 and ✶✶P<0.01 vs. NG + M at 0 h; &P<0.05 and &&P<0.01 vs. HG at 12 h. NG, normal glucose (5.5 mM glucose); M, mannitol (5.5 mM glucose + 
24.5 mmol/l mannitol); HG, high glucose (30 mM glucose).

https://www.spandidos-publications.com/10.3892/mmr.2021.12273


WANG et al:  SIRT3 UPREGULATES AUTOPHAGY OF HK‑2 CELLS VIA NOTCH‑1/HES‑1 INHIBITION4

the expression of Notch‑1/Hes‑1 at the transcriptional level 
at 48 h (Fig. 3C and E).

Sirt3 activates autophagy in HG‑stimulated HK‑2 cells. As 
shown in Fig.  4D‑J, HG significantly decreased Beclin‑1 
and LC‑3II expression, whereas it significantly increased 
p62 expression compared with the HK‑2 cells in the NG 
group. Following transfection with pCMV‑Sirt3, Sirt3 was 
significantly upregulated compared with the control‑vector 

group (Fig. 4A and B), and Sirt3 was effectively activated 
when treated with HG + pCMV‑Sirt3 compared with the 
HG + pCMV‑vector group (Fig.  4D). Compared with NG 
and HG group, the overexpression of Sirt3 by transfection 
with pCMV‑Sirt3 significantly enhanced cell viability at 48 h 
in the NG + pCMV‑vector and HG + pCMV‑vector groups, 
respectively (Fig. 4C). In addition, the expression of Beclin‑1 
and LC‑3II was significantly elevated at the transcriptional 
and translational levels in the HG  +  pCMV‑Sirt3 group 

Figure 2. Long‑term culture of HK‑2 cells in HG inhibits expression of Sirt3 and autophagy. (A) Representative western blots of proteins examined. Expression 
levels of (B) Sirt3, (D) LC‑3II, (F) Beclin‑1 and (H) p62 were determined by western blotting. β‑actin was used as an internal control. mRNA expression levels 
of (C) Sirt3, (E) LC‑3II, (G) Beclin‑1 and (I) p62 were determined by reverse transcription‑quantitative PCR. (J) Effects of HG on the expression of Sirt3 were 
determined by immunofluorescence staining [scale bar, 50 µm; the enlarged image is a larger scale image of the area in the merged image represented by the 
white box (scale bar, 25 µm)]. Sirt3 (green) was defined by staining cells with anti‑Sirt3 antibody. DAPI staining (blue) was used to determine the position 
of the nucleus. #P<0.05 and ##P<0.01 vs. NG; *P<0.05 and **P<0.01 vs. HG at 12 h. NG, normal glucose (5.5 mM glucose); M, mannitol (5.5 mM glucose + 
24.5 mmol/l mannitol); HG, high glucose (30 mM glucose); Sirt3, sirtuin3.
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compared with the HG group. Moreover, pCMV‑Sirt3 signifi‑
cantly decreased p62 expression compared with the HG group 
(Fig. 4E‑J). These results demonstrated that Sirt3 reversed 
the inhibition of autophagy induced by HG. Moreover, the 
results presented in Fig. 4K and L also demonstrated that HG 
inhibited the expression of Sirt3 at the transcriptional level 
compared with the NG group.

Sirt3 inhibits the Notch‑1/Hes‑1 pathway in HG‑stimulated 
HK‑2 cells. The expression of Notch‑1 (Fig. 5A‑C) and Hes‑1 
(Fig. 5A, D and E) was significantly elevated in the HK‑2 
cells following stimulation with HG for 48 h compared with 
the NG group. Nevertheless, the HG‑induced activation of the 
Notch‑1/Hes‑1 pathway was attenuated when the cells were 
transfected with pCMV‑Sirt3, which suggested that Sirt3 
inhibited the Notch‑1/Hes‑1 pathway in the HG‑stimulated 
HK‑2 cells.

Sirt3 upregulates autophagy in HK‑2 cells via the inhibition 
of Notch‑1/Hes‑1 signaling. As illustrated in Fig.  6A‑E, 
HG could induce activation of the Notch‑1/Hes‑1 signaling 
pathway, which was inhibited by Sirt3. Notch‑1/Hes‑1 pathway 
activation via the Notch‑1/Hes‑1 pathway activator, Jagged‑1, 
significantly upregulated Notch‑1/Hes‑1 protein expression 
compared with the HG + pCMV‑Sirt3 group. As shown in 
Fig. 6F, a marked decrease in Beclin‑1 and LC‑3II expression 
was observed in the HK‑2 cells following stimulation with HG 
for 48 h (Fig. 6G‑J). The accumulation of p62 was also detected 
in the HG‑stimulated cells (Fig. 6K and L). However, the 
autophagic process was activated when the cells were treated 
with HG + pCMV‑Sirt3. A significant decrease in Beclin‑1 
and LC‑3II, and a pronounced rise in P62 was detected in 
the HG + pCMV‑Sirt3 + Jagged‑1 group compared with the 
HG + pCMV‑Sirt3 group (Fig. 6G‑L). These results indicated 
that Sirt3 positively regulated autophagy via the inhibition of 
the Notch‑1/Hes‑1 pathway.

Discussion

Autophagy is a basic process of physiological metabolism 
that functions to remove impaired organelles and protein 
aggregates, resulting in the recycling and remobilization of 
nutrients (21). The dysfunction of the process of autophagy has 
been reported to be an important pathogenic mechanism and 
it plays a role in the occurrence and development of several 
diseases (22). Under HG stress conditions, the impairment of 
autophagy predisposes nephrocytes to accumulate unfolded 
proteins and damaged organelles  (23). The inhibition of 
autophagy induced by HG is considered to be one of the key 
pathogenetic factors for DN  (24). Studies have suggested 
that the alleviation of autophagic obstruction is involved in 
the repair of the damage caused to renal tubular epithelial 
cells by hyperglycemia (25,26). Although there is evidence 
that focused on the autophagic process in DN, the molecular 
mechanisms responsible for the regulation of autophagy 
remain unclear.

In the present study, it was found that cell viability increased 
during the early phase of HG stimulation. The viability of the 
HK‑2 cells was decreased by extending the incubation time. 
In parallel, autophagy was suppressed in the HK‑2 cells. The 
inhibitory effect was most evident at 48 h and later time points. 
A number of theoretical hypotheses have been proposed to 
explain the molecular pathways regulating autophagy in the 
diabetes‑induced damage to renal tubular epithelial cells (24). 
Among these, Sirt1, which has been implicated as a nicotin‑
amide adenine dinucleotide‑dependent deacetylase, has been 
reported to be a positive regulator of autophagy (27). Sirt1 
serves as a potential renoprotective factor. The low expres‑
sion of Sirt1 has been shown to lead to diabetic renal injury 
via the negative regulation of autophagy (24). Sirt1 and Sirt3 
belong to the same family and can both mediate the regula‑
tion of autophagy. In the present study, HG decreased Sirt3 
expression in the HK‑2 cells. To date, at least to the best of 

Figure 3. Long‑term culture of HK‑2 cells in HG activates Notch‑1/Hes‑1 signaling. (A) Representative western blots of proteins examined. Expression of 
(B and C) Notch‑1 and (D and E) Hes‑1 was determined by western blotting and reverse transcription‑quantitative PCR. β‑actin was used as an internal control. 
#P<0.05 and ##P<0.01 vs. NG; **P<0.01 vs. HG at 12 h. NG, normal glucose (5.5 mM glucose); M, mannitol (5.5 mM glucose + 24.5 mmol/l mannitol); HG, high 
glucose (30 mM glucose); Notch‑1, notch homolog 1; Hes‑1, hairy and enhancer of split‑1.

https://www.spandidos-publications.com/10.3892/mmr.2021.12273
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our knowledge, there is no in‑depth study available on the 
effects of HG on Sirt3. The mechanisms through which Sirt3 
functions in response to environmental signals remain to be 
determined. Previously, in animal experiments, Sirt3 was 

shown to ameliorate autophagy dysfunction in acute tubular 
cell injury, resulting in the upregulation of LC‑3II and Beclin‑1 
expression (11). Additionally, a previous in vitro study revealed 
that Sirt3 attenuated the inhibition of autophagy induced by 

Figure 4. Sirt3 activates autophagy in HG‑stimulated HK‑2 cells. (A) Western blot analysis and (B) RT‑qPCR were used to detect the transfection efficiency 
of the overexpression plasmid in HK‑2 cells. &&P<0.01 vs. control‑vector. (C) Effect of Sirt3 on cell viability. *P<0.05 and **P<0.01 vs. HG; #P<0.05 and 
##P<0.01 vs. HG at 0 h; ✶P<0.05 and ✶✶P<0.01 vs. NG; &P<0.05 and &&P<0.01 vs. HG at 12 h. (D) Representative western blots of proteins examined. Expression 
levels of (E and F) LC‑3II, (G and H) Beclin‑1, (I and J) p62 and (K and L) Sirt3 were determined by western blot analysis and RT‑qPCR. β‑actin was used 
as an internal control. ##P<0.01 vs. NG; **P<0.01 vs. HG. NG, normal glucose (5.5 mM glucose); HG, high glucose (30 mM glucose); RT‑qPCR, reverse 
transcription‑quantitative PCR; Sirt3, sirtuin3.
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high levels of oxalic acid in renal tubular epithelial cells; this 
led to the suppression of cell apoptosis and necrosis, as well as 
in the protection of renal function (28). In the present study, 
Sirt3 activated autophagy in the HG‑stimulated HK‑2 cells, as 
evidenced by the upregulation of LC‑3II and Beclin‑1, and the 
downregulation of p62 expression, either at the transcriptional 
or post‑transcriptional levels in the HK‑2 cells. These results 
are in accordance with those of a similar previous study (11). 
However, unlike the present study, the previous study focused 
on renal tubular cell damage caused by sepsis rather than 
HG‑induced renal tubular cell damage. Due to the different 
pathogenic mechanisms, whether the two diseases have 
anything in common in regulatory pathways warrants further 
investigation.

With regards to the exact mechanisms through which 
Sirt3 promoted autophagy, it has previously been reported that 
Sirt3 regulates the autophagic process by activating different 
downstream signaling pathways. Previously, in a cell model 
of rotenone‑induced Parkinson's disease, Sirt3 was found to 
protect against neurodegenerative disease through the regula‑
tion of autophagy via activating the liver kinase B1/adenosine 
monophosphate‑activated protein kinase (AMPK)/mTOR 
pathway (29). Additionally, studies have demonstrated that 
Sirt3 protects against cellar damage via AMPK‑mediated 
autophagy (11,30). The present study demonstrated that Sirt3 
promoted the autophagy of HK‑2 cells via the inhibition of 
Notch‑1/Hes‑1 signaling.

It is well‑known that the Notch pathway is an evolutionarily 
conserved intercellular signaling pathway, and is involved in the 
course of renal development by regulating the differentiation 
and maturation of podocytes (31,32). A previous study demon‑
strated that autophagy in podocytes was markedly diminished 
when Notch signaling was upregulated (33). However, studies 
on the association between the Notch pathway and autophagy 
in renal tubular epithelial cells are limited. In the present 
study, it was found that the Notch‑1/Hes‑1 pathway was acti‑
vated in HG‑stimulated HK‑2cells. The promoting effects of 
Sirt3 on autophagy were attenuated following the activation 
of the Notch‑1/Hes‑1 pathway. This provides further evidence 
that Sirt3 activated autophagy in HK‑2 cells via the inhibition 
of Notch‑1/Hes‑1 pathway.

The findings presented herein are preliminary and thus, 
further in‑depth investigations are warranted. In future 
experiments, the formation of autophagosomes should be 
traced using the autophagic flux indicator RFP‑GFP‑LC3 
under fluorescence microscopy. Additionally, the formation 
of autophagosomes in different stages of integration should 
be confirmed by electron microscopy. Moreover, detecting 
changes in LC3‑II and Beclin‑1 levels alone does not appear 
sufficient for the evaluation of autophagic activity. The 
induction of autophagy and the accumulation of autophago‑
somes are not entirely representative of the activation of the 
autophagic pathway. For an improved evaluation of autophagic 
activity, more effective methods (e.g. electron microscopy 

Figure 5. Sirt3 inhibits the activation of the Notch‑1/Hes‑1 pathway in HG‑stimulated HK‑2 cells. (A) Representative western blots of proteins examined. 
Expression of (B and C) Notch‑1 and (D and E) Hes‑1 were determined by western blot analysis and reverse transcription‑quantitative PCR. β‑actin was 
used as an internal control. ##P<0.01 vs. NG; **P<0.01 vs. HG. NG, normal glucose (5.5 mM glucose); HG, high glucose (30 mM glucose); Sirt3, sirtuin3; 
Notch‑1, notch homolog 1; Hes‑1, hairy and enhancer of split‑1.
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and LC3‑GFP imaging) should be used for detection of the 
degradation process.

In conclusion, the present study demonstrated that the 
overexpression of Sirt3 induced an increase in the levels of 
autophagy regulators in HK‑2 cells stimulated with HG. Sirt3 
activated autophagy at least partly, via the inhibition of the 
Notch‑1/Hes‑1 pathway. Thus, Sirt3 may be a viable target in the 
treatment of DN via the inhibition of Notch‑1/Hes‑1 signaling.
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