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Background: Profilin-1 (PFN1) regulates the dynamic balance of actin and plays an important role in cell functions as a hub protein 
in signaling molecule interaction networks. Dysregulation of PFN1 is related to pathologic kidney diseases. Diabetic nephropathy 
(DN) was recently reported as an inflammatory disorder, however, the molecular mechanisms of PFN1 in DN remain unclear. 
Therefore, the present study was conducted to explore the molecular and bioinformatic characteristics of PFN1 in DN.
Methods: Bioinformatics analyses were performed on the chip of database in DN kidney tissues. A cellular model of DN was 
established in human renal tubular epithelial cells (HK-2) induced by high glucose. The PFN1 gene was overexpressed or knocked- 
down to investigate its function in DN. Flow cytometry was used to detect cell proliferation and apoptosis. PFN1 and proteins in the 
related signaling pathways were evaluated by Western blotting.
Results: The expression of PFN1 was significantly increased in DN kidney tissues (P < 0.001) and was correlated with a high 
apoptosis-associated score (Pearson’s correlation = 0.664) and cellular senescence-associated score (Pearson’s correlation = 0.703). 
PFN1 protein was mainly located in cytoplasm. Overexpression of PFN1 promoted apoptosis and blocked the proliferation of HK-2 
cells treated with high levels of glucose. Knockdown of PFN1 led to the opposite effects. Additionally, we found that PFN1 was 
correlated with the inactivation of the Hedgehog signaling pathway in HK-2 cells treated with high levels of glucose.
Conclusion: PFN1 might play an integral role in the regulation of cell proliferation and apoptosis during DN development by 
activating the Hedgehog signaling pathway. This study provided molecular and bioinformatic characterizations of PFN1, and 
contributed to the understanding of the molecular mechanisms leading to DN.
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Introduction
Diabetic nephropathy (DN), a significant microvascular complication of diabetes, has become the leading cause of renal failure 
worldwide. Recently, accumulating evidence from experimental and clinical studies has indicated that DN is caused by oxidative 
stress, inflammatory disorders, and metabolic disorders at onset and following progression of the disease.1,2 High glucose (HG)- 
induced mitochondrial dysfunction and the production of a large amount of reactive oxygen species (ROS) increase nuclear factor 
kappa-B (NF- κ B) levels and cause kidney injury, especially tubular injury, which is an important pathological feature of DN.3 

Thus, to explore the underlying mechanisms of HG-induced tubular injury is for seeking a novel therapeutic strategy for DN.
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Apoptosis is an important biological process, mediating the pathogenesis and development of DN. Renal cells are 
progressively lost during apoptosis induced by glomerular sclerosis, tubular atrophy, and fibrosis interstitial. Recent 
research indicated that Ck2alpha can induce renal fibrosis through Profilin1. Ck2alpha knockout can inhibit mitochon-
drial dysfunction and restore cellular senescence and the cell cycle.4

Profilin1 (PFN1) is one of the subtypes of PFN, which is an actin binding protein that is highly evolutionarily 
conserved and exists widely in all eukaryotes. As a key small actin regulatory protein, PFN1 regulates the polymerization 
and depolymerization of actin through its domain, and mediates the contraction of cells and the change of cytoskeleton.5 

PFN1 is low expressed in glomerular tissue, however, moderately expressed in renal tubules.
Recent evidence indicated that PFN1 not only regulated the dynamic balance of actin remodeling, but also acted as 

a key hub gene in some signaling pathways, participating in a series of important physiological and pathological 
processes.6 PFN1 plays a critical role in regulating many cell functions, including membrane transport, endocytosis, 
cell cycle, proliferation, and autophagy. PFN1 deletion or abnormal expression can affect normal physiological activities 
and lead to disease. Recent studies also showed that PFN1 is correlated with breast cancer, liver cancer, pancreatic 
cancer, and other malignant tumors.7–9 PFN1 overexpression inhibits the tumorigenicity of cancer cells through the 
typical intrinsic apoptotic pathway.10,11 Therefore, as a tumor suppressor, PFN1 is considered to promote the apoptosis of 
cancer cells. In addition, high glucose levels increased PFN1 and HIF-1α expression, which are associated with the 
increased cell permeability and apoptosis in microvascular endothelial dysfunction during diabetic retinopathy.12 Down 
regulation of PFN1 expression reduced advanced glycation end products (AGEs)-induced apoptosis.13 Nevertheless, the 
underlying molecular mechanisms of PFN1 have yet to be elucidated.

PFN1 deletion accelerates DNA damage-mediated apoptosis due to the phosphorylation inactivation and Akt 
activation.14 However, the predisposing factors of DN remain unclear and the molecular mechanisms of PFN1 in DN 
are also largely unknown.

To better understand the role of PFN1 in DN pathogenesis, PFN1 expression was analyzed using the GENE EXPRESSION 
OMNIBUS (GEO) database. Analyses of differentially expressed genes (DEGs), Gene Ontology (GO), and Kyoto Encyclopedia 
of Genes and Genomes (KEGG) pathways were analyzed. We also assessed the relationship between PFN1 and the Hedgehog 
signaling pathway in HG-induced HK-2 cells to explore the molecular mechanisms of DN.

Materials and Methods
Bioinformatics Analysis
Data Download
From the official website of the Gene Expression Omnibus (GEO) database (https://www.ncbi.nlm.nih.gov/geo/), we 
downloaded the sample sources of reliable diabetic nephropathy patients’ chip data to express the original dataset, GSE 
30122,15,16 using R software (version 4.0.2, http://r-project.org/). The Affy package17 was used to read the original data, 
and obtain the gene expression matrix of the dataset using background correction and data homogenization. The samples 
in the dataset were from Homo sapiens. The platform was based on the GPL571 [hg-u133a_2] Affymetrix human 
genome U133A 2.0 Array, including kidney samples from 19 DN patients and 50 normal samples.

The gene expression data of normal samples in different tissues were downloaded from the Genotype-Tissue 
Expression (GTEx) database to compare to the expression of the PFN1 gene in different tissues.

Differentially Expressed Genes (DEGs)
To analyze the influence of the PFN1 gene on DN patients, samples were sorted into high and low expression groups based on the 
expression of the PFN1 gene. The differences between the two groups were analyzed using the factominer package of R18 using 
a PCA plot. DEGs were analyzed using the limma package in R.19 The threshold of DEGs was set as log fold change (logFc) > 1.0 
and a P-value < 0.05. The results were displayed in the form of a volcano map and heat map.

Gene-Set Enrichment Analysis (GSEA)
GO analysis is commonly used for large-scale functional enrichment studies. GO analyses include biological processes (BP), 
molecular functions (MF), and cellular components (CC). The KEGG database is widely used for storing information such as 
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genes, biological pathways, diseases, and drugs. The Clusterprofiler R package was used to analyze GO and KEGG enrichment 
information related to Signature gene.20 A FDR < 0.05 was regarded as statistically significant.

To analyze the differences in biological processes, we performed GSEA based on the gene expression profile data of 
DN patients. GSEA is a method to analyze whether a specific gene has statistically different, and is used to estimate the 
changes in pathways and biological processes.21 The “c2.cp.kegg.v6.2.- Symbols” was downloaded from the MSigDB 
database and used for GSEA analysis. An adjusted P < 0.05 was considered statistically significant. The specific genes of 
related pathways were downloaded from the GeneCard database. The enrichment scores of samples in different pathways 
were calculated by ssGSEA analysis, and the correlation of PFN1 in different biological pathways was also evaluated.

The Analysis of Protein-Protein Interactions and Screening of Hub Genes
STRING software (http://string-db.org/) was used to construct a protein-protein interaction (PPI) network of selected 
genes. Using genes with a score > 0.4, a visual network model was constructed using Cytoscape software (version 3.7.2, 
available at http://www.cytoscape.org)22 based on the string database. In the co-expression networks, the maximum 
clique centrality (MCC) algorithm was the most effective method to identify nodes. The MCC nodes were calculated by 
the cytohubba plug-in23 in Cytoscape software. The genes with the first eight MCC values were selected as hub genes.

Establishment of DN Cell Model with High Glucose-induced HK-2 Cells and 
Verification of Signaling Pathways
Cell Culture and Treatment
Human renal tubular epithelial cells (HK-2) were purchased from American Type Culture Collection (ATCC) (Art. No. 
CRL-2190). HK-2 cells were cultured in DMEM/F12 medium (Gibco, USA) with 10% fetal bovine serum (Abwbio, 
USA) under an environment of 5% CO2 at 37°C. When cells were 80−90% confluent, they were digested with 0.25% 
trypsin-EDTA (Gibco, USA) and passaged at a ratio of 1:3 or seeded into 6-well plates, as appropriate.

PFN1 Overexpression and Knock-Down
To investigate the function of PFN1 in DN, the PFN1 gene was overexpressed or knocked out. PFN1 shRNA and PFN1 
overexpression vectors were constructed (Table S1). Sequence verification was performed for all shRNA or plasmid constructs.

HK-2 cells of passage 3 to 12 (P3-P12) were inoculated into 6-well plates (approximately 2×105 cells per well). Cells 
were divided into six groups, including the control group [normal glucose (NG), 5.5 mmol/L D-glucose], the high 
glucose (HG) induced for 72 h group (45 mmol/L D-glucose), the shRNA vector (SV) transfection + HG induced for 72 
h group, the PFN1 shRNA (SR) transfection + HG induced for 72 h group, the plasmid vector (PV) transfection + HG 
induced for 72 h group, and the PFN1 plasmid transfection + HG induced for 72 h group. Cells were transfected with 
shRNA or plasmid using Lipofectamine 2000 (Invitrogen, USA). After 24 h of transfection, cells were replaced with high 
glucose medium (45 mmol/L D-glucose DMEM (Gibco, USA) + 10%FBS).

Western Blot Analysis
Each group of cells was washed three times in cold PBS and lysed with moderate radio immunoprecipitation assay (RIPA) 
lysis buffer (Strong) (MCE, USA) on ice for 30 min. Cells were then scraped and the lysates were collected and centrifuged 
at 12,000 rpm for 15 min at 4°C. The supernatants were aspirated and stored at −80°C. Subsequently, proteins were separated 
with SDS-PAGE and transferred to polyvinylidene difluoride (PVDF) membranes using a GenScript semi-dry apparatus for 
15 min. The PVDF membranes were then blocked with protein free rapid blocking buffer (EpiZyme, China) for 10 min at 
room temperature. Primary antibodies against glioma-associated oncogene homolog 1 (GLI1) (Proteintech, USA, mouse 
monoclonal antibody, 1:1000 dilution, 150 kDa), malate dehydrogenase 1 (MDH1) (Proteintech, USA, rabbit polyclonal 
antibody, 1:5000 dilution, 36 kDa), sonic Hedgehog homolog (SHH) (Proteintech, USA, rabbit polyclonal antibody, 1:500 
dilution, 50 kDa), PFN1 (Proteintech, USA, rabbit polyclonal antibody, 1:1000 dilution, 15 kDa), and β-actin (Proteintech, 
USA, rabbit polyclonal antibody, 1:1000 dilution, 42 kDa; as the internal control) were incubated overnight at 4°C. After 
three washes with tris buffered saline containing 0.1% Tween 20 (TBST, Solarbio Life Sciences, China), the secondary 
antibodies (goat anti-rabbit HRP or goat anti-mouse HRP, Jackson ImmunoResearch, USA, 1:8000) were incubated at room 
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temperature for 1 h, followed by washing three times in TBST. The protein bands were analyzed using an ECL detection kit 
(GeneCopoeia, USA) and quantified by ImageJ software.

RNA Extraction and Quantitative PCR Analysis
Each group of cells was washed three times with cold PBS. Total RNA was extracted using TRIzol reagent (Invitrogen, USA) 
according to the manufacturer’s protocol. Subsequently, reverse transcription was performed using 1 µg of total RNA 
according to the instructions of the Prime Script RT master mix (Takara, Japan). The assay was detected in a qTOWER3G 
systems (Jena, Germany) using a SYBR Premix EX Taq™ II kit. GAPDH was used as the house-keeping gene. Relative 
gene expression was analyzed using the 2−ΔΔCT method. The primer sequences for qPCR are listed in Table 1.

AnnexinV/7-AAD Staining for Assessing Apoptosis
AnnexinV can bind to phosphatidylserine (PS) and be used as a probe for detecting early apoptosis. 7-AAD binds to DNA and can 
be used to detect late apoptotic and dead cells. According to the manufacturer’s protocol for the AnnexinV/7-AAD apoptosis kit, 
cells were double stained with 5 µL AnnexinV and 10 µL 7-aminoactinomycin D (7-AAD, BD Pharmingen, USA), incubated for 
15 min in the dark at room temperature, and then analyzed by flow cytometry (Beckman CytoFlex, USA) within 2 h.

PI Staining to Assess the Cell Cycle
Propidium (PI) can produce fluorescence when embedded within double stranded DNA. The intensity of the fluorescence 
is proportional to the amount of double stranded DNA. According to the manufacturer’s protocol (Absin, China), cells 
were fixed overnight with 75% alcohol, stained with PI working solution, incubated for 30 min in the dark at room 
temperature, and then analyzed by flow cytometry (Beckman CytoFlex, USA).

Statistical Analysis
Analysis of statistical data was performed using R software (version 4.0.2). To estimate the statistical significance of 
variable distributions, and to compare continuous variables between two groups, an independent samples Student’s t-test 
was performed. The Mann–Whitney U-test (Wilcoxon rank-sum test) was used to examine differences among non- 
normally distributed variables. Analyzing the statistical differences between two groups of categorical variables was 
performed using the chi square test or Fisher’s exact test. Correlation coefficients were calculated between genes using 
Pearson correlation analyses. Receiver operating characteristic (ROC) curves were drawn using the ROC package of R.24 

The area under the curve (AUC) was used to evaluate prognosis accuracy based on risk scores. All statistical P-values 
were two-tailed. A P < 0.05 was considered statistically significant.

Results
Expression of the PFN1 Gene in the Kidney Tissues of DN Patients and Genome-wide 
Gene Expression Profiles
Compared to normal tissues, PFN1 expression was significantly increased in transcript level in DN kidney tissues in the 
GSE 30122 dataset (P < 0.001; Figure 1A). Meanwhile, ROC curves of PFN1 expression could be used to distinguish 
DN kidney tissues and normal tissues (AUC = 0.882, Figure 1B).

To investigate the association between PFN1 expression and genome-wide gene expression profiles, DN kidney 
samples were split into low expression and high expression groups according to the PFN1expression level. We further 
analyzed the DEGs between the two groups. Based on the PCA results, the PFN1 expression levels were different 

Table 1 Primer Sequences for qPCR

Gene Name Primer Sequence (5’-3’)

PFN1 Forward GTTCGTCAACATCACGCCAG

Reverse GTCCCGGATCACCGAACATT
GAPDH Forward CAAGAAGGTGGTGAAGCAGG

Reverse CCACCCTGTTGCTGTAGCC
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between high- and low-expression groups. The principal components of top 10 differentially expressed genes were 
analyzed between the low-expression and high-expression groups (Figure 1C. Table S2). Subsequently, 186 DEGs were 
screened according to | Log (Fold Change) | > 1.0 and P < 0.05 (Figure 1D and E. Table S3).

Functional Enrichment Analysis of DEGs
We performed functional enrichment analysis of the 186 DEGs. The significant GO terms (BP, CC and MF) enriched by DEGs 
were small molecule catabolic processes, organic acid catabolic processes, and carboxylic acid catabolic processes (Figure 2A 
and B). The results of KEGG pathway analysis indicated that the differential expression of PFN1 might affect carbon 
metabolism, the citrate cycle (TCA cycle), and the valine, leucine, and isoleucine degradation pathways (Figure 2C and D).

GSEA revealed that patients with high PFN1 expressions also had significant enrichments in genes associated with 
nicotinate and nicotinamide metabolism, the pentose phosphate pathway, the proteasome, and aminoacyl tRNA biosynth-
esis. High PFN1 expression was also negatively associated with glycosaminoglycan biosynthesis heparin sulfate, 
neuroactive ligand receptor interactions, Hedgehog signaling pathway, and dilated cardiomyopathy (Figure 2E). 
Meanwhile, GSVA revealed that patients with high PFN1 expression exhibited significant KEGG enrichments of the 
citrate cycle (TCA cycle), valine, leucine, and isoleucine biosynthesis, and valine, leucine, and isoleucine degradation 
(Figure 2F). The Hedgehog signaling pathway is an important proliferation and senescence-regulation pathway. Many 
proteins in this signaling pathway were influenced by oxidative stress.

The Correlation Between PFN1 Expression and Different Biological Processes
We further investigated the impact of PFN1 expression on different biological processes in DN patients. High PFN1 
expression was correlated with high apoptosis-associated scores (Pearson’s correlation = 0.664; Figure 3A) and high 
cellular senescence-associated scores (Pearson’s correlation = 0.703; Figure 3C). However, there was no association 
between high PFN1 expression and autophagyigh (Pearson’s correlation = 0.07; Figure 3B).

Figure 1 PFN1 expression in kidney tissue from DN patients and genome-wide gene expression profiles. (A) The expression levels of PFN1 in DN kidney tissues compared 
to normal tissues. (B) ROC curve and AUC value of PFN1. (C) Principal component analysis of the top 10 differentially expressed genes between low-expression and high- 
expression PFN1 groups. (D) Volcano plot of the 186 differentially expressed genes between the low-expression and high-expression PFN1 groups. (E) Heat map of the 186 
differentially expressed genes with hierarchical clustering.
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Figure 2 Functional enrichment analysis of the 186 differentially expressed genes and KEGG pathway analysis between low expression and high expression PFN1 groups. 
(A and B) The results of Go function analysis. (C and D) The results of KEGG enrichment analysis. (E) Patients with high PFN1 expression exhibited significant enrichments 
of nicotinate and nicotinamide metabolism, the pentose phosphate pathway, proteasome, aminoacyl tRNA biosynthesis in GSEA enrichment analyses. Furthermore, high 
PFN1 expression was negatively associated with glycosaminoglycan biosynthesis, heparin sulfate, neuroactive ligand receptor interactions, Hedgehog signaling pathway, and 
dilated cardiomyopathy. (F) Based on KEGG analyses, patients with high PFN1 expression exhibited significant enrichments of the citrate cycle (TCA cycle), valine, leucine, 
and isoleucine biosynthesis, and valine, leucine, and isoleucine degradation in GSVA enrichment analysis.
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PPI Network Analysis
The STRING online database was used to gather information about DEGs and PPI networks (Figure 3D). The PPI network 
was imported into Cytoscape software. Red indicated up-regulated genes and blue indicated down-regulated genes 
(Figure 3E). The CytoHubba plugin of the Cytoscape software was used to identify the top eight genes from PPI network 

Figure 3 Correlations between PFN1 expression and PPI network analyses of the 186 differentially expressed genes. (A) The apoptosis-associated scores of PFN1 in DN kidney 
tissues. (B) The autophagy-associated scores of PFN1 in DN kidney tissues. (C) The senescence-associated scores of PFN1 in DN kidney tissues. (D) The PPI network constructed 
by the STRING online database. (E) The PPI network was presented using Cytoscape software. Red indicates upregulated genes and blue indicates downregulated genes. (F) Eight 
hub genes were identified from the PPI network by the MCODE plugin. (G) The correlation analysis among the hub genes. X means P>0.05, no significant difference.
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as the hub genes, using MCC algorithm (Figure 3F). We observed a strong positive correlation among the eight hub genes 
themselves. Among which, malate dehydrogenase 1 (MDH1), a cytosolic enzyme, had the potential to modulate metabolism 
between the cytosol and mitochondria via the malate/aspartate shuttle, was as an important hub genes (Figure 3G).

PFN1 Promotes Apoptosis in Diabetic Nephropathy Through the Hedgehog Signaling 
Pathway
PFN1 was mainly expressed in cytoplasm in HK-2 cells (Figure S1). PFN1 shRNA and overexpression plasmid were 
transfected into HK-2 cells (Figure S2). The expression of PFN1 was significantly increased in the PFN1 overexpression 
group, while it was decreased in the PFN1 shRNA treatment group, as detected by q-PCR (Figure 4A). Furthermore, we 
found that PFN1 was correlated with the inactivation of the Hedgehog signaling pathway in HG-induced HK-2 cells. 
Overexpression of PFN1 could decrease the expression of Gli1, whereas knockdown of PFN1 could up-regulate Gli1. 
The expression of SHH was increased in the PFN1 knock-down group. Additionally, MDH1 was down-regulated by 
PFN1 overexpression and increased after PFN1 knock-down (Figure 4B and C. Table S4). To demonstrate whether the 
overexpression of PFN1 would mediate cell proliferation and apoptosis, we analyzed the cell cycle and apoptosis of HK- 
2 cells using flow cytometry. It was found that PFN1 over-expression resulted in a decreased of cells in the G2 phase, 
inhibited cellular proliferation, and induced apoptosis (Figure 5).

Discussion
DN is the most common and severe diabetic microvascular complication worldwide.25 It is a slow progressive condition 
and the major cause of end-stage renal disease.26 Renal tubular injury is a key link in the progression of DN, and the 
degree of injury is of great significance to the prognosis of kidney. Chronic inflammation is one of the pathogenic factors 
of DN. Overactive growth factor-beta1 (TGF-β1) signaling pathway has been implicated as a critical profibrotic factor in 
the progression of chronic kidney disease in human diabetic kidney disease (DKD). In animal studies, TGF-β1 
neutralizing antibodies and TGF-β1 signaling inhibitors were effective in ameliorating kidney fibrosis in DKD. Also, 
TGF-β has an essential role in proteinuria and chronic kidney disease (CKD) progression.27,28 Previous studies showed 
that the apoptosis of glomerular cells has been linked to DN.29 Oxidative stress is believed to be a factor influencing the 
pathogenesis of DN.30

High glucose treatment induces mitochondrial dysfunction and produces a large volume of reactive oxygen species 
(ROS), which further mediates the activation of transcription factors of downstream genes and causes renal injury. Such 
factors play a critical role in the emergence and development of DN.31,32 In this study, HK-2 cells were induced by high 
glucose treatment for 72 h, and the number of apoptotic cells was increased compared to the control group. Compared to 
normal kidney tissues, the expression of PFN1 was significantly increased in DN kidney tissues in the GSE 30122 
dataset. PFN1 expression was also increased in HK-2 cells after high glucose treatment.

PFN1 was originally discovered as an actin-associated protein. Recent studies indicated that PFN1 promoted 
apoptosis in tumor cells by regulating the SIRT3-HIF1α axis.33 PFN1 expression also has some interaction with TGF- 
β2R and PLAUR, which is encoding the expression of TGF-β2 receptor and soluble urokinase plasminogen activator 
receptor (sUPAR) proteins. Thus, they have some essential role in podocyte apoptosis and effacement.34,35 Another study 
also revealed a novel finding that endothelial cells (ECs) exposed to advanced glycation end products (AGEs) over-
expressed PFN1 associated with a cytoskeleton reorganization. AGEs stimulated RAGE (receptor of AGEs) activation 
and induced oxidative stress, leading to cellular dysfunction in kidneys via activation of intracellular signaling pathways 
such as PI3K/Akt, MAPK/ERK, and NF-κB, all of which can damage the kidneys structurally and functionally, as well as 
prematurely aged.36 However, the molecular mechanisms underlying PFN1 in DN has yet to be elucidated.

Metabolic abnormalities play an important role in the occurrence and development of DN. In diabetic complications- 
prone tissues, energy metabolism may be altered by tissue-specific pathological changes.37 Carbon metabolism could 
alleviate senescence in DN.38 Pyruvate suppresses PARP activity under high-glucose conditions, which maintains 
glycolysis-TCA cycle flux and ATP production.39 Sirt1 and nicotinic acid metabolism are essential for communication 
between tubular epithelial cells and podocytes.40 In our study, the functional enrichment analysis suggested that 
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differential expression levels of PFN1 may affect carbon metabolism and the citrate cycle (TCA cycle). The nicotinate 
and nicotinamide metabolism pathways were differentially enriched in the PFN1 high expression group. Based on 
biological process and pathway analyses, PFN1 may participate in the regulation of energy metabolism during the 
development of DN. However, the underlying regulatory mechanism requires further clarification.

Our findings indicated that high PFN1 expression was negatively associated with the Hedgehog signaling pathway. 
The Hedgehog signaling pathway regulates cell proliferation, differentiation, apoptosis, and tissue formation.41 The 

Figure 4 PFN1 was related to the inactivation of the Hedgehog signaling pathway in HK-2 cells induced with high levels of glucose for 72 h. (A) The shRNA and expression 
plasmid were successfully transfected in HK-2 cells. Q-PCR analysis indicating that the expression of PFN1 was significantly increased in the PFN1 overexpression group, 
while it was decreased in the PFN1 shRNA knockdown group. (B) Over-expression of PFN1 decreased the expression of Gli1, SHH, and MDH1, whereas PFN1 knockdown 
up-regulate those genes. (C) Protein expression was quantified by densitometry. Mean ± SD; n = 3; **P < 0.01 vs the control group; ##P < 0.01 vs the group treated with 
high levels of glucose for 72 h. Western blot of PFN1 (15 kDa), MDH1 (36 kDa), Gli1 (150 kDa), SHH (50 kDa), and β-actin (42 kDa).
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activation of the Hedgehog signaling pathway also plays an important role in stem cell regulation, tissue damage repair, 
and tumorigenesis.

Gli1 is a transcription factor and target gene of the Hedgehog signaling pathway. SHH is a member of the Hedgehog 
gene family and plays a critical role in regulating embryonic development.42 In adult mammalian tissues, SHH signaling 
is inactive. However, during tissue differentiation and proliferation, it becomes active.43 Our data indicated that PFN1 
was correlated with the inactivation of the Hedgehog signaling pathway in HG-induced HK-2 cells. PFN1 overexpression 
could decrease the expression of Gli1, whereas knockdown of PFN1 could up-regulate it. The expression of SHH was 
increased in the PFN1 knock-down group. These findings suggested that PFN1 was correlated with Hedgehog signaling 
change.

Malate dehydrogenase 1 (MDH1) is a cytosolic enzyme that plays a crucial role in activating the malate/aspartate 
shuttle between the cytosol and mitochondria. As one of the essential enzymes in cellular glucose metabolism, MDH1 
has a significant impact on oxidative stress.44,45 It has been reported that MDH1 regulates intracellular energy status, 

Figure 5 Cell cycle and cell apoptosis were measured by flow cytometry in HK-2 cells treated with high levels of glucose for 72 h. (A) The percentage of apoptotic cells was 
measured by AnnexinV/7-AAD staining. (B) Statistical analysis of the percentage of apoptotic cells. PFN1 over-expression increased apoptosis, while PFN1 knockdown 
decreased apoptosis. (C) The percentage of the cell cycle was measured using flow cytometry with PI staining. (D) The ratio of G1, S and G2 phase in cell cycle. Compared 
to the group treated with glucose for 72 h, the ratio of cells in the G0/G1 and S phase remained unchanged, while the proportion of cells in the G2/M phase decreased, 
inhibited proliferation in the PFN1 over-expression group. Mean ± SD; n = 3; **P < 0.01 vs the control group; #P< 0.05 vs the group treated with glucose for 72 h.
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which might affect NFATc1 expression and AMPK activity.46 MDH1 knockdown reduces mitochondrial respiration and 
inhibits glutamine metabolism, which renders PDAC cells more sensitive to oxidative stress and suppresses 
proliferation.47 The increases of MDH1 acetylation protect neurons against oxidative stress and alleviate neuro- 
apoptosis.48

In this study, functional enrichment analysis of DEGs indicated that the differential expression of PFN1 might affect 
carbon metabolism and the TCA cycle. PPI network analysis indicated that MDH1 was as an important hub gene. Based 
on these findings, we also performed a validation experiment that indicated that PFN1 overexpression could down- 
regulate the expression of MDH1, while knockdown of PFN1 up-regulated MDH1. Those data suggested that MDH1 
expression was related to PFN1 level.

It has been reported that cell proliferation and apoptosis are related to the severity of the classical signs of DN.49 In 
this study, the expression of PFN1 was correlated with high apoptosis-associated scores. Moreover, PFN1 overexpression 
in HK-2 cells treated with high levels of glucose for 72 h increased apoptosis, while PFN1 knockdown decreased 
apoptosis. Meanwhile, PFN1 overexpression inhibited HK-2 proliferation, during which the ratio of the cells in the G0/ 
G1 and S phase remained unchanged, while the proportion of cells in the G2/M phase decreased. These findings 
suggested that PFN1 may be a potential therapeutic target by affecting apoptosis and proliferation in DN.

In summary, this was the first study to comprehensively analyze the molecular and bioinformatic characteristics of 
PFN1 in DN. We assessed the expression of PFN1 in DN using data in the GEO database. We also analyzed the 
functional enrichment and found that the expression level of PFN1 was significantly increased in DN kidney tissues, 
which was correlated with high apoptosis-associated score.

We observed the relationship between PFN1 expression and the Hedgehog signaling pathway in HG-treated HK-2 
cells. Overexpression of PFN1 promoted apoptosis and blocked cell proliferation by activating the Hedgehog signaling 
pathway in HG-induced HK-2 cells. Therefore, PFN1 may play an integral role in the regulation of cell proliferation and 
apoptosis by activating the Hedgehog signaling pathway during DN development.

Although our findings revealed the molecular and bioinformatic characteristics of PFN1, and increased our under-
standing of the molecular mechanisms leading to DN, there were still some limitations. First, to clarify the specific 
regulatory mechanism of PFN1 in DN, a number of clinical factors should be considered. For example, this study did not 
consider the type of diabetes. However, this type of information is lacking in public databases. Second, despite 
discovering important associations and demonstrating statistical significance, the sample size was relatively small. 
Third, the results should be experimentally investigated to verify if PFN1 acts via precise molecular mechanisms in 
the Hedgehog signaling pathway.
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