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Abstract. Diabetic nephropathy (DN) is a common chronic 
complication of diabetes, for which acute glucose fluctua‑
tion (AGF) is a potential risk factor. Fluctuating hyperglycemia 
has been confirmed to induce more serious kidney damage 
than hyperglycemia in diabetic rats; however, the mechanism 
remains unknown. The purpose of this study was to explore 
the potential role of AGF in the progression of DN. Viability 
of rat podocytes following 72‑h AGF treatment was detected 
using Cell Counting‑Kit‑8. The rates of apoptosis and the 
level of reactive oxygen species (ROS) in rat podocytes were 
assessed by flow cytometry. Western blotting and reverse 
transcription‑quantitative PCR were performed to measure 
relative protein and mRNA expression levels, respectively. 
Transfection with an mRFP‑GFP‑LC3 adenoviral vector was 
used to track autophagic flux under confocal microscopy. 
The results indicated that AGF could inhibit cell prolif‑
eration, promote TNF‑α, interleukin‑1β (IL‑1β), and reactive 
oxygen species (ROS) generation, and increase autophagy 
in rat podocytes. Moreover, AGF upregulated receptor for 
advanced glycation end products (RAGE) expression via 
activation of NF‑κB/p65 and IκBα. Pretreatment with 5 mM 
N‑Acetyl‑L‑cysteine or 10 µM pyrrolidine dithiocarbamate 
effectively reduced cellular damage and inhibited activation 
of the NF‑κB/RAGE signaling pathway. Thus, AGF induces 
rat podocyte injury by aggravating oxidative stress, promoting 

the inflammatory response, and regulating ROS‑mediated 
NF‑κB/RAGE activation.

Introduction

Diabetes mellitus is a common disease characterized by 
dysregulated blood glucose homeostasis, and has reached 
pandemic‑proportion levels worldwide (1). Diabetic nephrop‑
athy (DN), identified as a life‑threatening microvascular 
complication of diabetes, is the leading cause of end‑stage renal 
disease (ESRD) (2). DN is caused by excessive precipitation of 
extracellular matrix (ECM) proteins, which results in glomer‑
ular hypertrophy and expansion, effacement of podocyte foot 
processes, and inflammatory cell infiltration (3). Podocytes 
are highly differentiated epithelial cells with extensive foot 
processes, and their progressive injury plays a vital role in the 
deterioration of glomerular function and albuminuria (4,5).

Emerging evidence shows that different mechanisms 
contribute to the pathogenic progression of DN, including 
oxidative stress, excessive accumulation of advanced glycation 
end‑products (AGEs), and inflammation (6). AGE induces tissue 
injury through alterations in the extracellular matrix architec‑
ture and interactions with the receptor for advanced glycation 
end products (RAGE) (7). RAGE is expressed on normal 
podocytes; however, its expression is abnormally upregulated 
in DN. Excessive ROS generation is implicated in the activation 
of NF‑κB, which upregulates RAGE expression, resulting in 
chronic inflammation, aggravation of cellular dysfunction, and 
increased tissue damage (8,9). The transcription and produc‑
tion of pro‑inflammatory cytokines (such as TNF‑α and IL‑1β) 
in podocytes contribute to the development of DN.

Autophagy is the major mechanism by which podocytes 
regulate cellular homeostasis, enabling the cells to degrade 
oxidatively damaged or surplus organelles in autolyso‑
somes (10). Autophagy disorders play a critical role in a wide 
range of human pathologies. Moreover, autophagy plays a 
dual function in maintaining cellular homeostasis, as both 
defective autophagy and excessive autophagy are associated 
with cellular dysfunctions preceding cell death (11). Various 
detrimental factors, including oxidative stress, mitochondrial 
dysfunction, and inflammatory reactions can lead to autoph‑
agic cell injury (12). In addition, podocytes have higher basal 
levels of autophagy under physiological conditions, suggesting 
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that autophagy is an important mechanism by which podo‑
cytes maintain homeostasis (13). Although several cell types 
demonstrate a basal level of autophagy, autophagy can be 
further activated to promote cellular survival in response to 
various forms of cellular stress, such as oxidative stress or 
hypoxia (14).

Glucose variability represents a novel latent risk factor 
for diabetes mellitus that consists of two aspects, namely, 
the extent of blood glucose fluctuations and the time inter‑
vals during which these fluctuations occur (15). Evidence 
suggests that acute glucose fluctuation (AGF) may be more 
harmful than sustained hyperglycemia regarding the risk of 
developing diabetic complications (16). Moreover, studies 
have shown that intermittent hyperglycemia exposure induces 
more severe oxidative stress than constant exposure to hyper‑
glycemia (17,18). AGF has been confirmed to accelerate renal 
damage in diabetic rats (19). However, its impact on rat podo‑
cytes is poorly understood.

Although our previous study revealed that fluctuating 
hyperglycemia induces more severe inflammatory damage 
than hyperglycemia in diabetic rats, the associated mechanism 
remains unknown (20). In this study, the effects of AGF were 
evaluated in rat podocytes in order to elucidate further poten‑
tial mechanisms of injury caused by glucose variability.

Materials and methods

Cell culture and treatment. A rat podocyte cell line was 
obtained from Beijing Wormhole Space Information 
Technology Co., Ltd. Rat podocytes were cultured in 
DMEM/F12 culture medium (Hyclone; Cytiva) supplemented 
with 10% FBS (Gibco; Thermo Fisher Scientific, Inc.) at 37˚C 
in a humidified incubator with 5% CO2.

Cells were divided into three groups: i) Normal glucose 
group (NG), cells incubated in culture medium with 17.5 mM 
D‑glucose; ii) high‑glucose group (HG), cells incubated 
in culture medium with 33 mM D‑glucose; and iii) AGF, 
17.5 and 33 mM D‑glucose culture medium were alternated 
every 3 h twice daily, with the final incubation carried out 
overnight in 33 mM D‑glucose culture medium. The cells 
were maintained at the required conditions for 72 h, as shown 
in Fig. 1A.

In a separate experiment, rat podocytes were pre‑treated 
with 5 mM N‑Acetyl‑L‑cysteine (NAC) or 10 µM pyrro‑
lidine dithiocarbamate (PDTC) (both Beyotime Institute of 
Biotechnology) for 30 min and then treated with the aforemen‑
tioned conditions for 72 h, as shown in Fig. 1A.

Cell viability assays. The effects of AGF treatment on cell 
viability were measured using a Cell Counting Kit‑8 (Beyotime 
Institute of Biotechnology). Rat podocytes were seeded into 
96‑well plates (Corning, Inc.) at a density of 3x104 cells/ml 
with 100 µl culture medium per well, then cultured for 24 h. 
After 72 h of NG, HG or AGF treatment, the culture medium 
was replaced with 100 µl fresh culture medium, and 10 µl 
CCK‑8 solution was added to each well. After incubating the 
cells for 1 h, the absorbance was detected at 450 nm.

Cell apoptosis. Cell apoptosis was assessed with an 
Annexin V‑fluorescein isothiocyanate (FITC)/propidium 

iodide (PI) detection kit (Dojindo Molecular Technologies, Inc.). 
Rat podocytes were plated in six‑well plates (Corning, Inc.) 
at a density of 3x105 cells/ml with 1 ml culture medium per 
well, then cultured for 24 h. After 72 h of treatment, the rat 
podocytes were digested with 0.25% trypsin and gently 
washed with PBS. The single‑cell suspension was incubated 
with 5 µl Annexin V‑FITC and 5 µl PI in 100 µl binding buffer 
solution for 15 min at room temperature in the dark. Next, 
400 µl Annexin V binding buffer was added, and apoptotic 
cells were detected using a FACSCanto Ⅱ flow cytometer 
(BD Biosciences) within 1 h. The apoptosis rates were analyzed 
using FlowJo software (version 10.0.7r2; FlowJo LLC).

MRFP‑GFP‑LC3 assay. The adenovirus encoding 
mRFP‑GFP‑LC3 was purchased from Hanbio Biotechnology 
Co., Ltd. (cat. no. HBAD‑1007). To monitor autophagic flux, 
rat podocytes were grown to 80% confluence, and transfected 
with adenoviral particles at 50 MOI in serum‑free medium 
at 37˚C for 24 h. After 72‑h NG, HG or AGF treatment, the 
cells were fixed with 4% paraformaldehyde for 30 min and 
the cell nuclei was stained with DAPI solution for 10 min at 
room temperature. Fluorescent images were captured with a 
confocal microscope (Carl Zeiss, Inc.). Images were acquired 
using a microscopic system (magnification, x630). GFP fluo‑
rescence is quenched under acidic conditions, and an increase 
in both yellow and red spots represent enhanced autophagic 
flux. The number of autolysosomes (red dots) and autophago‑
somes (yellow dots) was quantified to evaluate autophagic flux 
using Image‑J software (version 1.51j8; National Institutes of 
Health).

Measurement of cellular ROS levels. The level of intra‑
cellular ROS in the rat podocytes was assessed using a 
2',7'‑Dichlorofluorescin diacetate (DCFH‑DA) fluorescent 
probe (cat. no. D6470; Beijing Solarbio Science & Technology 
Co., Ltd.). Following 72 h NG, HG or AGF treatment, the podo‑
cytes were stained with 10 µM DCFH‑DA for 60 min at room 
temperature in the dark. The rat podocytes were digested with 
0.25% pancreatin and washed with PBS. The mean fluores‑
cence intensity was analyzed by FACSCanto Ⅱ flow cytometry 
(BD Biosciences, Inc.). A total of 10,000 events were collected 
for each group, and the relative ROS levels were analyzed 
using FlowJo software (version 10.0.7r2; FlowJo LLC).

Western blotting. The cells were resuspended in RIPA lysis 
buffer (Beyotime Institute of Biotechnology). The protein 
concentrations were determined using a BCA kit (Beyotime 
Institute of Biotechnology) and an equal amount of total 
protein (30 µg) was separated by 10 or 12% SDS‑PAGE 
and transferred to PVDF membranes (EMD Millipore). The 
membranes were blocked in 5% non‑fat milk in TBST buffer 
for 30 min and incubated with the primary antibodies over‑
night at 4˚C. The following primary antibodies were used: 
anti‑TNF‑α antibody (1:500; cat. no. 11948T; Cell Signaling 
Technology, Inc.), anti‑LC3B antibody (1:1,000; cat. no. 3868s; 
Cell Signaling Technology, Inc.), anti‑Beclin‑1 antibody 
(1:1,000; cat. no. 3495s; Cell Signaling Technology, Inc.), 
anti‑RAGE antibody (1:1,000; cat. no. sc‑80652; Santa Cruz 
Biotechnology, Inc.), anti‑phosphorylated (p)‑NF‑κB p65 anti‑
body (1:1,000; cat. no. 3033; Cell Signaling Technology, Inc.), 



MOLECULAR MEDICINE REPORTS  23:  330,  2021 3

anti‑NF‑κB p65 antibody (1:1,000; cat. no. 4765; Cell 
Signaling Technology, Inc.), anti‑p‑IκB‑α antibody (1:1,000; 
cat. no. 9246s; Cell Signaling Technology, Inc.), anti‑IκB‑α 
antibody (1:1,000; cat. no. 9242s; Cell Signaling Technology, 
Inc.), anti‑IL‑1β antibody (1:500; cat. no. 12703T; Cell 
Signaling Technology, Inc.), and anti‑GAPDH antibody 
(1:1,000; cat. no. 5174; Cell Signaling Technology Inc.). The 
next day, the membranes were then probed with corresponding 
HRP‑conjugated goat anti‑rabbit IgG (1:2,000; cat. no. 14708; 
Cell Signaling Technology, Inc.) and anti‑mouse IgG (1:2,000; 
cat. no. 7076; Cell Signaling Technology, Inc.) secondary 
antibodies for 90 min at room temperature. The bands were 
visualized using an ECL reagent (Biological Industries, Inc.) 
and recorded on X‑ray film. The densitometry of each band 
was analyzed using ImageJ software (version 1.51j8; National 
Institutes of Health).

Reverse transcription‑quantitative PCR (RT‑qPCR). Total 
RNA was isolated from rat podocytes from each group using 
RNAiso reagent (Beijing Solarbio Science & Technology Co., 
Ltd.). The concentration of total RNA was quantified using 
a NanoDrop™ 2000 spectrometer (NanoDrop Technologies; 
Thermo Fisher Scientific, Inc.). The RNA was reverse 
transcribed to synthesize cDNA using a PrimeScript™ RT 
reagent kit (Takara Bio, Inc.; 16˚C for 30 min, 42˚C for 
30 min and 85˚C for 5 min). The amplification of cDNA 
was performed with a TB Green PCR kit (Beijing Solarbio 
Science & Technology Co., Ltd.). qPCR was carried out 
on a LightCycler® 480 system (Roche Diagnostics). The 
primers were designed by Sangon Biotech Co. Ltd. The 

reaction conditions included an initial denaturation at 95˚C 
for 10 min, followed by 40 cycles at 95˚C for 15 sec and at 
60˚C for 60 sec. The primer sequences were as follows: 
GAPDH forward, 5'‑GACATGCCGCCTGGAGAAAC‑3' and 
reverse, 5'‑AGCCCAGGATGCCCTTTAGT‑3'; IL‑1β forward, 
5'‑CTCACAGCAGCATCTCGACAAGAG‑3' and reverse, 
5'‑TCCACGGGCAAGACATAGGTAGC‑3'; TNF‑α forward, 
5'‑TCCACGGGCAAGACATAGGTAGC‑3' and reverse, 
5'‑GCTCCTCCGCTTGGTGGTTTG‑3'; RAGE forward, 
5'‑CTGCCTCTGAACTCACAGCCAATG‑3' and reverse, 
5'‑TCCTGGTCTCCTCCTTCACAACTG‑3'. GAPDH was used 
as a housekeeping gene control. Relative gene expression were 
measured using the 2‑∆∆Cq method (21).

Statistical analysis. Data are presented as the mean ± standard 
deviation. Comparisons between two groups were analyzed 
using Student's t‑test, and multiple comparisons were analyzed 
using one‑way ANOVA followed by Tukey's post hoc test. All 
graphs in this study were generated with GraphPad Prism 6.0 
(GraphPad Software. Inc.). P<0.05 was considered to indicate 
the final version of the manuscript.

Results

Impact of acute glucose fluctuations on rat podocyte viability 
and apoptosis. The effect of AGF treatment on cell viability 
was measured using a CCK‑8 kit. The viability of cells in 
the HG group significantly decreased compared with that 
of the NG group (P<0.01). Moreover, cell viability in the 
AGF group was significantly reduced compared with the 

Figure 1. Effect of acute blood fluctuation on rat podocyte proliferation and apoptosis. (A) Schematic diagram showing the experimental design for acute 
glucose fluctuation treatment in vitro. Rat podocytes were maintained under the required conditions for 72 h. (B) Cell viability was measured using a Cell 
Counting Kit‑8 assay. (C and D) Apoptosis rate of the rat podocytes was assessed using flow cytometry using an Annexin‑V/PI apoptosis kit. Data are pre‑
sented as the mean ± SD. n=3. **P<0.01 vs. NG group; ##P<0.01 vs. HG group. AGF, acute glucose fluctuation; NG, normal glucose; HG, high glucose; FITC, 
fluorescein isothiocyanate; PI, propidium iodide.
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NG and HG groups (P<0.01). These data indicated that AGF 
significantly inhibited the viability of rat podocytes (Fig. 1B). 
Changes in apoptosis were detected by flow cytometry, and 
no significant difference between the groups was observed 
(P>0.05; Fig. 1C and D).

Acute glucose fluctuation promotes rat podocyte autophagy. 
Autophagy is also involved in the maintenance of podocyte 
function and cell homeostasis (22). To define the AGF‑induced 
alterations in autophagy, the expression levels of autophagy 
biomarkers (LC3Ⅱ/Ⅰ and Beclin‑1) were evaluated by western 
blotting. The AGF group exhibited enhanced LC3Ⅱ/Ⅰ and 
Beclin‑1 expression levels, compared with the NG (P<0.01) 
and HG groups (P<0.05; Fig. 2A and B). To further confirm 
the effects of AGF on autophagy flux, rat podocytes were 
transfected with an mRFP‑GFP‑LC3B adenovirus vector, 
then treated with NG, HG or AGF and observed by confocal 
microscopy. Compared with the NG group, HG group exhib‑
ited a significant increase in the abundance of yellow and 
red puncta (P<0.01), suggesting an increase in autophagy 
in HG‑treated cells. The number of yellow and red puncta 
was further enhanced by AGF compared with the HG group 
(P<0.05; Fig. 2C and D).

Acute glucose fluctuation promotes IL‑1β and TNF‑α genera‑
tion in rat podocytes. In our previous study, AGF aggravated 
inflammatory lesions in diabetic rats (19). To test whether AGF 
could elevate the generation of inflammatory lesions in vitro, 
we determined the mRNA and protein expression of levels of 
TNF‑α and IL‑1β in treated rat podocytes. The expression of 
both of these pro‑inflammatory cytokines were higher in the 
HG and AGF group compared with the NG group (P<0.05), 
and significantly increased in the AGF group compared with 
the HG group, both at the mRNA and protein levels (P<0.05; 
Fig. 3). These results indicated that AGF aggravated the 
inflammatory response in rat podocytes.

Acute glucose fluctuation increases ROS levels and activates 
the RAGE/NF‑κB signaling pathway in rat podocytes. TNF‑α 
plays a central role in mediating renal injury though the induc‑
tion of ROS production (14). After 72 h of AGF treatment, the 
levels of intracellular ROS in rat podocytes was significantly 
increased, compared with the NG and HG groups (P<0.05; 
Fig. 4A and B).

In addition, inflammatory stimulation can increase the 
levels of RAGE transcription via the binding of NF‑κB to the 
RAGE promoter region, which results in increased RAGE 

Figure 2. AGF induces autophagy in rat podocytes. (A and B) Protein levels of LC3Ⅱ/Ⅰ and beclin‑1 expression was examined by western blotting. 
(C and D) Representative fluorescence images of mRFP‑LC3 (autolysosomes) and merged RFP‑GFP‑LC3 (autophagosomes). In green and red‑merged 
images, autophagosomes are shown as yellow puncta (GFP+ mRFP+), autolysosomes are shown as red puncta (GFP‑ mRFP+), and blue fluorescence represents 
DAPI‑treated nuclei. (D) Image analysis of red puncta (autolysosomes) and yellow puncta (autophagosomes). n=3. *P<0.05; **P<0.01 vs. NG; #P<0.05; ##P<0.01 
vs. HG. AGF, acute glucose fluctuation; NG, normal glucose; HG, high glucose; GFP, green fluorescence protein; RFP, red fluorescence protein.



MOLECULAR MEDICINE REPORTS  23:  330,  2021 5

expression (23). To confirm whether AGF can regulate the 
RAGE/NF‑κB signaling pathway, the expression levels of 
RAGE, p‑NF‑κB p65, NF‑κB p65, p‑IκBα, and IκBα were 
determined. AGF induced a significant increase in RAGE 
expression compared with the NG or HG group (P<0.05; 
Fig. 4C and E). Phosphorylation of NF‑κB p65 and IκBα was 
significantly upregulated following AGF treatment compared 
with the NG or HG groups (P<0.05; Fig. 4C and D). This 
finding suggested that could AGF activate the NF‑κB signaling 
pathway in rat podocytes.

Downregulation of intracellular ROS levels inhibits the 
NF‑κB/RAGE signaling pathway in rat podocytes. NAC, a ROS 
inhibitor, was used to further confirm whether ROS affects the 
NF‑κB/RAGE signaling pathway in response to AGF. NAC 
pretreatment reversed the effect of AGF treatment, as cell 
viability was found to be significantly higher compared with 
that of the AGF group (P<0.01; Fig. 5A). Moreover, the level 
of AGF‑induced intracellular ROS was significantly reduced 
following pretreatment with NAC (P<0.01; Fig 5B and C). 
Subsequent western blot and RT‑qPCR analysis demonstrated 

Figure 3. AGF promotes pro‑inflammatory cytokine generation. (A and B) Protein and (C) mRNA expression levels of TNF‑α and IL‑1β. Data are presented 
as the mean ± SD. n=3. *P<0.05 vs. NG; #P<0.05, ##P<0.01 vs. HG. AGF, acute glucose fluctuation; NG, normal glucose; HG, high glucose.

Figure 4. AGF increases the level of intracellular ROS and RAGE expression, as well as enhances the phosphorylation of p‑NF‑κB p65 and p‑IκB‑α expression 
in rat podocytes. (A and B) Flow cytometry analysis of intracellular ROS production. (C and D) The level of RAGE, p‑NF‑κB p65, NF‑κB p65, p‑IκB‑α, and 
IκB‑α were examined by western blotting. (E) The level of RAGE mRNA was examined by qRT‑PCR. Data are presented as the mean ± SD. n=3. *P<0.05; 
**P<0.01 vs. NG; #P<0.05, ##P<0.01 vs. HG. AGF, acute glucose fluctuation; NG, normal glucose; HG, high glucose; FITC, fluorescein isothiocyanate; RAGE, 
receptor for advanced glycation end products.
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that NAC significantly inhibited the phosphorylation of NF‑κB 
p65 and IκBα (P<0.05) and decreased RAGE expression 
induced by AGF (P<0.05; Fig. 5D‑F). These results confirm 
the role of ROS in the NF‑κB/RAGE signaling pathway.

Inhibition of NF‑κB by PDTC reduces the AGF‑induced 
increase in RAGE expression in rat podocytes. PDTC is an 
inhibitor of the NF‑κB signaling pathway. To further inves‑
tigate the relationship between AGF‑induced increases in 
RAGE expression and activation of the NF‑κB signal pathway, 
PDTC was used to inhibit the NF‑κB signal pathway in rat 
podocytes. The effect of PDTC on cell viability was first 
measured. The AGF+PDTC group exhibited significantly 
improved cell viability compared with that of the AGF group 
(P<0.05; Fig. 6A). Next, the level of RAGE expression, as well 
as the ratio of p‑NF‑κB p65/NF‑κB p65 and p‑IκB‑a/IκBα 
were measured. The results showed that PDTC significantly 
inhibited the phosphorylation of NF‑κB p65 and IκB‑α 
(P<0.05), as well as the upregulation of RAGE protein expres‑
sion induced by AGF (P<0.05; Fig. 6B‑D). These data indicated 
that activation of the NF‑κB signaling pathway was required 
for AGF‑induced cell damage and increased RAGE expression 
levels in rat podocytes.

Discussion

DN pathogenesis is highly complex and poorly understood. 
Hyperglycemia represents a major contributor in the occur‑
rence of DN; however, current therapies remain limited 
and cannot completely prevent DN progression. Increasing 
evidence suggests that AGF induces more severe renal damage 
than sustained hyperglycemia (19,24). To confirm the role of 
AGF experimentally, our previous study involved changing the 
blood glucose levels of diabetic rats acutely through the injec‑
tion of glucose and insulin (20). In this study, an in vitro model 
of AGF‑induced podocyte injury. To simulate changes in the 
blood glucose of diabetic rat podocytes in vitro, the glucose 
concentration of the culture medium was altered at different 
time points.

Podocytes play an important role in the maintenance of 
the glomerular filtration barrier, and the decrease in podocyte 
number is associated with the progression of proteinuria (25). 
Therefore, the effect of glucose fluctuation on cell proliferation 
and apoptosis was examined. The results showed that there 
was a significant inhibition in cellular proliferation following 
AGF treatment. A decrease in viable cells was observed after 
72 h of exposure to changes in the glucose concentration in the 

Figure 5. Downregulation of intracellular ROS levels inhibits activation of the NF‑κB/RAGE signaling pathway in rat podocytes. (A) Cell viability was measured 
using a Cell‑Counting‑Kit‑8 assay. (B and C) ROS generation induced by AGF in rat podocytes with or without 5 mM NAC pretreatment. (D and E) Protein 
levels of RAGE, p‑NF‑κB p65, NF‑κB p65, p‑IκB‑α, and IκB‑α. (F) mRNA levels of RAGE. Data are presented as the mean ± SD. n=3. *P<0.05, **P<0.01 vs. 
NG; &P<0.05, &&P<0.01 vs. HG. AGF, acute glucose fluctuation; NG, normal glucose; HG, high glucose; FITC, fluorescein isothiocyanate; RAGE, receptor for 
advanced glycation end products; ROS, reactive oxygen species; NAC, N‑Acetyl‑L‑cysteine; p, phosphorylated.
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culture medium. However, the apoptosis rate measured by flow 
cytometry was not statistically significant, which is similar to 
the results of a study using human umbilical vein endothelial 
cells, which found that AGF failed to induce cell apoptosis (26). 
Extensive studies have indicated that apoptosis and prolifera‑
tion are mediated by increased levels of ROS (27). ROS plays 
a dual role in tissue injury, as moderate levels of ROS promote 
cell survival and proliferation, whereas excessive ROS produc‑
tion can directly induce necrocytosis (28). In the present study, 
AGF generated more severe oxidative stress with increased 
level of intracellular ROS compared to hyperglycemia (Fig. 4).

Current evidence suggests that autophagy may mediate 
resistance to apoptosis (29). Similar to apoptosis, autophagy 
also plays a vital role in cellular proliferation and survival, 
and dysregulated autophagy activation has been described in 
several diseases (30). It is well‑established that Beclin‑1 and 
LC3 are important proteins in autophagy (31). The present 
results indicated that hyperglycemia caused an increase 
in the LC3‑Ⅱ/LC3‑Ⅰ ratio and a significant increase in the 
level of Beclin‑1, demonstrating enhanced autophagy. As a 
cytoprotective function, autophagy is accompanied by ROS 
production (32). Podocytes may respond to higher ROS 
levels resulting from AGF by triggering autophagy protective 
mechanisms to prevent apoptosis. Therefore, AGF induces 
more autophagy in rat podocytes.

Additionally, various inflammatory responses were 
involved in AGF‑induced podocyte injury. AGF significantly 

increased the generation of inflammatory lesions, including 
the production of IL‑1β and TNF‑α, consistent with the find‑
ings of our previous study (20). TNF‑α has been confirmed to 
induce intracellular ROS production, but the detailed mecha‑
nisms remain unclear (33). A previous study indicated that an 
increase in ROS and TNF‑α, in addition to inducing tissue 
damage, also contributes to the activation of NF‑κB (34). An 
increase in the NADPH oxidase complex through NF‑κB 
activation ultimately leads to enhanced ROS production and 
further NF‑κB activation (35). Ultimately, such activation 
generates a vicious cycle that contributes to the progressive 
loss of renal function (36). AGF could also augment inflamma‑
tory responses through the activation of the NF‑κB signaling 
pathway.

RAGE, the specific receptor for AGEs, plays a vital role 
in oxidative stress. Interactions between RAGE and AGEs 
activate various signaling pathways and subsequently induce 
oxidative stress and an inflammatory response, which leads 
to the pathological development of DN (37). Due to long‑term 
hyperglycemia, diabetic patients accumulate a larger number 
of AGEs in vivo, and an excessive amount can increase RAGE 
expression. In addition, TNF‑α is potent inducer of RAGE 
expression, and ROS‑mediated RAGE induction occurs via 
NF‑κB activation (38). Thus, we investigated whether AGF 
could upregulate RAGE expression. As expected, hyper‑
glycemia increased the level of RAGE expression in rat 
podocytes, which was further promoted by AGF. This effect 

Figure 6. Inhibition of NF‑κB by PDTC reduced acute glucose fluctuation‑induced increases in RAGE expression in rat podocytes. (A) Cell viability was 
measured using a CCK‑8 assay. (B and C) Protein levels of RAGE, p‑NF‑κB p65, NF‑κB p65, p‑IκB‑α and IκB‑α. (D) mRNA levels of RAGE. Data are 
presented as the mean ± SD. n=3. *P<0.05, **P<0.01 vs. NG group; $P<0.05, $$P<0.01 vs. AGF. AGF, acute glucose fluctuation; NG, normal glucose; HG, high 
glucose; FITC, fluorescein isothiocyanate; RAGE, receptor for advanced glycation end products; PTDC, pyrrolidinedithiocarbamate; p, phosphorylated.
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is likely related to higher levels of ROS, and the downstream 
transcription factor, NF‑κB.

In conclusion, the present study demonstrates that acute 
glucose fluctuation induces rat podocyte injury by aggravating 
oxidative stress, enhancing the inflammatory response, and 
activating the RAGE/NF‑κB signaling pathway. Therefore, the 
maintenance of a stable range of blood glucose fluctuation may 
help delay the development of DN.
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