








Diacylglycerol-responsive TRPC genes deletion attenuates diabetic nephropathy

5623	 Am J Transl Res 2017;9(12):5619-5630

Results

Hyperglycemia or high glucose increases 
TRPC6 expression

The expression of TRPC mRNAs in the renal 
cortex was examined by RT-PCR (Figure 1B).  
Figure 1A demonstrates the presence of mRNA 
for TRPC1-TRPC7 in the mouse brain (positive 
controls). As shown in Figure 1B, only TRPC1, 
TRPC2, TRPC3, TRPC4 and TRPC6 were ex- 

pressed in the mouse renal cortex, TRPC5 and 
TRPC7 were not detectable. 

To assess the potential role of the DAG-res- 
ponsive TRPC3 and TRPC6 in DN, the expres-
sion of TRPC3/6 in the renal cortex of the WT 
diabetic and nondiabetic mice were examined 
by western blot. TRPC6 protein expression of 
kidney cortical lysates was significantly upre- 
gulated in diabetic WT mice compared with 
nondiabetic WT mice (Figure 1C). The protein 

Figure 2. TRPC3/6/7 deletion reduces the extent of diabetes-induced glomerular enlargement. A, B. RT-PCR showed 
that TRPC3, TRPC6, and TRPC7 were undetectable in the TRPC3/6/7-/- mouse brain, and western blot analysis 
showed that TRPC3 and TRPC6 were indeed deficient in the TRPC3/6/7-/- mouse renal cortex. C, D. Changes in 
blood glucose and body weight. WT-STZ and TRPC3/6/7-/--STZ mice developed similar degrees of hyperglycemia. 
The extent of body weight increase among both diabetic groups was less compared with corresponding nondiabetic 
mice. n=5-11 mice/group. E. PAS staining and its quantitative analysis of glomerular volume in kidney sections, 
magnification ×400. The result showed that glomerular enlargement occurred in both STZ groups (***p<0.001  
and *p<0.05), while the severity of glomerular enlargement in WT-STZ group was greater (**p<0.01). n=5 mice/
group. 
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expression of TRPC3 in the two groups was  
not significantly different (Figure 1C). Western 
blot analysis also demonstrated the increased 
expression of TRPC6 protein in human podo-
cytes treated with HG for 6 days compared to 
NG; no change in TRPC3 protein expression 
was observed between HG-treated and NG- 
treated podocytes (Figure 1D). To exclude os- 
motic effects, the administration of NG+M did 
not significantly affect the protein levels of 
TRPC3 and TRPC6 (Figure 1D).

TRPC3/6/7 deletion reduces the extent of 
diabetes-induced polyuria, kidney hypertrophy 
and glomerular enlargement 

RT-PCR analysis of the TRPC3/6/7-/- mouse 
brain showed that TRPC3, TRPC6 and TRPC7 
mRNA are not detectable in tissues from TR- 
PC3/6/7-/- mice (Figure 2A). Moreover, TRPC3 
and TRPC6 proteins were undetectable in the 
renal cortex of TRPC3/6/7-/- mice by western 
blot (Figure 2B), indicating that the renal cortex 
of TRPC3/6/7-/- mice are indeed deficient in 
TRPC3 and TRPC6. 

After 2 weeks of STZ administration, WT-STZ 
and TRPC3/6/7-/--STZ mice became stably dia-
betic with comparable rises in blood glucose 
levels (Figure 2C, Table 2). The four groups of 
experimental mice exhibited an increase in bo- 
dy weight during the whole experiment, except 
for the body weight of mice in the TRPC3/6/7-/--
STZ group, which slightly decreased during the 
first 4 weeks after STZ injection. However, the 
extent of body weight increase of the two dia-
betic groups was less compared with the non-
diabetic groups (Figure 2D). In addition, the 
body weights of mice in the TRPC3/6/7-/--Veh 
and TRPC3/6/7-/--STZ groups were lower com-
pared with the WT-Veh and WT-STZ groups, 
respectively (Table 2). 

Urine volumes were increased in both diabetic 
groups, but polyuria was alleviated in TRPC3/ 
6/7-/--STZ mice compared with WT-STZ mice 
(Table 2). Kidney hypertrophy occurred in both 
diabetic groups as characterized by increased 
kidney/body weight ratios, though the extent of 
kidney hypertrophy was significantly attenuat-
ed in diabetic TRPC3/6/7-/- mice compared with 
diabetic WT mice (Table 2). Glomerular enlarge-
ment was assessed by glomerular volume in 
PAS-stained kidney sections of mice in four 
groups (Figure 2E). Mice in the diabetic gro- 
ups presented glomerular enlargement, which 
was attenuated in TRPC3/6/7-/- mice (glomeru-
lar volume: WT-STZ versus TRPC3/6/7-/--STZ: 
197651±7643 μm3 versus 153922±6539 
μm3, p<0.01, n=5 mice/group) (Figure 2E).  

TRPC3/6/7 deletion attenuates albumin ex-
cretion and podocyte loss induced by hypergly-
cemia

24 h urine was collected, and albumin levels 
were measured by SDS-polyacrylamide electro-
phoresis followed by Coomassie blue staining. 
As shown in Figure 3A, both STZ groups devel-
oped albuminuria; however, the diabetic TRP- 
C3/6/7-/- mice showed significantly less albu-
minuria than the diabetic WT mice (24 h uri- 
nary albumin: WT versus TRPC3/6/7-/-: 278.40± 
53.84 μg versus 117.6±13.51 μg, p<0.05). 

Podocyte loss was assessed by the amount of 
WT-1 protein in the renal cortex. As shown in 
Figure 3B, the WT-1 protein levels of WT dia-
betic mice was reduced significantly. This alter-
ation was not obviously observed in TRPC3/6/7-

/- diabetic mice, though the WT-1 protein levels 
of TRPC3/6/7-/- diabetic mice showed a declin-
ing trend, indicating that podocyte loss was sig-
nificantly attenuated in TRPC3/6/7-/- diabetic 
mice compared with WT diabetic mice.

Table 2. Characteristics of WT and TRPC3/6/7-/- mice 12 weeks after vehicle or STZ injection

Variable
WT TRPC3/6/7-/-

Veh STZ Veh STZ
n 5 9 5 11
Blood glucose (mmol/l) 6.46±0.27 28.06±2.13aa 6.74±0.39 26.86±1.84bbb

Body weight (g) 27.37±1.73 23.40±0.62a 22.95±0.55a 18.62±0.87bb,cc

Urine volume (ml/24 h) 0.58±0.26 28.93±9.44aa 0.41±0.13 12.97±3.87bbb,c

Kidney/body weight ratio (%) 1.50±0.04 2.42±0.09aa 1.37±0.05 1.68±0.01b,c

Results are shown as means ± SEM. ap<0.05, aap<0.001 vs. WT-Veh; bp<0.05, bbp<0.01, bbbp<0.001 vs. TRPC3/6/7-/--Veh. 
cp<0.01, ccp<0.001, vs. WT-STZ.



Diacylglycerol-responsive TRPC genes deletion attenuates diabetic nephropathy

5625	 Am J Transl Res 2017;9(12):5619-5630

The expression levels of Bcl2, an anti-apoptotic 
protein, and cleaved caspase 3, a pro-apoptot-

ic protein, of kidney cortical lysates were ana-
lyzed by western blot. The expression of Bcl2 

Figure 3. TRPC3/6/7 deletion attenuates albumin excretion and the changes of WT-1, Bcl2, and Cleaved caspase 
3 induced by hyperglycemia. A. 24 h albumin excretion was assessed using SDS electrophoresis and staining of 
gels with Coomassie blue. Both STZ groups developed albuminuria (**p<0.01 and *p<0.05), but albuminuria of 
TRPC3/6/7-/--STZ mice was significantly less than that of WT-STZ mice (*p<0.05). BSA: bovine serum albumin. 
n=5-11 mice/group. B. Western blot showed that WT-1 protein of the renal cortex was decreased obviously in WT-
STZ mice, compared with WT-Veh mice (**p<0.01); however, the decrease were prevented in TRPC3/6/7-/- mice 
(*p<0.05). n=3-5 mice/group. C. Western blot analysis demonstrated that the downregulation of Bcl2 and upregu-
lation of Cleaved caspase 3 in WT-STZ mice (***p<0.001 and **p<0.01) was prevented in TRPC3/6/7-/--STZ mice 
(***p<0.001 and *p<0.05). n=3-5 mice/group. 
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was downregulated, and the amount of cleaved 
caspase 3 was upregulated in the WT diabetic 
renal cortex, although these alterations were 
not significant in TRPC3/6/7-/- mice (Figure 3C).

TRPC3/6/7 deletion inhibits activation of 
TGFβ1 signaling and fibronectin deposition in 
diabetic kidney

Most subtypes of glomerular diseases, includ-
ing DN, are associated with increased TGFβ1 
signaling activity [22]. To determine whether 
the protective effect of the TRPC3/6/7 deletion 
on renal dysfunction and podocyte loss involves 
decreased activation of TGFβ1 signaling, the 
expression of TGFβ1-related proteins was stud-
ied by western blot and immunohistochemistry. 
Western blot analysis showed that the levels of 
TGFβ1 and p-Smad2/3 in the renal cortex in 
diabetic WT mice were significantly increased 
(Figure 4A). Moreover, immunohistochemistry 
showed that TGFβ1 and fibronectin in renal 
glomeruli and tubules were clearly increased in 
WT diabetic mice (Figure 4B). These effects, 
however, were not found in TRPC3/6/7-/- dia-
betic mice (Figure 4). 

Discussion

This study provides evidence for the first time 
that deletion of the DAG-responsive class of 
TRPC genes TRPC3/6/7 in mice attenuates 
DN. Although WT and TRPC3/6/7-/- mice devel-
oped similar degrees of hyperglycemia during 
the study, the TRPC3/6/7-/- mice exhibited lo- 
wer body weights, less polyuria, lower kidney/
body weight ratios, less glomerular enlarge-
ment, less albuminuria, and lowered loss of 
podocytes in the diabetic kidney. To determine 
the underlying mechanism, we found that the 
TRPC3/6/7 deletion blunted the alteration of 
pro-apoptotic mediators in the renal cortex, 
and inhibited activation of TGFβ1 signaling in 
the diabetic kidney. 

Because previous studies had shown that a 
gain-of-function mutation in TRPC6 is associ-
ated with the onset of focal segmental glomer-
ulosclerosis (FSGS) [4, 5], efforts of numerous 
research groups have been focused on the role 
of TRPC6 in proteinuric kidney disease. Re- 
cently, the role of TRPC6 in DN has attracted 
the considerable attention. However, there are 

Figure 4. TRPC3/6/7 deletion inhibits the activation of TGFβ1 signaling and fibronectin deposition in diabetic kid-
ney. A. Western blot analysis showed that TGFβ1 and p-Smad2/3 of renal cortex of WT-STZ mice were increased 
compared with WT-Veh mice (**p<0.01 and *p<0.05); however, the increase was inhibited in TRPC3/6/7-/--STZ 
mice (both *p<0.05). n=3-5 mice/group. B. Immunohistochemistry showed that the deposition of TGFβ1 and Fibro-
nectin in renal cortex of WT-STZ mice were not obvious in TRPC3/6/7-/--mice. n=3-5 mice/group.
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controversies regarding the role of TRPC6 in 
DN. At the beginning of our experiment, we 
observed that the total TRPC6 protein in the 
renal cortex from STZ-induced diabetic mice is 
increased compared with that of nondiabetic 
mice. Moreover, we observed that HG-treated 
cultured human podocytes for 6 days cause 
upregulation of TRPC6 protein. Interestingly, 
Graham et al. demonstrated that TRPC6 pro-
tein in glomeruli isolated from STZ-induced dia-
betic rats was decreased compared with con-
trol rats [23]. The discrepancy with the findings 
reported here might be attributed to the differ-
ent stage of DN, since Graham et al examined 
the expression of TRPC6 protein in glomeruli 2 
weeks after STZ injection. A recent study in 
TRPC3 knockout mice proposed that TRPC3 
channels might constitute important therapeu-
tic targets for improving renal remodeling in kid-
ney disease [10]. However, we did not observe 
significant increases in TRPC3 protein in either 
the renal cortex of STZ-induced diabetic mice or 
in HG-treated podocytes. The cause is not 
clear, and it may be that the model used in their 
research [10] is different than ours or that the 
DN model in our study has not developed to the 
degree of renal fibrosis. These data suggest 
that increased DAG-responsive TRPCs may 
aggravate diabetes-induced renal injury.

Among the TRPC channels, TRPC3, 6 and 7 are 
approximately 75% identical in their amino acid 
sequence. These proteins are believed to asso-
ciate as heterotetramers and form functional 
ion channels on the cell surface [24]. We and 
others have performed various experiments  
in the combined TRPC3/6/7 knockout mouse 
model [25-27], and it has been shown that 
there is an interdependent functional profile of 
TRPC channels in smooth muscle cells of 
TRPC6-deficient mice [16]. Since our data and 
other findings support the role of TRPC3 and 
TRPC6 in kidney disease, in order to more fully 
characterize the impact of deleting closely 
related DAG-responsive TRPC genes (TRPC3/ 
6/7) on the diabetic kidney, we used the avail-
able TRPC3/6/7 triple gene knockout mouse 
strain for our study. We found that the body 
weight of TRPC3/6/7-/- mice was lower than 
that of age-matched WT mice. TRP channels 
are present in most mammalian tissues, and 
can influence diverse physiological processes, 
including adipocyte function, energy intake and 
energy expenditure [28], which may be the 

cause of the small body size. However, the 
mechanism of how TRPC channels influence 
body weight is unclear. It was reported that 
dwarf mice are protected from DN [29]. The 
body weight may thus be related to the develop-
ment of DN. With the exception of the effect of 
TRPC3/6/7 deletion on body weight, no effect 
on normal glomerular structure or function was 
observed in TRPC3/6/7 knockout mice.

The early stage of diabetic mellitus is charac-
terized by renal hyperfiltration, kidney hypertro-
phy, and glomerular enlargement, which pro-
motes the eventual development of DN. Both 
WT and TRPC3/6/7-/- diabetic mice developed 
polyuria and an increase in kidney/body weight 
ratio and glomerular volume. These features 
were attenuated in TRPC3/6/7-/- diabetic mice, 
suggesting that the TRPC3/6/7 deletion plays a 
protective role against renal disorder in STZ-
induced diabetic mice. In contrast, Luan et al. 
[30] reported that tempol improves renal hy- 
perfiltration in STZ-induced diabetic rats via 
increased expression of TRPC6 protein. The 
reasons for these conflicting results are not 
known. 

Recent biopsy studies in humans have provid-
ed evidence that podocytes are functionally 
and structurally injured very early in the natural 
history of DN [31]. Podocyte injury or loss will 
lead to proteinuria and is associated with glo-
merulosclerosis [32]. Here, we found that podo-
cyte loss was significantly attenuated in 
TRPC3/6/7-/- diabetic mice compared with WT 
diabetic mice and that there was a lower albu-
minuria. Similarly, the downregulation of the 
anti-apoptotic protein, Bcl2 and upregulation  
of pro-apoptotic protein, cleaved caspase 3 
observed in WT diabetic mice were not obvious 
in TRPC3/6/7-/- diabetic mice, which is consis-
tent with the finding of podocyte loss. Moreover, 
in vitro studies have shown attenuation of HG- 
induced podocyte apoptosis by TRPC6 gene 
knockdown [8]. These results suggest that  
the TRPC3/6/7 deletion attenuates diabetes-
induced podocyte loss and albuminuria. 

TGFβ1 is a key mediator in chronic kidney dis-
ease associated with progressive renal fibrosis 
[33]. The renal expression of TGFβ1 mRNA as 
well TGFβ1 protein is increased in patients with 
diabetes mellitus [34]. Considerable evidence 
showed that TGFβ1 increases urinary excretion 
of water, electrolytes and glucose by suppress-
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ing tubular reabsorption in both normal and 
diabetic conditions [35-37]. In addition, a num-
ber of previous studies have demonstrated that 
TGFβ1 promotes the development of diabetic 
albuminuria. Transgenic animal models overex-
pressing TGFβ1 exhibit increased urinary excre-
tion of albumin [35]. Furthermore, it was report-
ed that TGFβ1 induces podocyte apoptosis via 
activation of execution caspase 3 [14, 38]. To 
determine whether reducing the upregulation 
of TGFβ1 signaling in TRPC3/6/7-/- diabetic 
mice contributes to the renal protective effect 
of TRPC3/6/7 deletion, we evaluated TGFβ1 
signaling-related proteins in kidneys of diabetic 
WT and KO mice. Results showed that upregu-
lation of TGFβ1, p-Smad2/3 and fibronectin in 
the renal cortex of WT diabetic mice were not 
found in TRPC3/6/7-/- diabetic mice, which may 
be the molecular basis for the presence of 
decreased renal dysfunction and podocyte loss 
in TRPC3/6/7-/- diabetic mice.

In conclusion, the results obtained here provide 
in vivo evidence that knockout of DAG-res- 
ponsive class of TRPC genes TRPC3/6/7 result-
ed in decreased susceptibility to the develop-
ment of renal dysfunction and podocyte loss in 
DN in mice. Additionally, this effect is closely 
associated with inhibiting the activation of the 
TGFβ1 signaling pathway, but the individual 
contributions of TRPC3, TRPC6 and TRPC7 to 
this phenotype are not known. Our data sug-
gest that global inhibition of DAG-responsive 
TRPCs may have a therapeutic benefit in the 
prevention and treatment of DN.
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