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Abstract. The aim of the present study was to investigate 
the effects of transcription factor EB (TFEB) overexpression 
on oxidative stress, mitochondrial function and apoptosis in 
podocytes induced with high glucose. High glucose‑induced 
time‑dependent changes in TFEB expression were identi-
fied and nuclear translocation of TFEB was observed in 
podocytes. Overexpression of TFEB markedly reduced 
high glucose‑induced oxidative stress in podocytes, and 
increased the expression of superoxide dismutase 2 and 
heme oxygenase  1 antioxidant enzymes. It was further 
observed that TFEB overexpression could partially restore 
the expression of peroxisome proliferator‑activated receptor‑γ 
coactivator‑1α, transcription factor A, mitochondrial, and 
cytochrome c oxidase subunit 4, thereby enhancing mito-
chondrial biosynthesis. Furthermore, overexpression of TFEB 
reduced mitochondrial swelling and fragmentation, restored 
mitochondrial membrane potential, and contributed to the 
restoration of mitochondrial function. By overexpressing 
TFEB, it was revealed that TFEB increased the ratios of 
phosphorylated (p)‑Akt/Akt and p‑Bad/Bad, and the expres-
sion of downstream Bcl‑xl, and reduced the ratio of Bax/Bcl‑2 
and the expression of cleaved‑caspase‑3 compared with high 
glucose‑treatment. Furthermore, when the Akt phosphoryla-
tion inhibitor Ly294002 was added, the improvement by 
TFEB to high glucose‑induced apoptosis was significantly 
reduced. These findings suggest that overexpressing TFEB 
could reduce the production of reactive oxygen species in 
podocytes in a high glucose environment, relieve oxidative 
stress, promote mitochondrial biogenesis and renewal func-
tions, and reduce high glucose‑induced podocyte apoptosis by 
activating the Akt/Bad pathway.

Introduction

Diabetic nephropathy (DN) is a leading cause of end‑stage 
kidney disease (1‑3). Globally, diabetes has previously been 
reported to be associated with a substantially increased risk 
of mortality. However, this increased risk is predominantly 
identified in patients with both diabetes and kidney disease (1). 
The increasing incidence rates of diabetes and DN are a global 
public health problem and bring a heavy economic burden to 
society (3). Therefore, it is necessary to elucidate the pathogen-
esis and identify novel therapeutic targets of DN.

Podocytes serve a vital role in the glomerular filtration 
barrier (4). Glomerular filtration barrier injury is a hallmark of 
DN, and a notable cause of glomerulosclerosis and impaired 
renal function  (5). Hyperglycemia can induce podocyte 
oxidative stress, apoptosis and inflammation (6). Reactive 
oxygen species (ROS) serve a vital role in the development 
of diabetes and diabetic complications  (7). According to 
numerous studies, ROS are important secondary messengers 
for signaling pathways associated with apoptosis, prolifera-
tion, damage and inflammation (8‑11). At the early stages of 
diabetes, podocyte apoptosis induced by hyperglycemia can 
cause glomerular hyperfiltration  (12). High glucose  (HG) 
can not only cause mitochondrial structural destruction and 
dysfunction by affecting mitochondrial biogenesis, mitophagy 
and mitochondrial dynamics, but can also release certain 
molecules that induce apoptosis. Therefore, reducing ROS 
production and blocking mitochondria‑mediated podocyte 
apoptosis have potential significance in the treatment of 
diabetic nephropathy (13). However, the precise underlying 
molecular mechanism is not well understood.

The transcription factor  EB (TFEB) is a member of 
the microphthalmia‑transcription factor E family of basic 
helix‑loop‑helix–leucine‑zipper transcription factors (14). The 
role of TFEB as a ‘master regulator’ of the autophagy‑lysosome 
pathway has been widely investigated  (15,16). In addition, 
TFEB is involved in a variety of pathophysiological processes, 
including modulating mitochondrial function through the 
peroxisome proliferator‑activated receptor‑γ coactivator‑1α 
(PGC‑1α) and phosphatase and tensin homolog‑induced 
kinase pathways trigged by ROS (17,18), responding to endo-
plasmic reticulum stress through calcium signaling (19), and 
participating in immune responses via macrophage cells (20). 
Advanced glycation end products have been demonstrated 
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to reduce the expression of TFEB in glomerular mesangial 
cells and produce significant oxidative stress (21). In addi-
tion, monolayer podocytes overexpressing TFEB were able to 
restore selective permeability of albumin (22).

To the best of our knowledge, there has been limited inves-
tigation regarding the associations between TFEB and kidney 
diseases, particularly DN. The role of TFEB in the pathogenesis 
and progression of DN remains unknown. The present study 
hypothesized that decreased TFEB in DN may promote mito-
chondrial damage, excessive ROS production and subsequent 
podocyte apoptosis. The current study evaluated the changes 
in TFEB expression in HG cultured podocytes in vitro, and the 
effects of overexpressing TFEB on ROS production, oxidative 
stress, mitochondrial damage and apoptosis. Furthermore, 
possible molecular mechanisms were investigated.

Materials and methods

Cell culture. Conditioned immortalized mouse podocytes 
(cat.  no.  3111C0001CCC000230) were purchased from 
the Basic Medical Cell Center of Beijing Union Medical 
College (http://www.cellresource.cn/). The present study 
was approved by the Pathology Laboratory of Hebei Medical 
University (Shijiazhuang, China) for the use of purchased 
mouse podocytes. Mouse podocytes were cultured in 
DMEM‑F12 (glucose, 1 g/l; Gibco; Thermo Fisher Scientific, 
Inc.) supplemented with 10% fetal bovine serum (Biological 
Industries, Kibbutz Beit‑Haemek, Israel) and 10 U/ml IFN‑γ. 
Subsequently, the differentiation of podocytes was induced 
in the aforementioned medium without IFN‑γ at 37˚C in a 
humidified atmosphere with 5% CO2. Mature podocytes were 
used for subsequent experiments after ~10 days.

Stimulation at 37˚C was initiated when the cells grew 
to 60‑70%, and the cells were divided into a normal 
glucose (NG) group (5.5 mmol/l D‑glucose; Sigma‑Aldrich; 
Merck KGaA), a mannitol‑hypertonic control group (5.5 mmol/l 
D‑glucose + 24.5 mmol/l D‑mannitol; Sigma‑Aldrich; Merck 
KGaA) and a HG group (30 mmol/l D‑glucose). Fresh medium 
was provided daily to ensure the stability of the glucose concen-
tration. Preliminary experiments demonstrated that the stability 
of the glucose concentration could be maintained via providing 
fresh medium daily (data not shown). Previous studies have 
reported that it's possible to maintain a stable glucose concen-
tration for 72 h (23‑25). In addition, N‑acetylcysteine (NAC; 
5  mmol/l; MedChem Express) and Ly294002 (20  µmol/l; 
MedChem Express) were directly added to the HG  group 
at 37˚C for 48 h.

Plasmids and transfection. When the cells were grown to 
70‑90% confluence, 2.5  µg pcDNA3.1  (+)‑TFEB plasmid 
(Cyagen Biosciences, Inc.) or the control pcDNA3.1 (+)‑vector 
(Cyagen Biosciences, Inc.) were transfected into different 
groups of mouse podocytes using Lipofectamine®  3000 
(Thermo Fisher Scientific Inc.), according to the manufac-
turer's protocol. Each well of a six‑well plate contained 2.5 µg 
plasmid or control vector, 3.75 µl Lipofectamine 3000 reagent 
and 5 µl P3000 reagent. The cells were cultured in an incu-
bator at 37˚C with 5% CO2. Following 6 h, fresh medium was 
provided as required. After 24 h, the aforementioned stimula-
tions were initiated for 48 h.

Western blotting. Protein was extracted from the treated cells 
using RIPA lysate with proteinase inhibitor and phosphatase 
inhibitor (Roche Diagnostics) for 30 min on ice. The fractions 
of nuclear protein and cytoplasmic protein were separated 
using Minute™ C ytoplasmic and Nuclear Extraction kit 
(cat. no. SC‑003; Invent Biotechnologies, Inc.), according to 
the manufacturer's protocol. The protein concentration was 
detected using the BCA method. Equal amounts of protein 
(30 µg) were separated by 12% SDS‑PAGE. Following elec-
trophoresis, the targeted proteins on the gel were transferred to 
polyvinylidene difluoride (PVDF) membranes and blocked with 
5% skim milk overnight at 4˚C. Subsequently, the membrane 
was incubated with primary antibodies at room temperature 
for 2 h. After three washes with TBS and 0.5% Tween‑20, the 
membrane was incubated with horseradish peroxidase‑labeled 
secondary antibody (goat anti‑rabbit; cat.  no.  074‑1506; 
1:10,000; KPL, Inc.) for 1 h at room temperature. Subsequently, 
the PVDF membrane was immersed into an electrochemilu-
minescence solution (Tangen Biosciences, Inc.) for 2 min in a 
dark room. Finally, the band intensities were quantified using 
ImageJ 1.8.0 software (National Institutes of Health). The 
primary antibodies anti‑Akt (cat. no. 4691; 1:1,000), anti‑phos-
phorylated (p)‑Akt (Thr308; cat. no. 9275; 1:1,000), anti‑Bad 
(cat. no. 9239; 1:1,000) and anti‑p‑Bad (Ser112; cat. no. 5284; 
1:1,000) were purchased from Cell Signaling Technology, Inc.. 
Anti‑cleaved‑caspase‑3 (cat. no. 29034; 1:500) and anti‑nephrin 
(cat.  no.  31249; 1:1,000) were purchased from Signalway 
Antibody LLC. Anti‑TFEB (cat. no. 13372‑1‑AP; 1:1,000), 
anti‑superoxide dismutase 2 (SOD2; cat.  no.  24127‑1‑AP; 
1:2:000), anti‑heme oxygenase 1 (HO1; cat. no. 10701‑1‑AP; 
1:2,000), anti‑PGC1α (cat. no. 20658‑1‑AP; 1:1,000) anti‑tran-
scription factor mitochondrial (TFAM; cat. no. 19998‑1‑AP; 
1:1,000) and anti‑cytochrome c oxidase subunit IV (COX IV; 
cat. no. 11242‑1‑AP; 1:1,000) were purchased from Protein Tech 
Group, Inc.. Anti‑Bcl‑2 (cat. no. ab59348; 1:1,000), anti‑Bax 
(cat. no. ab32503; 1:2,000) and anti‑Bcl‑xl (cat. no. ab32370; 
1:1,000) were purchased from Abcam. Anti‑β‑actin 
(cat.  no. AC026: 1:10,000) was purchased from ABclonal 
Biotech Co., Ltd. and anti‑lamin B1 (cat.  no. ARG65740; 
1:2,000) was purchased from Arigo Biolaboratories Corp.

Cell immunofluorescence. The cells (1x106) cultured in 
six‑well plates were fixed in 4% paraformaldehyde at room 
temperature for 15 min and then treated with 0.2% Triton 
diluted in PBS for 10 min. After washing with PBS, goat 
serum was used to block non‑specific binding site at 37˚C 
for 1 h. Rabbit anti‑mouse TFEB antibody (1:100) was then 
added and incubated overnight at 4˚C. Dylight 488‑labeled 
secondary antibody (cat. no. 072‑03‑15‑06; 1:150; KPL, Inc.) 
was added and incubated at 37˚C for 1 h. After washing with 
PBS, the nuclei were stained with DAPI at room temperature 
for 5 min. The cells were observed with a confocal microscope 
(magnification, x630; Leica Microsystems GmbH).

Reverse transcription‑quantitative polymerase chain reac‑
tion (RT‑qPCR). RNA was extracted from the treated cell 
using TRIzol® reagent (Thermo Fisher Scientific Inc.). cDNA 
was synthesized using Reverse Transcription mix (Promega 
Corporation), followed by qPCR. The thermocycling conditions 
were as follows: 95˚C for 60 sec, 40 cycles at 95˚C for 5 sec, 
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56˚C for 30 sec and extension at 72˚C for 30 sec. The mRNA 
levels of target genes were detected on an Agilent Mx3000P 
QPCR system (Agilent Technologies, Inc.). The relative quan-
tities of mRNA were calculated using the 2‑∆∆Cq method (26) 
and normalized to the housekeeping gene β‑actin. The primer 
sequences for qPCR are presented in Table I.

Intracellular ROS detection. Cells (1x105) were cultured in 
six‑well plates and washed three times with PBS following 
stimulation. Subsequently, 10  µmol/l f luorescent probe 
2',7'‑dichlorodihydrofluorescein diacetate (DCFH‑DA) was 
added to all groups except the negative control group. The cells 
were then incubated in the dark for 30 min at 37˚C and washed 
with PBS. Cells were collected into a flow‑tube‑specific 
tube with a filter and then analyzed using a flow cytometer 
(FACS‑Aria II; BD Biosciences) within 1 h and FlowJo 7.6 
(FlowJo LLC, Ashland, OR, USA) was used for analysis.

Mitochondrial ROS detection. After washing with pre‑warmed 
Hanks' balanced salt solution/Ca/Mg buffer (Solarbio Science 
and Technology Co., Ltd.) three times, the cells were incubated 
in the dark with 5 µmol/l MitoSOX reagent (Thermo Fisher 
Scientific, Inc.) working solution at 37˚C for 20 min. The cells 
were observed immediately under a confocal microscope 
(magnification, x630) after being washed twice with Hanks' 
buffer.

Mitochondrial morphology detection. Following washing 
with pre‑warmed PBS three times, the cells were incubated in 
the dark with 100 nmol/l MitoTracker Red working solution 
(Thermo Fisher Scientific Inc.) at 37˚C for 15 min. Following 
incubation, the cells were washed three times and then directly 
visualized by laser scanning confocal microscopy (magnifica-
tion, x630; Leica Microsystems GmbH).

Detection of mitochondrial membrane potential. The cells 
(1x106) were cultured in a 60‑mm dish. Following stimulation, 
the cells were washed three times with PBS and 10 µg/ml 
JC‑1 was added, according to the manufacturer's protocol. 
The cells were incubated in the dark at 37˚C for 20 min. After 
incubation, the cells were washed three times and immediately 
images were captured with a confocal microscope (magnifi-
cation, x630; Leica Microsystems GmbH). The change in 

mitochondrial membrane potential is represented by the ratio 
of red to green fluorescence.

Flow cytometry detection of cell apoptosis. Treated cells 
(1x105) were collected into an EP tube and washed twice 
with pre‑chilled PBS. Subsequently, 100  µl 1X  binding 
buffer (cat. no. 51‑66121E; BD Pharmingen; BD Biosciences), 
5 µl PE Annexin V (cat. no. 51‑65875X' BD Pharmingen; 
BD  Biosciences) and 5  µl 7‑ADD (cat.  no.  51‑68981E; 
BD Pharmingen; BD Biosciences) were added according to the 
protocol, and the cells were incubated in the dark for 15 min at 
room temperature. Then, 400 µl 1X binding buffer was added 
to each tube and transferred to a special flow tube with a filter 
protected from light. Cell apoptosis was detected using a flow 
cytometer (FACS‑Aria II; BD Biosciences) within 1 h and 
FlowJo 7.6 (FlowJo LLC) was used for analysis.

Statistical analysis. SPSS  21.0 (IBM Corp.) was used to 
analyze all data. Data are presented as the mean ± standard 
deviation. Each set of data represents at least three indepen-
dent experiments. Differences among multiple groups were 
statistically analyzed using one‑way ANOVA followed by 
Bonferroni's post hoc test. P<0.05 was considered to indicate a 
statistically significant difference.

Results

HG induces time‑dependent changes in TFEB expression and 
induces its nuclear translocation in podocytes. The mRNA and 
protein levels of TFEB were detected by RT‑qPCR and western 
blot analysis, respectively. The results demonstrated that the 
expression of TFEB induced by HG was time‑dependent, with 
a tendency to increase first and then decrease. Compared with 
the NG group, the level of TFEB significantly increased after 
6 h of HG culture and then gradually decreased. After 72 h of 
HG culture, the protein level of TFEB decreased to 58% of the 
level of the NG group and the mRNA level of TFEB decreased 
to 46% (Fig. 1A and B). However, no significant difference 
was observed in the expression level of TFEB between the 
NG group and the mannitol‑hypertonic group. Within 24 h 
following HG stimulation, the TFEB level in the nucleus was 
significantly higher compared with that in the NG group, 
while the protein level of TFEB in the cytosol did not change 

Table I. Primer sequences for reverse transcription‑quantitative polymerase chain reaction.

Primer	 Forward sequence	 Reverse sequence

TFEB	 5'‑GTCTTGGGCAAATCCCTTCT‑3'	 5'‑TTCGGGCTCCCTGTAGTCG‑3'
PGC‑1α	 5'‑TGTGCTGCTCTGGTTGGT‑3'	 5'‑GTTGGATATGATTTCCGATT‑3'
TFAM	 5'‑GGAATGTGGAGCGTGCTA‑3'	 5'‑CAAGACTGATAGACGAGGG‑3'
HO‑1	 5'‑GCTGGTGATGGCTTCCTT‑3'	 5'‑GGGCATAGACTGGGTTCTG‑3'
SOD‑2	 5'‑GGGCATAGACTGGGTTCTG‑3'	 5'‑TTCTCCTCGGTGGCGTTG‑3'
COX IV	 5'‑TCACTGCGCTCGTTCTGAT‑3'	 5'‑CGATCGAAAGTATGAGGGATG‑3'
β‑actin	 5'‑GGCTGTATTCCCCTCCATCG‑3'	 5'‑CCAGTTGGTAACAATGCCATGT‑3'

TFEB, transcription factor EB; PGC‑1α, peroxisome proliferator‑activated receptor‑γ coactivator‑1α; TFAM, transcription factor mitochon-
drial; HO‑1, anti‑heme oxygenase 1; SOD‑2, superoxide dismutase 2; COX IV, cytochrome c oxidase subunit IV.
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significantly (Fig.  1C). Cellular immunofluorescence also 
revealed that the nuclear location of TFEB was weak and the 
cytoplasmic fluorescence was strong in the NG group, while 
the nuclear location of TFEB increased and the fluorescence of 
the nucleus was enhanced in the HG group (Fig. 1D).

Overexpression of TFEB alleviates HG‑induced oxida‑
tive stress in mouse podocytes. To further clarify the role of 
TFEB in HG stimulation, plasmids overexpressing TFEB were 
transfected into mouse podocytes. The efficacy of transfection 
is presented in Fig. S1. It was identified that the expression 
of TFEB significantly increased following transfection with 
TFEB‑overexpression plasmids. The present study further 
detected the expression of the anti‑oxidative stress‑related 
proteins SOD2 and HO1 using RT‑qPCR and western blot 
analysis after 48 h of HG induction. The results demonstrated 
that the mRNA and protein levels of SOD2 and HO1 in the HG 
group were significantly decreased compared with those of 
the NG group. Overexpression of TFEB significantly reversed 
the HG‑induced decease in SOD2 and HO1, and there was no 
significant difference from the positive control HG + NAC 
group. No significant changes were observed between the 
HG  +  control group (podocytes transfected with empty 
vectors) and the HG group (Fig. 2A and B).

Subsequently, the fluorescence probes MitoSOX Red 
and DCFH‑DA were used to detect ROS in each group. The 
overexpression of TFEB and NAC‑treatment significantly 
reduced the production and accumulation of ROS induced 
by HG. These results suggest that overexpression of TFEB 
could reduce the oxidative stress of podocytes induced by HG 
(Fig. 2C and D).

Overexpression of TFEB protects the morphology and func‑
tion of podocyte mitochondria. Compared with the NG group, 
the expression levels of PGC‑1α, TFAM and COX IV in the 
HG group were decreased by 44, 41 and 40%, respectively, 
while the mRNA and protein levels of PGC‑1α, TFAM and 
COX IV were significantly increased following overexpression 
of TFEB (Fig. 3A and B), suggesting that TFEB enhanced the 
mitochondrial biogenesis function.

The summarized data for the number of normal/polar-
ized mitochondria are presented in Fig. 3C. The JC‑1 probe 
demonstrated that JC‑1 red fluorescence in the NG group 
was significantly stronger compared with JC‑1 green. 
Compared with the NG group, JC‑1 green fluorescence 
was significantly increased and mitochondrial membrane 
potential was significantly decreased in the HG group. The 

Figure 1. HG induces time‑dependent changes in TFEB mRNA and protein expression and causes nuclear translocation. The (A) mRNA and (B) protein levels 
of TFEB in podocytes with different HG‑stimulation times were analyzed by western blot and reverse transcription‑quantitative polymerase chain reaction. 
(C) The protein levels of TFEB in the nucleus and cytosol of podocytes with different HG‑stimulation times were detected by western blot analysis. (D) The 
distribution of TFEB (green) at 48 h after NG and HG was examined by confocal microscopy. Magnification, x630. *P<0.05, **P<0.01, ***P<0.001 vs. NG. 
HG, high glucose; TFEB, transcription factor EB; NG, normal glucose; M, mannitol‑hypertonic control.
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Figure 2. Overexpression of TFEB reduces HG‑induced podocyte oxidative stress. The HG + TFEB group transfected with the TFEB expression vector and 
the HG + control group transfected with an empty plasmid vector were cultured in HG medium for 48 h. Subsequently, (A) mRNA and (B) protein levels of 
SOD2 and HO1 were detected by reverse transcription‑quantitative polymerase chain reaction and western blot analysis, respectively. (C) Detection of mito-
chondrial ROS accumulation by confocal microscopy. (D) Flow cytometry analysis of intracellular ROS using a DCFH‑DA fluorescent probe. Scale bar=25 
µm; Magnification, x630. *P<0.05, **P<0.01, ***P<0.001 vs. NG group. ##P<0.01, ###P<0.001 vs. HG + control group. HG, high glucose; TFEB, transcription 
factor EB; NG, normal glucose; NAC, N‑acetylcysteine; SOD2, superoxide dismutase 2; HO1, anti‑heme oxygenase 1; DCFH‑DA, 2',7'‑dichlorodihydrofluo-
rescein diacetate.
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TFEB‑overexpression group demonstrated partial recovery 
of the membrane potential reduced by HG and an increase in 
the number of polarized mitochondria (Fig. 3D). Under the 
confocal microscope, the MitoTracker Red probe revealed 
that the mitochondria in the HG group demonstrated swelling 
and fragmentation compared with those in the NG group. 
Compared with the HG group, the TFEB‑overexpression 
group demonstrated reduced mitochondrial fragmentation 
and the number of mitochondria with normal morphology 
increased (Fig. 3E).

Overexpression of TFEB alleviates HG‑induced podocyte 
apoptosis by activating the Akt/Bad pathway. With prolonged 
HG stimulation, the expression of nephrin gradually decreased, 
while cleaved‑caspase‑3 and Bax/Bcl‑2 gradually increased. 
By 48 h, nephrin decreased by 40% in the HG group compared 
with the NG group, while cleaved‑caspase‑3 and Bax/Bcl‑2 

demonstrated a 1.23 and 2.35‑fold increase, respectively 
(Fig. 4A). Furthermore, the phosphorylation levels of Akt 
and Bad were altered following HG stimulation. The level 
of p‑Akt first increased and then decreased; the p‑Akt/Akt 
ratio increased by 70% after 12 h of HG stimulation, and the 
p‑Akt/Akt and p‑Bad/Bad ratios decreased to 48 and 45% 
of the NG group after 72 h of HG stimulation, respectively 
(Fig. 4B).

By overexpressing TFEB, it was observed that compared 
with HG, TFEB significantly increased the ratios of p‑Akt/Akt 
and p‑Bad/Bad, significantly enhanced the expression of down-
stream Bcl‑xl, significantly reduced the ratio of Bax/Bcl‑2, 
significantly reduced the expression of cleaved‑caspase‑3 and 
significantly increased the expression of nephrin. Furthermore, 
when Ly294002 was added, p‑Akt, p‑Bad, Bcl‑xl and nephrin 
were significantly inhibited compared with the HG + TFEB 
group (Fig. 4C and D).

Figure 3. Overexpression of TFEB can maintain mitochondrial morphology and function. The HG + TFEB group transfected with the TFEB expression 
vector and the HG + control group transfected with an empty plasmid vector were cultured in HG medium for 48 h. Then, (A) mRNA and (B) protein 
levels of PGC‑1α, TFAM and COX IV were detected by reverse transcription‑quantitative polymerase chain reaction and western blot analysis. (C) The red 
fluorescence/green fluorescence ratio indicates the change in mitochondrial membrane potential. (D) Detection of mitochondrial morphology by confocal 
microscopy. Scale bar=10 µm ; Magnification, x630. (E) Change of mitochondrial membrane potential of podocytes detected by confocal microscopy. Scale 
bar=25 µm; Magnification, x630. *P<0.05, **P<0.01 vs. NG group. #P<0.05, ##P<0.01, ###P<0.001 vs. HG + Control group. TFEB, transcription factor EB; 
HG, high glucose; PGC‑1α, peroxisome proliferator‑activated receptor‑γ coactivator‑1α; TFAM, transcription factor mitochondrial; COX IV, cytochrome c 
oxidase subunit IV; NG, normal glucose.
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Figure 4. Effects of TFEB overexpression on podocyte apoptosis and the Akt/Bad pathway. (A) The expression levels of nephrin, cleaved‑caspase‑3 
and Bax/Bcl‑2 in podocytes exposed to HG at different time points were analyzed by western blot. (B) The expression levels of p‑Akt, Akt, p‑Bad, Bad and 
downstream Bcl‑xl were detected by western blot. (C) p‑Akt, AKT, p‑Bad, Bad and Bcl‑xl protein expression in the NG, HG, HG + Control, HG + TFEB 
and HG + TFEB + Ly294002 groups. (D) Nephrin, cleaved‑caspase‑3, Bax and Bcl‑2 protein expression in the NG, HG, HG + Control, HG + TFEB and 
HG + TFEB + Ly294002 groups. (E) Flow cytometry was used to detect the apoptosis rate of each group when podocytes were exposed to HG for 48 h after 
overexpression of TFEB. *P<0.05, **P<0.01, ***P<0.001 vs. NG group. #P<0.05, ##P<0.01 vs. HG + Control group. &P<0.05, &&P<0.01, &&&<0.001 vs. HG + TFEB 
group. TFEB, transcription factor EB; HG, high glucose; p, phosphorylated; NG, normal glucose; M, mannitol‑hypertonic control.

https://www.spandidos-publications.com/10.3892/ijmm.2019.4209
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Flow cytometry analyses demonstrated that the percentage 
of apoptotic cells in the HG group was significantly higher 
compared with that of the NG group (Figs.  S2 and  4E). 
Overexpression of TFEB significantly reduced the HG‑induced 
increase in apoptosis. The percentage of apoptotic cells in 
the HG + TFEB + Ly294002 group was significantly higher 
compared with that of the TFEB overexpression group; 
however, no significant difference was observed in comparison 
with the HG group (Figs. S2 and 4E).

Discussion

Previous studies have demonstrated that the expression of 
TFEB decreased in the myocardium of mice fed high‑fat 
and high‑sugar diets (27), and HG at 30 mmol/l could induce 
nuclear translocation of TFEB in U937 monocytic cells (28). 
Similarly, the present study identified that TFEB expression 
first increased and then decreased, and nuclear translocation 
occurred in mouse podocytes cultured in HG for different time 
points. The early increase may be due to a feedback mecha-
nism that strengthens cells against undesirable factors and at 
the same time, entry into the nucleus initiates the transcription 
of downstream protective genes; however, when the stimula-
tion persists, it causes the expression to decrease rapidly. It is 
hypothesized that TFEB may serve a positive role in diabetes 
and its complications.

ROS can induce the dephosphorylation of TFEB (29). When 
excessive ROS accumulate, oxidative stress occurs and triggers 
more pathophysiological cascades. Knockdown of TFEB can 
lead to overproduction of ROS in the mitochondria of osteoblasts, 
which can be attenuated by NAC (30), whereas overexpression 
of TFEB can remove excess ROS to a certain extent (31). The 
present study identified that HG resulted in a large accumulation 
of ROS in the cytoplasm and mitochondria of podocytes, and 
significantly reduced the expression levels of SOD2 and HO1. 
During overexpression of TFEB, oxidative stress was reduced 
and the expression levels of SOD2 and HO1 increased signifi-
cantly, with no difference in stress level compared with the ROS 
scavenger NAC‑treated group. RT‑qPCR analysis demonstrated 
that the mRNA levels of SOD2 and HO1 increased by 5.7 and 
3.5‑fold, respectively, following overexpression of TFEB, which 
may be explained by the presence of TFEB‑binding sites on 
SOD2 and HO1 gene promoters and introns (31). These results 
indicate that TFEB alleviates oxidative stress, reduces accu-
mulated excess ROS and is associated with upregulation of the 
anti‑oxidative stress proteins SOD2 and HO1.

TFEB has been reported to be involved in mitochondrial 
quality control, can improve the activity of respiratory chain 
complexes and can increase ATP synthesis (17,32). The current 
results demonstrated that the TFEB‑overexpression group 
exhibited significantly higher mRNA and protein levels of 
PGC‑1α, TFAM and COX IV in podocytes compared with 
the HG group. PGC‑1α and TFAM are important regulators 
of mitochondrial biogenesis. Functionally, deacetylation of 
PGC‑1α activates TFAM, which in turn initiates the replication 
of mitochondrial DNA (33). COX IV is a key factor in COX 
assembly in the respiratory chain and is also a marker of mito-
chondria (34). Therefore, the current result suggests that TFEB 
enhances mitochondrial biogenesis. In addition, confocal 
microscopy demonstrated that the mitochondrial rod‑like 

structure was destroyed and became swollen and fragmented 
after HG stimulation, whereas TFEB significantly improved 
the mitochondrial morphology. TFEB also partially restored 
the mitochondrial membrane potential that was reduced by HG. 
Considering the previously reported close association between 
TFEB and cellular autophagy/mitophagy (35), we hypothesize 
that TFEB serves an important role in protecting mitochon-
drial morphology and function, maintaining mitochondrial 
renewal, and maintaining mitochondrial homeostasis.

Renal intrinsic cell apoptosis is elevated in DN and in HG 
conditions in vitro (36,37). The current study also demonstrated 
that in HG‑induced apoptosis of podocytes, cleaved‑caspase‑3 
and Bax/Bcl‑2 were significantly increased. Mitochondria are 
the main targets of numerous pro‑apoptotic factors and initiate 
apoptosis after injury. Akt/Bad is an apoptosis‑inhibitory 
pathway involved in mitochondria (38). Animal studies have 
confirmed that by activating Akt/Bad, diabetes‑induced apop-
tosis can be reduced (39). Following activation of Akt, Bad 
phosphorylates and binds to the 14‑3‑3 protein. This leads to 
dissociation of downstream Bcl‑2 and Bcl‑xl, which then bind to 
Bax to inhibit the pro‑apoptotic effects of Bax (40,41), blocking 
the cascade of subsequent apoptosis. The present study identi-
fied that phosphorylation of Akt and Bad decreased significantly 
after 48 h of HG stimulation and after 72 h p‑Akt/Akt and 
p‑Bad/Bad decreased to less than 50% of the NG group. TFEB 
can promote the phosphorylation of Akt (42). In the current study, 
overexpression of TFEB partially reversed the HG‑reduced 
p‑Akt/Akt and p‑Bad/Bad, upregulated downstream Bcl‑2 and 
Bcl‑xl, decreased cleaved‑caspase‑3 and increased the podocyte 
function protein nephrin. To further clarify whether TFEB 
could regulate the Akt pathway, Ly294002, an Akt phosphory-
lation inhibitor, was used. It was observed that the improvement 
by TFEB to apoptosis was significantly attenuated. In addition, 
flow cytometry for detecting the apoptosis rate in each group 
was consistent with this. Overall, the current data suggest that 
TFEB reduces HG‑induced podocyte apoptosis by activating 
the Akt/Bad pathway to inhibit the mitochondrial apoptotic 
regulatory pathway.

The present findings suggest that overexpression of TFEB 
can reduce the production of ROS in podocytes in a HG envi-
ronment, relieve oxidative stress, and promote mitochondrial 
biogenesis and renewal functions. Furthermore, TFEB could 
also reduce HG‑induced podocyte apoptosis by activating 
the Akt/Bad pathway to inhibit the mitochondrial apoptotic 
regulatory pathway. Therefore, TFEB may be considered a 
potential therapeutic target for DN.

However, there were certain limitations of the current 
study. Firstly, lack of information regarding TFEB location 
and the protein level in nuclei and cytoplasm at 72 h was a 
limitation. Due to the long time since the study, the data of the 
TFEB location and the protein level at 72 h cannot be supple-
mented. Other limitations include lack of design interaction 
experiments and lack of evaluation of the mitochondria ultra-
structure, which need to be further investigated. In the future, 
attention should be paid to these issues to ensure the integrity 
of the experiments and data.
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