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Abstract. Diabetic kidney disease (DKD), one of the common 
complications of type‑2 diabetes mellitus (T2DM), has become 
the principal cause of end‑stage kidney disease. Transient 
receptor potential channel 6 (TRPC6), one of non‑selective 
cation channels with significant calcium‑permeability, is asso‑
ciated with renal fibrosis. However, the mechanism of TRPC6 
in T2DM‑induced renal fibrosis is still not entirely understood. 
The present study explored the potential mechanism of Trpc6 
knockout in T2DM‑induced renal fibrosis in Trpc6‑/‑ mice. 
The results showed that Trpc6 knockout inhibited the loss of 
body weight and the increase of fasting blood glucose (FBG) 
and significantly improved renal dysfunction and glomerular 
fibrosis in T2DM mice. The present study also indicated that 
Trpc6 knockout significantly lowered the expression of phos‑
phorylated (p‑)SMAD2/3, TGF‑β, calcineurin (CN), nuclear 
factor of activated T‑cell (NFAT)2 and Nod‑like receptor 
(NLR) 3 inflammasome‑associated proteins. Calcium imaging 
results revealed that Trpc6 knockdown could decrease the 
levels of [Ca2+]i and inhibited calcium homeostasis imbalance. 
Moreover, it was found that knockout of Trpc6 had no signifi‑
cant influence on lipid disposition and reactive oxygen species 
generation in the kidney cortex. The present study suggested 
that knockout of Trpc6 may alleviate glomerular fibrosis and 

delay DKD progression by reducing [Ca2+]i overload and 
inhibiting the CN‑NFAT2 pathway in T2DM mice.

Introduction

Type‑2 diabetes mellitus (T2DM) is one of the most common 
metabolic diseases, characterized by chronic hyperlipidemia 
and hyperglycemia. With the incidence of T2DM increasing, 
T2DM has become a major public health concern. A study 
reported that ~425 million individuals worldwide were diag‑
nosed with T2DM in 2017, which is expected to be ~629 million 
by 2045 (1). However, the most concerning part of T2DM is 
that a number of complications can arise over the prolonged 
course of the disease which seriously threaten human health, 
such as cardiovascular disease, retinopathy, neuropathy, and 
nephropathy (2). Diabetic kidney disease (DKD), the most 
frequent complication of diabetes mellitus (DM), has been 
reported to be the main cause of poor prognoses in DM 
patients (3,4). DKD is characterized by gradual renal dysfunc‑
tion and fibrosis caused by glycolipid metabolism disorder 
and is the main cause of end‑stage kidney disease (5). Of DM 
patients, ~30‑40% have been reported to develop DKD (6,7), 
which has received increased attention due to the increase 
of T2DM patients and its difficult treatment (8,9). However, 
its pathogenesis is not fully clarified, therefore, exploring the 
mechanisms of T2DM‑induced DKD and seeking potential 
therapeutic targets require further study.

Increasing evidence reveals that inflammation of the 
kidney plays a pivotal role in T2DM‑induced DKD  (10). 
The persistent hyperglycemic and hyperlipidemic environ‑
ments in T2DM can cause renal inflammation and damage, 
eventually resulting in renal fibrosis (11). Inflammasomes are 
a multi‑protein complex of intracytoplasmic pattern recogni‑
tion receptors, which are reported to recognize damage‑ and 
pathogen‑associated molecular patterns  (12) and growing 
evidence suggests that inflammasomes may play a critical 
role in evoking inflammation by serving as a platform to 
recruit the apoptosis‑associated speck‑like protein containing 
a CARD (ASC) and procaspase‑1, leading to the maturation 
of inflammatory cytokines (13). Nod‑like receptor protein 
3 (NLRP3) inflammasomes are reported to be involved in 
the occurrence and progression of several renal diseases, 
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including DKD (14). NLRP3 inflammasomes promote the 
release of the inflammatory cytokines, such as IL‑1β, in the 
pathogenesis of DKD, inducing sustained inflammation and 
renal injury and promoting dysfunction and fibrosis of the 
kidney (14). Inhibiting NLRP3 inflammasomes improves renal 
function, attenuates glomerulosclerosis, interstitial fibrosis 
and inflammation and decreases TGF‑β and phosphorylated 
(p‑)SMAD2/3 expression in the kidney of mice with T2DM, 
thereby inhibiting renal fibrosis (15). However, the regulatory 
mechanisms of NLRP3 in T2DM‑induced DKD remain to be 
elucidated.

Intracellular calcium ([Ca2+]i) overload due to various 
reasons is associated with the progression of DKD  (16). 
The transient receptor potential channel 6 (TRPC6), a 
canonical non‑selective cation channel with significant 
permeability to Ca2+, is widely expressed in a number of 
tissues such as the brain and kidney  (17,18). According to 
data from the Human Protein Atlas (https://www.proteinatlas.
org/ENSG00000137672‑TRPC6/tissue), TRPC6 mRNA and 
protein are widely expressed in human tissues, including the 
digestive system, muscle tissues and the urinary system, with 
Trpc6 being more abundantly expressed in the kidney. In the 
kidney, TRPC6 is largely expressed in multiple cells, such as 
podocytes, tubular epithelial cells and glomerular mesangial 
cells (19‑21). It has been reported that drastic increases of 
TRPC6‑mediated [Ca2+]i causes podocyte hypertrophy and 
foot process effacement, resulting in renal injury in DKD (19). 
TRPC6 inhibitors are reported to alleviate renal fibrosis in a 
unilateral ureteral obstruction mouse model (22). Calcineurin 
(CN) is a type of Ca2+‑dependent phosphatase  (23) and is 
reported to participate in multiple cellular processes and signal 
pathways (24). As an important nuclear transcription factor, 
nuclear factor of activated T cells (NFAT) can be regulated by 
CN to regulate the expression of target genes (25). NFAT2 is 
extensively expressed in renal tissue and plays a pivotal role in 
promoting podocyte damages in DKD, while the inhibitor of 
NFAT, 11R‑VIVIT, can reduce renal injury and renal fibrosis 
in DKD (26). However, the mechanism of TRPC6‑CN‑NFAT2 
regulation of NLRP3 inflammasomes, eventually promoting 
renal injury and glomerular fibrosis in DKD, remains to be 
elucidated.

The present study hypothesized that Trpc6 knockout might 
inhibit calcium overload and NFAT2 activation, thus allevi‑
ating renal injury and fibrosis in T2DM‑induced DKD. To 
test this hypothesis, the roles of T2DM in renal fibrosis, renal 
damage and changes in CN‑NFAT2 signaling and NLRP3 
inflammasomes were observed in wild type mice (WT) mice. 
The present study also explored the effects of Trpc6 knockout 
on the improvement of T2DM‑induced DKD and the regula‑
tion of CN‑NFAT2 signaling and NLRP3 inflammasomes. 
The findings provided a more comprehensive understanding of 
DKD and provided additional therapeutic targets for treatment 
of T2DM‑induced DKD.

Materials and methods

Animals and treatment. In the present study, the Trpc6 
knockout (Trpc6 ‑/‑) mice (C57BL/6J) were obtained by 
Suzhou Cyagen Biosciences (Suzhou) Inc. The genotype 
of Trpc6 ‑/‑ homozygous mice was determined by PCR 

amplification and agarose gel electrophoresis separation 
(Fig. SI). WT mice were obtained from the same litter of 
Trpc6 ‑/‑ mice. The mice were bred in an environmentally 
controlled room (temperature, 22‑24˚C; relative humidity, 
50‑60%) under a 12‑h light/dark cycle with unlimited access 
to food and water. After the acclimatization of 50  male 
mice (20‑25 g) at 8 weeks of age, they were divided into five 
groups: WT, Trpc6‑/‑, WT + high fat diet (HFD) + strepto‑
zotocin (STZ), Trpc6‑/‑ + HFD and Trpc6‑/‑ + HFD + STZ 
(n=10 per group). The mice of the WT and Trpc6‑/‑ groups 
were fed with a growth‑maintenance diet and the other mice 
were given a HFD of 20% carbohydrates, 20% protein and 
60% fat (cat. no. D12492, Jiangsu Xietong Pharmaceutical 
Bio‑engineering Co., Ltd.) for eight weeks. 

After eight weeks, the mice of the WT + HFD + STZ 
and Trpc6‑/‑  + HFD + STZ groups (fasting without water 
restriction for 8 h) were treated intraperitoneally with STZ 
(110  mg/kg, Shanghai Yuanye Bio‑Technology Co., Ltd.), 
which was dissolved in a 0.1 M sodium citrate buffer to induce 
the T2DM model (27). The fasting blood glucose (FBG) level 
was measured after 72 h. Mice with a FBG concentration 
≥16.7 mM were considered optimal for further experiments. 
Next, each group was given the same diet as described previ‑
ously for eight weeks. The health and behavior of the animals 
were monitored daily. Throughout the experiment, one mouse 
in the Trpc6‑/‑ + HFD + STZ group succumbed to infection 
at week 13 and one mouse in the WT + HFD + STZ group 
succumbed to hyperglycemia at weeks 13 and 14, respectively. 
The remaining mice were sacrificed. The mice were anesthe‑
tized using an intraperitoneal (IP) injection of tribromoethanol 
(300 mg/kg) and sacrificed by cervical dislocation after orbital 
blood extraction (once; ~0.2 ml) when they did not respond to 
gentle stimulation. All experiments were conducted under the 
approval of the Anhui Medical University Ethics Committee 
(approval no. LLSC20190302). When a click in the neck of 
the mouse was clearly heard, i.e., cervical spine detachment, 
spinal cord rupture and the heartbeat of the mouse stopped and 
the spontaneous respiration ceased it was considered that the 
mouse was dead and both kidneys were quickly removed. One 
kidney was fixed with paraformaldehyde (4%) for histological 
examination and the other was placed at ‑80˚C for western blot 
analysis.

Detection of body weight, FBG and biochemical parameters. 
The body weight and FBG levels were observed to evaluate 
the T2DM model. The body weight (n=8‑10) was measured 
once every two weeks. The FBG levels were measured every 
two weeks from 8‑16 weeks by using a portable blood glucose 
meter (Sinocare Inc.). The test was performed using a second 
drop of blood from the tail vein, the total blood volume being 
~40 µl. Following the sacrifice of the mice, the serum creati‑
nine (SCR) and blood urea nitrogen (BUN) were measured 
using urea assay kit and creatinine assay kit (Nanjing Jiancheng 
Bioengineering Institute; cat. nos. C013‑2‑1 and C011‑2‑1). At 
16 weeks, the 24 h urine samples were collected and kits used 
as follows: the urinary albumin level (cat. no. C035‑2‑1), serum 
total cholesterol (TC; cat. no. A111‑1‑1), triglyceride (TG; 
cat. no. A110‑1‑1), free fatty acids (FFA; cat. no. A042‑2‑1), low 
density lipoprotein (LDL‑C; no. A113‑1‑1) and high‑density 
lipoprotein (HDL‑C; cat. no. A112‑1‑1) (all Nanjing Jiancheng 
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Bioengineering Institute). All kit procedures were conducted 
strictly according to the manufacturer instructions.

Histology examination. The morphological examination 
of the kidneys was performed using hematoxylin and eosin 
(H&E), periodic acid‑Schiff (PAS; Beijing Solarbio Science & 
Technology Co., Ltd.; cat. no. G1208) and Masson's trichrome 
staining (Beijing Solarbio Science & Technology Co., Ltd.; 
cat. no. G1340) methods. H&E staining was conducted to 
observe the pathological changes of the kidney (28). Briefly, 
the kidneys (n=4) were fully fixed with paraformaldehyde 
(4%) at 4˚C for 24 h, dehydrated and embedded in paraffin, 
then cut into 5‑µm thick sections. The kidney sections were 
deparaffinized in xylene and rehydrated in graded alcohol 
series (anhydrous ethanol, 85% ethanol and 75% ethanol), and 
then stained with hematoxylin for 4 min and eosin for 35 sec 
at room temperature (RT). After being rinsed with running 
water, the tissues were sealed using neutral resin and were 
imaged using an Intelligent Tissue Section Imaging System 
(3DHISTECH, Ltd.) to observe renal histopathological 
changes. Renal injury was scored in a blinded manner with the 
following scoring criteria: no injury=0; <25%=1; 25‑50%=2; 
50‑75%=3; and >75%=4.

Masson's staining was performed to observe tissue 
fibrosis (29). For Masson staining, the paraffin sections (n=4) 
were first dewaxed, hydrated and stained with hematoxylin for 
4 min, then underwent acidic ethanol fractionation for 15 sec 
and were stained with Masson's blue solution for 5 min. This 
was followed by fuchsin staining for 9 min, phosphomolybdic 
acid for 3 min, then aniline blue staining for 6 min. All steps 
were performed at RT. The sections were then sealed using 
neutral resin and imaged using the Intelligent Tissue Section 
Imaging System (3DHISTECH, Ltd.). Finally, the mean 
density of Masson staining from five random areas (magnifica‑
tion, x400) per section was analyzed by the Image‑pro Plus 
6.0 image software (Media Cybernetics, Inc.) to evaluate renal 
fibrosis.

PAS staining was further performed to measure the 
disposition of acidic glycoproteins in order to assess renal 
injury (30). The renal paraffin sections (n=4) were dewaxed 
and hydrated, then stained in the Schiff solution for 8 min and 
the hematoxylin solution for 1 min at RT. The sections were 
sealed using neutral resin. The results of PAS‑staining were 
imaged with the Intelligent Tissue Section Imaging System 
(3DHISTECH, Ltd.). The positive areas were purplish red 
and the cell nuclei were blue. To evaluate the extent of renal 
fibrosis, the mean intensity of positive mesangial cells and the 
ratio of mesangial area to glomerular (%) from five random 
areas (magnification, x400) per section were analyzed by the 
Image‑Pro Plus 6.0 software (Media Cybernetics, Inc.). 

Reactive oxygen species (ROS) measurement. Dihydroethidium 
(DHE) was used to measure ROS production (31). Briefly, mice 
(n=3) were injected via the tail vein with DHE (0.1 ml/10 g, 
100 µM; Beyotime Institute of Biotechnology). The mouse 
was euthanized by cervical dislocation after 30  min and 
the kidneys were quickly removed and embedded in OCT 
composite media (Sakura Finetek USA, Inc.) at ‑20˚C for 
1 h. The renal tissue was sectioned at 10 µm using a cryostat 
(CM3050; Leica Microsystems GmbH) and the sections rinsed 

three times with PBS buffer and stained with Hoechst solution 
(5 mg/l; MilliporeSigma) at RT for 5 min. The section was 
washed and sealed with an anti‑fluorescent quenching agent, 
then imaged using the Intelligent Tissue Section Imaging 
System (3DHISTECH, Ltd.). Finally, the fluorescence inten‑
sity from three random areas (magnification, x400) per section 
was examined using the Image‑Pro Plus software (Media 
Cybernetics, Inc.) to detect the levels of ROS production.

β‑galactosidase (β‑Gal) activity. The β‑Gal activity was 
examined by β‑Gal staining for senescence‑associated injury. 
The frozen sections (n=3) were first warmed to RT, allowed to 
dry slightly, fixed with the β‑Gal fixative (Beyotime Institute 
of Biotechnology) for 15 min, then washed three times with 
PBS. The PBS was then discarded and the β‑Gal staining 
working solution was added to the sections for incubation 
at 37˚C overnight. The staining solution was then discarded, 
rinsed three times with PBS and imaged using the Intelligent 
Tissue Section Imaging System (3DHISTECH, Ltd.). Finally, 
the mean density (blue) from three random areas (magnifica‑
tion, x400) per tissue was examined with the Image‑Pro Plus 
software (Media Cybernetics, Inc.) to estimate β‑Gal activity.

Immunohistochemistry. The 5 µm paraffin sections of kidney 
tissue (n=4) were dewaxed and rehydrated. For antigen 
retrieval, the section was heated using a microwave oven 
for 8 min in sodium citrate buffer, stopped for 7 min, then 
reheated for 8 min. The section was then incubated in H2O2 
(3%) at RT for 30 min to block endogenous peroxidase and 
then sealed with blocking solution at RT for 1 h. The sections 
were incubated in rabbit polyclonal antibodies (Table SI) at 4˚C 
overnight. The sections were rinsed with PBS and incubated 
with polymer‑coupled peroxidase‑labeled goat anti‑rabbit IgG 
at RT for 1 h, then the section was stained with a DAB kit and 
hematoxylin. Finally, at the end of the light‑protected sealing, 
the sections were imaged by the Intelligent Tissue Section 
Imaging System (3DHISTECH, Ltd.). The mean intensity 
from five random renal cortex regions (magnification, x400) 
per tissue was quantified by Image‑Pro Plus software (Media 
Cybernetics, Inc.) to assess the expression of fibronectin (FN) 
and collagen IV (COL4).

Western blotting. Total proteins from renal cortexes (n=4) were 
isolated by the RIPA lysates buffer (cat. no. P0013B; Beyotime 
Institute of Biotechnology) in a fully automated sample freeze 
grinder (Shanghai Jingxin Industrial Development Co., Ltd.). 
After lysing for 30 min on ice, the tissue lysate was centrifuged 
(12,000 x g) at 4˚C for 20 min to extract the supernatant. The 
protein concentration was determined using a BCA assay kit, 
and then the protein (20 µg) was separated on 10% gels using 
SDS‑PAGE and transferred onto PVDF membranes. Next, the 
membrane was blocked with the 5% defatted milk at RT for 
1 h and was incubated in the primary antibodies (Table SI) 
at 4˚C overnight. The membrane was then washed three times 
in TBS with 0.05% Tween‑20 (TBST) and was incubated in 
the corresponding secondary antibodies of goat anti‑mouse 
IgG (cat. no. S0002; Affinity Biosciences; 1:10,000) or goat 
anti‑rabbit IgG (cat. no. S0001; Affinity Biosciences; 1:10,000) 
for 1 h at RT. After being rinsed in TBST three times, the 
Western ECL kit (Bio‑Rad Laboratories, Inc.) was applied to 
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visualize the results and the Chemi Imaging System (Q4800 
mini, Bioshine Chemi) was used to image the bands. The 
intensity of protein bands was measured by an image J v1.53 
software (National Institutes of Health). The results were 
normalized to β‑actin to indicate the change in target protein.

Transmission electron microscopy. Briefly, the renal cortex 
specimen was sectioned into 1 mm3 pieces and transferred to 
2.5% glutaraldehyde at 4˚C for 2 h (n=3). After washing with 
PBS, the tissues were fixed with osmium tetroxide (1%) at RT 
for 2 h and embedded in Epon 812 for 12 h at 45˚C, and then 
heated at 72˚C for 24 h after dehydration. Ultrathin sections 
(70 nm) were sliced with an ultra‑microtome (Leica UC7; 
Leica Microsystems GmbH). The section was double stained 
using lead citrate (stained for 30 min at RT) and uranyl acetate 
(stained at 4˚C overnight before embedding). Ultrastructural 
images were taken by a transmission electron micro‑
scope (HT7700; Hitachi High‑Technologies Corporation). 
Glomerular ultrastructural damage was determined by 
observing the glomerular mesangial and foot processes.

Calcium imaging. The human mesangial cell (HMC) line was 
purchased from the Modern Analysis and Testing Center of 
Central South University. The HMC line was cultured with 
DMEM medium containing 10% FBS (Zhejiang Tianhang 
Biotechnology Co., Ltd.) and placed in a 37˚C incubator. The 
HMCs were divided into four groups: control, high glucose 
(HG; 25 mM) + palmitic acid (PA; 200 µM), vector + HG + 
PA and TRPC6‑siRNA + HG + PA. The sequences of the short 
interfering RNAs (siRNAs) were: TRPC6 siRNA sense, 5'‑GAG​
CAU​CAU​UGA​CGC​AAA​UTT‑3' and antisense, 5'‑AUU​UGC​
GUC​AAU​GAU​GCU​CTT‑3'; and negative control siRNA 
sense, 5'‑UUC​UCC​GAA​CGU​GUC​ACG​UTT‑3' and antisense, 
5'‑ACG​UGA​CAC​GUU​CGG​AGA​ATT‑3'. First, the cells were 
cultured in the dishes (35 mm) for 24 h and then transfected 
with Lipofectamine™ 2000 (Thermo Fisher Scientific, Inc.) 
with an empty vector or siRNA for 48 h at 37˚C according to the 
manufacturer's instructions. After treatment with PA and/or HG 
for 24 h, the HMCs were incubated in a Fura‑2 AM dye solution 
with F‑127 for 20 min at 37˚C and rinsed with an extracellular 
solution three times. The fluorescence density was detected 
every 3 sec under alternating excitation at 340 and 380 nm 
(F340 and F380) using a Digital Calcium Imaging Analysis 
Platform (IX73, DG‑4PLUS/OF30; Olympus Corporation). 
The ratio (F340/F380) was measured with extracellular Ca2+ 
(1 mM) for 300 sec to estimate the basal level of [Ca2+]i. Then, 
the BAPTA (1 mM, MedChemExpress), a calcium chelator, or 
2 mM CaCl2 were added into the extracellular solution and the 
Δ ratio (F340/F380) was used to estimate the change of calcium 
homeostasis after BAPTA or high calcium stimulation. The 
experiment was repeated three times independently.

Nile red staining. Nile red staining was used to evaluate the 
production of lipids in the tissue sections. All steps were 
performed at room temperature. The frozen sections (n=3) 
were incubated in Nile red dilution (1 µg/ml) for 20 min. 
After rinsing three times, the sections were stained using 
Hoechst33258 for 4 min and were sealed using an anti‑fluores‑
cence quencher. All steps were performed at RT. The sections 
were imaged by the Intelligent Tissue Section Imaging System 

(3DHISTECH, Ltd.). The red fluorescence intensity from three 
renal cortex regions (magnification, x400) per section was 
quantified using Image‑Pro Plus software (Media Cybernetics, 
Inc.) to evaluate the lipid production in mouse kidney cortical 
regions. 

Statistical analysis. The experimental results in the present 
study are shown as mean ± SD of ≥3 independent experi‑
ments. For statistical analysis, the data was analyzed using 
the GraphPad Prism 9.0 statistical software (GraphPad; 
Dotmatics). Data from each group were analyzed first by 
one‑way ANOVA, then the difference between the two groups 
was performed by Tukey's test. P<0.05 was considered to 
indicate a statistically significant difference.

Results

Trpc6 knockout improves renal function and blood lipid 
metabolism in T2DM mice. The results revealed that body 
weight increased slowly in both WT and Trpc6 ‑/‑ groups, 
suggesting that Trpc6 knockout had no obvious influence on 
body weight of normal mice. However, in Trpc6‑/‑ + HFD mice, 
body weight significantly increased from 2‑16 weeks compared 
with the WT control mice (Fig. S2A; P<0.01). The T2DM 
mice showed significant weight loss in both WT + HFD + 
STZ and Trpc6‑/‑ + HFD + STZ groups after STZ injection, 
compared with the WT mice (Fig. S2A; P<0.01). Compared 
with the WT + HFD + STZ mice, Trpc6 knockout visibly 
delayed body weight loss (Fig. S2A; P<0.01) in Trpc6‑/‑ T2DM 
mice. The FBG results indicated that the FBG was raised in 
the Trpc6‑/‑ + HFD mice compared with the WT control mice, 
but within the normal range. After STZ modeling, the FBG 
levels were raised in both WT + HFD + STZ and Trpc6‑/‑ + 
HFD + STZ mice compared with the WT mice (Fig. S2B; 
P<0.01). However, compared with the WT + HFD + STZ mice, 
Trpc6 knockout decreased the FBG levels (Fig. S2B; P<0.01) 
in T2DM mice, but the levels were still >20 mM. Additional 
renal function indexes showed that the levels of BUN, SCR 
and urine protein were clearly raised in WT + HFD + STZ 
mice compared with the WT mice (Fig. S2C‑E; P<0.05 or 
P<0.01); however, compared with the WT  + HFD  + STZ 
mice, knockout Trpc6 markedly decreased the levels of BUN, 
SCR and urine protein in T2DM mice (Fig. S2C‑E; P<0.05). 
Furthermore, HFD‑treatment alone had no influence on renal 
function in Trpc6 ‑/‑ mice compared with the WT control 
mice. The results revealed that Trpc6 knockout significantly 
improved renal function, but had only a weak hypoglycemic 
effect in T2DM mice. 

The present study further evaluated the change of lipid 
metabolism‑related parameters of FFA, TC, TG, LDL‑C and 
HDL‑C in serum and FFA in renal tissue. The results showed 
no significant difference in these parameters in Trpc6‑/‑ mice 
compared with the WT mice, indicating that knockout 
Trpc6 had no influence on lipid metabolism in normal mice. 
However, the levels of these parameters, were markedly raised 
in the WT + HFD + STZ mice, with the exception of HDL‑C 
(Fig. S2F‑K; P<0.05 or P<0.01). Compared with WT + HFD + 
STZ mice, Trpc6 knockout clearly decreased the levels of TG, 
TC and LDL‑C (Fig. S2F, J and I; P<0.05 or P<0.01) but there 
was no statistical difference in HDL‑C and FFA in T2DM 



Molecular Medicine REPORTS  29:  13,  2024 5

mice. The data indicated that Trpc6 knockout may ameliorate 
blood lipid metabolism, but had no effect on FFA in renal 
tissues of T2DM mice.

Trpc6 knockout significantly protects against kidney injury 
and renal fibrosis in T2DM mice. The present study further 
explored renal injury by using H&E staining, immunoblot‑
ting and PAS staining in Trpc6‑/‑ T2DM mice. The H&E 
staining indicated that there was no obvious renal injury in 
WT, Trpc6‑/‑ and Trpc6‑/‑  + HFD group non‑T2DM mice. 
When compared with the WT mice, the renal tissue showed 
evident damages in WT + HFD + STZ mice; the glomerular 
mesangial cells were expanded and proliferated and a number 
of renal tubular cells were vacuolated and detached. However, 
these pathological changes were improved in Trpc6‑/‑ + HFD + 
STZ mice (Fig. 1A and B; P<0.05). The present study further 
evaluated the biomarker, kidney injury molecule‑1 (KIM‑1), 
by western blotting (32). The results revealed that the expres‑
sion of KIM‑1 in the kidney of WT  + HFD  + STZ mice 
was clearly raised compared with WT mice (Fig. 1C and D; 
P<0.01), but was markedly reduced in Trpc6‑/‑ + HFD + STZ 
mice compared with WT + HFD + STZ mice (Fig. 1C and D; 
P<0.01). PAS staining was used to assess glomerulosclerosis 
and renal damage (33). The PAS staining results revealed that 

more PAS‑positive substances were found in the glomeruli and 
renal tubulointerstitial in WT + HFD + STZ mice compared 
with the WT mice (Fig.  2A‑C; P<0.01). Trpc6 knockout 
significantly alleviated PAS‑positive substances in Trpc6‑/‑ + 
HFD + STZ mice compared with WT + HFD + STZ mice 
(Fig. 2A‑C; P<0.05). The results revealed that Trpc6 knockout 
clearly protected against renal injury in T2DM mice.

Renal fibrosis is another important marker of renal damages. 
The present study used Masson staining to examine whether 
Trpc6 knockout had protective effects on glomerular fibrosis in 
T2DM mice. The results indicated that little fibrosis was found in 
the renal tubules and glomeruli in the WT, Trpc6‑/‑ and Trpc6‑/‑ + 
HFD groups. Compared with the WT mice, the tubular interstitial 
and glomerular fibrosis (blue) was markedly increased in WT + 
HFD + STZ mice (Fig. 2A and D; P<0.01). By contrast, Trpc6 
knockout clearly alleviated renal fibrosis in Trpc6‑/‑ + HFD + STZ 
mice compared with WT + HFD + STZ mice (Fig. 2A and D; 
P<0.05). The results revealed that knockout Trpc6 may protect 
against renal fibrosis in T2DM mice and that HFD treatment 
alone had no influence on renal injury in Trpc6‑/‑ mice.

Trpc6 knockout clearly improves the glomerular ultrastruc‑
ture in T2DM mice. Transmission electron microscopy was 
performed to detect the effect of Trpc6 knockout on the 

Figure 1. Trpc6 knockout significantly protects against kidney injury and renal fibrosis in T2DM mice. (A) H&E staining (magnification, x400; scale bar, 
20 µm); (B) The pathological scoring of kidney injury. (C) The bands of KIM‑1 and β‑actin; (D) Relative expression of KIM‑1. Results are expressed as 
mean ± SD, n=4. **P<0.01 vs. WT group; #P<0.05 and ##P<0.01 vs. Trpc6‑/‑ group; &P<0.05 and &&P<0.01 vs. WT + HFD + STZ group. T2DM, type‑2 diabetes 
mellitus; H&E, hematoxylin and eosin; KIM‑1, kidney injury molecule‑1; WT, wild type; HFD, high fat diet; STZ, streptozotocin.
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glomerular microstructure in T2DM mice. The results showed 
that there was almost no glomerular damage in WT, Trpc6‑/‑ 
and Trpc6‑/‑ + HFD group non‑T2DM mice (Fig. 3). Compared 
with the WT control mice, the WT  + HFD  + STZ mice 
showed obvious glomerular ultrastructure damages. The foot 
processes showed obvious fusion and disappearance (Fig. 3). 
However, Trpc6 knockout clearly improved these glomerular 
ultrastructure damages in Trpc6‑/‑ + HFD + STZ mice when 
compared with WT + HFD + STZ mice (Fig. 3). The data 
indicate that Trpc6 knockout clearly improves the glomerular 
ultrastructure in T2DM mice.

Trpc6 knockout has no influence on renal ROS generation in 
T2DM mice. ROS‑induced oxidative stress injury plays a main 
role in DKD progression (34); therefore, ROS accumulation 
in the renal cortex was assessed using DHE staining. The 
results revealed that there was almost no ROS production in 
the renal cortex in the WT and Trpc6‑/‑ mice. Compared with 

the WT mice, ROS production was clearly increased in both 
WT + HFD + STZ mice and Trpc6‑/‑ + HFD + STZ mice 
(Fig. 4A and B; P<0.01). Similarly, ROS production was also 
slightly raised in Trpc6‑/‑ + HFD mice (Fig. 4A and B; P<0.01). 
These data indicated that knockout Trpc6 showed no influence 
on the production of ROS in the renal cortex of T2DM mice and 
that ROS may be an upstream regulator of TRPC6 in T2DM.

Trpc6 knockout decreases β‑Gal activity in T2DM mice. β‑Gal 
is one of the essential markers of cellular senescence and is also 
involved in the pathogenesis of renal fibrosis (35). The present 
study developed a β‑Gal staining to assess renal senescence in 
T2DM mice. The results revealed that there was only a small 
amount of β‑Gal expression in the WT and Trpc6‑/‑ groups. 
Compared with WT mice, the expression of β‑Gal was clearly 
increased in WT + HFD + STZ mice (Fig. S3A and B; P<0.01). 
The activities of β‑Gal were also increased in Trpc6‑/‑ + HFD 
mice when compared with Trpc6‑/‑ mice (Fig. S3A and B; 

Figure 2. Trpc6 knockout significantly protects against kidney injury and renal fibrosis in T2DM mice. (A) PAS and Masson staining (magnification, x400; 
scale bar, 20 µm); (B) The mean density of mesangial cells in the glomerulus; (C) The percentage of mesangial area to glomerular area; (D) The density 
of the positive area in glomeruli over control. Results are expressed as mean ± SD, n=4. **P<0.01 vs. WT group; #P<0.05 and ##P<0.01 vs. Trpc6‑/‑ group; 
&P<0.05 vs. WT + HFD + STZ group; NS, not significant. T2DM, type‑2 diabetes mellitus; PAS, periodic acid‑Schiff; WT, wild type; HFD, high fat diet; 
STZ, streptozotocin.
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P<0.01). However, the activities of β‑Gal were clearly reduced in 
Trpc6‑/‑ + HFD + STZ mice when compared with WT + HFD + 
STZ mice (Fig. S3A and B; P<0.01). These results indicated that 
knockout of Trpc6 improved renal aging injury in T2DM mice. 

Trpc6 knockout decreases renal fibrosis‑related protein 
expression in T2DM mice. To confirm the role of Trpc6 knockout 
in renal fibrosis in T2DM mice, the expression of the COL4 and 
FN genes were measured using immunohistochemistry (36). The 
results demonstrated that the expression of COL4 and FN were 
clearly increased in the kidney of WT + HFD + STZ mice when 
compared with WT mice (Fig. 5A‑C; P<0.01) and the expression 
of COL4 and FN were clearly reduced in the Trpc6‑/‑ + HFD + 
STZ mice compared with WT + HFD + STZ mice (Fig. 5A‑C; 
P<0.05 or P<0.01). The results indicated that knockout Trpc6 can 
alleviate renal fibrosis in T2DM‑induced DKD.

In addition, the levels of TGF‑β and p‑SMAD2/3 proteins 
were examined in T2DM mice. The results showed that 
the levels of TGF‑β and p‑SMAD2/3 were clearly raised in 
WT + HFD + STZ mice when compared with WT control 
mice (Fig. 6A, B and D; P<0.01); however, the expression 
of p‑SMAD2/3 and TGF‑β were clearly decreased in the 
Trpc6 ‑/‑  + HFD  + STZ mice when compared with WT  + 
HFD + STZ mice (Fig. 6A, B and D; P<0.05). The results 
indicated that knockout of Trpc6 may attenuate renal fibrosis 
by inhibiting the pathway of TGF‑β/SMAD2/3in T2DM mice. 

Trpc6 knockout decreases renal NLRP3 inflammasomes in 
T2DM mice. Next, NLRP3 inflammasomes in the kidney were 
measured to investigate whether Trpc6 knockout can attenuate 

renal inflammation in T2DM mice. The results revealed that 
expression of NLRP3, cleaved‑caspase‑1 (P20) and ASC were 
clearly raised in the renal cortex of WT + HFD + STZ mice 
when compared with WT mice (Fig. 7A‑D; P<0.01). However, 
Trpc6 knockout clearly decreased the expression of NLRP3, 
caspase‑1 and ASC in Trpc6‑/‑  + HFD  + STZ mice when 
compared with WT + HFD + STZ mice (Fig. 7A‑D; P<0.01 
or P<0.05). The results suggested that T2DM promoted 
renal inflammation and that Trpc6 knockout attenuated renal 
inflammation by inhibiting NLRP3 inflammasomes in T2DM.

Trpc6 knockout has no influence on CD36 and p‑phospholipase 
C (PLC) expression and renal lipid deposition in T2DM mice. 
The effect of Trpc6 knockout on CD36 and p‑PLC expression 
in T2DM mice was evaluated. The results revealed that CD36 

Figure 3. Trpc6 knockout clearly improves the glomerular ultrastructure 
in T2DM mice (transmission electron microscopy; magnification, x10,000; 
scale bar, 2 µm). T2DM, type‑2 diabetes mellitus; WT, wild type; HFD, high 
fat diet; STZ, streptozotocin.

Figure 4. Trpc6 knockout has no influence on renal ROS generation in T2DM 
mice. (A) The production of ROS in the renal cortex (DHE staining, magnifi‑
cation, x400; scale bar, 20 µm); (B) Relative ROS production in renal cortex. 
Results are expressed as mean ± SD, n=4. **P<0.01 vs. WT group; ##P<0.01 
vs. Trpc6‑/‑ group; NS, not significant. ROS, reactive oxygen species; T2DM, 
type‑2 diabetes mellitus; DHE, dihydroethidium; WT, wild type; HFD, high 
fat diet; STZ, streptozotocin.
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and p‑PLC expression was markedly upregulated in the kidney 
of WT + HFD + STZ mice and Trpc6‑/‑ + HFD + STZ mice 
when compared with WT control mice (Fig. S4A‑D; P<0.01 or 
P<0.05). Compared with the WT + HFD + STZ mice, knockout 
Trpc6 had no significant influence on the levels of CD36 and 
p‑PLC/PLC in renal cortex tissues of T2DM mice (Fig. S4A‑D; 
P>0.05). The results suggest that the CD36 and PLC signaling 
may be the upstream regulator of TRPC6 in T2DM mice.

Nile red staining was used to assess the amount of lipid 
deposition in kidney. The results revealed that the renal lipid 
deposition in WT + HFD + STZ mice and Trpc6‑/‑ + HFD + 
STZ groups was markedly increased when compared with 
WT control mice (Fig. S5A and B; P<0.01) and that knockout 
Trpc6 shows no significant influence on renal lipid deposition 
in T2DM mice. Similarly, HFD‑treatment alone also increased 
renal lipid deposition in Trpc6‑/‑ + HFD mice (Fig. S5A and B; 
P<0.01). These data indicated that knockout Trpc6 has no 
significant effect on the renal lipid deposition in T2DM mice 
and that lipid deposition may be the upstream regulator of 
TRPC6 in T2DM.

Trpc6 knockout inhibits the renal CN‑NFAT2 signaling 
in T2DM mice. Next, changes in CN‑NFAT2 signaling in 
Trpc6 ‑/‑ T2DM was detected mice. The results revealed 
that there was a slight expression of TRPC6 in the kidney 
cortex of WT mice, but that TRPC6 expression was markedly 
increased in the kidneys of WT + HFD + STZ mice when 
compared with WT control mice (Fig. 8A and B; P<0.01). 
Additionally, TRPC6 was almost absent in kidney tissues 
of Trpc6‑/‑ mice, Trpc6‑/‑ + HFD mice and Trpc6‑/‑ + HFD + 
STZ mice. Furthermore, the results indicated that CN and 
NFAT2 expression was markedly increased in the kidneys of 
WT + HFD + STZ mice when compared with WT control 
mice (Fig.  8A  and  B; P<0.01); however, Trpc6 knockout 
clearly decreased CN and NFAT2 expression in the kidney 
of Trpc6‑/‑ + HFD + STZ mice when compared with WT + 
HFD + STZ mice (Fig. 8A and B; P<0.05). The results indi‑
cated that TRPC6‑CN‑NFAT2 signaling may play a key role 
in promoting DKD in T2DM and that Trpc6 knockout can 
partially inhibit the CN‑NFAT2 signaling pathway in mice 
of T2DM.

Figure 5. Trpc6 knockout decreases renal fibrosis‑related protein expression in T2DM mice. (A) Immunohistochemical staining (magnification, x400; scale 
bar, 20 µm); (B) Relative expression of COL4; (C) Relative expression of FN. Results are expressed as mean ± SD, n=4. **P<0.01 vs. WT group; ##P<0.01 vs. 
Trpc6‑/‑ group; &P<0.05 and &&P<0.01 vs. WT + HFD + STZ group. T2DM, type‑2 diabetes mellitus; COL4, collagen IV; FN, fibronectin; WT, wild type; HFD, 
high fat diet; STZ, streptozotocin.
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Figure 6. Trpc6 knockout decreases the renal expressions of TGF‑β and p‑SMAD2/3 in T2DM mice. (A) The bands of TGF‑β, SMAD2/3, p‑SMAD2/3 and 
β‑actin; (B) Relative expression of TGF‑β; (C) Relative expression of SMAD2/3; (D) Relative expression of p‑SMAD2/3/SMAD2/3. Results are expressed as 
mean ± SD, n=4. **P<0.01 vs. WT group; #P<0.05 vs. Trpc6‑/‑ group; &P<0.05 vs. WT + HFD + STZ group; p‑, phosphorylated; T2DM, type‑2 diabetes mellitus; 
WT, wild type; HFD, high fat diet; STZ, streptozotocin.

Figure 7. Trpc6 knockout decreases renal NLRP3 inflammasomes in T2DM mice. (A) The bands of NLRP3, Caspase‑1 p20, ASC and β‑actin; (B) Relative 
expression of NLRP3; (C) Relative expression of ASC; (D) Relative expression of Caspase‑1 p20. Results are expressed as mean ± SD, n=4. **P<0.01 vs. WT 
group; ##P<0.01 vs. Trpc6‑/‑ group; &P<0.05 and &&P<0.01 vs. WT + HFD + STZ group. NLRP3, Nod‑like receptor protein 3; T2DM, type‑2 diabetes mellitus; 
WT, wild type; HFD, high fat diet; STZ, streptozotocin; ASC, apoptosis‑associated speck‑like protein containing a CARD.
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Trpc6 knockout alleviates calcium homeostasis disorder in 
PA + HG‑induced HMCs. Finally, the effects of Trpc6 knock‑
down on [Ca2+]i was evaluated by using calcium imaging in 
PA + HG‑induced HMCs. The results revealed that the HMCs 
exhibited a significant calcium overload after PA + HG stimula‑
tion with [Ca2+]i increase and calcium homeostasis imbalance 
after BAPTA and CaCl2 stimulation, compared with the control 
group (Fig. 9A‑D; P<0.01 or P<0.05). As compared with the PA + 
HG group, treatment with TRPC6‑siRNA decreased the [Ca2+]
i and reduced the Δ Ratio F340/F380 induced by BAPTA and 
CaCl2 stimulation (Fig. 9A‑D; P<0.01 or P<0.05). These results 
indicated that PA + HG treatment can activate the TRPC6 chan‑
nels in HMCs and that Trpc6 knockdown can ameliorate the 
dysregulation of calcium homeostasis induced by PA + HG.

Discussion

T2DM is a common metabolic disease that is characterized 
by chronic disorder of glycolipid metabolism (37). DKD is 
the most dangerous complication caused by DM disorders. 

However, the pathogenesis of T2DM‑induced DKD has not 
been fully elucidated and there are still no effective therapeutic 
methods for it. Some studies have reported that DKD involves 
multiple mechanisms, such as disruption of glucolipid metabo‑
lism, oxidative stress, inflammation, apoptosis, necrosis and 
autophagy (38‑42). Recent evidence suggests that alterations 
in Ca2+ signaling can directly or indirectly influence the 
onset and progression of DKD (43). The TRPC6 channel is 
reported as a critical contributor in a number of renal diseases, 
including DKD (44,45), therefore, it was hypothesized that 
upregulation of TRPC6 in T2DM may regulate CN‑NFAT2 
signaling and activate NLRP3 inflammasomes and the 
TGF‑β/p‑SMAD2/3 pathway, resulting in renal damage and 
fibrosis. The present study found that knockout Trpc6 clearly 
alleviated renal dysfunction, renal injury and fibrosis and 
inhibited CN‑NFAT2 signaling and NLRP3 inflammasomes in 
T2DM mice. The present study suggested that Trpc6 knockout 
can attenuate T2DM‑induced DKD progression and that the 
TRPC6‑CN‑NFAT2 signaling pathway may be an important 
therapeutic target in DKD.

Figure 8. Trpc6 knockout inhibits the renal CN‑NFAT2 signaling in T2DM mice. (A) The bands of NFAT2, CN, TRPC6 and β‑actin; (B) Relative expression 
of TRPC6; (C) Relative expression of CN; (D) Relative expression of NFAT2. Results are expressed as mean ± SD, n=4. **P<0.01 vs. WT group; #P<0.05 vs. 
Trpc6‑/‑ group; &P<0.05 vs. WT + HFD + STZ group. CN, calcineurin; NFAT, nuclear factor of activated T cells; T2DM, type‑2 diabetes mellitus; TRPC6, 
transient receptor potential channel 6; WT, wild type; HFD, high fat diet; STZ, streptozotocin.
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The typical symptoms of T2DM are polydrinking, poly‑
phagia, polyuria, weight loss and elevated fasting glucose (46), 
consistent with the results of body weight and FBG in the 
present study, demonstrating the success of the T2DM mice 
model. The SCR and BUN levels are important indicators 
for renal dysfunction assessment (47). In the present study, 
Trpc6 knockout only had a slight hypoglycemic effect, but 
significantly reduced the serum BUN and SCR in T2DM 
mice, suggesting that Trpc6 knockout can improve DKD in 
T2DM, but that it might not be caused by a hypoglycemic 
effect. Abnormal lipid metabolism is also an important feature 
of T2DM，therefore, the lipid metabolism in Trpc6‑/‑ T2DM 
mice was further observed. The data indicated that the serum 
TG, TC, LDL‑C, FFA and renal lipid deposition were mark‑
edly increased in WT T2DM mice. However, Trpc6 knockout 
markedly reduced the serum TG, TC and LDL‑C levels, but 
had no significant difference in FFA levels and lipid deposi‑
tion in the renal cortex, suggesting that Trpc6 knockout may 
have a mild regulation of lipid metabolism in the body, but 
has no influence on abnormal lipid metabolism in the kidney 
in T2DM. Mesangial cell expansion and the excessive deposi‑
tion of acidic glycoprotein are important pathological features 
of DKD (48). In addition, the kidney injury factor, KIM‑1, 
is often used to estimate renal injury  (47). Moreover, the 

senescence‑associated β‑Gal, a marker of cellular senescence 
in response to cellular stress, is also often used to evaluate 
renal damages in DKD (49). It has been reported that diabetes 
and cellular senescence can induce a vicious cycle, resulting 
in the development of T2DM  (50). In the present study, 
H&E and PAS staining results further confirmed that Trpc6 
knockout can attenuate renal injury and excessive deposition 
of acidic glycoprotein in T2DM mice. The KIM‑1 and β‑Gal 
results also confirmed that knockout of Trpc6 clearly allevi‑
ated T2DM‑induced renal injury and cellular senescence. 
Additionally, the electron microscope results revealed that 
Trpc6 knockout significantly attenuated glomerular ultrastruc‑
ture damages. These data suggested that knockout Trpc6 can 
alleviate T2DM‑induced renal injury.

Renal fibrosis, the most common pathological process 
in DKD, is a result of ongoing renal tissue damage and 
inflammation induced by hyperglycemic and hyperlipidemic 
environments in T2DM. Renal fibrosis, similar to other organs, 
is characterized by excessive extracellular matrix deposition, 
resulting in destruction of renal structure and reduction of 
renal function (51,52). Increased expression of FN and COL4 
is largely involved in renal fibrosis (36); therefore, Masson 
staining is commonly used to examine collagen deposition in 
renal tissues (53). As shown by Masson staining and IHC results, 

Figure 9. Trpc6 knockout alleviates calcium homeostasis disorder in PA + HG‑induced HMCs. (A) The ratio (F340/F380) corresponds to BAPTA and CaCl2 
(2 mM) in HMCs. (B) The ratio (F340/F380) of basal [Ca2+]i. (C) The ΔRatio (F340/F380) after BAPTA. (D) The ΔRatio (F340/F380) after CaCl2. Data 
are expressed as mean ± SD, n=3. **P<0.01 vs. Control group; #P<0.05 and ##P<0.01 vs. PA + HG group. PA, palmitic acid; HG, high glucose; HMCs, human 
mesangial cells.
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a significant increase of glomerular and interstitial fibrosis and 
FN and COL4 expression was observed in the T2DM mice, 
which was significantly attenuated by Trpc6 knockout. The 
present study further indicated that Trpc6 knockout signifi‑
cantly inhibited TGF‑β/p‑SMAD2/3 signaling, the primary 
pathogenic mechanism of glomerular fibrosis in DKD, which 
is highly activated in T2DM mice  (54‑57). Furthermore, 
HFD‑treatment alone could not induce renal fibrosis in Trpc6‑/‑ 
mice. These data suggested that Trpc6 knockout can ameliorate 
renal fibrosis in T2DM. Additionally, the results indicated that 
knockout of Trpc6 had no influence on lipid deposition and 
FFA in renal tissue and only had a slight hypoglycemic effect 
in T2DM mice. Accordingly, it was hypothesized that Trpc6 
knockout might improve T2DM‑induced DKD through other 
mechanisms.

Previous studies suggested that Ca2+ homeostasis dysregu‑
lation is strongly associated with renal inflammation and 
injury (58) and that hyperglycemic and hyperlipidemic envi‑
ronments may significantly increase Ca2+ levels because of 
increased calcium entry into the cells (43,59). As the primary 
mechanism of Ca2+ influx, TRPC constitute a nonselective 
cation channel superfamily with Ca2+ permeability. Among 
the TRP family, TRPC6 is the most apparent calcium‑selective 
channel and acts as an important calcium entry mechanism in 
the kidney. It has been reported that activation of TRPC6 due 
to increased gene expression or functionally acquired muta‑
tions can lead to heart and kidney disease (60,61). Under stress 
conditions, extracellular signaling molecules, in conjunction 
with G protein‑coupled receptors, can activate PLCs on the 
plasma membrane, thereby cleaving phosphatidylinositol (4,5) 
biphosphate (PIP2) to generate the IP3 and DAG, which can 
increase intracellular Ca2+ by activating TRPC6 in the cell 
membrane, leading to intracellular calcium overload (62). In 
T2DM, abnormal lipid metabolism can lead to excessive FFA 
entering cells through CD36, a specific transport receptor, 
resulting in the activation of PLC and increase of DAG and 
IP3  (63). Calcium overload further activates CN‑NFAT 
signaling, which triggers the pathological renal fibrotic 
disease. It has been reported that TRPC6 cation conductance 
is closely associated with calcium‑dependent activation of CN 
and stimulates transcriptional regulation of NFAT2 (64‑67). 
Meanwhile, NFAT2 is a downstream signaling molecule of 
the Ca2+ signaling pathway, but activation of NFAT2 itself 
can enhance the expression of the Trpc6 gene to form a posi‑
tive feedback loop (68). In addition, the damage and fibrosis 
of MCs are important pathological features of DKD. HMCs 
are often used as a cellular model for DKD (69). Our previous 
findings suggested that inhibition of Trpc6 by SKF96365 
(TRPC6 inhibitor) or siRNA could significantly suppress 
calcium homeostasis imbalance and significantly inhibit 
NFAT2 expression in the nucleus of PA‑induced HMCs (68). 
In the present study, the results revealed that the CD36 and 
p‑PLC levels were markedly increased in the T2DM mice. 
However, knockout of Trpc6 had no influence on CD36 and 
p‑PLC expression, which may be the upstream regulator of 
TRPC6 signaling in the T2DM mice. Furthermore, the results 
revealed that T2DM could increase the expression of TRPC6, 
CN and NFAT2 in renal tissue, which were clearly down‑
regulated in Trpc6‑/‑ T2DM mice. Calcium imaging results 
showed that knockdown of Trpc6 by siRNA also significantly 

inhibited calcium homeostasis imbalance in PA + HG‑induced 
HMCs. The results suggested that TRPC6‑mediated activa‑
tion of CN‑NFAT2 signaling can facilitate the process of 
DKD and that Trpc6 knockout may ameliorate renal injury 
and glomerular fibrosis by inhibiting calcium overload and the 
CN‑NFAT2 pathway in T2DM mice.

Activation of CN‑NFAT2 is closely related to the inflam‑
matory cascade response  (70), which is also one of the 
important pathogeneses of DKD. Accumulating evidence 
indicates that activation of NLRP3 inflammasomes can recruit 
the ASC and procaspase‑1 to cleave the pro‑IL‑1β to the bioac‑
tive form, promoting the inflammatory cascade response in a 
number of diseases, including DKD (15). Studies revealed that 
activation of NLRP3 inflammasomes could exacerbate renal 
fibrosis in a number of kidney diseases (71,72). Inhibition of 
NLRP3 displayed anti‑inflammatory effects and decreased 
renal injury and fibrosis in DKD (15). In the present study, 
the results suggested a significant activation of NLRP3 
inflammasomes in T2DM mice and that knockout of Trpc6 
significantly inhibited the NLRP3 activation in the kidney of 
T2DM mice. These data suggested that NLRP3 signaling may 
be the downstream process of TRPC6‑CN‑NFAT2 signaling 
in DKD, however, the regulatory mechanism of NFAT2 on 
NLRP3 needs to be further studied.

Additionally, ROS plays a key role in the pathogenesis 
of renal injury and fibrosis, as excessive ROS production is 
associated with a number of pathophysiological processes, 
such as inflammation, cellular structure and Ca2+ homeostasis 
imbalance (73). The present study also demonstrated that ROS 
production in renal cortex was clearly elevated in T2DM mice; 
however, Trpc6 knockout did not alleviate ROS production in 
T2DM mice, suggesting that the TRPC6‑associated calcium 
homeostasis dysregulation might be the downstream signaling 
pathway of ROS oxidative stress. 

In summary, T2DM can activate the CN‑NFAT2 signaling 
pathway through a TRPC6‑mediated calcium overload, 
leading to NLRP3 inflammasome activation and ultimately 
resulting in renal inflammation injury and renal fibrosis. Trpc6 
knockout inhibited the TGF‑β/p‑SMAD2/3 by suppressing 
renal calcium overload and CN‑NFAT2 signaling and attenu‑
ating glomerular fibrosis in T2DM. However, the present study 
only explored the role of Trpc6 knockout in improving DKD 
in vivo. It is remains to be elucidated what the relationship 
of TRPC6 and NLRP3 is and future studies are needed to 
investigate the mechanism of TRPC6 in DKD progression.
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