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Background: Diabetic kidney disease (DKD) is characterized by renal fibrosis, and the pathogenesis of renal fibrosis is still not 
definitely confirmed. MiR-204-5p plays an important role in the regulation of fibrosis, autophagy and oxidative stress. In this study, we 
aimed to investigate the role of miR-204-5p on renal damage in diabetic kidneys and the underlying mechanisms involved.
Methods: In vivo, AAV-Ksp-miR-204-5p mimics were injected into mice via tail vein. In vitro, high glucose-induced HK-2 cells were 
treated with miR-204-5p inhibitor, miR-204-5p mimics, ATG5 siRNA, tertiary butyl hydroquinone (TBHQ), ML385, or 
3-Methyladenine (3-MA). FISH and qRT-PCR were used to detect miR-204-5p expression. The expressions of protein and mRNA 
were detected by Western blotting, immunofluorescence, immunohistochemistry and qRT-PCR. The concentration of fibronectin in 
HK-2 cells culture medium was detected by ELISA.
Results: The expression of miR-204-5p in diabetic kidneys was significantly inhibited than that in control group. Delivering miR-204- 
5p mimics increased miR-204-5p expression, improved renal function, inhibited renal fibrosis and oxidative stress, and restored 
autophagy in db/db mice. In vitro, the expression of miR-204-5p was inhibited by HG treatment in HK-2 cells. MiR-204-5p mimics 
effectively increased miR-204-5p expression and reduced fibronectin and collagen I expression, restored autophagy dysfunction, and 
increased Nrf2 expression, whereas these alterations were abrogated by Nrf2 inhibitor ML385, autophagy inhibitor 3-methyladenine 
(3-MA, 5 mM) treatment or ATG5 siRNA transfection in HG-induced HK-2 cells. In addition, miR-204-5p inhibitor significantly 
inhibited miR-204-5p expression and aggravated HG-induced fibronectin and collagen I expression, autophagy dysfunction, and 
decreased Nrf2 expression, while these alterations were abolished by Nrf2 activator TBHQ. Furthermore, the binding of miR-204-5p 
with Keap1 was confirmed by luciferase reporter assay and miR-204-5p negatively regulated Keap1 expression, resulting in the 
activation of Nrf2 pathway.
Conclusion: MicroRNA-204-5p protects against the progression of diabetic renal fibrosis by restoring autophagy via regulating 
Keap1/Nrf2 pathway.
Keywords: diabetic kidney disease, fibrosis, miR-204-5p, Keap1, Nrf2, autophagy

Introduction
Millions of people are diagnosed with prediabetes or diabetes every year.1 With the increasing prevalence of diabetes 
mellitus, diabetic kidney disease (DKD) has become the leading cause of chronic kidney disease (CKD) and end-stage 
renal disease (ESRD).2 The current therapies of controlling blood pressure and glucose levels only show a restrained 
efficiency in retarding the progression of DKD, resulting in many patients continuing to deteriorate toward ESRD.3 

Therefore, there is an urgent need to develop effective treatments to halt the progression of DKD.
Renal fibrosis is a critical pathological change associated with DKD. Some studies have reported that renal tubular 

change has been an essential predictor of kidney impairment in late-stage diabetic kidney disease, including the degree of 
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interstitial fibrosis and renal tubular atrophy (IFTA) score.4 Several molecular pathways are associated with the 
pathogenesis of renal fibrosis,5 including inflammation,6 endoplasmic reticulum stress,7 oxidative stress,8 and 
autophagy.9 Autophagy is an evolutionarily conserved homologous cellular process that plays a vital role in the 
degradation of damaged organelles and abnormal proteins to maintain cellular metabolism. Autophagy deficiency or 
absence has been observed in DKD, and restoration of autophagy is a new therapeutic strategy.10

Recent studies have shown a close connection between autophagy and oxidative stress.11 Oxidative stress promotes 
the progression of DKD and leads to the abnormal accumulation of carbohydrates,12 nucleic acids,13 and proteins,14 

which are necessary for removal by autophagy for maintaining cellular homeostasis.15 Sustained oxidative stress could 
impair autophagy, which aggravates oxidative damage. Nuclear factor erythroid 2-related factor 2 (Nrf2) is a key 
regulator of cellular homeostasis and regulates the expression of various cytoprotective genes.16 A study has reported 
that inducing Nrf2 improved HG-induced oxidative stress and activated autophagy, which contributed to protecting 
kidneys against the damage of hyperglycemia.17 Kelch-like ECH-associated protein 1 (Keap1) controls the degradation 
of Nrf2 to restrain its transcription activity in physiological conditions.18 The study has shown that the inactivation of 
Keap1 protein may activate Nrf2 pathway, thus preventing the progression of DKD.19

MicroRNAs (miRNAs) are short non-coding RNAs that participating in fundamental biological processes by 
targeting functionally related gene networks.20 The abnormal expressions of miRNAs are associated with many 
pathological conditions, including multifactorial and monogenic conditions.21 MiRNAs are new targets for treatment 
and intervention in various human diseases and are emerging as molecular tools for non-mutation therapies.22 A study 
has reported that miR-204-5p exhibited the most significant down-regulation among all detected miRNAs by small RNA 
deep-sequencing analysis of renal biopsy specimens from patients with hypertensive nephrosclerosis.23 MiR-204-5p was 
one of the miRNAs with the most abundant expression in human kidneys, and abnormal miR-204-5p expression plays 
a pathogenic role in DKD.24 A study has shown that miR-204-5p regulates Nrf2/ARE signaling pathway to participate in 
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the progression of cancer disease.25 However, whether miR-204-5p is involved in the progression of DKD by regulating 
Keap1/Nrf2 has not been reported.

In the current study, we explored whether miR-204-5p is involved in renal fibrosis via Keap1/Nrf2 signaling pathway 
in DKD. In order to increase the expression of miR-204-5p, AAV-Ksp-miR-204-5p mimics were injected into mice via 
tail vein. We found that miR-204-5p protected against DKD through autophagy-restoring via regulating Keap1/Nrf2 
signaling pathway.

Materials and Methods
Antibodies and Reagents
Collagen I, Nox4, and 8-hydroxydeoxyguanosine (8-OHdG) antibodies were obtained from ImmunoWay (Hong Kong, 
China). The antibodies against LC3 and HO-1 were obtained from Abcam (Cambridge, UK). Fibronectin, Nrf2, Keap1, 
β-actin, Histone H3, autophagy-related 5 (ATG5), GAPDH, and P62 antibodies were obtained from Proteintech 
(Chicago, IL). MiR-204-5p mimics and miR-204-5p inhibitor were obtained from RuiBio Corp. (Guangzhou, China). 
Tertiarybutylhydroquinone (TBHQ), 3-methyladenine (3-MA), and ML385 were purchased from Solarbio (Beijing, 
China). The ATG5 siRNA was synthesized by GenePharma (Suzhou, China). Fibronectin and 8-OHdG ELISA Kits 
were obtained from Elabscience Biotechnology (Wuhan, China).

Mice
Male 16-week-old db/m and db/db mice were obtained from GemPharmatech (Nanjing, China). All animals were housed 
and maintained according to the standards and procedures approved by the Laboratory Animal Ethics and Welfare 
Committee of Hebei Medical University (No. IACUC-Hebmu-2021030). AAV9-Ksp-miR-204-5p mimics (Titer: 1×1012) 
were designed and synthesized by HANBIO (Shanghai, China). db/db mice were randomly divided into three groups 
(n=6) at 16 weeks of age: (1) db/db, (2) db/db + AAV9-Ksp-miR-204-5p mimics (mimics), (3) db/db + AAV9-Ksp- 
nonspecific control (CON). We performed tail vein injections of AAV9-Ksp-miR-204-5p mimics and AAV9-Ksp-CON 
(100 ul/mouse) at 16 weeks. Additionally, db/m mice were divided into three groups with the same intervention as above. 
During treatment, blood glucose levels were measured every two weeks. After completing treatment for six weeks, the 
mice were euthanized, and tissues and plasma were rapidly obtained.

Biochemical Analysis
Urine samples were collected for 24h from each mouse placed in metabolic cages. Serum creatinine (Scr), blood urea 
nitrogen (BUN), and urinary albumin excretion rate (UAE) were quantified using enzyme-linked immunosorbent assay 
(ELISA) kits (Njjcbio, Nanjing, China) according to the manufacturer’s instructions.

Histology Examination and Immunohistochemistry Staining
The renal tissues were fixed using paraformaldehyde (4%) overnight and subsequently embedded using paraffin. Paraffin- 
embedded tissue sections (2 um) were stained with periodic acid-Schiff (PAS) and Masson’s trichrome stain. For 
immunohistochemistry staining, 4 µm thick paraffin sections were incubated with primary antibodies for fibronectin 
(1:500), LC3 (1:400), ATG5 (1:600), Nrf2 (1:400), Keap1 (1:200), Nox4 (1:500), and 8-OHdG (1:400). Then, sections 
were incubated with biotinylated secondary antibody and horseradish peroxidase-conjugated streptavidin. The labeling 
was visualized with 3.3-dimethylbenzidine. The quantitative analysis of positive staining was performed using ImageJ 
software (NIH).

Cell Culture and Transfection
Human proximal tubular cells (HK-2) obtained from the American Type Culture Collection (ATCC) were cultured in 
Roswell Park Memorial Institute (RPMI) 1640 medium supplemented with fetal bovine serum (FBS, 10%) and 
antibiotic/antimycotic solution (1%) at 37 °C in an incubator with 5% CO2. Before the experiments, when the cells 
reached 70–80% confluence, they were deprived of serum for 12 h. HK-2 cells were cultured with normal glucose (NG, 
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5.6 mmol) or high glucose (HG, 30 mmol/L) concentrations in a serum-free medium for different periods. NG plus 
mannitol (M, 24.4 mM mmol) was used as an anosmatic control. MiR-204-5p mimics, miR-204-5p inhibitor, and siATG5 
were transfected into HG-treated HK-2 cells. All transfections were performed with Lipofectamine® 3000 (Invitrogen, 
Carlsbad, CA, USA) according to the manufacturer’s instructions. HK-2 cells were pretreated with Tert- 
Butylhydroquinone (TBHQ, 30 nM), ML385 (20 uM), or 3-methyladenine (3-MA, 5 mM).

Western Blot Assay
Western blotting was applied as previously described.26 Proteins from cultured cells and the renal cortex were isolated 
using a radioimmunoprecipitation assay (RIPA) buffer. The ladders were obtained from Proteintech (Cat No.PL00001) 
and Supersbrilliant® (ZS-PR24002). The semi-dry blotting protein transfer system of Trans-Blot Turbo and Trans-Blot 
SD Cell systems (Bio-Rad) were used in the protein transfer process. After blocking nonspecific binding with 5% skim 
milk, the membranes were incubated with primary antibodies against fibronectin (1:1500), collagen I (1:500), LC3 
(1:500), Nrf2 (1:500), Keap1 (1:2000), Nox4 (1;1000), HO-1 (1:1500), ATG5 (1:1000), P62 (1:1000), β-actin (1:1000), 
GAPDH (1:2000), and Histone H3 (1:1000) for 12 hours at 4 °C followed by horseradish peroxidase-conjugated anti- 
mouse IgG or horseradish peroxidase-conjugated anti-rabbit IgG. Target proteins were visualized using the chemilumi-
nescent Amersham Imager 600 (Thermo Fisher Scientific) or Tanon 4800. Densitometry was performed using the ImageJ 
software (National Institutes of Health).

Quantitative Real-time PCR (qRT-PCR)
Total RNA was extracted from HK-2 cells or kidney tissues using TRIzol reagent (Invitrogen, US) according to the 
manufacturer’s instructions. qRT-PCR was performed with SYBR Premix Ex Taq TM II (Takara, Dalian, China) using an 
Agilent Mx3000P qPCR System (Agilent, CA, USA). The primers for PCR were obtained from Sangon Biotech Co., Ltd. 
(Shanghai, China) and are listed in Table 1. The relative quantification was performed by determining the 2−ΔΔCt values 
with U6 and GAPDH as the internal references for miRNA and mRNAs, respectively.

Immunofluorescence Assay
For immunofluorescence analysis, the HK-2 cells were permeabilized using 0.1% Triton X-100 and blocked with 5% 
goat serum solution, and the cells were incubated overnight with primary antibodies of LC3 (1:400), fibronectin (FN) 
(1:500), ATG5 (1:800) and Keap1 (1:500) at 4 °C. Then, fluorescein isothiocyanate (FITC)-conjugated goat anti-mouse 
IgG or CoraLite594-conjugated goat anti-rabbit IgG was added onto the cells and placed in a 37 °C thermostat for 1h. 

Table 1 Sequences of Primers Used for RT-qPCR

Gene Primers Sequences

H-miR-204-5p Forward 5′-CTGTCACTCGAGCTGCTGGAATG-3′
Reverse 5′-CTTGTACCCTCCCAGCGTTT-3′

H-U6 Forward 5′-GCTTCGGCACATA-3′
Reverse 5′-ATGGAACGCTTCACGA-3′

H-Keap1 Forward 5′- TGCTCAACCGCTTGCTGTATGC −3′
Reverse 5′- TCATCCGCCACTCATTCCTCTCC −3′

H-Fibronectin Forward 5′-GCCATTTGCTCCTGCA-3′
Reverse 5′-CAATTGGGCAATTAACATTA-3′

GADPH Forward 5′-ATCACTGCCACCCAGAAGAC-3′
Reverse 5′-TTTCTAGACGGCAGGTCAGG-3′

M-miR-204-5p Forward 5′-ACACTCCAGCTGGGTTCCCTTTG-3′
Reverse 5′-CTCAACTGGTGTCGTGGAGTCGG-3′

M-U6 Forward 5′- CGCTTCACGAATTTGCGTGTCAT −3′
Reverse 5′- GCTTCGGCAGCACATATACTAAAAT-3′
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The cells were sealed with glycerine containing 4′,6-diamidino-2-phenylindole (DAPI) (Invitrogen, Carlsbad, CA, USA). 
The images were captured using a confocal microscope (Leica™ TCS SP8).

Fluorescence in situ Hybridization (FISH)
FISH was performed according to the manufacturer’s instructions. The kidney sections from mice were deparaffinized 
and permeabilized with 0.2% Triton X-100. The sections were then hybridized with miR-204-5p probes (Gene Pharma, 
Suzhou, China) in a hybridization buffer for 15 h. Images were captured using a confocal microscope (Leica, Germany).

Measurement of ROS
MitoSox Red (Invitrogen, Carlsbad, CA, USA) was used to examine the level of mitochondrial reactive oxygen species 
(ROS) of HK-2 cells. Then, HK-2 cells were treated with MitoSox Red reagent (5μM) at 37°C for 15 min in the dark. 
The cells were photographed using a confocal microscope (Leica, Germany).

ELISA Assay
ELISA kits were used to examine the levels of fibronectin in the supernatant of HK-2 cells and 8-OHdG in urine, 
according to the manufacturer’s instructions.

Statistical Analyses
Statistical analyses were performed using the GraphPad Prism 8.3.0 (GraphPad Software Inc.). Data were presented as 
mean ± standard error of mean (SEM). Student’s t-test was used to compare differences between the two groups. One- 
way ANOVA was performed for multiple group comparison. Shapiro–Wilk test was performed for normality analysis by 
using SPSS 22.0 software. p < 0.05 was considered statistically significant.

Results
MiR-204-5p Alleviates Kidney Injury in Db/Db Mice
As shown in Figure 1A, the expression of miR-204-5p in diabetic kidneys was significantly reduced compared to that in 
db/m mice by qRT-PCR. Fluorescence in situ hybridization (FISH) also indicated that miR-204-5p expression was lower 
in db/db mice than that of db/m mice and mainly expressed in the renal tubule (Figure 1B). To determine the role of miR- 
204-5p on diabetic renal injury, an AAV9-Ksp-miR-204-5p mimics vector was delivered into the kidneys of mice. MiR- 
204-5p mimics significantly enhanced miR-204-5p expression in db/db and db/m mice (Figure 1A and B). Mesangial 
area increased in db/db mice compared with db/m mice. Treatment with miR-204-5p mimics restrained mesangial 
expansion in db/db mice (Figure 1C and D). Masson’s trichrome staining was a sign for evaluating the severity of renal 
fibrosis in diabetic mice. Compared with db/m mice, the distribution of Masson’s trichrome-positive areas was elevated 
in db/db mice, whereas this change could be inhibited by miR-204-5p mimics (Figure 1C and E). Moreover, the 
expression of fibronectin in renal tissue was increased, and miR-204-5p mimics obviously retarded this alteration in 
db/db mice compared with db/m mice (Figure 1C). Furthermore, Western blot showed that miR-204-5p mimics reduced 
the high expression of fibronectin and collagen I in the renal tissue of db/db mice (Figure 1F). Compared with db/m mice, 
blood glucose was higher in all db/db mice, whereas increasing the expression of miR-204-5p did not affect blood 
glucose levels (Figure 1G). To confirm renal function, we measured serum creatinine (Scr), blood urea nitrogen (BUN), 
24h urine albumin excretion (UAE), and urine albumin/creatinine ratio (UACR). Renal function was damaged in db/db 
mice, and treatment with the miR-204-5p mimics alleviated this damage (Figure 1H–K). Therefore, these results indicate 
that miR-204-5p protects against the progression of diabetic kidney disease.

MiR-204-5p Restores Renal Autophagy in Db/Db Mice
Maintaining the homeostasis of autophagy is essential for normal renal function, and renal autophagy dysregulation is 
intimately related to the progression of DKD.27 Compared with db/m mice, the expression of LC3 and ATG5 was reduced 
in db/db mice, and these changes were reversed by miR-204-5p mimics (Figure 2A–C). In addition, Western blot indicated 
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Figure 1 MiR-204-5p overexpression alleviates kidney injury in db/db mice. (A) qRT-PCR was performed to detect miR-204-5p expression in the kidneys. (B) MiR-204-5p 
expression detected by FISH. (C) PAS staining (scale bar = 25μm), Masson’s staining, and immunohistochemical staining of fibronectin were performed to investigate 
histopathological analysis of the kidneys (scale bar = 50μm). (D and E) Mesangial area of glomeruli and glomerular volume were measured. (F) Western blot analysis of 
fibronectin (FN) and collagen I (COL). (I) level in different groups. (G) Blood glucose, (H) Serum creatinine (Scr), (I) Blood urea nitrogen (BUN), (J) urine albumin excretion 
(UAE), and (K) Albumin-to-creatinine ratio (UACR) were measured. **p < 0.01, ns: no significance.
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that the expression of LC3 and ATG5 was restrained, and P62 expression was increased in diabetic kidneys compared with 
the control group (Figure 2D–G). These alterations were abolished by miR-204-5p mimics. (Figure 2D–G). These data 
demonstrate that increasing the expression of miR-204-5p has positive regulation on autophagy.

MiR-204-5p Reduces Oxidative Stress in Db/Db Mice
Nox4 was involved in the production of ROS in the kidneys during the progression of diabetic kidney diseases.28 Thus, 
we examined the expression of Nox4 using Western blot and immunohistochemistry. Compared with db/m mice, the 

Figure 2 MiR-204-5p overexpression restores renal autophagy in db/db mice. (A) Immunohistochemical staining of LC3 and ATG5 in paraffin-embedded renal tissues from 
different groups (scale bar = 50μm). (B and C) Quantification of LC3 and ATG5 expression in renal tissues. (D–G). Western blot analysis of LC3, P62, and ATG5 level in 
different groups. **p < 0.01.
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expression of Nox4 was up-regulated in renal tissues of db/db mice, and the abnormal expression could be inhibited by 
miR-204-5p mimics (Figure 3A–C). In addition, miR-204-5p mimics treatment significantly suppressed the expression of 
8-OHdG, a sign of oxidative stress, in diabetic kidneys (Figure 3B and D). Moreover, the urinary excretion of 8-OHdG in 
db/db mice was obviously reduced by miR-204-5p mimics treatment (Figure 3E).

MiR-204-5p Attenuates Keap1 Expression and Enhances Nrf2 Expression in Diabetic 
Kidneys
The Kelch-like ECH-associated protein 1 (Keap1)-nuclear factor erythroid 2-related factor 2 (Nrf2) pathway is 
a classical antioxidant stress pathway29 and plays a vital role in diabetic kidney diseases.30 The results of 

Figure 3 MiR-204-5p overexpression reduces oxidative stress in db/db mice. (A) Western blot analysis of Nox4 level in different groups. (B) Immunohistochemical staining 
of Nox4 and 8-OHdG in paraffin-embedded renal tissues from different groups (scale bar = 50μm). (C and D) Quantification of Nox4 and 8-OHdG expression in renal 
tissues. E. 24-hour urinary 8-OHdG excretion was detected using ELISA. **p < 0.01.
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immunohistochemical staining showed that the Keap1 expression was increased and Nrf2 expression was 
decreased in the renal tubule and glomeruli of db/db mice compared with db/m mice, and delivery of miR- 
204-5p mimics could arrest these alterations (Figure 4A–C). In addition, Western blot indicated that the Keap1 
expression was significantly increased and the expression of Nrf2 and HO-1 was inhibited in db/db mice 
compared with db/m mice. However, the abnormal expression of these proteins was inhibited by the treatment 
of miR-204-5p mimics (Figure 4D and E).

Figure 4 MiR-204-5p overexpression attenuates Keap1 expression and enhances Nrf2 expression in diabetic kidneys. (A) Immunohistochemical staining of Keap1 and Nrf2 
in paraffin-embedded renal tissues from different groups (scale bar = 50μm). (B and C) Quantification of Keap1 and Nrf2 expression in renal tissues. (D and E) Western blot 
analysis of Keap1 and Nrf2 level in different groups. **p < 0.01.
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MiR-204-5p Inhibitor Enhances Fibronectin and Collagen I Expressions and Reduces 
Autophagy in HG-Treated HK-2 Cells
As shown in Figure 5A, the expression of miR-204-5p was suppressed in HG-treated HK-2 cells compared with the NG 
group. To investigate the effect of miR-204-5p on autophagy and the expression of fibronectin and collagen I, miR-204- 
5p inhibitor or miRNA control was transfected into HK-2 cells. Transfection of miR-204-5p inhibitor further inhibited 
the expression of miR-204-5p in HK-2 cells exposed to HG (Figure 5A and B). In addition, FISH demonstrated that miR- 
204-5p expressed in the cytoplasm and nucleus of HK-2 cells (Figure 5B). Western blot showed that miR-204-5p 
inhibitor enhanced the expression of fibronectin and collagen I in HG-induced HK-2 cells (Figure 5C). The immuno-
fluorescence results of fibronectin were consistent with those of Western blot (Figure 5D). Moreover, the increased 
concentration of fibronectin was enhanced by miR-204-5p inhibitor in the culture media of HK-2 cells exposed to HG 
(Figure 5E). Furthermore, miR-204-5p inhibitor reduced the expression of the LC3 and ATG5 and enhanced P62 
expression in HG-treated HK-2 cells (Figure 5F). Immunofluorescent further confirmed that miR-204-5p inhibitor 
exacerbated the HG-induced LC3 reduction (Figure 5G).

MiR-204-5p Overexpression Ameliorates HG-Induced Fibronectin and Collagen 
I Expressions by Restoring Autophagy in HK-2 Cells
Increasing miR-204-5p expression by transfecting miR-204-5p mimics could increase the expression of LC3 and ATG5 
and decrease the expression of P62 in HK-2 cells exposed to HG (Figure 6A). The immunofluorescence results of LC3 
were consistent with those of Western blot (Figure 6B). However, the effects of miR-204-5p mimics on autophagy were 
abolished by autophagy inhibitor 3-MA treatment (Figure 6A and B). In addition, miR-204-5p mimics decreased the 
expression of fibronectin and collagen I in HG-induced HK-2 cells (Figure 6C and D). The expression of fibronectin was 
detected by immunofluorescent staining, and the result was consistent with those of Western blot (Figure 6E). However, 
the ability of miR-204-5p mimics to correct the levels of fibronectin and collagen I was obviously prevented in the 
presence of 3-MA (Figure 6C–E). As shown in Figure 6F, the increased concentration of fibronectin was reduced by 
transfecting of miR-204-5p mimics in the culture media of HK-2 cells exposed to HG, while 3-MA reversed this change 
caused by miR-204-5p mimics. Moreover, miR-204-5p mimics inhibited HG-induced fibronectin mRNA expression, and 
3-MA abolished the effects of miR-204-5p mimics on fibronectin mRNA expression (Figure 6G).

Next, the expression of ATG5 was restrained using ATG5 siRNA to determine further the relationship between 
autophagy and fibronectin and collagen I expression in HK-2 cells exposed to HG. As shown in Figure 6H and I, ATG5 
silencing eliminated the effect of miR-204-5p mimics on autophagy. The immunofluorescence results of LC3 and ATG5 
were consistent with those of the Western blot (Figure 6J). In addition, the role of miR-204-5p mimics on the expression 
of fibronectin and collagen I was abolished by ATG5 knockdown in HG-treated HK-2 cells (Figure 6K). Therefore, these 
results reveal that miR-204-5p may reduce fibronectin and collagen I expression by restoring autophagy.

MiR-204-5p Enhances Autophagy by Upregulation of Nrf2 in HG-Induced HK-2 Cells
Transfection of miR-204-5p inhibitor significantly decreased the total Nrf2 and nuclear-Nrf2 proteins abundance in HK-2 
cells exposed to HG, while activation of Nrf2 by TBHQ reversed these alterations induced by miR-204-5p inhibitor 
(Figure 7A). In addition, the impact of autophagy inhibition brought by miR-204-5p inhibitor was reversed by TBHQ in 
HG-treated HK-2 cells (Figure 7B and C). Moreover, TBHQ abated the effect of miR-204-5p inhibitor on the expression 
of fibronectin and collagen I (Figure 7D).

In HG-induced HK-2 cells, the transfection of miR-204-5p mimics increased the expression of total-Nrf2 and nuclear- 
Nrf2, and these changes were reversed by ML385, which inhibited Nrf2 expression (Figure 7E). In addition, the 
induction of autophagy by miR-204-5p mimics treatment was inhibited by ML385 in HG-treated HK-2 cells 
(Figure 7F and G). Moreover, ML385 arrested the effect of miR-204-5p mimics on fibronectin and collagen 
I expression (Figure 7H). Immunofluorescence results of LC3 and fibronectin were consistent with those of the 
Western blot (Figure 7I). Furthermore, the production of ROS was detected by MitoSOX Red. We found that HG- 
induced ROS production was reduced by transfection of miR-204-5p mimics in HK-2 cells. However, the effect of miR- 
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Figure 5 MiR-204-5p inhibitor enhances fibronectin and collagen I expressions and reduces autophagy in HG-treated HK-2 cells. (A) The expression of miR-204-5p was 
measured using qRT-PCR. (B) FISH was performed to detect the expression of miR-204-5p. (C) The protein levels of FN and COL I were measured using Western blot 
analysis. (D) The level of FN was measured using immunofluorescence (scale bar = 25μm). (E) The concentration of FN in the culture media of HK-2 cells were evaluated 
using ELISA. (F) The protein levels of LC3, P62, and ATG5 were measured using Western blot analysis. (G) The level of LC3 was measured using immunofluorescence (scale 
bar = 25μm). **p < 0.01.
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Figure 6 MiR-204-5p overexpression ameliorates HG-induced fibronectin and collagen I expressions by restoring autophagy in HK-2 cells. (A) The expression of LC3, P62, 
and ATG5 was measured using Western blot analysis. (B). Immunofluorescence was performed to detect the expression of LC3 (scale bar = 25μm). (C and D). The 
expression of FN and COL I was measured using Western blot analysis. (E). Immunofluorescence was performed to detect the expression of FN (scale bar = 25μm). (F) The 
concentrations of FN in the culture media of HK-2 cells were evaluated using ELISA. (G) The relative mRNA expression of FN was measured using qRT-PCR. (H and I). The 
expression of ATG5, LC3, and P62 was measured using Western blot analysis. (J). Immunofluorescence was performed to detect the expression of ATG5 and LC3 (scale bar 
= 25μm). (K) The expression of FN and COL I was measured using Western blot analysis. **p < 0.01.
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Figure 7 MiR-204-5p alleviates HG-induced fibrosis through Nrf2 autophagy in HK-2 cells. (A) The expression of total-Nrf2 and nuclear-Nrf2 was measured using Western 
blot analysis. (B and C). The expression of LC3, P62, and ATG5 was measured using Western blot analysis. (D) The expression of FN and COL I was measured using 
Western blot analysis. (E) The expression of total-Nrf2 and nuclear-Nrf2 was measured using Western blot analysis. (F and G). The expression of LC3, P62, and ATG5 was 
measured using Western blot analysis. (H) The expression of FN and COL I was measured using Western blot analysis. (I) Immunofluorescence was performed to detect 
the expression of LC3 and fibronectin (scale bar = 25μm). (J) MitoSOX RED was performed to investigate the ROS levels in the mitochondria of HK-2 cells (scale bar = 
10μm). **p < 0.01.

Diabetes, Metabolic Syndrome and Obesity 2024:17                                                                          https://doi.org/10.2147/DMSO.S441082                                                                                                                                                                                                                       

DovePress                                                                                                                          
87

Dovepress                                                                                                                                                            Dong et al

Powered by TCPDF (www.tcpdf.org)Powered by TCPDF (www.tcpdf.org)

https://www.dovepress.com
https://www.dovepress.com


204-5p mimics on ROS production was retarded by ML385 (Figure 7J). These results demonstrated that miR-204-5p 
may induce autophagy by upregulating Nrf2 in HG-treated HK-2 cells.

MiR-204-5p Regulates Nrf2 by Sponging Keap1 mRNA
We used the software of Starbase to seek for the target mRNAs interacting with miR-204-5p. Notably, the mRNA of 
Keap1 was a predicted target mRNA of miR-204-5p (Figure 8A). The direct interaction between miR-204-5p and Keap1 
was determined by dual-luciferase reporter assay. The transient co-transfection of miR-204-5p mimics and the wild-type 
Keap1 luciferase reporter in HK-2 cells significantly reduced the luciferase activity (Figure 8B). However, the co- 
transfection of miR-204-5p mimics and the mutant-type Keap1 luciferase reporter has no effect on the luciferase activity 
(Figure 8B). In addition, the mRNA expression of Keap1 was inhibited by miR-204-5p mimics in HK-2 cells exposed to 
HG (Figure 8C). Moreover, we detected the protein expression of Keap1, Nrf2, and HO-1 using Western blot. The results 
showed that transfection of miR-204-5p mimics reduced the protein expression of Keap1 and enhanced the expression of 
Nrf2 and HO-1 in HG-induced HK-2 cells (Figure 8D and E). Immunofluorescence results indicated that miR-204-5p 
mimics inhibited the increasing protein expression of Keap1 in the HG group in HK-2 cells (Figure 8F). Furthermore, 

Figure 8 MiR-204-5p directly targeted keap1 mRNA. (A) The binding site of miR-204-5p and Keap1. (B) Dual-luciferase reporter. (C) The expression of Keap1 mRNA was 
measured using qRT-PCR. (D and E). The expression of Keap1, Nrf2, and HO-1 was measured using Western blot analysis. (F) Immunofluorescence was performed to 
detect the expression of Keap1 (scale bar = 25μm). (G) The expression of nuclear-Nrf2 was measured using Western blot analysis. **p < 0.01.
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miR-204-5p mimics increased the nuclear-Nrf2 expression in HG-treated HK-2 cells (Figure 8G). In summary, we 
speculated that miR-204-5p might affect the expression of Keap1 through competitively binding the mRNA of Keap1 in 
HK-2 cells.

Discussion
In this study, we aimed to confirm the effects and underlying molecular mechanisms of miR-204-5p in DKD. The 
expression of miR-204-5p was decreased in the kidneys of db/db mice. We confirmed that the miR-204-5p mimics 
obviously ameliorated renal injury and oxidative stress and restored autophagy in db/db mice. Notably, we provided 
evidence that miR-204-5p mimics inhibited the expression of fibronectin and collagen I by enhancing autophagy via 
regulating the Keap1/Nrf2 signal pathway in HK-2 cells exposed to HG.

Collecting evidence shows that the accumulation of fibrosis-related factors, fibronectin, and collagen I, is one of the 
characteristic pathological changes in DKD, which can cause renal fibrosis.31 In diabetic renal tubules, interstitial fibrosis 
and atrophy are the common features of pathogenic change, which eventually lead to renal dysfunction.32 Previous 
studies have reported that HG promoted HK-2 cells elevated expression levels of fibronectin and collagen I proteins.33 

Our current study showed that HG significantly induced the expression of fibronectin and collagen I in HK-2 cells. 
However, the effects of HG on HK-2 cells fibronectin and collagen I expression were mitigated by miR-204-5p 
overexpression or aggravated by miR-204-5p knockdown. In addition, delivery of miR-204-5p mimics improved renal 
function, attenuated mesangial expansion, fibronectin, collagen I expressions, and oxidative stress in diabetic mice. These 
findings reveal that miR-204-5p protects against the progression of DKD by alleviate renal fibrosis.

Autophagy is required to reprogram somatic cells to a pluripotent state and maintain pluripotency.34 Adaptive 
autophagy exerts a protective effect on the kidneys, and autophagy impairment participates in the pathogenesis of 
DKD.35 Recent research has indicated that the restoration of autophagy inhibits the progression of fibrosis and the 
aggravation of DKD.36 Previous study has demonstrated that miR-204-5p overexpression restore TGF-β1 induced 
impairment of autophagy in human tenon capsule fibroblasts (HTFs).37 Our results demonstrated that miR-204-5p 
overexpression corrects the altered expression of LC3, P62, and ATG5 in vitro and in vivo. However, the anti-fibrosis 
effects of miR-204-5p are halted in the presence of the autophagy inhibitor 3-MA or ATG5 siRNA. These results confirm 
that the beneficial regulation of autophagy by miR-204-5p contributes obviously to its anti-fibrosis-related factors 
production functions.

Oxidative stress with accumulated reactive oxygen species (ROS) production is a vital pathogenic factor in the 
progression of DKD.38 Increased ROS mediated HG-induced fibronectin and collagen I expression in HK-2 cells.39 One 
of the sources of ROS induced by diabetic is the increased NADPH oxidase activation, especially Nox4 subtype, 
contributing to increased oxidative stress in renal cells.40 Previous study has revealed that miR-204 plays a vital role in 
the oxidative stress process through G protein signaling 12 (RGS12) signal pathway.41 Collecting evidence has 
demonstrated that Nrf2 is an essential regulator of cellular anti-oxidative stress and a pivotal factor of DKD.42 Nrf2 
activation could suppress HG-induced oxidative stress and fibrotic responses in human renal proximal tubular (HK11) 
cells.43 In addition, Nrf2 beneficially regulates multiple cellular processes that are critically involved in DKD, such as 
autophagy44 and apoptosis.45 Consistent with this result, the HG-induced generation of the ROS was decreased by miR- 
204-5p overexpression in HK-2 cells. Meanwhile, miR-204-5p overexpression promoted Nrf2 activation in HK-2 cells 
exposed to HG. Besides, Nrf2 inhibitor ML385 could reverse the effect of miR-204-5p mimics on HG-induced 
autophagy and fibrotic responses protein fibronectin and collagen I expression in HK-2 cells, showing the effect of 
ROS on autophagy and fibrotic responses under HG conditions. Moreover, we also found miR-204-5p overexpression 
could suppress the level of renal oxidative stress in diabetic mice. Taken together, these data showed that miR-204-5p 
overexpression prevents diabetes-induced HK-2 cell autophagy damage and fibrotic responses by reducing ROS 
production.

It has been reported that the Keap1/Nrf2 pathway participates in regulating several cellular processes, such as 
fibrosis46 and autophagy.44 Under physiological conditions, Nrf2 is produced and degraded, regulated by Keap1 via 
the pathway of ubiquitination, but under stress conditions, Nrf2 is released from Keap1 and enters the cell nucleus, which 
transactivates a large number of antioxidants, including HO-1.47 In addition, inhibition of the level of oxidative stress in 
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the kidney by regulating the Keap1/Nrf2 pathway can improve the progression of DKD.48 In this study, we found that 
miR-204-5p overexpression would reduce the protein level of keap1 while increasing the protein level of Nrf2 and HO-1 
in diabetic kidneys or HK-2 cells exposed to HG, indicating that miR-204-5p was found to prevent the diabetes-induced 
increase of Keap1. However, the underlying molecular mechanism of miR-204-5p in type 1 diabetes mouse models with 
distinct genetic backgrounds needs to be further elucidated.

Conclusion
In conclusion, our data strongly suggest a protective effect of miR-204-5p against the progression of diabetic renal 
fibrosis. MiR-204-5p alleviated renal damage via restoring autophagy by regulating the Keap1/Nrf2 pathway in diabetic 
kidney disease. These results demonstrate that positively modulating miR-204-5p might be a promising therapeutic target 
for DKD. In summary, the results of this study demonstrate a novel target molecule and some potential mechanisms that 
may be involved in diabetic kidney injury. Such findings provide a basis for new strategies for the treatment of DKD.
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