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Abstract

Gain-of-function mutations in TRPC6 cause familial focal segmental glomerulosclerosis, and 

TRPC6 is upregulated in glomerular diseases including diabetic kidney disease. We studied the 

effect of systemic TRPC6 knockout in the Akita model of type 1 diabetes. Knockout of TRPC6 

inhibited albuminuria in Akita mice at 12 and 16 weeks of age, but this difference disappeared by 

20 weeks. Knockout of TRPC6 also reduced tubular injury in Akita mice; however, mesangial 

expansion was significantly increased. Hyperglycemia and blood pressure were similar between 

TRPC6 knockout and wild-type Akita mice, but knockout mice were more insulin resistant. In 

cultured podocytes, knockout of TRPC6 inhibited expression of the calcium/calcineurin 

responsive gene insulin receptor substrate 2 and decreased insulin responsiveness. Insulin 

resistance is reported to promote diabetic kidney disease independent of blood glucose levels. 

While the mechanisms are not fully understood, insulin activates both Akt2 and ERK, which 

inhibits apoptosis signal regulated kinase 1 (ASK1)-p38-induced apoptosis. In cultured podocytes, 

hyperglycemia stimulated p38 signaling and induced apoptosis, which was reduced by insulin and 

ASK1 inhibition and enhanced by Akt or ERK inhibition. Glomerular p38 signaling was increased 

in TRPC6 knockout Akita mice and was associated with enhanced expression of the p38 gene 

target cyclooxygenase 2. These data suggest that knockout of TRPC6 in Akita mice promotes 

insulin resistance and exacerbates glomerular disease independent of hyperglycemia.
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Diabetic nephropathy (DN) is a serious complication of both type 1 and type 2 diabetes 

mellitus.1 The economic consequences of this disorder are significant because DN is the 

most common cause of end-stage kidney disease in developed countries.1 Moreover, both 

the incidence and prevalence of diabetes are increasing worldwide.1,2 Current treatment is 

focused on optimizing blood pressure and glucose control as well as on reducing proteinuria 

by using angiotensin-converting enzyme inhibitors and angiotensin II receptor blockers.3,4 

Although these strategies slow disease progression,4,5 ~20% of patients with overt 

nephropathy ultimately develop end-stage kidney disease requiring renal replacement 

therapy.1,2 As a result, much effort has been devoted to under-standing the mechanisms that 

promote glomerular damage in diabetic kidney disease (DKD) with the goal of identifying 

new therapeutic targets and treatment strategies.

Accumulating evidence suggests that glomerular podocytes play a key role in DN.6 These 

highly differentiated cells are important for maintaining the integrity of the glomerular 

filtration barrier.7,8 Podocyte injury is a common feature of DKD in both animal models and 

diabetic humans.6,7 In the later stages of the disease, a reduction in the number of 

glomerular podocytes is characteristic of the disease process.9–11 Because podocytes are 

terminally differentiated cells with a limited capacity for replication,8,12 a sufficient loss of 

podocytes leads to instability of the glomerular tuft and in turn promotes glomerulosclerosis.
8

Familial forms of glomerular disease have provided important insights into the pathogenesis 

of glomerular disease processes.13 Gain-of-function mutations in transient receptor potential 

cation channel C6 (TRPC6) cause familial forms of focal segmental glomerulosclerosis.14,15 

Moreover, TRPC6 is upregulated in both primary and secondary glomerular disease 

processes including DN.16–18 These observations may be relevant to podocyte injury in 

diabetes, because angiotensin II receptor blockers potently activates TRPC614,16,19–21 and in 

turn causes podocyte apoptosis.22–24 In addition, abundant data indicate that reactive oxygen 

species generation is increased in the diabetic milieu25 and reactive oxygen species directly 

stimulate TRPC6 activity.21,26,27 Taken together, these data suggest that the upregulation 

and activation of TRPC6 may play an important role in promoting podocyte damage in 

DKD.

Accordingly, we used a genetic approach to investigate the role of TRPC6 in DKD using the 

Akita model of type 1 diabetes.28,29 For experiments, mice with the Akita mutation28 were 

bred with TRPC6 knockout (KO) mice30 to create Akita mice lacking TRPC6 (KO Akita 

mice). Using this genetic model, we then investigated the effect of TRPC6 on the functional 

and histopathological features of DKD.

RESULTS

Effect of TRPC6 KO on blood glucose levels, hemoglobin A1c levels, systemic blood 
pressure, and kidney hypertrophy

As shown in Figure 1a, fasting blood glucose levels were similarly elevated in both groups 

of Akita mice compared with nondiabetic mice at 8, 12, 16, and 20 weeks of age. Consistent 

with blood glucose levels, hemoglobin A1c levels were similarly increased in both diabetic 
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groups at the 20-week time point (Figure 1b). We next evaluated systemic blood pressure. 

As shown in Figure 1c, there were no significant differences in systolic blood pressure 

between the diabetic groups at 12- and 20-week time points. Figure 1d shows the effect of 

genotype and age on body weight. Body weights were reduced in both diabetic groups 

compared with nondiabetic wild-type (WT) animals (WT controls). There was also a 

significant reduction in body weight in nondiabetic KO mice (KO controls) compared with 

WT controls. As shown in Figure 1e and f, diabetes increased kidney weights in both 

diabetic groups compared with nondiabetic animals when expressed as either total kidney 

weight (Figure 1e) or kidney weight corrected for body weight (Figure 1f).

Effect of TRPC6 KO on albuminuria, renal histopathology, and glomerular ultrastructure

Figure 2a shows the effect of TRPC6 KO on albuminuria in diabetic mice. There was a 

significant decrease in albuminuria in KO Akita mice at 12 and 16 weeks of age, but this 

difference disappeared by 20 weeks of age. Albuminuria was modest in nondiabetic mice 

and was not affected by KO of TRPC6 (Table 1). We next evaluated the effect of TRPC6 KO 

on renal histopathology. Figure 2b shows periodic acid-Schiff-stained sections from WT and 

KO Akita mice, and Figure 2c shows the effect of TRPC6 KO on mesangial expansion by 

using a semiquantitative scoring system. Mesangial expansion was significantly increased in 

KO Akita mice compared with WT Akita mice (P < 0.001). In contrast, KO of TRPC6 

significantly decreased tubular injury (P < 0.05) (Figure 2d) and tended to decrease 

tubulointer- stitial inflammation (P = 0.0604) (Figure 2e). No significant tubulointerstitial 

fibrosis was detected in diabetic mice by light microscopy. Total collagen content in kidney 

sections was quantitated using Sirius Red/Fast Green collagen staining (Table 2). There were 

no significant differences in kidney collagen content between the groups.

Figure 2f–h shows the effect of diabetes on glomerular ultrastructure. Focal areas of foot 

process effacement were seen in both groups of Akita mice compared with nondiabetic WT 

and KO mice (nondiabetic controls), which were qualitatively similar in both groups of 

diabetic animals. There was no significant difference in glomerular basement membrane 

width between the groups (Figure 2i).

Lastly, Table 3 shows the effects of TRPC6 KO on glomerular morphology and podocyte 

number. Similar to body and kidney weights (Figure 1c–e), glomerular volume tended to be 

lower in nondiabetic TRPC6 KO mice than in nondiabetic WT mice. Diabetes increased the 

glomerular volume in both groups, which was similarly increased in both groups of diabetic 

mice when expressed as a percentage of the value in the nondiabetic groups. Podocyte 

number tended to decrease in the diabetic groups, but these changes were not statistically 

significant. Podocyte density was increased in diabetic and nondiabetic TRPC6 KO mice, 

likely because of the lower glomerular volume.

TRPC6 KO mice are insulin resistant

Although hyperglycemia is an important determinant of the severity of kidney disease in 

diabetes mellitus,1 studies in animal models of type 1 diabetes have shown that insulin 

sensitizers ameliorate DKD independent of blood glucose levels.31–33 This dichotomy 

between blood glucose levels and severity of DN is particularly striking in mice with a 
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podocyte-specific deletion of the insulin receptor.34 These KO mice develop albuminuria 

and glomerular features of DKD in the normoglycemic environment.34 We therefore 

examined TRPC6 KO mice for abnormalities in glucose regulation by performing the 

glucose tolerance test (GTT) and insulin tolerance test. As shown in Figure 3 a and b, KO 

Akita mice were insulin resistant compared with WT Akita mice as evidenced by the 

significant decrease in the area under the curve (AUC) in KO Akita mice (Figure 3b). A 

similar trend was seen for AUCs in nondiabetic mice, but this difference did not reach 

statistical significance (Figure 3c and d). Similar to previous reports,35 diabetic mice were 

also insulin resistant compared with nondiabetic animals (252 ± 30 AUC [nondiabetic WT 

mice] vs. 132 ± 10 AUC [WT Akita mice]; P < 0.01 and 235 ± 27 AUC [nondiabetic KO 

mice] vs. 89 ± 11 AUC [KO Akita mice]; P < 0.001). The results of GTTs are shown in 

Figure 3e and f. There were no statistically significant differences in the GTT curve between 

WT and KO Akita mice or between nondiabetic WT and KO controls. Glucose levels were 

similar in nondiabetic WT and KO mice as well as in WT and KO Akita mice at time 0 in 

the insulin tolerance test and GTT (Table 4).

After the completion of GTT, blood was drawn to measure serum insulin levels. As shown in 

Figure 3g, insulin levels were significantly increased in nondiabetic KO mice compared with 

nondiabetic WT mice, suggesting insulin resistance. Insulin levels were decreased in both 

groups of Akita mice compared with nondiabetic animals (Figure 3g), but tended to be lower 

in KO Akita mice than in WT Akita mice (P = 0.054). Taken together with Figure 1a and b, 

these data suggest that TRPC6 KO promotes insulin resistance without affecting overall 

glycemic control.

TRPC6 KO inhibits insulin signaling in cultured podocytes

To investigate the effect of insulin signaling in cultured podocytes, we knocked out TRPC6 

in cultured podocytes using CRISPR (clustered regularly interspaced short palindromic 

repeats)/CAS9 (CRISPR-associated protein 9) technology.36 As shown in Figure 4a, TRPC6 

was not detected in TRPC6 KO podocytes (TRPC6−/−). Insulin activates both Akt2 and 

extra-cellular signal-regulated kinase (ERK) signaling.37,38 As shown in Figure 4b–e, ERK 

activation was potently inhibited by TRPC6 KO (decreased phospho-ERK or P-ERK) at 1 

and 10 nM insulin concentrations. TRPC6 KO also inhibited Akt signaling at the 10 nM 

concentration as indicated by the decreased phosphorylation of Akt on threonine 308, the 

downstream target of phosphoinositide 3-kinase (PI3K). Akt is also phosphorylated on 

serine 473 by mammalian target of rapamycin, and serine 473 phosphorylation was not 

significantly affected by TRPC6 KO.

TRPC6 KO inhibits the expression of insulin receptor substrate 2

After activation of the insulin receptor, insulin receptor substrate 1 (IRS1) and IRS2 proteins 

play a key role in transmitting the signal to the downstream signaling molecules Akt2 and 

ERK.37,39 In this regard, KO of IRS2 potently inhibits ERK signaling with lesser effects on 

Akt,37,38 which is similar to the pattern in TRPC6 KO podocytes. Moreover, IRS2 is a 

calcineurin (CN)-responsive gene40,41 and TRPC6 activation increases intracellular calcium 

levels and stimulates the calcium-sensitive phosphatase CN.16,42 In support of a role for 

TRPC6 in promoting IRS2 expression, hyperglycemia induces IRS2 expression by 
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promoting calcium entry into the cell from extracellular sources, which activates CN.40 As 

shown in Figure 5a–c, we found that hyperglycemia enhanced IRS2 expression, without 

altering expression or IRS1. Hyperglycemia-induced IRS2 expression is CN dependent 

because expression of IRS2 protein and mRNAwas attenuated by the CN inhibitor FK506 

(Figure 5d–f). In support of a role for TRPC6 in modulating CN activity in vivo, the CN-

responsive gene RCAN1 (regulator of CN 1)16,42 was potently induced in Akita mice and 

this increase in gene expression was blocked by KO of TRPC6 (Figure 5g). TRPC6 is also a 

CN-responsive gene16,42 and was induced in WT Akita mice (Figure 5h). TRPC6 mRNA 

and TRPC6 protein were not detected in TRPC KO mice (Figure 5h and Supplementary 

Figure S1, respectively). We also investigated the expression of other TRPC family members 

that are thought to contribute to calcium entry in podocytes.43 We therefore focused on 

TRPC3 and TRPC5 for the study. As shown in Supplementary Figure S2, there were no 

significant differences in the expression of TRPC3 or TRPC5 in either nondiabetic KO mice 

or KO Akita mice.

We next investigated the effect of diabetes on IRS2 expression in vivo, but we were not able 

to detect IRS2 proteins in either glomerular or cortical lysates from diabetic or nondiabetic 

animals. Regulation of IRS protein expression is, however, complex and involves both 

transcriptional and posttranscriptional mechanisms including proteasomal degradation.
40,41,44 We therefore incubated kidney cortices from WT and KO mice in low- or high-

glucose medium in the presence of the proteasome inhibitor MG132.45 As shown in Figure 

5i and j, IRS2 protein levels were significantly reduced in cortices from TRPC6 KO mice. In 

this ex vivo preparation, IRS2 protein levels tended to increase with hyperglycemia, but this 

difference was not statistically significant. In vivo, KO of TRPC6 significantly reduced IRS2 

mRNA levels in glomerular preparations from KO Akita mice (Figure 5k). We did not detect 

an increase in IRS2 mRNA levels in WT Akita mice, perhaps because of the multiple 

pathways that contribute IRS2 transcriptional regulation.46

Hyperglycemia activates apoptosis signal regulated kinase 1-p38 signaling and promotes 
podocyte apoptosis

As shown in Figure 6a, apoptosis signal regulated kinase 1 (ASK1) is activated by 

hyperglycemia-induced reactive oxygen species, which stimulates ASK1-p38 signaling and 

promotes cellular apoptosis in diabetes.47 Insulin activates ERK, which inhibits p38 

signaling by stimulating mitogen-activated protein kinase phosphatase 1 and in turn 

dephosphorylation and inhibition of p38 signaling.50 Insulin also stimulates Akt2,39 which 

phosphorylates and inhibits ASK1.48,49 We therefore investigated the effect of 

hyperglycemia on p38 signaling and podocyte apoptosis in cultured mouse podocytes. As 

shown in Figure 6b, hyperglycemia induced podocyte apoptosis and this apoptotic effect was 

attenuated by insulin and the ERK inhibitor PD98059 blocked the antiapoptotic effect of 

insulin. The osmotic control (mannitol) had no significant effect on podocyte apoptosis. 

Figure 6c–e shows that hyperglycemia activated p38 signaling (phospho-p38 or P-p38), 

which was associated with an increase in cleaved caspase 3, consistent with stimulation of 

apoptosis. This apoptotic effect was attenuated by insulin, and the antiapoptotic effect of 

insulin was inhibited by PD98059. Similarly, inhibition of podocyte apoptosis by insulin was 

attenuated by the PI3K-Akt inhibitor LY294002 (Supplementary Figure S3). Lastly, we 
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investigated the effect of the ASK1 inhibitor NQD1 on hyperglycemia-induced podocyte 

apoptosis. As shown in Figure 6f–h, NQD1 (50 μM) inhibited apoptosis induced by 30 mM 

glucose, similar to the antiapoptotic effect of insulin.

To determine whether p38 signaling was enhanced in vivo, we next examined p38 activity in 

glomerular lysates from diabetic and nondiabetic groups. Because p38 signaling was similar 

in both WT and KO controls, these data were combined for the analyses (nondiabetic 

controls). As shown in Figure 6i and j, P-p38 levels tended to increase in WT Akita mice 

compared with nondiabetic controls (nondiabetic WT and KO mice). In contrast, P-p38 

levels were prominently increased in KO Akita mice compared with either nondiabetic 

controls or WT Akita mice, consistent with enhanced p38 signaling in glomeruli of diabetic 

mice.

Effect of TRPC6 KO on cyclooxygenase 2 expression

In previous studies, we demonstrated that cyclooxygenase 2 (COX2) was a CN-responsive 

gene in glomerular podocytes.16 Consistent with this response, COX2 mRNA levels tended 

to increase in WT Akita mice (Figure 7a), but we were surprised to find that COX2 mRNA 

expression was significantly increased in KO Akita mice. To determine whether COX2 

protein expression was also increased in KO Akita mice, we assessed the glomerular 

expression of COX2 protein by immunoblotting. As shown in Figure 7b and c, there was a 

prominent increase in COX2 protein in glomerular lysates from KO Akita mice. 

Immunofluorescence studies found that this increase in glomerular COX2 expression was 

predominantly localized to glomerular podocytes (Figure 7d). These findings are likely 

relevant to enhanced glomerular p38 signaling in KO Akita mice because COX2 is an 

important gene target of p38 signaling.51,52 Moreover, given the key role of COX2 in the 

pathogenesis of DKD,53–56 these data suggest that COX2 may play a role in exacerbating 

glomerular disease in KO Akita mice.

DISCUSSION

We investigated the effect of whole body TRPC6 KO on DKD in Akita mice. We found that 

KO of TRPC6 attenuated tubular injury as well as reduced proteinuria until the later stages 

of the disease process. In contrast, KO of TRPC6 caused prominent mesangial expansion in 

the diabetic group. This dissociation between the glomerular and tubular compartments 

suggests enhanced susceptibility of glomerular cell types to the adverse effects of TRPC6 

KO in the setting of hyperglycemia. These observations may be directly relevant to 

glomerular podocytes because (i) KO of the podocyte insulin receptor promotes albuminuria 

and histopathological features of diabetic glomerular disease in the normoglycemic 

environment34 and (ii) KO Akita mice were insulin resistant compared with WT Akita mice. 

Surprisingly, the adverse effects of TRPC6 KO were observed despite comparable 

hemoglobin A1c levels and fasting blood glucose levels. These findings are, however, 

consistent with published studies suggesting that insulin sensitizers ameliorate DKD in type 

1 diabetic models with similar glycemic control.31–33 Taken together with published studies,
31–34 these data suggest that (i) impaired insulin resistance promotes the development of 
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diabetic glomerular disease and (ii) KO of TRPC6 has adverse effects on kidney disease in a 

mouse model of type 1 diabetes.

Insulin resistance appears to be mediated, at least in part, by a reduction in the expression of 

calcium/CN-responsive gene IRS2 in TRPC6 KO mice. These data are supported by the 

following observations: (i) TRPC6 KO inhibited hyperglycemia-induced IRS expression in 
vitro and ex vivo, and this increase in IRS2 expression was attenuated by the CN inhibitor 

FK506 in cultured podocytes (Figure 5). (ii) Similar to IRS2 KO,37 TRPC6 KO reduced 

ERK signaling to a greater extent than Akt (Figure 4). (iii) Similar to IRS2 KO mice,57 

TRPC6 KO mice exhibited mild growth retardation (Figure 1). (iv) IRS2 plays an essential 

role in β-islet cell proliferation and survival,40,57,58 which is consistent with the trend toward 

decreased insulin levels in TRPC6 KO Akita mice (Figure 3). Taken together, these suggest 

an important role for IRS2 in promoting insulin resistance in TRPC6 KO mice. We do, 

however, acknowledge that systemic KO of TRPC6 might have other important effects that 

could promote insulin resistance. For example, TRPC6 KO might alter secretion of insulin 

counterregulatory hormones or affect other downstream insulin-stimulated signaling 

cascades. These possibilities will require further evaluation in future studies.

The findings of the present study are particularly relevant to patients with type 2 diabetes 

and to an increasingly common group of patients with type 1 diabetes and insulin resistance.
59 In this regard, heterozygous Akita mice are often studied as a model of type 1 diabetes.
28,29 These animals have the spontaneous mutation in the insulin 2 gene InsAklta, which 

causes selective pancreatic β cell failure as a result of proteotoxicity due to misfolding of 

insulin 2.28 Homozygous Akita mice exhibit failure to thrive and die at ~ 2 months of age.28 

In contrast, heterozygous Akita mice retain significant residual insulin secretion and are 

frequently used to study DKD, but are also insulin resistant.35 Thus, heterozygous Akita 

mice used in the present study have features of type 2 diabetes, and insulin resistance in 

these animals is increased by KO of TRPC6.

Insulin has potent prosurvival effects on multiple kidney cell types.34,60,61 For example, 

insulin inhibits mesangial cell apoptosis after exposure to multiple apoptotic.60 Akt 

signaling also attenuates renal tubular cell apoptosis by inhibiting the p38-signaling cascade.
61 Moreover, insulin-like growth factors have prosurvival effects on podocytes, which are 

mediated, as least in part, by activating the PI3K-Akt signaling pathway.62 We therefore 

investigated the effects of insulin on podocyte apoptosis induced by hyperglycemia. We 

found that hyperglycemia promoted podocyte apoptosis and that this apoptotic effect was 

inhibited by both insulin and the ASK1 inhibitor NQD1. Moreover, the antiapoptotic effect 

of insulin was blocked by the ERK inhibitor PD98059 and the PI3K-Akt inhibitor 

LY294002. Thus, insulin-induced Akt and ERK signaling plays key a role in mediating the 

prosurvival effects of insulin on glomerular podocytes.

In support of an important role for ASK1-p38 signaling in promoting diabetic glomerular 

disease, we found that the p38 mitogen-activated protein kinase pathway was potently 

activated in KO Akita mice. ASK1 inhibitors also ameliorate DKD in animal models,47,63 

and ASK1 inhibition is associated with reduced p38 signaling.63 An important gene target of 

p38 signaling is COX2,51,52 which is induced by both transcriptional and posttranscriptional 
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mechanisms.51,52 In the present study, COX2 expression was upregulated at both the protein 

and mRNA levels in KO Akita mice. Moreover, COX2 activity plays an important role in the 

pathogenesis of glomerular injury in DKD.53–55 Indeed, overexpression of COX2 

specifically in podocytes exacerbates DKD.53 These observations are directly relevant to the 

present studies because COX2 expression was potently induced in glomerular preparations 

from KO Akita mice and localized to glomerular podocytes (Figure 5). Thus, COX2 may be 

an important mediator of the adverse effects on glomerular injury in KO Akita mice.

Akt is a master regulator of a wide range of physiological functions including cellular 

metabolism, proliferation, survival, and growth.64 Akt2 is the major isoform activated by 

insulin,39 and insulin-induced Akt activation is reduced in type 2 diabetic models.65 

Moreover, Akt2 signaling plays a key role in maintaining podocyte viability in chronic 

kidney diseases.66 The multiple cellular functions of Akt have been investigated in isoform-

specific Akt KO mice.66,67 In these mice, whole body Akt2 KO causes insulin resistance and 

mild growth deficiency.67 Consistent with these observations, nondiabetic TRPC6 KO mice 

were also insulin resistant and have decreased body weight compared with nondiabetic WT 

mice. Thus, Akt2 may play a role in promoting the pheno-types observed in diabetic and 

nondiabetic mice lacking TRPC6.

Lastly, several studies have reported beneficial effects of TRPC6 KO in proteinuric kidney 

diseases.16,68–70 For example, a study from our laboratory16 and a separate study by Dryer 

and coworkers69 reported that TRPC6 KO ameliorated kidney disease in rodent models of 

puromycin amino-nucleoside nephrosis,16,69 suggesting favorable effects in nondiabetic 

kidney disease. In addition, 2 recent studies reported beneficial effects of TRPC6 KO in 

rodent models of DKD after 11 to 12 weeks of diabetes.68,70 The beneficial effects of 

TRPC6 KO in these studies were observed at a time point of 12 weeks of diabetes, which 

was associated with an improvement in albuminuria in the present study (Figure 2a). Thus, a 

study of longer duration may be necessary to detect the adverse effects of TRPC6 KO on the 

diabetic phenotype.

In summary, KO of TRPC6 decreased proteinuria and attenuated tubular injury but promoted 

mesangial expansion in Akita mice. These findings were associated with insulin resistance, 

impaired insulin signaling, and reduced expression of the CN-responsive gene IRS2, which 

likely contributes to insulin resistance in KO Akita mice. In cultured podocytes, 

hyperglycemia activated ASK1-p38 signaling as well as promoted podocyte apoptosis and 

both p38 signaling and cellular apoptosis were attenuated by insulin-induced activation of 

either PI3K-Akt or ERK. Lastly, p38 mitogen-activated protein kinase signaling was 

enhanced in insulin-resistant KO Akita mice and was associated with upregulation of the 

p38 target gene COX2, which has been implicated in the pathogenesis of DKD.53–55 These 

data suggest that targeting TRPC6 to treat DN may have harmful effects.

METHODS

Experimental protocol

The experiments used the Akita model of type 1 diabetes.71 Akita mice lacking TRPC6 were 

created by breeding FVB/NJ Akita mice71 with TRPC6 KO mice30 for >10 generations. All 
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experiments conformed to the Guide for the Care and Use of Laboratory Animals72 and 

were approved by the Duke University and Durham VA Medical Centers’ Institutional 

Animal Care and Use Committees. Details of the experimental protocols are given in 

Supplementary Materials and Methods.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1 |. Effect of transient receptor potential cation channel C6 knockout (KO) on systemic 
blood pressure (BP), hyperglycemia, body weight, and kidney size.
(a) Blood glucose levels were similarly elevated in both groups of Akita mice. (b) 

Hemoglobin A1c levels were similar in both groups of nondiabetic mice and were similarly 

increased in wild-type (WT) and KO Akita mice. (c) Systolic BP was similar in WT and KO 

Akita mice at 12- and 20-week time points. (d) Nondiabetic WT mice (WT controls) had a 

significantly higher body weight than did nondiabetic KO mice (KO controls). Body weight 

in WT controls was also increased compared with both groups of Akita mice, but these 

differences were not statistically significant. (e,f) Kidney weights were increased in both 

groups of diabetic mice compared with the nondiabetic groups (panel e), and this difference 

was proportional to body weight (panel f). *P < 0.05 versus nondiabetic WT mice, §P < 0.01 

versus nondiabetic KO mice, †P < 0.001 versus WT controls, ‡P < 0.001 versus KO 

controls, **P < 0.05 versus KO controls.
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Figure 2 |. Effect of transient receptor potential cation channel C6 (TRPC6) knockout (KO) on 
albuminuria and kidney histopathology.
(a) KO of TRPC6 reduced albuminuria at 12 and 16 weeks of age, but this difference 

disappeared by 20 weeks of age. (b,c) Mesangial expansion was significantly increased in 

KO Akita mice compared with wild-type (WT) Akita mice. (d) Tubular injury was 

significantly decreased in KO Akita mice compared with WT Akita mice. (e) 

Tubulointerstitial (TI) inflammation also tended to be decreased in KO Akita mice compared 

with WT Akita mice, but this difference did not reach statistical significance (P = 0.0604). 

(f–h) Focal areas of foot process effacement were seen in both groups of Akita mice 

compared with nondiabetic WT and KO mice (nondiabetic controls). (i) Glomerular 

basement membrane (GBM) width was similar in all groups. For ultrastructural studies, 3–4 

mice were studied per group. *P < 0.05 or †P < 0.001 versus WT Akita mice. RBC, red 

blood cell. To optimize viewing of this image, please see the online version of this article at 

www.kidney-international.org.
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Figure 3 |. Transient receptor potential cation channel C6 knockout (KO) causes insulin 
resistance.
(a,b) The area under the insulin tolerance test (ITT) curves (AUCs) was significantly greater 

in wild-type (WT) Akita mice than in KO Akita mice. (c,d) The AUCs tended to be greater 

in nondiabetic WT mice (WT controls) than in nondiabetic KO mice (KO controls), but this 

difference was not statistically different. (e,f) The glucose tolerance test (GTT) curves were 

similar in both the Akita groups and the nondiabetic groups. (g) Insulin levels at the end of 

GTT were significantly elevated in nondiabetic KO mice compared with nondiabetic WT 
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mice. Insulin levels tended to be lower in KO Akita mice than in WT Akita mice, but this 

difference was not statistically significant. *P < 0.05 or ‡P < 0.01 versus WT controls, †P < 

0.025 versus WT Akita mice, §P < 0.001 versus KO controls.

Wang et al. Page 16

Kidney Int. Author manuscript; available in PMC 2020 February 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 4 |. Insulin signaling in transient receptor potential cation channel C6 (TRPC6) knockout 
(KO) podocytes.
(a) TRPC6 protein was not detected in KO podocytes. (b,c) Extracellular signal-regulated 

kinase (ERK) activation was inhibited by TRPC6 KO (decreased phospho-ERK [P-ERK]) at 

1 and 10 nM insulin concentrations. (b,d) Phosphorylation of Akt (P-Akt) on threonine 308 

(T308) was inhibited at the 10 nM insulin concentration. (b,e) Phosphorylation of Akt on 

serine 473 (S473) was not significantly affected by TRPC6 KO. *P < 0.05 versus 10 nM 

insulin in TRPC6+/+ podocytes, †P < 0.01 versus 1 nM insulin in TRPC6+/+ podocytes. To 

optimize viewing of this image, please see the online version of this article at www.kidney-

international.org.
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Figure 5 |. Effect of transient receptor potential cation channel C6 (TRPC6) knockout (KO) on 
the expression of insulin receptor substrate 2 (IRS2).
(a–c) Hyperglycemia-enhanced IRS2 expression, without altering expression or IRS1. (d–f) 
Hyperglycemia-induced expression of IRS2 protein and mRNA, and the increase in IRS2 

protein and mRNA levels was inhibited by the calcineurin (CN) inhibitor FK506. (g) 

Expression of the CN-responsive gene RCAN1 was enhanced in wild-type (WT) Akita mice, 

and this increase in gene expression was inhibited in KO Akita mice. (h) Expression of the 

CN-responsive gene TRPC6 was also increased in WT Akita mice. (i,j) IRS2 protein levels 
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were significantly reduced in cortices from TRPC6 KO mice incubated ex vivo in 30 mM 

glucose. (k) IRS2 mRNA levels were significantly decreased in KO Akita mice. *P < 0.05 or 

f P < 0.001 versus nondiabetic WT mice (WT controls), **P < 0.01 versus WT Akita mice, 

†P < 0.01 versus 5 mM glucose in TRPC6+/+ podocytes, ‡P < 0.05 or §P < 0.01 versus 30 

mM glucose in TRPC6+/+ podocytes, ***P < 0.05 versus WT cortices in 5 or 30 mM 

glucose, ‡‡P < 0.05 versus 5 mM glucose treated with dimethyl sulfoxide (DMSO), ††P < 

0.05 versus 30 mM glucose treated with DMSO. To optimize viewing of this image, please 

see the online version of this article at www.kidney-international.org.
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Figure 6 |. Hyperglycemia activates apoptosis signal regulated kinase 1 (ASK1)–p38 signaling in 
podocytes and promotes apoptosis.
(a) ASK1 is activated by hyperglycemia-induced reactive oxygen species (ROS) generation, 

which stimulates ASK1-p38 signaling and promotes cellular apoptosis.47 Insulin stimulates 

both phosphoinositide 3-kinase (PI3K)–Akt2 and extracellular signal-regulated kinase 

(ERK) signaling, which promotes ERK-dependent inhibition of p38 signaling and PI3K-

Akt2–dependent inhibition of ASK1 signaling.39,47,48,49 (b) Hyperglycemia (30 mM 

glucose) induced podocyte apoptosis, and this apoptotic effect was inhibited by insulin. The 

ERK inhibitor PD98059 blocked the antiapoptotic effect of insulin. The osmotic control 

(mannitol) had no significant effect on podocyte apoptosis. (c–e) Hyperglycemia (30 mM 

glucose) stimulated ASK1-p38 signaling (phospho-p38 or P-p38) in cultured podocytes and 

enhanced expression of the apoptosis marker cleaved caspase 3. Both p38 signaling and 

podocyte apoptosis were inhibited by insulin, and the antiapoptotic effect of insulin was 

inhibited by ERK inhibition with PD98059. (f–h) Hyperglycemia stimulated ASK1-p38 

Wang et al. Page 20

Kidney Int. Author manuscript; available in PMC 2020 February 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



signaling in cultured podocytes and enhanced expression of the apoptosis marker cleaved 

caspase 3. Both p38 signaling and podocyte apoptosis were inhibited by insulin and the 

ASK1 inhibitor NQD1 (50 μM). (i,j) ASK1-p38 signaling was enhanced in knockout (KO) 

Akita mice compared with either nondiabetic controls or wild-type (WT) Akita mice. 

MKP1, mitogen-activated protein kinase phosphatase 1. †P < 0.05 versus 5 mM glucose, *P 
< 0.05 or ‡P < 0.01 versus 30 mM glucose, §P < 0.05 versus 30 mM glucose and insulin, 

**P < 0.05 versus either nondiabetic controls or WT Akita mice. To optimize viewing of this 

image, please see the online version of this article at www.kidney-international.org.
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Figure 7 |. Effect of diabetes and transient receptor potential cation channel C6 (TRPC6) 
knockout (KO) on calcineurin target genes.
(a) Expression of cyclooxygenase 2 (COX2) mRNA tended to increase in both groups of 

Akita mice compared with nondiabetic controls, and this difference was statistically 

significant for the KO Akita group. (b,c) Expression of the COX2 protein was significantly 

increased in KO Akita mice compared with either nondiabetic controls or wild-type (WT) 

Akita mice. (d) Tissue sections were stained for COX2 (green) and the podocyte marker 

synaptopodin (SYN; red) and examined by confocal microscopy. In nondiabetic controls, 
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focal areas COX2 staining were observed, which largely colocalized with the podocyte 

marker SYN. In both WT and KO Akita mice, COX2 staining also colocalized with the 

podocyte marker SYN but was more prominent and detected diffusely in the glomerular 

areas compared with nondiabetic controls. The intensity of staining tended to be more 

prominent in KO Akita mice, consistent with immunoblotting and quantitative real-time 

polymerase chain reaction studies. Data for real-time polymerase chain reaction, 

immunoblotting, and immunofluorescence studies were similar in nondiabetic KO and WT 

mice (nondiabetic controls), and these data were combined for statistical analyses. For 

immunofluorescence studies, 4–5 mice were studied per group. *P < 0.05 or †P < 0.025 

versus nondiabetic controls, ‡P < 0.05 versus WT Akita mice. CTL, controls. To optimize 

viewing of this image, please see the online version of this article at www.kidney-

international.org.
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Table 1 |

Albuminuria (mg/mg creatinine) in nondiabetic mice

Experimental group 12 wk 16 wk 20 wk

WT mice (n =12) 69 ± 15
a

84 ± 27
b

125 ± 24
b

KO mice (n =11) 64 ± 9.2 54 ± 16
b

134 ± 14
b

KO, knockout; n, number of mice in each group, WT, wild type.

a
P < 0.05 versus age-matched WT or KO Akita mice.

b
P < 0.001 versus age-matched WT or KO Akita mice.
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Table 2 |

Effect of TRPC6 knockout on kidney collagen content (μg collagen/mg protein)

Experimental group Nondiabetic mice Diabetic Akita mice

Wild-type mice 27.6 ± 0.66 (n = 8) 27.1 ± 0.38 (n = 6)

TRPC6 knockout mice 28.1 ± 0.69 (n = 10) 27.3 ± 0.76 (n = 12)

n, number of mice in each group.
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Table 4 |

Glucose levels (mg/dl) at time 0 in ITT and GTT

Experimental group Nondiabetic mice Diabetic Akita mice

ITT TRPC6+/+ mice 129 ± 5 (n = 6) 476 ± 10
a
 (n = 6)

ITT TRPC6−/− mice 136 ± 9 (n = 6) 485 ± 18.6
b

 (n = 9)

GTT TRPC6+/+ mice 129 ± 10 (n = 6) 407 ± 15
a
 (n = 6)

GTT TRPC6−/− mice 136 ± 7 (n = 7) 406 ± 20
b
 (n = 7)

GTT, glucose tolerance test; ITT, insulin tolerance test; n, number of mice in each group; WT, wild type.

a
P < 0.01 versus TRPC6+/+ WT mice.

b
P < 0.01 versus TRPC6−/− WT mice.
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