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Abstract
BACKGROUND 
Type 2 diabetes mellitus (T2DM) is significantly increasing worldwide, and the 
incidence of its complications is also on the rise. One of the main complications of 
T2DM is diabetic kidney disease (DKD). The glomerular filtration rate (GFR) and 
urinary albumin creatinine ratio (UACR) increase in the early stage. As the 
disease progresses, UACR continue to rise and GFR begins to decline until end-
stage renal disease appears. At the same time, DKD will also increase the 
incidence and mortality of cardiovascular and cerebrovascular diseases. At 
present, the pathogenesis of DKD is not very clear. Therefore, exploration of the 
pathogenesis of DKD to find a treatment approach, so as to delay the 
development of DKD, is essential to improve the prognosis of DKD.

AIM 
To detect the expression of tenascin-C (TNC) in the serum of T2DM patients, 
observe the content of TNC in the glomerulus of DKD rats, and detect the 
expression of TNC on inflammatory and fibrotic factors in rat mesangial cells 
(RMCs) cultured under high glucose condition, in order to explore the specific 
molecular mechanism of TNC in DKD and bring a new direction for the treatment 
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of DKD.

METHODS 
The expression level of TNC in the serum of diabetic patients was detected by 
enzyme-linked immunosorbent assay (ELISA), the protein expression level of 
TNC in the glomerular area of DKD rats was detected by immunohistochemistry, 
and the expression level of TNC in the rat serum was detected by ELISA. Rat 
glomerular mesangial cells were cultured. Following high glucose stimulation, the 
expression levels of related proteins and mRNA were detected by Western blot 
and polymerase chain reaction, respectively.

RESULTS 
ELISA results revealed an increase in the serum TNC level in patients with T2DM. 
Increasing UACR and hypertension significantly increased the expression of TNC 
(P < 0.05). TNC expression was positively correlated with glycosylated 
haemoglobin (HbA1c) level, body mass index, systolic blood pressure, and UACR 
(P < 0.05). Immunohistochemical staining showed that TNC expression in the 
glomeruli of rats with streptozotocin-induced diabetes was significantly increased 
compared with normal controls (P < 0.05). Compared with normal rats, serum 
level of TNC in diabetic rats was significantly increased (P < 0.05), which was 
positively correlated with urea nitrogen and urinary creatinine (P < 0.05). The 
levels of TNC, Toll-like receptor-4 (TLR4), phosphorylated nuclear factor-κB p65 
protein (Ser536) (p-NF-κB p65), and miR-155-5p were increased in RMCs treated 
with high glucose (P < 0.05). The level of TNC protein peaked 24 h after high 
glucose stimulation (P < 0.05). After TNC knockdown, the levels of TLR4, p-NF-
κB p65, miR-155-5p, connective tissue growth factor (CTGF), and fibronectin (FN) 
were decreased, revealing that TNC regulated miR-155-5p expression through the 
TLR4/NF-κB p65 pathway, thereby regulating inflammation (NF-κB p65) and 
fibrosis (CTGF and FN) in individuals with DKD. In addition, metformin 
treatment may relive the processes of inflammation and fibrosis in individuals 
with DKD by reducing the levels of the TNC, p-NF-κB p65, CTGF, and FN 
proteins.

CONCLUSION 
TNC can promote the occurrence and development of DKD. Interfering with the 
TNC/TLR4/NF-κB p65/miR-155-5p pathway may become a new target for DKD 
treatment.

Key Words: Tenascin-C; miR-155-5p; Metformin; Type 2 diabetes mellitus; Diabetic 
kidney disease; Toll-like receptor 4

©The Author(s) 2021. Published by Baishideng Publishing Group Inc. All rights reserved.

Core Tip: We investigated the correlation between serum tenascin-C (TNC) levels and 
urine albumin clearance ratios in a total of 380 patients with type 2 diabetes mellitus, 
TNC can regulate miR-155-5p through Toll-like receptor 4/nuclear factor κB signaling 
in rat mesangial cells under hyperglycaemia condition, and metformin can inhibit 
inflammation and fibrosis in diabetic kidney disease through TNC.
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INTRODUCTION
Diabetes has now developed into the most common metabolic disease and affects the 
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health of approximately 6.4% of the global population. Among patients with diabetes, 
diabetic kidney disease (DKD) is one of the most important causes of poor 
prognosis[1,2]. Approximately 40% of patients with type 2 diabetic mellitus (T2DM) will 
eventually progress to DKD. The combined actions of high glucose levels, oxidative 
stress, inflammatory chemokines, and multiple signalling pathways lead to endothelial 
cell injury, haemodynamic changes, and increased microvascular permeability, all of 
which may recruit inflammatory cells to the site of the diseased kidney, leading to the 
occurrence and development of DKD[3]. Therefore, studies of the mechanism of DKD 
are particularly important for developing new treatments, particularly treatments 
specific for DKD[4].

Tenascins are a family of extracellular matrix (ECM) glycoproteins comprised of 
tenascin-C (TNC), tenascin-X, tenascin-R, and tenascin-W[5]. Tenascin-R is mainly 
expressed in the central nervous system, tenascin-W is mainly expressed in stem cells, 
and tenascin-X is mainly expressed in loose connective tissue[6]. TNC is the most 
critical tenascin. TNC is expressed at very low levels in normal adult tissues, and its 
levels are only increased during embryonic development, in tumours, during injury 
repair and in inflammation[7]. TNC is the main regulator of early fibrosis, and an 
increase in TNC expression may reflect the development of fibrosis as a useful 
biomarker of matrix reconstruction[8]. Ishizaki et al[9] identified TNC as a potentially 
important indicator of disease severity. In patients with various chronic kidney 
diseases, plasma TNC levels are increased and negatively correlate with the 
glomerular filtration rate; additionally, urine TNC levels are negatively correlated with 
creatinine clearance[10]. In patients with DKD, TNC is widely expressed in renal tissues 
and positively correlated with ECM expansion[11]. However, the precise pathway by 
which TNC affects the development of DKD has not been reported.

Toll-like receptors (TLRs) are type І membrane glycoproteins that can identify 
pathogen-related molecular patterns, such as lipopolysaccharide (LPS), and 
endogenous damage-associated molecular pattern molecules, such as high mobility 
group box 1 (HMGB1)[12]. HMGB1 is an endogenous activator of oxidative stress in 
individuals with DKD[13]. After high-glucose treatment, TLR4 activates HMGB1 and 
further promotes the development of tubulointerstitial inflammation in individuals 
with DKD[14]. In addition, TLR4 stimulates the generation of IL-1 receptor associated 
kinase (IRAK) and tumor necrosis factor receptor associated factor (TRAF) through 
myeloid differentiation factor 88 (MyD88) and finally produces nuclear factor-κB (NF-
κB), which promotes the occurrence and development of DKD[15].

MicroRNAs are small non-coding RNAs of 21-25 nucleotides in length that regulate 
the development of diseases by regulating the expression of target genes[16]. As shown 
in the study by Guay et al[17], miR-155 in exosomes released by T lymphocytes is 
converted into its activated form to promote the apoptosis of insulin beta cells, which 
leads to the occurrence of type 1 diabetes. Beltrami et al[18] also observed increased 
expression of miR-155 in the urine of patients with DKD. Although studies have 
shown the presence of miR-155 in individuals with DKD, the pathway by which miR-
155 modulates the development of DKD has not been reported.

As a first-line drug for the treatment of diabetes, metformin has been widely 
explored for the treatment of DKD. In recent years, metformin has been shown to 
inhibit the occurrence and development of inflammation through NF-κB[19]. However, 
the mechanism by which it relieves inflammation through NF-κB and delays the 
development of DKD requires further investigation.

MATERIALS AND METHODS
Human studies
Subjects: Three hundred and eighty patients who were newly diagnosed with T2DM 
at our hospital from January 2018 to December 2018 were selected as an experimental 
group. Members of a healthy normal control group (n = 60) were selected from The 
Physical Examination Center of The First Affiliated Hospital of China Medical 
University. The exclusion criteria were as follows: (1) Patients under the age of 18 
years old or who experienced acute complications of diabetes, such as hyperosmolar 
coma or diabetic ketoacidosis, within the last 3 mo; (2) Patients with cardiovascular, 
cerebrovascular, liver, kidney, infectious, autoimmune, or other systemic diseases or 
malignant tumours; (3) Patients with a recent infection, patients who underwent 
surgery or experienced trauma, patients under other stressful conditions, patients who 
were pregnant or breast feeding, and patients in other special physical states; and (4) 
Patients treated with angiotensin-converting enzyme inhibitors or angiotensin receptor 
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blockers over the last 3 mo.
Patients with T2DM were divided into a normal albuminuria group [n = 70, urinary 

albumin creatinine ratio (UACR) < 30 mg/g], microalbuminuria group (n = 105, UACR 
of 30-300 mg/g), microalbuminuria with hypertension group (n = 75, UACR of 30-300 
mg/g, with hypertension), macroalbuminuria group (n = 65, UACR > 300 mg/g), and 
macroalbuminuria with hypertension group (n = 65, UACR > 300 mg/g, with 
hypertension).

Data collection: Patient age, height, weight, systolic blood pressure (SBP), and 
diastolic blood pressure were collected. Fasting plasma glucose, fasting plasma insulin, 
glycosylated hemoglobin (HbA1c), high-density lipoprotein-cholesterol (HDL-C), low-
density lipoprotein-cholesterol (LDL-C), total serum cholesterol, triglyceride, and uric 
acid levels were determined. Five millilitres of morning urine was collected, and 
urinary albumin and creatinine levels were detected. Body mass index (BMI) and 
UACR were calculated. Homeostasis model assessment of insulin resistance levels 
were calculated to evaluate insulin resistance.

Enzyme-linked immunosorbent assay: Five millilitres of venous blood was used for 
the enzyme-linked immunosorbent assay (ELISA). The blood was incubated at room 
temperature for 30 min, an anticoagulant was added, and the blood was centrifuged 
for 15 min (3000 r/min, 4 °C). The supernatant was collected and stored at -80 °C in 
aliquots. An ELISA was used to determine serum TNC levels (SEB975Hu, Cloud-Clon 
Corp) among patients within the group (variable < 8%, variance < 10%).

Animal experiments
Animal feeding: Eight-week-old male Sprague-Dawley rats (Beijing Vital River 
Laboratory Animal Technology Co., Ltd.) were fed in a standard specific pathogen-
free laboratory on a 12 h light/dark cycle, housed in groups of three rats/cage, and 
provided free access to food and water. All experiments were approved by The 
Institutional Animal Care and Use Committee (IACUC) of The China Medical 
University Animal Experiment Department (Approval No. 2017112).

We used a well-established low-dose streptozotocin (STZ, S0130, Sigma-Aldrich, 
United States)-induced diabetic rat model. The rats were fasted for 12-16 h and injected 
with a low dose of STZ (35 mg/kg, dissolved in cold 0.1 mol/L citrate buffer pH 4.5). 
A One Touch Ultra glucometer and test paper (Johnson & Johnson, United States) 
were used to measure the blood glucose levels of diabetic rats in blood samples 
collected from the tail vein when the condition of diabetes was stable at 72 h after the 
STZ injection. Rats with significant hyperglycaemia (blood glucose > 16.7 mmol/L) 
accompanied by polydipsia were considered the diabetic rat model.

Histological analysis: Renal cortices were fixed with polyoxymethylene and 
embedded in paraffin. The sections (3 um) were stained with hematoxylin-eosin (HE) 
and periodic acid-Schiff (PAS). The pathological changes were observed using a Leica 
microscope.

Immunohistochemistry: The deparaffinized and rehydrated sections (3 um) of 
paraffin-embedded renal cortices were subjected to heat-mediated antigen retrieval 
and incubated with 3% H2O2 for 10 min. Sections were then incubated overnight at 4 
°C with primary antibody against TNC (CST, 12221, 1:400), and the pathology score of 
micrographs was blindly evaluated by more than two experienced pathologists. At 
least ten images from each kidney section were counted.

ELISA and biochemical index determination: Five millilitres of venous blood of rats 
was used for ELISA. The blood was incubated at room temperature for 30 min, an 
anticoagulant was added, and the blood was centrifuged for 15 min (3000 r/min, 4 °C). 
The supernatant was collected and stored at -80 °C in aliquots. An ELISA was used to 
determine serum TNC levels (SEB975Ra, Cloud-Clon Corp) among rats within the 
group. The levels of urea nitrogen (C013-2-1, Nanjing Jiancheng Bioengineering 
Institute) and creatinine (C011-2-1, Nanjing Jiancheng Bioengineering Institute) in 
serum of rats were measured with commercial kits.

Cell-based experiments
Reagents and antibodies: The antibodies used in this study were rabbit polyclonal 
antibodies against fibronectin (FN) (sc-8422, purchased from Santa), connective tissue 
growth factor (CTGF) (sc-365970, purchased from Santa), TNC (12221, purchased from 
CST), TLR4 (sc-30002, purchased from Santa), NF-κB p65 (8242, purchased from CST), 
p-p65 (3033, purchased from CST), and GAPDH (Zhongshan Jinqiao). In addition, 
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miR-155-5p was detected using a kit and primer purchased from Gema (Suzhou, 
China).

Cell culture: Rat mesangial cells (RMCs) were purchased from the Wuhan Cell Bank 
(Wuhan Collection Center, China). The cells were cultured in minimal essential 
medium (Life Technologies, Carlsbad, CA, United States) supplemented with 10% 
foetal bovine serum (Abgent, San Diego, CA, United States) at a density of 5 × 105 
cells/2 mL in a 6-well plate at 37 °C in an atmosphere containing 5% CO2 and 95% air. 
Cells were pre-treated with serum-free medium overnight before subsequent 
experiments.

High-glucose screening experiment. After RMCs had grown to a confluence of 
approximately 50%, the cells were selected and divided into a normal glucose group, 
high mannitol osmotic control group (osmotic pressure control group), and 
hyperglycaemic group and cultured as described below: (1) The normal glucose 
control group (NG, 5.5 mmol/L glucose) was cultured for 24 h, and cells were then 
collected; (2) The high mannitol osmotic control group (5.5 mmol/L glucose + 24.5 
mmol/L mannitol; the osmotic pressure was the same as the high glucose group) was 
cultured for 24 h, and cells were then collected; and (3) The high glucose group (30 
mmol/L glucose) was cultured for 24 h, and cells were then collected. The collected 
cells and supernatants were stored in a freezer at -80 °C. Real-time polymerase chain 
reaction (PCR) was conducted to detect the expression of miR-155-5p in RMCs, 
Western blot was used to detect the levels of the TNC, TLR4, p-p65, NF-κB p65, CTGF, 
and FN proteins in RMCs, and ELISA was used to detect the levels of TNC expression 
in supernatants.

Transient transfection. Small interfering RNAs (siRNAs) targeting TNC, TLR4, and 
miR-155-5p were designed and synthesized by Gema (Shanghai, China). All of the 
sequences are listed in Table 1. Lipofectamine 2000 (Life Technologies, Carlsbad, CA, 
United States) was placed into four plates and used for transient transfection 
according to the manufacturer’s instructions. The cells were plated in 6-well plates, 
and the siRNAs were then added. After transfection for 6 h, the media were replaced 
with normal- or high-glucose medium.

TNC screening experiment. The siRNAs designed by Gema were screened. 
Appropriate fragments for subsequent experiments were selected according to their 
transfection efficiencies.

Signaling pathway experiment. TNC blocking peptide (3628BP-50, Biovision) was 
used to block TNC. TN-C blocking peptide (0.5 mg/mL) was incubated with RMCs at 
37 °C for 1 h and then high glucose stimulation was performed. Western blot was 
subsequently performed as above. RMCs were treated with 2.5 μg/mL recombinant 
TNC (r-TNC; CC065, Sigma). All RMCs were treated for 24 h and collected for 
subsequent experiments.

Metformin treatment. Metformin powder was purchased from Beyotime (s1741). A 
metformin stock solution was prepared and diluted to 1, 5, 10, 20, and 50 μmol/L 
metformin solutions. RMCs were divided into MET (5.5 mmol/L glucose + 10 μmol/L 
metformin), 24H (30 mmol/L glucose), H+1 (30 mmol/L glucose + 1 μmol/L 
metformin), H+5 (30 mmol/L glucose + 5 μmol/L metformin), H+10 (30 mmol/L 
glucose + 10 μmol/L metformin), H+20 (30 mmol/L glucose + 20 μmol/L metformin), 
and H+50 ( 30 mmol/L glucose + 50 μmol/L metformin) groups. All RMCs were 
treated for 24 h and collected for subsequent experiments.

MiRNA extraction and detection of miR-155-5p expression using real-time 
quantitative PCR
The miRNAs were isolated using a miRcute miRNA extraction kit (Gema, Shanghai, 
China) according to the manufacturer’s instructions. Five microliters of miRNAs were 
used for reverse transcription using the miRcute miRNA first strand cDNA synthesis 
kit (Gema, Shanghai, China). A miRcute miRNA qPCR kit (SYBR Green; Gema, 
Shanghai, China) was used for PCR with 2.5 μL of cDNA templates and the following 
protocol: 40 cycles of 94 °C for 2 min, 94 °C for 20 s, and 60 °C for 34 s. The expression 
in each sample was standardized to the corresponding U6 expression level. The 
experimental data were analysed using the 2--Δ-ΔCt method. Each sample was tested 
three times. Experiments were repeated independently six times under the same 
experimental conditions.

Protein extraction and Western blot analysis
Radioimmunoprecipitation buffer containing phenylmethanesulfonyl fluoride as a 
protease inhibitor and phosphatase inhibitors was used for cell lysis. The protein 
concentration was detected with a BCA kit (Beyotime Institute of Biotechnology, 
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Table 1 Sequences of siRNAs used for transfection

Gene Sequence
TNC-siRNA siRNA-TNC-T1 sense 5’-GCA UCU GUG AUG AUG ACU ATT-3’

Anti-sense 5’-UAG UCA UCA UCA CAG AUG CTT-3’

siRNA-TNC-T2 sense 5’-GCU GAG AAG GGC AGA CAU ATT-3’

Anti-sense 5’-UAU GUC UGC CCU UCU CAG CTT-3’

siRNA-TNC-T3 sense 5’-GCA UUU GUG AGG AUG GUU UTT-3’

Anti-sense 5’-AAA CCA UCC UCA CAA AUG CTT-3’

NC-siRNA-T 5’-UUC UCC GAA CGU GUC ACG UTT-3’

Anti-sense 5’-ACG UGA CAC GUU CGG AGA ATT-3’

TLR4-siRNA siRNA-TLR4 5’-CGA GCU GGU AAA GAA UUU ATT-3’

Anti-sense 5’-UAA AUU CUU UAC CAG CUC GTT-3’

NC-siRNA-TLR4 sense 5’-UUC UCC GAA CGU GUC ACG UTT-3’

Anti-sense 5’-ACG UGA CAC GUU CGG AGA ATT-3’

miR-155-5p inhibitor Inhibitor 5’-ACC CCU AUC ACA AUU AGC AUU AA-3’

Inhibitor-NC 5’-CAG UAC UUU UGU GUA GUA CAA-3’

TNC: Tenascin-C; TLR4: Toll-like receptor-4; NC: Normal control.

China), and a standard curve was generated with bovine serum albumin (BSA). 
Samples were mixed with 5 × loading buffer and heated in a water bath at 100 °C for 5 
min. Equivalent amounts of proteins (50 μg for each sample) were separated using 
sodium dodecyl sulfate-polyacrylamide gel electrophoresis with an 8%-12% separating 
gel and then transferred to a methanol-activated polyvinylidene fluoride membrane 
using a constant current of 200 mA. BSA was diluted with Tris-buffered saline-Tween 
20 (pH 7.6). The membrane was incubated with a 5% BSA solution at room 
temperature for 2 h and then incubated with the primary antibody at 4 °C overnight. 
Antibodies against TNC, TLR4, NF-κB p65, p-NF-κB p65 (Ser536), FN, and CTGF were 
diluted 1:500, while the antibody against GAPDH was diluted 1:1000. After the 
incubation with the primary antibody and washing, the membrane was sequentially 
incubated with anti-rabbit and anti-mouse IgG secondary antibodies (1:500). Then, 
horseradish peroxidase was detected with enhanced chemiluminescence reagent 
(Beyotime Institute of Biotechnology, China), and a MicroChemi 4.2 Bio-imaging 
system was used to detect luminescence. Gelpro32 software was used to analyse the 
grey values of the bands. The densities of phosphorylated proteins were compared 
with the corresponding total protein densities to detect protein activation. The 
experiment was repeated independently six times under the same experimental 
conditions.

Statistical analysis
Analysis of ELISA data: The obtained data were statistically analysed using SPSS 
statistical analysis software (version 19.0, IBM Corp., United States). The normality of 
the distribution of each variable was assessed, and normally distributed measured 
data are reported as the mean ± SE, while measured data with a non-normal 
distribution are reported as medians (interquartile intervals). For inter-group 
comparisons of normally distributed measured data, one-way ANOVA was used to 
determine the significance of differences in the indicators among three or more 
groups, and the LSD method was used for pairwise comparisons between groups. 
Indicator data that did not conform to a normal distribution were statistically analysed 
after logarithmic transformation. The correlation between TNC levels and the UACR 
was analysed with a ridge regression model. P < 0.05 indicated statistical significance.

Cytological data analysis: The obtained data were statistically analysed using SPSS 
statistical analysis software (version 19.0, IBM Corp., United States). All data were 
obtained from six independent experiments and are reported as the mean ± SE. 
ANOVA was used to analyze differences among three or more groups, and the LSD 
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method was used to analyse normally distributed data. All P values were double-
tailed, where P < 0.05 indicated a statistically significant difference and P < 0.001 
indicated a highly statistically significant difference.

RESULTS
Serum TNC levels in patients with T2DM are significantly increased, and the 
expression levels of TNC are positively correlated with diabetes-related indicators
In the present study, the serum TNC level in patients with T2DM was measured using 
an ELISA. With an increasing UACR, the TNC level was significantly increased, and 
the TNC level was further increased in the hypertensive group compared to the 
control group (P < 0.05) (Table 2). According to the statistical analysis, serum TNC 
levels in patients with T2DM were positively correlated with HbA1c levels, BMI, SBP, 
and UACR (Table 3). The microalbuminuria and macroalbuminuria groups presented 
significantly higher levels of TNC than the normal albuminuria group (P < 0.05) 
(Table 2). The serum TNC level in the macroalbuminuria group was obviously higher 
than that in the microalbuminuria group (P < 0.05) (Table 2).

The prevention and treatment of DKD primarily include the control of blood 
glucose levels and the use of antihypertensive drugs, and an increase in blood 
pressure will further increase the rate of urinary albumin excretion[20-22]. Therefore, we 
assayed the hypertensive group to observe the effect of hypertension on the serum 
TNC level. Serum TNC levels in the microalbuminuria hypertension and 
macroalbuminuria hypertension groups were significantly higher than those in the 
microalbuminuria and macroalbuminuria groups, respectively (P < 0.05) (Table 2). 
Moreover, the serum TNC level in the macroalbuminuria hypertension group was 
significantly higher than that in the microalbuminuria hypertension group (P < 0.05) 
(Table 2).

The serum TNC level was used as the dependent variable, while the HbA1c level, 
BMI, SBP, and UACR were used as independent variables for the collinearity analysis. 
The tolerance values revealed by the statistical analysis of collinearity were all less 
than 0.05, and the variance inflation factor values were all greater than 30, indicating a 
collinearity between the dependent variable and the independent variables and 
suggesting that these variables could be included in the ridge regression analysis.

A ridge regression analysis was conducted with the serum TNC level as the 
dependent variable and the HbA1c level, BMI, SBP, and UACR as independent 
variables. The following ridge regression equation was obtained: YlgTNC = 0.0001 + 
0.405X1 + 0.110X2 + 0.341X3 + 0.131X4 (P < 0.05, X1 = lgHbA1c, X2 = BMI, X3 = SBP, and X4 = 
lgUACR). From this equation, the HbA1c, BMI, SBP, and UACR coefficients are 
positive and P < 0.05, indicating the significance of this equation; namely, the TNC 
level was positively correlated with the HbA1c level, BMI, SBP and UACR. As the 
HbA1c level, BMI, SBP and UACR increased, the TNC level also increased (Figure 1).

The expression level of TNC is significantly increased in the kidney tissue and 
serum of diabetic rats, and is positively correlated with impaired renal function
Each kidney section had at least ten images, and the pathology score of micrographs 
was blindly evaluated by more than two experienced pathologists. The HE and PAS 
staining results showed an increase in mesangial dilation and ECM deposition in DKD 
rats. Further immunohistochemical staining was performed using kidney tissues from 
rats with DKD. We stained the glomeruli of DKD rats and observed a significant 
increase in the expression of TNC in the glomeruli of DKD rats compared to the 
normal rat kidney tissue (P < 0.05) (Figure 2), which suggested that TNC may be 
involved in the occurrence and development of DKD.

In clinical practice, serum creatinine is the most commonly used indicator to 
determine whether the kidney is damaged. When the glomerular damage is severe 
and the filtration rate decreases, the serum creatinine increases, which can accurately 
reflect the degree of kidney damage. As the main component of low-molecular-weight 
nitrogen-containing substances excreted by the kidneys, urea nitrogen is of great 
significance for the diagnosis of the course and prognosis of renal diseases. After the 
diagnosis of diabetes, a kidney examination found that serum creatinine and urea 
nitrogen increased, indicating that the patient’s kidneys were damaged. Therefore, we 
detected the expression of TNC, serum creatinine, and urea nitrogen in the serum of 
diabetic rats and normal rats. We found that the expression levels of serum TNC, urea 
nitrogen, and creatinine in diabetic rats were significantly higher than those of the 
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Table 2 Comparison of clinical characteristics and biochemical data among groups [mean ± SEM, M (quartile)]

Group n Age (yr) TG (mmol/L) TC (mmol/L) LDL-C 
(mmol/L)

HDL-C 
(mmol/L) UA (μmol/L) HbA1C (%) TNC (pg/mL) UACR (mg/g) SBP (mmHg) DBP (mmHg) HOMA-IR

A 60 50 ± 1.29 1.17 (0.92-1.48) 4.58 ± 0.11 2.80 ± 0.11 1.44 ± 0.05 279.54 ± 8.43 5.40 (5.25-5.70) 15.20 (14.08-
15.95)

9.92 (7.58-11.23) 119 ± 1.55 72 ± 1.29 1.02 ± 0.08

B 70 52 ± 1.79 0.91 (0.71-1.59) 5.13 ± 0.15 3.40 ± 0.14 1.29 ± 0.04 265.77 ± 7.08 7.30 (6.05-
8.70)a

15.07 (12.10-
17.95)

16.76 (13.58-
24.26)a

118 ± 1.79 74 ± 0.84 2.53 ± 0.12a

C 105 56 ± 1.07 2.07 (1.32-3.01)a,b 4.62 ± 0.07 2.88 ± 0.06 1.12 ± 0.03a 340.24 ± 8.17a,b 8.40 (7.50-
9.80)a

17.07 (14.70-
19.88)a,b

44.85 (33.91-
59.59)a,b

126 ± 0.68 77 ± 0.68 4.68 ± 0.26a,b

D 75 57 ± 1.5 1.84 (1.55-3.87)a,b 4.49 ± 0.13 2.89 ± 0.11 1.00 ± 0.02a,b 348.87 ± 10.83a,b 7.30 (6.60-
8.50)a

18.96 (14.70-
21.40)a,b,c

56.17 (45.80-
159.74)a,b,c

152 ± 1.04a,b,c 92 ± 1.5a,b,c 4.85 ± 0.34a,b

E 65 52 ± 0.99 2.08 (1.76-2.88)a,b 5.61 ± 0.16a,c,d 3.68 ± 0.13a,c,d 1.21 ± 0.03 381.11 ± 10.47a,b 7.80 (7.00-
9.25)a

18.71 (16.40-
19.95)a,b,c

871.58 (390.94-
871.58)a,b,c,d

127 ± 1.36 79 ± 0.99 5.65 ± 0.45a,b

F 65 59 ± 1.36 1.99 (1.38-4.07)a,b 4.84 ± 0.15 2.84 ± 0.12e 1.11 ± 0.04a 358.38 ± 8.27a,b 9.10 (7.10-
9.70)a

21.16 (16.92-
21.35)a,b,c,d,e

1094.62 (790.00-
5246.40)a,b,c,d,e

160 ± 1.49a,b,c,e 96 ± 1.86a,b,c,e 5.75 ± 0.4a,b

aP < 0.05 compared with group A.
bP < 0.05 compared with group B.
cP < 0.05 compared with group C.
dP < 0.05 compared with group D.
eP < 0.05 compared with group E. 1 mmHg = 0.133 kPa; A: Healthy group; B: Normal albuminuria group; C: Microalbuminuria group; D: Microalbuminuria combined with hypertension group; E: Macroalbuminuria group; F: 
Macroalbuminuria combined with hypertension group. BMI: Body mass index; SBP: Systolic blood pressure; DBP: Diastolic blood pressure; UACR: Urinary albumin to creatinine ratio; HOMA-IR: Homeostasis model assessment-insulin 
resistance; HOMA-IR: Homeostasis model assessment of insulin resistance, = FRG × FINS / 22.5; HDL-C: High-density lipoprotein-cholesterol; LDL-C: Low-density lipoprotein-cholesterol; TC: Total cholesterol; TG: Triglycerides; UA: Uric 
acid; TNC: Tenascin-C.

normal group (P < 0.05) (Table 4). Pearson correlation analysis showed that TNC levels 
were positively correlated with creatinine and urea nitrogen (r = 0.796 and 0.958, 
respectively, P < 0.01).

High-glucose stimulation increases the levels of TNC protein in RMCs
The mechanism underlying the correlation between TNC levels and the UACR has not 
been reported. Cell-based experiments were conducted to further explore this 
mechanism. We used RMCs (HBZY-1 cells) for the experiment designed to analyse the 
effect of high-glucose stimulation on TNC expression. RMCs were stimulated with 
normal glucose (5.5 mmol/L glucose) or hypertonic glucose (5.5 mmol/L glucose + 
24.5 mmol/L mannitol) for 72 h and with high glucose (30 mmol/L glucose) for 24, 48, 
and 72 h. Western blot analysis showed that high-glucose stimulation increased the 
level of TNC protein, which peaked at 24 h (P < 0.05) (Figure 3). Therefore, we applied 
high-glucose stimulation for 24 h in subsequent experiments. In addition, 24.5 mmol/L 
mannitol was added to the normal glucose group each time to control for 
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Table 3 Correlation between tenascin-C levels and urinary albumin excretion rate

lgTNC
Index

β t P value 

Constant 0.0001 -31.965 0.001

lgHbA1c 0.405 15.893 0.001

BMI 0.110 4.090 0.002

SBP 0.341 13.379 0.002

lgUACR 0.131 4.621 0.001

BMI: Body mass index; SBP: Systolic blood pressure; 1 mmHg = 0.133 kPa; UACR: Urinary albumin to creatinine ratio; TNC: Tenascin-C.

Table 4 Comparison of expression of tenascin-C, creatinine, and urea nitrogen in serum of rats [mean ± SD, M (quartile)]

Group n TNC (ng/mL) Creatinine (mmol/L) Urea nitrogen (mmol/L)

N 6 40.85 ± 2.99 37.27 ± 6.41 6.02 ± 1.57

D 6 59.25 ± 3.46a 129.08 ± 39.88a 22.48 ± 2.71

aP < 0.05 compared with group. N, n = 6 for each group. N: Normal rat serum; D: Diabetic rat serum; TNC: Tenascin-C.

Figure 1 Relationship between the determination coefficient (R2) and K value, as shown by the ridge regression analysis. RSQ: R-SQUARE; 
SBP: Systolic blood pressure; BMI: Body mass index; HBA: Glycosylated hemoglobin; UAC: Urinary albumin creatinine ratio.

permeability, and the addition of mannitol did not significantly increase the level of 
TNC protein (Figure 3). Thus, the increase in the levels of the TNC protein in RMCs 
treated with high glucose was not caused by an alteration in the osmotic pressure.

Moreover, the TNC expression level in the high glucose treated RMC supernatant 
was significantly higher than that in the normal glucose group (P < 0.05) (Table 5).

High-glucose stimulation of RMCs increases TLR4 expression through TNC
As shown in previous studies, TNC and TLR4 jointly promote the inflammatory 
response through a loop in macrophages[6,23-25], monocytes[26], dendritic cells[27], bone 
marrow stem cells[26,28], adipocytes[29,30], astrocytes[31], and liver cancer cells[32]. RMCs 
were separately cultured under normal glucose, hypertonic, and hyperglycaemic 
conditions to explore the role of TLR4 in RMCs cultured with high glucose 
concentrations. Compared with RMCs cultured with normal glucose levels, high-
glucose-cultured RMCs exhibited significantly increased levels of TLR4 protein (P < 
0.05) (Figure 3). However, a significant difference in the level of TLR4 protein was not 
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Table 5 Comparison of expression of tenascin-C in the supernatant of rat mesangial cell culture [mean ± SD, M (quartile)]

Group n TNC (ng/mL)

Ns 6 57.43 ± 5.94

Hs 6 70.13 ± 2.84a

aP < 0.05 compared with group Ns, n = 6 for each group. Ns: Normal condition supernatant (NG, 5.5 mmol/L glucose). Hs: High-glucose condition 
supernatant (HG, 30 mmol/L glucose).

Figure 2 Histological changes and tenascin-C expression in the kidneys of diabetic rats. A: Hematoxylin-eosin staining; B: Periodic acid-Schiff 
staining (400 ×); C: Immunohistochemical staining; D: Pathological scoring of tenascin-C (TNC). Scale bar: 20 μm. Representative immunohistochemical images and 
immunohistochemical scores for TNC in renal section are shown. aP < 0.05 compared with the NC control group. NC, n = 6, DN, n = 6. NC: Normal rat renal section; 
DN: Diabetic rat renal section; HE: Hematoxylin-eosin; PAS: Periodic acid-Schiff; TNC: Tenascin-C.

observed between RMCs cultured under normal-glucose and hyperosmotic conditions 
(Figure 3), excluding an effect of osmotic pressure.

We used siRNA technology to silence the expression of TNC and further confirm its 
effect on TLR4 expression in RMCs cultured with high glucose concentrations. First, 
three different siRNAs for TNC (siRNA-TNC-T1, siRNA-TNC-T2, and siRNA-TNC-
T3) were used to silence TNC expression, and non-specific siRNA (NC-siRNA-T) was 
used as a control (Table 1). Cells were transfected for 6 h and cultured with normal 
glucose concentrations for 24 h. Compared with the normal control (N) group, 
transfection with the three different siRNAs targeting TNC reduced the expression of 
TNC (P < 0.05) (Figure 4). Among the three siRNAs, siRNA-TNC-T2 displayed the 
highest transfection efficiency (P < 0.05) (Figure 4). Therefore, siRNA-TNC-T2 was 
used in subsequent experiments. A significant difference in TNC expression was not 
observed between the N and NC-siRNA-T groups (P > 0.05) (Figure 4). Therefore, the 
effect of the transfection on the experimental results was eliminated. Next, siRNA-
TNC-T2 was used to silence the expression of the TNC gene, and NC-siRNA-T was 
used as a blank control. After transfection for 6 h, RMCs were cultured with normal 
glucose or high glucose concentrations for 24 h. Compared with RMCs cultured with 
normal glucose concentrations, those cultured with high glucose concentrations 
exhibited significantly increased TLR4 expression (P < 0.05) (Figure 5). However, this 
effect was blocked by siRNA-TNC-T2 (P < 0.05) (Figure 5). In addition, the expression 
of TLR4 in cells cultured with normal glucose concentrations was not affected by 



Zhou Y et al. TNC/miR-155-5p participate in DKD inflammation and fibrosis

WJD https://www.wjgnet.com 29 January 15, 2021 Volume 12 Issue 1

Figure 3 Changes in the levels of the tenascin-C and toll-like receptor-4 proteins and nuclear factor-κB p65 protein (Ser536) 
phosphorylation in cells stimulated with high glucose. A and B: Protein bands and protein expression of tenascin-C (TNC). Rat mesangial cells (RMCs) 
were cultured under normal (NG, 5.5 mmol/L glucose) and hypertonic (HM, 5.5 mmol/L glucose + 24.5 mmol/L mannitol) conditions for 72 h, or high-glucose (HG, 30 
mmol/L glucose) conditions for 24, 48, and 72 h. aP < 0.05 compared with the 72 h control group;  C-G: Protein bands and protein expression of TNC, Toll-like 
receptor-4, and phosphorylated nuclear factor-κB p65 protein (Ser536). RMCs were cultured under normal (NG, 5.5 mmol/L glucose), hypertonic (HM, 5.5 mmol/L 
glucose + 24.5 mmol/L mannitol), and high-glucose (HG, 30 mmol/L glucose) conditions for 24 h. aP < 0.05 compared with the N control group. Protein levels were 
detected using Western blot. The results are presented as the mean ± SD of six independent experiments after normalization to GAPDH levels. TNC: Tenascin-C; 
TLR4: Toll-like receptor-4; p-NF-κB p65: Phosphorylated nuclear factor-κB p65 protein (Ser536); N: Normal glucose; M: Hypertonic; H: High-glucose.

siRNA-TNC-T2 (P > 0.05) (Figure 5).
Therefore, the inhibition of TNC expression decreases the level of TLR4 in high-

glucose-cultured RMCs.
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Figure 4 Screening siRNAs to silence the expression of tenascin-C protein. A: Protein bands; B: Protein expression of tenascin-C (TNC). Rat 
mesangial cells (RMCs) were transfected with siRNA-TNC-T1, siRNA-TNC-T2, siRNA-TNC-T3, and siRNA-NC. RMCs were cultured in normal glucose (NG, 5.5 
mmol/L glucose) medium for 24 h. aP < 0.05 compared with untransfected RMCs cultured with normal glucose concentrations. The level of the tenascin-C protein was 
detected using Western blot. The results are presented as the mean ± SD of six independent experiments after normalization to GAPDH levels. TNC: Tenascin-C; 
NC: Negative control; N: Normal glucose.

TNC expressed in high-glucose-cultured RMCs induces the expression of NF-κB 
through TLR4
The inhibition of NF-κB alters the expression of TNC in primary human monocytes[28]. 
After TNC stimulation, the expression of the TLR4 mRNA is significantly increased in 
Huh 7.0 (hepatocellular carcinoma) cells, and NF-κB fluorescence in the nucleus is 
increased[1]. In subsequent experiments, we decided to verify the effect of TNC on 
TLR4/NF-κB in high-glucose-cultured RMCs.

First, we cultured RMCs under normal-glucose, hyperosmotic, and hyperglycaemic 
conditions. Compared with the levels measured after culture with normal glucose 
concentrations, NF-κB p65 phosphorylation was significantly increased after culture 
with high glucose concentrations for 24 h (P < 0.05) (Figure 3). However, a significant 
difference in the level of NF-κB p65 phosphorylation was not observed between cells 
cultured under normal-glucose and hyperosmotic conditions (P > 0.05) (Figure 3). 
Therefore, we eliminated the potential effect of osmotic pressure on the experimental 
results.

Based on the results from previous studies by our research group, siRNA-TLR4 was 
used to silence the expression of the TLR4 gene (Table 1), and a non-specific siRNA 
(NC-siRNA-TL) was used as a control. RMCs were transfected with the siRNAs for 6 h 
and cultured with normal glucose or high glucose concentrations for 24 h. Notably, 
siRNA-TLR4 significantly reduced the level of NF-κB p65 phosphorylation upon high-
glucose stimulation (P < 0.05) (Figure 6) but had no effect on NF-κB p65 
phosphorylation in cells cultured with normal glucose concentrations. In addition, the 
silencing of TLR4 expression inhibited not only NF-κB p65 phosphorylation but also 
the expression of the upstream protein TNC (P < 0.05) (Figure 6). Based on these 
results, TLR4 silencing decreases the activation of the NF-κB p65 signalling pathway 
induced by high glucose concentrations. Furthermore, transfection with siRNA-TNC-
T2 not only inhibited the expression of the TLR4 protein (P < 0.05) (Figure 5) but also 
decreased the phosphorylation of NF-κB p65 in high-glucose-cultured RMCs (P < 0.05) 
(Figure 5).

High glucose induces the expression of miR-155-5p in RMCs
Pre-miR-155 adopts two mature forms, miR-155-3p and miR-155-5p, of which miR-
155-5p is the most abundant[33]. Most studies of DKD have focused on miR-155-5p. 
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Figure 5 Silencing of tenascin-C protein expression inhibits the expression of Toll-like receptor-4 and fibrosis factors (connective tissue 
growth factor and fibronectin), as well as the phosphorylation of p65. A: Protein bands; B-F: Protein expression of tenascin-C (TNC), Toll-like receptor-
4 (TLR4), phosphorylated nuclear factor-κB p65 (Ser536) (p-NF-κB p65), connective tissue growth factor (CTGF), and fibronectin (FN). Rat mesangial cells (RMCs) 
were transfected with siRNA-TNC-T2 for 6 h, and the media were then replaced with normal-glucose (NG, 5.5 mmol/L glucose) or high-glucose (HG, 30 mmol/L 
glucose) medium for 24 h (N, 5.5 mmol/L glucose). RMCs were transfected with siRNA-TNC-T2 and siRNA-NC for 6 h, and the media were then replaced with 
normal-glucose (NG, 5.5 mmol/L glucose) or high-glucose (HG, 30 mmol/L glucose) medium for 24 h. aP < 0.05 compared with RMCs cultured with normal glucose 
concentrations; cP < 0.05 compared with RMCs cultured with high glucose concentrations. TNC, TLR4, p-NF-κB p65, NF-κB p65, CTGF, and FN levels were all 
detected using Western blot. The results are presented as the mean ± SD of six independent experiments after normalization to GAPDH levels. TNC: Tenascin-C; 
TLR4: Toll-like receptor-4; p-p65: Phosphorylated nuclear factor-κB p65 (Ser536); p65: Nuclear factor-κB p65; CTGF: Connective tissue growth factor; FN: 
Fibronectin; N: Normal control; NC: Negative control; H: High glucose.

Therefore, in this experiment, we investigated the effect of high glucose concentrations 
on miR-155-5p levels in RMCs. RMCs were treated with high glucose or normal 
glucose concentrations (as a control) for 0.25, 0.5, 1, 2, 4, 8, 12, 24, 36, and 48 h. Real-
time PCR results revealed an increase in the expression of miR-155-5p in cells cultured 
with high-glucose medium; its expression peaked at 4 h and was 24.03-fold higher 
than miR-155-5p expression in cells cultured in normal-glucose medium (P < 0.05) 
(Figure 7).

TNC regulates the expression of miR-155-5p in high-glucose-cultured RMCs through 
the TLR4/NF-κB pathway
In bone marrow-derived macrophages, LPS stimulation significantly increases the 
expression of miR-155, which is significantly inhibited in TNC knockout (TNKO) 
mice[33]. In addition, in a liver fibrosis study, increased expression of miR-155 was 
observed in Kupffer cells, along with increased expression of TLR4 protein[34,35]. 
Furthermore, an NF-κB inhibitor inhibits the expression of miR-155 in RAW264.7 
macrophages[36]. Thus, TNC may regulate the expression of miR-155 through the 
TLR4/NF-κB pathway, but the specific mechanism still requires experimental 
verification.

In the present study, high-glucose stimulation significantly increased the expression 
of miR-155-5p in RMCs by 5.38-fold (P < 0.05; Figure 8). We transfected cells with 
siRNA-TLR4 to silence the expression of the TLR4 gene and further confirm the role of 
TLR4 in increased miR-155-5p levels in RMCs cultured under high-glucose conditions. 
Real-time PCR showed a significant decrease in the expression of miR-155-5p after 
TLR4 silencing, and miR-155-5p was expressed at 2.29-fold lower levels than in cells 
cultured under high-glucose conditions (P < 0.05; Figure 8). Furthermore, transfection 
of RMCs with siRNA-TNC-T2 not only inhibited the activity of TLR4 and 
phosphorylation of NF-κB p65 (P < 0.05; Figure 5) but also downregulated the 
expression of miR-155-5p by 2.12-fold (P < 0.05; Figure 9) in high-glucose-cultured 
RMCs.

TNC regulates the expression of inflammatory and fibrogenic factors in high-
glucose-treated RMCs through the TLR4/NF-κB/miR-155-5p pathway
In the unilateral ureteral obstruction (UUO) model, the level of TNC protein was 
significantly increased in day 7, while PCR showed that the level of the TNC mRNA 
started to increase on day 1 after UUO, indicating that TNC was produced before the 
development of renal fibrosis. The stimulation of rat stromal fibroblasts (NRK-49F 
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Figure 6 Silencing Toll-like receptor-4 protein expression inhibits the expression of tenascin-C and fibrosis factors (connective tissue 
growth factor and fibronectin), as well as nuclear factor-κB p65 phosphorylation. A: Protein bands; B-F: Protein expression of tenascin-C (TNC), 
Toll-like receptor-4 (TLR4), phosphorylated nuclear factor-κB p65 (Ser536) (p-NF-κB p65), connective tissue growth factor (CTGF), and fibronectin (FN). Rat 
mesangial cells (RMCs) were transfected with siRNA-TLR4 for 6 h, and the media were then replaced with normal-glucose (NG, 5.5 mmol/L glucose) or high-glucose 
(HG, 30 mmol/L glucose) medium for 24 h (NG, 5.5 mmol/L glucose), (HG, 30 mmol/L glucose). RMCs were transfected with siRNA-TLR4 and siRNA-NC for 6 h, and 
the media were then replaced with normal-glucose (NG, 5.5 mmol/L glucose) or high-glucose (HG, 30 mmol/L glucose) medium for 24 h. aP < 0.05 compared with 
RMCs cultured with normal glucose concentrations; cP < 0.05 compared with RMCs cultured with high glucose concentrations. TNC, TLR4, p-NF-κB p65, NF-κB p65, 
CTGF, and FN levels were detected using Western blot. The results are presented as the mean ± SD of six independent experiments after normalization to GAPDH 
levels. TNC: Tenascin-C; TLR4: Toll-like receptor-4; p-p65: Phosphorylated nuclear factor-κB p65 (Ser536); p65: Nuclear factor-κB p65; CTGF: Connective tissue 
growth factor; FN: Fibronectin; N: Normal control; NC: Negative control; H: High glucose.

Figure 7 Expression of miR-155-5p induced by high glucose treatment for different durations. Rat mesangial cells (RMCs) cultured under normal-
glucose (NG, 5.5 mmol/L glucose) and high-glucose (HG, 30 mmol/L glucose) conditions were treated with high glucose concentrations for 0.25, 0.5, 1, 2, 4, 8, 12, 
24, 36, and 48 h. The expression of miR-155-5p increased beginning at 0.25 h and peaked after 4 h. aP < 0.05 compared with RMCs cultured with normal glucose 
concentrations. The expression of miR-155-5p was quantified using real-time polymerase chain reaction. The results were normalized to the expression of the U6 
mRNA and are presented as the mean ± SD of six independent experiments.

cells) with the recombinant human TNC protein significantly increased the number of 
NRK-49F cells, suggesting that TNC promotes the proliferation of renal fibroblasts. 
TNC, a secreted protein that is part of the ECM, is involved in formation of the ECM 
microenvironment. Overexpression of TNC promotes the expansion of fibroblasts. 
After decellularization of the UUO kidney, TNC still promoted the proliferation and 
expansion of fibroblasts, indicating that TNC was concentrated in the matrix. A TNC-
specific siRNA was injected into UUO mice, and TNKO significantly reduced the renal 
expression of the FN and alpha smooth muscle actin proteins, as well as fibrotic injury, 
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Figure 8 Silencing of Toll-like receptor-4 expression inhibits miR-155-5p expression. Rat mesangial cells (RMCs) were transfected with siRNA-TLR4 
to silence Toll-like receptor-4 (TLR4) expression and siRNA-NC for 6 h, and the media were then replaced with normal-glucose (NG, 5.5 mmol/L glucose) or high-
glucose (HG, 30 mmol/L glucose) medium for 24 h. aP < 0.05 compared with RMCs cultured with normal glucose concentrations; cP < 0.05 compared with RMCs 
cultured with high glucose concentrations. The expression of miR-155-5p was quantified using real-time polymerase chain reaction. The results were normalized to 
the expression of the U6 mRNA and are presented as the mean ± SD of six independent experiments. TLR4: Toll-like receptor-4; N: Normal control; NC: Negative 
control; H: High-glucose.

Figure 9 Silencing of tenascin-C expression inhibits miR-155-5p expression. Rat mesangial cells (RMCs) were transfected with siRNA-TNC-T2 and 
siRNA-NC for 6 h, and the media were then replaced with normal-glucose (NG, 5.5 mmol/L glucose) or high-glucose (HG, 30 mmol/L glucose) medium for 24 h. aP < 
0.05 compared with RMCs cultured with normal glucose concentrations; cP < 0.05 compared with RMCs cultured with high glucose concentrations. The expression of 
miR-155-5p was quantified using real-time polymerase chain reaction. The results were normalized to the expression of the U6 mRNA and are presented as the 
mean ± SD of six independent experiments. N: Normal control; NC: Negative control; H: High-glucose.

as evidenced by Masson’s trichrome staining of collagen deposition[37].
The silencing of TNC expression might inhibit the proliferation of fibroblasts and 

alleviate the development of renal fibrosis, indicating an important role for TNC in the 
development of renal fibrosis. Based on the conclusions drawn from the 
aforementioned experiments, we conducted the next experiment.

First, we used an miR-155-5p inhibitor to specifically inhibit the expression of miR-
155-5p. After transfection with the miR-155-5p inhibitor for 6 h, the medium was 
changed, and cells were cultured with normal or high glucose concentrations for 24 h. 
The levels of the fibrogenic factors FN and CTGF were decreased (P < 0.05) (Figure 10). 
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Figure 10  Inhibition of miR-155-5p expression. A: Protein bands; B-F: Protein expression of tenascin-C (TNC), Toll-like receptor-4 (TLR4), phosphorylated 
nuclear factor-κB p65 (Ser536) (p-NF-κB p65), connective tissue growth factor (CTGF), and fibronectin (FN). Rat mesangial cells (RMCs) were transfected with a 
miR-155-5p inhibitor to inhibit the expression of miR-155-5p (IN) or non-specific inhibitor (IN-NC) for 6 h and further cultured with normal glucose or high glucose 
concentrations for 24 h. The inhibition of miR-155-5p reduced the levels of TNC, TLR4, fibrosis factors (CTGF and FN), and p-NF-κB p65. RMCs were transfected 
with siRNA-IN to inhibit miR-155-5p and siRNA-NC for 6 h, and the media were then replaced with normal-glucose (NG, 5.5 mmol/L glucose) or high-glucose (HG, 30 
mmol/L glucose) medium for 24 h. aP < 0.05 compared with RMCs cultured with normal glucose concentrations; cP < 0.05 compared with RMCs cultured with high 
glucose concentrations. TNC, TLR4, p-NF-κB p65, NF-κB p65, CTGF, and FN levels were all detected using Western blot. The results are presented as the mean ± 
SD of six independent experiments after normalization to GAPDH levels. TNC: Tenascin-C; TLR4: Toll-like receptor-4; p-NF-κB p65: Phosphorylated nuclear factor-
κB p65 (Ser536); NF-κB p65: Nuclear factor-κB p65; CTGF: Connective tissue growth factor; FN; Fibronectin; N: Normal control; NC: Negative control; H: High-
glucose.

Further use of siRNA-TLR4 to inhibit the expression of TLR4 revealed that the 
silencing of TLR4 expression decreased not only the phosphorylation of the 
inflammatory factor NF-κB p65 (P < 0.05) (Figure 6) but also the expression of miR-
155-5p (P < 0.05) (Figure 8) and the fibrosis factors CTGF and FN (P < 0.05) (Figure 6) 
in high-glucose-treated RMCs. Then, siRNA-TNC-T2 was used to specifically silence 
the expression of TNC. Following the specific silencing of TNC expression, TLR4 
expression and phosphorylation of the inflammatory factor NF-κB p65 were decreased 
(P < 0.05) (Figure 5), miR-155-5p expression was decreased (P < 0.05) (Figure 9), and 
the expression of the fibrosis factors CTGF and FN was decreased (P < 0.05) (Figure 5) 
in high-glucose-treated RMCs.

Inhibition of miR-155-5p expression reduces the expression of TNC, TLR4, and NF-
κB in RMCs cultured under high-glucose conductions
We transfected RMCs with the miR-155-5p inhibitor to further confirm the effect of 
miR-155-5p on TNC, TLR4, and NF-κB p65 levels (Table 6). When the expression of 
miR-155-5p was inhibited, the levels of the TNC, TLR4, and phosphorylated NF-κB 
p65 proteins in RMCs were significantly reduced in cells stimulated with 
hyperglycaemia (P < 0.05) (Figure 10).

Signaling pathway experiment
TNC inhibitory antibodies and recombinant proteins were used to stimulate rat 
mesangial cells, respectively, and it was found that inhibitory antibodies significantly 
reduced the expression of TLR4, CTGF, and FN proteins under high glucose 
stimulation, while the expression of TLR4, CTGF and FN was significantly increased 
after the addition of r-TNC protein; the expression of CTGF and FN could be restored 
when silencing TLR4 under r-TNC stimulation. These results suggested that TNC 
downregulated  inflammatory and fibrosis factors through TLR4/NF-κB (P < 0.05) 
(Figure 11).

Metformin regulates the expression of inflammatory and fibrosis factors in DKD 
models by regulating TNC levels
Metformin inhibits the inflammatory response of endothelial cells by inhibiting NF-κB 
through an AMPK-dependent pathway[38]. However, metformin has not been reported 
to inhibit the inflammatory response through TNC. By reviewing the literature on the 
effect of metformin on NF-κB, we concluded that metformin may inhibit TNC 
expression through NF-κB p65. Therefore, we designed the experiment described 
below.
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Table 6 Real-time polymerase chain reaction primer sequences

Primer Sequence

miR-155-5p Forward 5’-GGT GCG GTT AAT GCT AAT TGT G-3’

Reverse 5’-CAG AGC AGG GTC CGA GGTA-3’

U6 Forward 5’-CGC TTC GGC AGC ACA TAT AC-3’

Reverse 5’-TTC ACG AAT TTG CGT GTC ATC-3’

In previous studies, colon cancer cells were treated with metformin at 
concentrations of 0.5, 1, 5, 10, and 50 mmol/L[39]. In a study of the protective effect of 
metformin on nerve cells, the effect was most pronounced at 20 mmol/L[40]. Based on 
these studies, we selected the following concentration of metformin to treat cells.

RMCs were divided into the MET, 24H, H+1, H+5, H+10, H+20, and H+50 groups. 
Western blot showed that increasing concentrations of metformin decreased levels of 
phosphorylated NF-κB p65 and TNC (P < 0.05) (Figure 12). Then, we treated the cells 
with 20 mmol/L metformin, and observed the levels of downstream inflammatory and 
fibrosis proteins using Western blot. Metformin significantly reduced the levels of 
CTGF and FN proteins (P < 0.05) (Figure 12).

DISCUSSION
The main pathological manifestations of DKD are thickened glomerular basement 
membrane and increased mesangial matrix synthesis. Degradation of the glomerular 
filtration barrier leads to the development of proteinuria, an important manifestation 
of DKD, and proteinuria develops in a dynamic rather than linear manner[15,41,42]. As an 
ECM protein, TNC activates downstream signalling pathways by binding structural 
proteins in the ECM and the cell surface receptors EGF and integrin to regulate cell 
adhesion, migration, and proliferation[37]. According to Mackie et al[43], TNKO mice 
showed increased mesangial cell apoptosis, reduced proliferation, and reduced ECM 
deposition, while the addition of exogenous TNC reversed the changes.

Serum TNC levels were increased in patients with T2DM patients with an increase 
in the UACR, and an increased blood pressure further increased the TNC levels in the 
present study. In addition, serum TNC levels in patients with T2DM were positively 
correlated with HbA1c levels and BMI. TNC levels were increased significantly in the 
group with hypertension compared to the control group. As shown in previous 
studies, TNC is a tensor protein, and thus tension traction and Ang II may lead to 
increased TNC expression[44]. In addition, Fujimoto et al[45] observed that TNC 
promoted cerebral vasoconstriction through TLR4 through a MAPK-dependent 
pathway. Because hypertension exacerbates proteinuria, we assayed the hypertensive 
group to observe the effect of hypertension on the expression of TNC in different 
groups stratified by urine albumin excretion rates, and hypertension increased serum 
TNC levels in patients with an increasing UACR. TNC may play a role in the 
development of proteinuria in individuals with DKD. However, the specific 
mechanism by which TNC promotes the development of DKD remains unclear. In 
addition, a significantly higher level of TNC protein was observed in the glomeruli of 
diabetic rats than in the normal control group. Therefore, we performed in vitro cell 
culture to elucidate this molecular mechanism at the cellular and molecular levels.

Exogenous TNC induces the expression of collagen genes and the transformation of 
myofibroblasts through TLR4. TLR4 signalling promotes the production and 
accumulation of TNC in damaged tissues. TNC increases the expression and activity of 
TLR4 in turn, producing an inflammatory response loop that continuously increases 
the expression of TNC[46]. TNC and TLR4 not only regulate each other in an 
inflammatory state but also change cell function through TLR4. For example, TNC 
stimulation significantly increases the number of osteoclasts, a change that is 
antagonized by inhibitory antibody against TLR4[47]. In TNKO mice, the degree of 
fibrosis in cardiomyocytes is significantly reduced compared to control mice. 
Moreover, TNC regulates the polarization of M1/M2 macrophages through the TLR4 
pathway. Furthermore, TNC promotes reactive oxygen species (ROS) production in 
bone marrow macrophages through TLR4[48].

In this study, it was found that the expression of TNC in the kidney tissues of 
diabetic rats was significantly increased, and the expression of TNC in the serum of 
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Figure 11  Signaling pathway experiment. A: Protein bands; B-F: Protein expression of Toll-like receptor-4 (TLR4), phosphorylated nuclear factor-κB p65 
(Ser536) (p-NF-κB p65), connective tissue growth factor (CTGF), and fibronectin (FN). Rat mesangial cells (RMCs) were treated with TNC inhibitory antibody or TNC 
recombinant protein with or without transfected with siRNA-TLR4. RMCs cultured with normal glucose concentrations (N, 5.5 mmol/L glucose) or high-glucose (H, 30 
mmol/L glucose) medium for 24 h, RMCs were pretreated with 0.5 mg/mL TNC blocking peptide and cultured with high-glucose (Anti-TNC, 30 mmol/L glucose), 
RMCs were treated with 2.5 ug/mL recombinant TNC (r-TNC), RMCs were transfected with siRNA-TLR4 to silence TLR4 expression for 6 h, and the media were then 
replaced with normal-glucose (NG, 5.5 mmol/L glucose) and treated with 2.5 ug/mL r-TNC(r-TNC+siTLR4). All RMCs were treated for 24 h and collected for 
subsequent experiments. aP < 0.05 compared with RMCs cultured with normal glucose concentrations; cP < 0.05 compared with RMCs cultured with high glucose 
concentrations; eP < 0.05 compared with RMCs treated with r-TNC. TLR4, p-NF-κB p65, NF-κB p65, connective tissue growth factor, and fibronectin levels were all 
detected using Western blot. The results are presented as the mean ± SD of six independent experiments after normalization to GAPDH levels. TLR4: Toll-like 
receptor-4; p-NF-κB p65: Phosphorylated nuclear factor-κB p65 (Ser536); NF-κB p65: Nuclear factor-κB p65; CTGF: Connective tissue growth factor; FN: Fibronectin; 
N: Normal control; H: High-glucose.

diabetic rats was increased and had a positive correlation with urea nitrogen and 
creatinine.

TNC expression was significantly increased in RMCs cultured under high-glucose 
conditions. TNC has been reported to function as an endogenous activator of TLR4-
mediated inflammation, and the functional domain of TNC, the fibrinogen-like globe 
domain, is the major contributor to TLR4 production[6,23,24]. In our study, TLR4 
expression was significantly decreased when TNC was silenced by an siRNA in high 
glucose-cultured RMCs. We then used an siRNA to silence TLR4 expression and 
observed a significant decrease in the expression of TNC in cells cultured under high-
glucose conditions, confirming the interaction between TNC and TLR4 in an anti-
inflammatory reaction loop in high glucose-cultured RMCs.

In the present study, the silencing of TLR4 downregulated the expression of the 
inflammatory factor NF-κB p65 in high glucose-cultured RMCs. The inhibition of TNC 
also decreased NF-κB p65 phosphorylation. In addition, the expression of TLR4, 
CTGF, and FN was reduced when TNC expression was inhibited by blocking antibody 
in the presence of high glucose, while the expression of TLR4, CTGF, and FN was 
increased when r-TNC protein was added, and the expression levels of CTGF and FN 
were restored when knocking down TLR4 under r-TNC stimulation. Based on these 
results, TNC induces the phosphorylation of NF-κB p65 by TLR4 in high-glucose-
cultured RMCs.

LPS stimulation of macrophages increases the expression of miR-155 and decreases 
the expression of SHIP1, which is believed to negatively regulate TLRs. Activation of 
TLR4 increases the expression of miR-155 and decreases the expression of the negative 
regulator SHIP1, thus prolonging TLR4 signalling[27]. MiR-155 is located on human 
chromosome 21[49]. The specific mechanism of miR-155 in the inflammatory response in 
individuals with T2DM remains unknown. Some studies reported a significant 
decrease in the expression of miR-155 in the platelets from patients with T2DM[50]. In 
contrast to its expression in platelets from patients with T2DM, miR-155 expression is 
significantly upregulated in skin samples from patients with diabetes, and the 
inhibition of miR-155 significantly reduces the wound inflammatory response[51]. 
Similarly, increased expression of miR-155 was observed in the endothelial progenitor 
cells from another group of patients with diabetes. The overexpression of miR-155 
significantly reduces cell activity, migration, tubule formation, and NO production, 
and promotes LDH release, ROS production, and apoptosis[52].

The level of miR-155 is significantly increased in the urine of patients with DKD. 
Researchers speculated that the excess miR-155 in the urine of patients with DKD is 
released into the urine through glomerular ultrafiltration. As shown in the analysis of 
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Figure 12  Inhibitory effects of metformin on rat mesangial cells. A-C: Protein bands and protein expression of tenascin-C (TNC) and phosphorylated 
nuclear factor-κB p65 (Ser536) (p-NF-κB p65). The MET (5.5 mmol/L glucose + 10 μmol/L metformin), 24H (30 mmol/L glucose), H+1 (30 mmol/L glucose + 1 μmol/L 
metformin), H+5 (30 mmol/L glucose + 5 μmol/L metformin), H+10 (30 mmol/L glucose + 10 μmol/L metformin), H+20 (30 mmol/L glucose + 20 μmol/L metformin), 
and H+50 (30 mmol/L glucose + 50 μmol/L metformin) groups were cultured with the appropriate medium for 24 h. aP < 0.05 compared with rat mesangial cells 
(RMCs) cultured with normal glucose concentrations; cP < 0.05 compared with RMCs cultured with high glucose concentrations; D-F: Protein bands and protein 
expression of connective tissue growth factor (CTGF) and fibronectin (FN). RMCs were divided into normal-glucose (NG, 5.5 mmol/L glucose), high-glucose (HG, 30 
mmol/L glucose), and H+20 (30 mmol/L glucose + 20 μmol/L metformin) groups and cultured with the appropriate medium for 24 h. aP < 0.05 compared with RMCs 
cultured with normal glucose concentrations; cP < 0.05 compared with RMCs cultured with high glucose concentrations. TNC, p-NF-κB p65, and NF-κB p65 levels 
were detected using Western blot. The results are presented as the mean ± SD of six independent experiments after normalization to GAPDH levels. TNC: Tenascin-
C; p-NF-κB p65: Phosphorylated nuclear factor-κB p65 (Ser536); NF-κB p65: Nuclear factor-κB p65; CTGF: Connective tissue growth factor; FN: Fibronectin; N: 
Normal control; H: High-glucose.

renal biopsies, the expression of miR-155 is significantly increased in patients with 
DKD and significantly associated with serum creatinine levels. In addition, the absence 
of miR-155 significantly alleviates kidney injury and IL-17 expression in mice with 
DKD induced by streptomycin[18]. Further studies of DKD models showed a significant 
increase in miR-155-5p expression in HK-2 cells stimulated with high glucose 
concentrations[53]. Reduced podocyte cell damage was observed in high-glucose-
stimulated miR-155 −/− mice[54]. Thus, miR-155 has an important role in DKD. 
However, with the exception of the studies described above, the specific mechanism of 
miR-155 in DKD has not been studied.

In our study, high glucose concentrations induced the expression of miR-155-5p in 
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RMCs in a time-dependent manner. In RMCs cultured under high-glucose conditions, 
the silencing of TLR4 with an siRNA altered the phosphorylation of the inflammatory 
factor NF-κB p65, and miR-155-5p expression was significantly reduced after TLR4 
silencing. Similarly, after the silencing of TNC, the levels of TLR4, phosphorylated NF-
κB p65, and miR-155-5p were decreased, indicating that TNC induced the expression 
of miR-155-5p through the TLR4/NF-κB pathway. In RMCs cultured under high-
glucose conditions, the inhibition of miR-155-5p decreased the expression of TNC and 
TLR4 and the phosphorylation of NF-κB p65, indicating that miR-155-5p also induces 
the expression of TNC and TLR4/NF-κB in turn, thereby forming a complete 
inflammatory response loop that functions together with downstream fibrosis factors 
and promotes the development of DKD. Although TNC primarily functions as an 
ECM protein, it produces a series of subsequent inflammatory responses by 
communicating with TLR4, a membrane receptor and a bridge between the 
intracellular and extracellular environments, closely linking extracellular TNC with 
intracellular NF-κB p65 and miR-155-5p.

Metformin has been widely studied as a first-line drug for treating diabetes. It 
functions by reducing the hepatic production of glycogen and improving the 
sensitivity to insulin. Based on accumulating evidence obtained recently, metformin 
not only reduces blood glucose levels but also protect endothelial cells through its anti-
inflammatory, anti-apoptotic, and anti-oxidant activities. Metformin significantly 
inhibits the migration of NF-κB from the cytoplasm to the nucleus, thereby inhibiting 
the subsequent inflammatory cascade[19]. Sekino et al[55] performed immunostaining to 
determine the intracellular localization of NF-κB. In the control group, NF-κB was 
localized in the cytoplasm and nucleus, while in the metformin-treated group, nuclear 
NF-κB expression was significantly decreased. Thus, metformin affects the level of NF-
κB in the nucleus, thereby altering the activation of the NF-κB signalling pathway and 
further modulating downstream inflammatory pathways[55]. Therefore, metformin 
relieves inflammation by inhibiting the expression of NF-κB.

In the present study, we treated RMCs with different concentrations of metformin 
and detected the levels of TNC and phosphorylated NF-κB p65 using Western blot. 
The levels of NF-κB p65 phosphorylation and TNC protein were significantly reduced 
by increasing metformin concentrations. In addition, metformin not only reduced the 
levels of TNC and phosphorylated NF-κB p65 proteins but also reduced the levels of 
CTGF and FN proteins, suggesting that metformin might delay the occurrence of 
inflammation and fibrosis in individuals with DKD by inhibiting TNC expression.

In conclusion, serum TNC levels were increased in patients with DKD with an 
increasing UACR, and hypertension further increased the TNC levels. In addition, 
significantly higher TNC expression was observed in the glomeruli of diabetic rats 
than in the normal control group. In cell-based experiments, TNC induced the 
expression of miR-155-5p through the TLR4/NF-κB pathway and miR-155-5p induced 
the expression of TNC and TLR4/NF-κB in turn, thus forming a complete 
inflammatory response loop. The components of this loop jointly affect the levels of 
downstream inflammatory and fibrosis factors. After treatment with metformin, the 
level of TNC protein was reduced, thereby inhibiting downstream inflammatory and 
fibrotic responses. We explored the mechanism by which increased serum TNC levels 
promote the development of DKD at the cellular and molecular levels. Our results are 
expected to further refine the pathological mechanism of DKD and provide new 
insights into the treatment of DKD.

CONCLUSION
TNC can promote the occurrence and development of DKD. Interfering with the 
TNC/TLR4/NF-κB p65/mi-155-5p pathway can become a new target for DKD 
treatment.

ARTICLE HIGHLIGHTS
Research background
With the increasing incidence of diabetes, the incidence of diabetic kidney disease 
(DKD) continues to rise, which has become the leading cause of end-stage renal 
disease. However, current treatments like angiotensin-converting enzyme inhibitors 
only partially inhibited the DKD progression. Thus, the mechanisms underlying DKD 
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should be clarified and disclosed, and new strategies for delaying the progression are 
urgently needed.

Research motivation
By testing the serum tenascin-C (TNC) level in patients with type 2 diabetic mellitus 
(T2DM), we aim to provide insights into the pathogenesis of the DKD and suggest that 
TNC can serve as a therapeutic target for this disease.

Research objectives
In the present study, we evaluated the alterations of TNC expression levels in the 
serum or/and glomeruli of patients with T2DM and rats with streptozotocin-induced 
diabetes. We also evaluated the diagnose indexes of DKD, including glycosylated 
hemoglobin (HbA1c) level, body mass index (BMI), systolic blood pressure (SBP), and 
urinary albumin to creatinine ratio (UACR) in the serum of patients. In addition, we 
explored the specific molecular mechanism of TNC on DKD by culturing rat 
glomerular mesangial cells.

Research methods
Diabetes patient serum samples were collected to detect the expression level of TNC in 
serum and make analysis with other related factors in diabetes. Diabetic rat models 
were used to observe the expression of TNC in diabetic rat kidney, and enzyme-linked 
immunosorbent assay was used to detect the expression of TNC in diabetic rat serum, 
and analyze the associated renal function indexes. SiRNA transfection technique  was 
used in cultured rat glomerular mesangial cells stimulated with high glucose to 
explore the molecular mechanisms of TNC in DKD.

Research results
Diabetic patients had significantly increased serum levels of TNC, and TNC was 
positively correlated with UACR, BMI, SBP, and DBP. TNC expression in diabetic rat 
kidney increased obviously, and diabetic rats had significantly higher serum TNC 
expression levels compared with normal rats. Urea nitrogen and creatinine were 
positively correlated with the increase of TNC in diabetic rats. Rat glomerular 
mesangial cells stimulated with high glucose had significantly increased protein 
expression of TNC, and TNC can promote inflammation and fibrosis through  the Toll-
like receptor 4/nuclear factor-κB pathway. Metformin can inhibit the expression of 
TNC and delay the progress of DKD.

Research conclusions
We demonstrated that increased TNC expression is involved in the cascade of DKD. 
Importantly, inhibition of TNC delays the development of DKD, indicating that TNC 
represents a potential therapeutic target in DKD.

Research perspectives
By targeting TNC expression, the occurrence and development of DKD can be 
delayed.
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