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Abstract
Purpose of Review The underlining goal of this review is to offer a concise, detailed look into current knowledge surrounding
transient receptor potential canonical channel 6 (TRPC6) in the progression of diabetic kidney disease (DKD).
Recent Findings Mutations and over-activation in TRPC6 channel activity lead to the development of glomeruli injury.
Angiotensin II, reactive oxygen species, and other factors in the setting of DKD stimulate drastic increases in calcium influx
through the TRPC6 channel, causing podocyte hypertrophy and foot process effacement. Loss of the podocytes further promote
deterioration of the glomerular filtration barrier and play a major role in the development of both albuminuria and the renal injury
in DKD. Recent genetic manipulation with TRPC6 channels in various rodent models provide additional knowledge about the
role of TRPC6 in DKD and are reviewed here.
Summary The TRPC6 channel has a pronounced role in the progression of DKD, with deviations in activity yielding detrimental
outcomes. The benefits of targeting TRPC6 or its upstream or downstream signaling pathways in DKD are prominent.

Keywords Diabetic kidney disease . Diabetic nephropathy . Transient receptor potential canonical channel . Focal segmental
glomerulosclerosis . TRPC6

Introduction

Diabetic kidney disease (DKD) is the leading risk factor for
end-stage renal disease (ESRD). In 2014, 44% of the diag-
nosed cases of ESRD were as a result of diabetes. The Center
for Disease Control and Prevention predicts that as many as 1
in 3 US adults could have diabetes by 2050 if current trends
continue. The prevalence of diabetes with associated renal
injury highlights the growing urgency to understand the dis-
ease pathophysiology better and to develop effective thera-
pies. Identification of novel therapeutic strategies that specif-
ically target the development of renal damage is desired for
patients with DKD. During its progression, loss of the

glomerular filtration barrier (GFB) cells and resulting albu-
minuria are major characteristics of the disease. Glomeruli
injury (glomerulopathy) is considered a primary contributor
to DKD. Glomerular visceral epithelial cells, or podocytes, are
important for normal glomerular permselectivity, and their
dysfunction or loss is implicated in the pathogenesis of glo-
merulonephritis. The podocyte is an integral member of the
GFB, and its damage has been linked to the development of
the detrimental characteristics of DKD. In the current mini-
review, we discuss recent work identifying some novel mech-
anisms in DKD mediated by activation of transient receptor
potential canonical 6 (TRPC6) channels in glomeruli. For de-
tails about other members of the TRPC family in the kidney,
please see a recent review by Dryer et al. [1•].

Diabetic Kidney Disease and Glomerulopathy

DKD is a disease in which hyperglycemia leading to pro-
gressive damage to the glomerular cells, tubules, and cap-
illaries in the kidneys. DKD is a common complication of
both type 1 and type 2 diabetes mellitus. Comorbidity of
this disease is hypertension associated with untreated
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hyperglycemia. The combination of diabetes and hyper-
tension is correlated with cardiovascular and kidney dis-
eases [2, 3]. Renin-angiotensin system (RAS) inhibitors
and glycemic control with insulin treatment are the cur-
rent therapies for treating complications associated with
DKD. Recent studies also identified sodium glucose co-
transporter 2 (SGLT2), dipeptidyl peptidase-4 (DPP-4) in-
hibitors, and glucagon-like peptide-1 receptor agonists
(GLP-1) as potential effective drugs in the treatment or
prevention of DKD [4–7]. Despite these treatment efforts,
millions of patients worldwide still have diabetes with a
large cohort of these patients being expected to develop
chronic kidney disease (CKD) progressing to ESRD.

Reduction in glomerular filtration rate (GFR) along with
albuminuria are pivotal markers in predicting the risk for
ESRD. Development of DKD is associated with many alter-
ations in the structure of GFB that contribute to the reduc-
tion of the GFR [8]. The glomerulus is composed of various
cell types and podocytes as a key target for injury leading to
glomerulosclerosis, proteinuric kidney disease, and the even-
tual development of DKD. Key factors determining the path-
ological changes of glomerular morphology and permeabil-
ity are linked to an elevation of podocyte intracellular calci-
um ([Ca2+]i). The alterations in [Ca2+]i signaling in
podocytes are precisely controlled by intracellular and extra-
cellular sources. The spatial and temporal patterns of the
[Ca2+]i signal due to Ca2+ entry from different routes vary.
Podocyte depletion may result from improper calcium han-
dling due to abnormal activation under diseased conditions
when pathological factors are elevated. Transient receptor
potential (TRP) channels, along with other sources such as
store-operated calcium entry (SOCE) and depletion of the
internal calcium stores, are responsible for the specific con-
trol of [Ca2+]i. SOCE is activated by depletion of the internal
calcium stores in the endoplasmic reticulum (ER) and sar-
coplasmic reticulum (SR) of the cell [9]. It was shown that
inhibition of ER stress attenuates kidney dysfunction and
glomeruli injury induced by diabetes mellitus and hyperten-
sion [10]. Two families of proteins, in particular, have been
identified as essential for the function of SOCE, stromal
interaction molecules 1–2 (STIM) as the calcium sensor
and Orai 1–3 as the pore former [11]. STIM1, especially,
is a protein located predominantly in the ER membrane and
monitors the calcium concentrations within the lumen of the
ER. When STIM1 senses calcium depletion in the ER, it
aggregates and transcolates into plasma membrane junctions
where it can interact with Orai1 and allows Ca2+ influx
through the STIM1-Orai1 complex. Through the newly
formed Orai1 pore, calcium enters the cytosol [12]. Some
isoforms of Orai and STIM have also been found to interact
with TRPCs, including TRPC1, TRPC3, and TRPC6 [13,
14]. Over-activation of this system and other SOCE mecha-
nisms might also have implications in DKD.

TRPC6 and Its Regulation by GPCR

Members of the TRPC family, including TRPC6 channels, are
shown as key contributors in the pathogenesis of renal and
cardiovascular diseases [1•, 15–17]. TRPC belongs to the su-
perfamily of TRP cation channels that are non-selectively per-
meable to calcium [15, 17]. Biophysical properties of TRPC6,
including details about its permeation and rectification in renal
and heterologous systems, have been recently discussed [18].
Briefly, TRPC channels can be activated by stimulating tyro-
sine phosphorylation-dependent cascade through phospholi-
pase C (PLC). It has been proposed that TRPC6 (and
TRPC7 but not TRPC5 or TRPC4) [19, 20] channels can be
directly activated by DAG and TRPC6 activation can be
prevented by the inhibition of protein kinase C (PKC) [21].
It was also reported that TRPC6 channel is not primarily ac-
tivated by mechanical stimuli and becomes mechanosensitive
once receptor-activated. The simultaneous operation of recep-
tor and mechanical stimulations in podocyte may be similar to
smooth muscle cells mechanism, where synergistically ampli-
fication of transmembrane Ca2+ mobilization through TRPC6
activation enhanced the [Ca2+]i via both PLC/DAG and phos-
pholipase A2/ω-hydroxylase/20-HETE pathways [22].

Over-activation of the TRPC6 channel was shown to cause
glomerular damage due to their role in podocytopenia [17,
23]. Under normal physiological conditions, the channel re-
mains relatively dormant until various stimuli trigger its acti-
vation [17]. Both gain-of-function (GOF) and loss-of-function
(LOF) mutations of the TRPC6 channel have been identified
(see Table 1) as genetic impetus for the development of renal
diseases such as focal segmental glomerulosclerosis (FSGS),
which displays similar renal injury like loss of the GFB cells
and progressive albuminuria seen in DKD [23, 25, 37].

TRPC channels are components of complex pathways of-
ten responding to activation of G-protein-coupled receptor
(GPCR) cascades and triggering large amounts of Ca2+ influx
in the cell. TRPC6 is highly expressed in the soma of the
podocyte as shown by electrophysiological recordings [38],
and it is also present within the slit diaphragm domains of the
foot processes where it interacts with podocin and nephrin
[24, 39]. Thus, TRPC6 activation may directly correlate with
mechanical stretch and actin reorganization in the podocyte,
playing a significant role in the physiological regulation of the
permeability barrier during normal fluctuations in glomeruli
filtration. Stimulation of TRPC6 channels results in an influx
of Ca2 + ions into the cells triggering an intracellular signaling
cascade and leading to enhanced gene transcription important
for podocyte function and maintenance. Interestingly, the re-
ported genetic presence of GOF mutations in TRPC6 pro-
motes apoptotic elevation in intracellular Ca2+ and rapid pro-
gression in renal pathology. The activation of TRPC6 can be
mediated by direct pathophysiological stimuli like an increase
in oxidative stress, cytoskeleton remodeling, by the chronic
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activation of GPCR pathways or combination of all these fac-
tors [1•, 16, 40]. As we and others previously have shown,
TRPC6 activation through the GPCR-signaling mechanisms,
such as angiotensin II (Ang II), adenosine triphosphate (ATP),
and protease thrombin, is the most common and pharmaco-
logically relevant stimulus [38, 41–44]. Direct evidence of the
contribution of GPCRs in TRPC6 activation and consecutive
glomerular diseases was shown by Spurney and colleagues
who used the mouse model in which a constitutively active
Gq α-subunit was specifically expressed in podocytes [45]. It
was reported that Gq-dependent effects on podocyte injury
were generalizable to DKD given that the expression of Gq-
promoted albuminuria, mesangial expansion, and increased
glomerular basement membrane width in diabetic mice. The
authors proposed that targeting Gq-TRPC6 signaling may
have therapeutic benefits for the treatment of glomerular dis-
eases [45].

It is established that hyperglycemia in combination with
Ang II causes an increase in TRPC6 promoter activity and
overexpression of the TRPC6 channel accompanied by an
increase in Ca2+ influx within podocytes. Multiple studies
revealed that Ang II-mediated activation of the TRPC6 chan-
nel induces a drastic increase in the calcium influx into the
podocytes, leading to its dysfunction and breakdown of the
GFB with an increase in albuminuria also occurring [38,
46–52]. Specifically, Ang II directly and reversibly activates
TRPC6 through the AT1 receptor as was shown by the cell-
attached single channel recordings in co-transfected CHO
cells, isolated glomeruli preparations, and TRPC6 knockout

animals [38]. Shown in Fig. 1a is an effect of Ang II in freshly
isolated glomeruli of wild-type mice, which was completely
absent in TRPC6−/− mice (Fig. 1b) [38].

There is a growing evidence that serine proteases like
thrombin, kallikrein, and urokinase with corresponding
protease-activated receptors (PARs) and soluble urokinase-
type plasminogen activator receptor (suPAR) signaling mech-
anisms may play a significant role in the development of
DKD. These receptors are expressed in podocytes, and their
activation may promote a substantial elevation in [Ca2+]i [42,
53, 54]. For example, suPAR increased mobilization and
stretch-activation of TRPC6 through a pathway that entails
Nox2-dependent generation of reactive oxygen species
(ROS) [55, 56]. suPAR along with urokinase receptor
(uPAR) are also found to be significantly activated in glomer-
uli and sera of DKD patients [57–59]. It was further reported
that antagonism of PAR1, which is the most common PAR
receptor in the kidney, protects against podocyte injury in a
mouse model of nephropathy via TRPC-mediated elevation of
intracellular Ca2+ [60]. Recent studies revealed that PAR1 [61,
62] deficiency protects against streptozotocin (STZ)-induced
DKD inmice and plays an essential role in the development of
type 1 diabetes. Clinical studies also demonstrated that the
concentration of urinary thrombin is elevated in patients with
glomerulonephritis and is associated with the severity of glo-
merular injury in type 2 diabetes and DKD [63]. The patients
with type 2 diabetes and DKD have disturbances in thrombin
generation and associations with enhanced urinary thrombin
levels, microalbuminuria, and formation of denser fibrin clots

Table 1 Mutations in TRPC6 leading to glomeruli injury

Mutation Type Injury/phenotype Reference

P112Q Gain-of-function Focal segmental glomerulosclerosis (FSGS) [23]

R895C,
E897K

Gain-of-Function Familial FSGS [24]

N143S, S270T, K874X Currents did not differ from wild-type Familial FSGS [24]

M132T Gain-of-function Childhood FSGS [25, 26]

Multiple; G757D 5 out 19 mutations (N125S, L395A,
G757D, L780P, and R895L) caused a LOF
phenotype, while others had GOF

FSGS; prevalent in patients with
steroid-resistant nephrotic
syndrome (SRNS)

[27]

P15S Polymorphism FSGS; “influence on the therapeutic
response of FSGS patients”

[28]

N110H Gain-of-function Autosomal dominant FSGS [29]

G109S, N125S, L780P Missense substitutions; non-conservative
change

Children and adults with non-familial FSGS [30]

R175Q Gain-of-function Autosomal dominant FSGS [31]

R360H FSGS and nephrotic syndrome (NS) [32]

H218L, R895L Gain-of-function FSGS; detected in children with
early onset and sporadic SRNS

[33]

A404V polymorphism FSGS; familial and sporadic SRNS patients [34]

C121S, D130V, G162R,
I111I

Missense nonsynonymous
and synonymous mutations

FSGS [35]

Q889K Gain-of-function Late-onset familial FSGS [36]
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[64, 65]. Therefore, the contribution to the development of
podocyte and glomerular injury in DKD can be mediated by
PARs along with other GPCRs-TRPC6 signaling cascades
(Fig. 1d).

ATP and its derivatives are other important players
targeting TRPC6 in the kidney. ATP-evoked currents mediat-
ed through P2Ymetabotropic receptors are positively coupled
to TRPC6 activity [43]. As we have shown previously, P2Y1

receptor signaling cascade is the predominant P2Ypurinergic
pathway in the glomeruli podocytes [41]; however, contribu-
tions of other P2Y receptors were also proposed [43].
Furthermore, we cannot exclude that expression and function
of P2 receptors could be modulated in the progression of

DKD, similarly to a reported remodeling in the P2 receptors
profile in polycystic kidney disease [66]. Overall, mechanisms
of P2Y-GPCR-TRPC6 cascade in the progression of renal
pathology, specifically DKD, are poorly understood and re-
quire further investigations.

Reactive Oxygen Stress and TRPC6 Activation

It has been found that formation of ROS, and in particular,
hydrogen peroxide (H2O2) production from NADPH oxi-
dases, is needed for TRPC6 activation [16]. TRPC6 is a
redox-sensitive channel, and modulation of TRPC6-

Fig. 1 Contribution of TRPC6 and its upstream signaling pathways
towards the development of diabetic kidney disease. a Angiotensin II
(Ang II; 1 μM) activates TRPC6 channels in the podocytes of freshly
isolated mouse glomeruli. Representative current traces of a TRPC6
channel from a cell-attached patch of a podocyte from a wild-type
mouse glomerulus. A continuous current trace (upper row) and addition
of Ang II (1 μM) to the external bath solution are shown. Membrane
potential was − 60 mV. The c and oi denote closed and open current
levels, respectively. b A representative recording made on the
podocytes of the freshly isolated glomerulus of a TRPC6 knockout
mouse. No TRPC6 channel activity was recorded in any of the patches
before or after application of Ang II. Effect of Ang II was observed in 11

out of 11 wild-type and 0 out 7 TRPC6−/− mice, respectively. Modified
from [38] with permission. c Expression levels of TRPC6 channels in
type 1 DKD. A representative Western blot and a summary graph for the
densitometry values of TRPC6 from the cortical kidney lysates of the
vehicle- and STZ-treated rats (11 weeks after STZ injection); P < 0.05.
Modified from [47] with permission. d Schematic depicting role of
TRPC6 in DKD. Elevation during diabetes of signaling factors, such as
Ang II, serine proteases, ATP, and H2O2, results in enhanced expression
and activity of TRPC6 channels, which subsequently leads to substantial
increases in [Ca2+]i and further elevation of albuminuria and cell
apoptosis
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mediated Ca2+ signaling by overproduction of ROS may trig-
ger injury in multiple cells including podocyte [67]. In ro-
dents, activation of podocyte TRPC6 channel by GPCRs often
correlates with the involvement of ATP-NADPH oxidase 2
(Nox2) [43] or Ang II-NADPH oxidase 4 (Nox4)-mediated
elevation of ROS [68••]. In the absence of Nox4, podocytes
had stabilized basal calcium concentrations, and H2O2 appli-
cation in the absence of TRPC6 had blunted pathological el-
evation in basal calcium level. The data suggest that TRPC6
blockade protects podocyte and whole glomerulus from the
oxidative stress similarly to the knockout of Nox4 in the STZ-
induced diabetic animals [68••]. Interestingly, human
mesangial cells in response to hyperglycemia have increased
expression of TRPC6 and promote bidirectional potentiation
between TRPC6 and another NADPH subunit, Nox5, that is
normally not expressed in rodents. Overall, inhibition of both
Nox5 and TRPC6 could represent a new approach to target the
deleterious effects of the pathological intracellular signaling
cascades in the diabetic kidney [69].

Moreover, Graham et al. found that the protein content of
TRPC6 in the mesangial cells of the glomerulus is in part
regulated by ROS and protein kinase C (PKC) in the diabetic
setting [70]. Hyperglycemia leads to a downregulation of
TRPC6 in the mesangial cells and the glomerulus as a whole.
H2O2 stifled the expression of TRPC6 protein in cultured
mesangial cells which mirrored the hyperglycemic response
these cells had, but under the knockdown of Nox4, there was
an elevation in the mesangial cell TRPC6 protein content.
Also, interestingly, activation of PKC repressed increases in
TRPC6 protein in the cells [70].

Role of TRPC6 in the Development of FSGS

Several studies have reported the identification of TRPC6mu-
tations associated with the FSGS. These genetic findings
highlighted the critical importance of the podocyte and the
TRPC6 channel in the maintenance of GFB. The majority of
identified mutations in the TRPC6 gene are GOF mutations
yielding excessive [Ca2+]i levels and podocyte cell death
(leading to the development of FSGS). Chiliuza et al. revealed
that GOF mutations in TRPC6 lead to extracellular signal-
regulated kinases (ERK) activation via at least two distinct
pathways [71]. There are also genetic variations which lead
to LOF phenotypes [27]. These mutations demonstrate that
not only activation but also inhibition of TRPC6 activity
might lead to FSGS (see Table 1). This discrepancy could also
be due to the fact that a functional analysis in heterologous
systems may not always provide definitive proof to discern
between mutations and polymorphisms for amino acid substi-
tutions in a particular gene. Recently published, the cryo-EM
structure of the cytoplasmic domain of murine TRPC6 [72]
and human TRPC6 homotetramer in complex with a high-

affinity inhibitor BTDM [73••], both at 3.8 Å resolutions, will
provide essential information required to uncover the molec-
ular architecture of TRPC channels and offer a structural basis
for understanding the mechanism of the TRPC6 channels reg-
ulation. Modeling of known mutations can also reveal a mys-
tery why both GOF and LOF mutations of the same protein
result in the same disease phenotype. Interestingly, there is an
observed correlation between gain- or loss-of-function muta-
tions and age of patients. It was proposed that loss of TRPC6
function might be implicated in the pathophysiology of juve-
nile forms of hereditary FSGS [27].

Recent Studies of Trpc6 in DKD

An association between TRPC6 channels with the develop-
ment of diabetic complications was reported in several studies.
Elevated expression and activity of TRPC6 channels, in var-
ious in vivo and in vitro diabetic models, were described. As
an example, Sonneveld et al. demonstrated that expression of
TRPC6 protein in podocyte was elevated in proteinuric STZ-
induced diabetic rats [50]. In vitro studies further revealed that
high glucose levels increased TRPC6 mRNA and protein ex-
pression, and that Ang II also specifically increased TRPC6
expression in cultured podocytes.

Recent genetic studies further provided important informa-
tion about the role of TRPC6 in the progression of DKD. Both
positive and negative findings were reported [74]. To test the
contribution of TRPC6 towards the development of type 1
DKD, we used the Dahl salt-sensitive (SS) rat injected with
a low-dose of streptozotocin (STZ-SS). The STZ model is
well-established and offers the advantage of quickly and re-
producibly inducing hyperglycemia and renal hypertrophy in
rodents. Other STZ-treated mouse or rat models typically do
not develop the glomerular disease unless hypertension is in-
duced, unlike the Dahl SS where only STZ treatment is re-
quired. The Dahl SS rat is a salt-dependent model of hyper-
tension that is highly susceptible to the development of renal
disease when fed a high-salt diet [75–77]. As reported by Dr.
Williams’s laboratory [78] and us [47, 68], SS rats treated with
STZ develop hyperfiltration and progressive proteinuria and
display renal histological lesions characteristic to those seen in
patients with DKD. Therefore, while this model also has some
limitations, it mimics the development of human DKD.
Eleven weeks post-treatment was sufficient for the animals
to develop hyperglycemia, diuresis, weight loss,
microalbuminuria, nephrinuria, and display renal histological
lesions typical for patients with DKD. Western blotting and
immunohistochemistry revealed increased expression of
TRPC6 in the kidney homogenate and podocytes [47, 79].
Western blot analysis of TRPC6 expression in the cortex ho-
mogenate of STZ- or vehicle-injected SS rats is shown in
Fig. 1c. Patch-clamp electrophysiology performed on
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podocytes of the freshly isolated glomeruli revealed enhanced
basal TRPC channel activity in the STZ-SS rats, and an in-
creased response to Ang II. Total calcium influx triggered by
Ang II application was also augmented in podocytes of these
rats [47]. In the experiments that followed, we tested the role
of Ang II in glomerular volume dynamics and podocyte Ca2+

handling. Using a novel 3D whole-glomerulus imaging
ex vivo assay, we revealed the involvement of both AT1 and
AT2 receptors in controlling glomerular permeability. Ang II-
induced Ca2+ flux was dramatically diminished upon inhibi-
tion of TRPC channels with SAR7334, SKF 96365, clemizole
hydrochloride, and La3+, but not ML204. Similarly, specific
inhibitors and activators of TRPC channels revealed that
TRPC6 channels are implicated in the regulation of glomeru-
lar volume dynamics [46]. In our recent studies using a
TRPC6 knockout created on the Dahl SS rat background
(SSTrpc6−/−), we further tested the contribution of TRPC6 dur-
ing the development of type 1 DKD [79]. SSTrpc6−/− or control
SS rats were injected with STZ or vehicle and simultaneously
given an insulin subcutaneous implant to maintain blood glu-
cose at a stable level. There was an increase in albuminuria
and glomerular injury following STZ treatment in SSTrpc6−/−

and control groups similar to previously published data [17,
78]. Western blot analysis revealed elevated levels of nephrin
in urine samples of STZ-SS rats, which was higher compared
with STZ-SSTrpc6−/− rats. Furthermore, pathological increases
in basal [Ca2+]i levels and foot process damage of podocytes
during the development of DKD was attenuated in the STZ-
SSTrpc6−/− compared with STZ-treated SS rats. Overall, our
data indicate that TRPC6 channel inhibition may have at least
partial renoprotective effects [79]. Dryer and colleagues re-
cently presented [80] a similar approach when they used
STZ-treated Sprague-Dawley (SD) rats with a deletion of the
TRPC6 gene that renders the channels non-functional [81•]. In
contrast to our data and that of the authors’ chronic puromycin
aminonucleoside nephrosis (PAN) model [81•], they did not
observe the protective effects of TRPC6 inactivation on glo-
merular pathology [80]. As discussed above, this might be due
to the difference between rat strains used for the creation of the
TRPC6 knockouts. The Dahl SS rats develop more profound
renal abnormalities, specifically glomerular injury, compared
to SD rats.

In another study, Wang et al. assessed the role of TRPC6 in
type 1 diabetes setting by breeding Akita mice with TRPC6
KO mice. It should be noted that this model, as well as many
other animal models of DKD, also has a number of limitations
[74] [82]. The authors reported that knockout of TRPC6 de-
creased proteinuria and attenuated tubule injury but promoted
mesangial expansion in the Akita mice [83]. Knockout of
TRPC6 in Akita mice inhibited albuminuria at 12 and
16 weeks of age, but this difference disappeared by 20 weeks.
Hyperglycemia and blood pressure were similar between
TRPC6 knockout and wild-type Akita mice, but knockout

mice were more insulin resistant. This study provides critical
insight into the contribution of TRPC6 channels in DKD since
additional attention should be paid to the timeline of the de-
velopment of podocyte and renal damage.

Additional Potential Mechanisms
Contributing to TRPC6 Regulation in DKD

Recently, evidence has arisen linking TRPC6 activity with
other pathways to renal immune responses. Nuclear factor of
activated T cells (NFAT) is a family of transcription factors
with a role in the immune system. In the podocyte, Wang et al.
found that mutations in TRPC6 can activate NFAT-dependent
transcription that leads to activation of calcineurin, a Ca2+-
dependent serine/threonine phosphatase with a role in tran-
scription regulation in renal cells [84]. Conditional activation
of NFAT showed the progression of proteinuria in mice.
Furthermore, TRPC6 GOF mutants associated with FSGS en-
hance NFAT activation and determine the susceptibility to the
development of glomerulosclerosis [84, 85]. Also, Ang II has
been found to increase TRPC6 expression through an NFAT
positive feedback pathway [51]. In a Ren2 transgenic rat, a
model of elevated tissue RAS activity, the authors showed
increased TRPC6 glomerular expression with a positive cor-
relation and calcineurin/NFAT activity. Inhibiting calcineurin/
NFAT activity prevented both doxorubicin and Ang II-
mediated increases in TRPC6 expression [51].

Ma et al. further provided evidence of the Ang II/TRPC6/
NFAT pathway involvement in the development of character-
istics of DKD, such as podocyte injury, in particular, for type 2
diabetes. In a rat model of type 2 diabetes, induced by high-
caloric diets and STZ, they found a direct correlation between
the increase in Ang II-mediated TRPC6 expression, podocyte
p r o c e s s e f f a c emen t , a n d t h e d e v e l o pmen t o f
microalbuminuria. When these animals were given an AT1
receptor blocker valsartan, there was a reduction in expression
of both TRPC6 and NFAT. Inhibition of TPRC6 alsomediated
decreases in hyperglycemia-induced podocyte injury by de-
creasing NFAT mRNA expression [86]. In line with this, the
immunosuppression with tacrolimus (FK506) caused attenu-
ation of elevated expression of both TRPC6 and NFAT. Also,
FK506 reduced the extent of podocyte morphology damage
related to DKD with improvements in podocytes levels of
nephrin expression [87]. In a human tubular epithelial cell line
treated with high glucose to simulate DKD, overexpression of
TRPC6 resulted in an increase in the NFAT that was
deactivated by a TRPC6 knockdown [88]. These findings im-
plicate the importance of the Ang II/TRPC6/NFAT axis in the
progression of DKD through its involvement in the podocyte
and glomerular injury associated with DKD.

Along with the few other pathways mentioned above,
TRPC6 is involved in multiple other signaling mechanisms
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regulated by calcium such as the AMP-activated protein ki-
nase (AMPK) metabolic pathway. AMPK is one of the key
regulators of glucose and fatty acids; thus, its potential in
DKD is of no surprise [89]. AMPK has implications in a
variety of renal-related pathologies, including podocyte dys-
function and renal hypertrophy. In the diabetes-induced renal
hypertrophy setting, AMPK activity is reduced. This indicates
that hyperglycemia may have inhibitory effects on the path-
way. It was reported that TRPC6 plays an important role in the
insulin-dependent reorganization of the podocyte cytoskele-
ton and activation of AMPK [90]. Both AMPK and TRPC6
activation were shown to be required for the stimulation of the
Rac1 pathway, which has connections to podocyte injury in
DKD. Ji et al. using immortalized human podocytes proved
the involvement of TRPC6-AMPK crosstalk showing that
hypoxia-induced autophagy, which is a form of AMPK
Ca2+-dependent autophagy initiated by hypoxia, is correlated
with TRPC6 activity [91].

Another calcium-dependent pathway that involves TRPC6
is the transforming growth factor beta (TGF-β) signaling
pathway. It was reported that inhibition of TRPC6 alleviated
glomerulosclerosis induced by TGF-β1 in podocytes and re-
duced cell apoptosis [92, 93]. Contribution of TGF-β1 was
further reported in TRPC3/6/7−/− mice under diabetic condi-
tions. It was reported in this study that TRPC6 protein was
increased in the renal cortex in wild-type diabetic mice.
Furthermore, the diabetic wild-type and TRPC3/6/7−/− mice
had similar levels of hyperglycemia; however, the triple
knockout diabetic mice showed less polyuria, kidney hyper-
trophy, glomerular enlargement, and albuminuria compared
with control mice [94]. Therefore, the data suggest a strong
correlation of TRPC6 activation with TGF-β signaling, in-
cluding DKD conditions.

Role of Trpc6 in Other CKDs

The protective role of TRPC6, in various other types of CKD,
was also shown. Furthermore, therapeutic efficacy of a selec-
tive pharmacological TRPC6 inhibition was recently demon-
strated. As an example, TRPC6 inhibitor (BI 749327, acting
through the suppression of NFAT activation) treatment re-
duced renal fibrosis and inhibited renal injury of mice after
UUO; this compound also improved cardiac function in pres-
sure overload mice model [95•]. Furthermore, Kim et al. re-
cently reported that TRPC6 inactivation (deletion of essential
portion of TRPC6, which caused disruption of the ankyrin-
repeat domain and non-functional TRPC6 channels; TRPCdel/

del in SD rat background) attenuated glomerulosclerosis, ultra-
structural changes, interstitial changes, and renal fibrosis in
the progression of chronic PAN, a classic model for acquired
nephrotic syndromes [81•]. The authors reported that TRPC6
inactivation reduced albuminuria in the chronic phase of the

disease. Using the same genetic model (TRPCdel/del), the au-
thors examined the role of TRPC6 in the progression of in-
flammation and fibrosis in the nephrotoxic serum (NTS) mod-
el of crescentic glomerulonephritis and reported that TRPC6
inactivation reduces glomerulosclerosis and podocyte loss but
does not reduce renal fibrosis or tubulointerstitial disease [96].
Li et al. assessed GFR in conscious wild-type and TRPC6
knockout mice, and in anesthetized rats with and without
in vivo knockdown of TRPC6 in the kidneys and found that
GFR was significantly greater in TRPC6 knockout mice and
rats with knockdown of TRPC6. Serum creatinine level was
significantly lower in TRPC6−/− mice as well. Consistently,
knockdown of TRPC6 in the kidney using a TRPC6 specific
shRNA construct significantly attenuated Ang II-induced
GFR decline in rats. The authors contributed these effects to
the function of TRPC6 in the glomerular mesangial cells [97].
Wu et al. found that in a model of renal interstitial fibrosis, loss
of TRPC6 prevented the development of fibrosis as well as
attenuated increases in expression of fibrotic genes such as
connective tissue growth factor (CTGF) and TGF-β1, a fibrot-
ic factor. Also, interestingly, they showed that a double knock-
out of both TRPC3 and TRPC6 did not have the same
renoprotective benefits as knocking out TRPC6 alone [98].
There are also implications of TRPC6 involvement in idio-
pathic membranous nephropathy (iMN), a proteinuric disease
[51, 99, 100]. It was found that RAS inhibitors and calcineurin
blockers commonly used to treat iMN were able to attenuate
these intracellular pathways that involve TRPC6 [51, 85, 99],
which was shown to be overexpressed in iMN [99]. Huang
et al. showed that in a model of basic nephropathy, when
podocytes were treated with a TRPC6 inhibitor following
TGF-β1 podocyte, apoptosis was attenuated [92]. Recent
studies revealed progressive aggravation of proteinuria, de-
creased renal function, and ultimately glomerular fibrosis as-
sociated with increased expression of TRPC6 in the model of
ischemia-reperfusion acute kidney injury [101]. Contribution
of TRPC6-mediated calcium pathways and podocyte injury in
pre-eclampsia was also proposed [102].

Conclusions

In summary, mutations in TRPC6, as well as upregulation of
its expression and activity, are linked to a multitude of renal
abnormalities such as albuminuria and podocyte cell loss that
all contribute to DKD. Some of these mutations have a strong
genetic impetus for the development of FSGS, which has sim-
ilar renal damage found in DKD. TRPC6 channel activity is
highly regulated by Ang II, ATP, PAR agonists, and other
endogenous factors in DKD (Fig. 1d), which result in cell
hypertrophy, foot processes effacement, podocyte depletion,
and proteinuria. Not only is there a connection between
TRPC6 and listed above GPCR agonist but TRPC6 activity
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is also linked to TGF-β, AMPK, and the calcineurin/NFAT
pathways, that all play their part in the progression of DKD.
Despite this wealth of information, research on the effects of
TRPC6, especially in type 2 diabetes, is limited and should be
explored further. In short, TRPC6 presents as a strong thera-
peutic target for the treatment of DKD given its widespread
involvement in multiple disease-instigating pathways in the
kidney of diabetic patients and experimental models.
Importantly, the TRPC6 channel, as are many other channels,
is a component of complex pathways. Therefore, in addition
to direct targeting of TRPC6, targeting up- or downstream
signaling pathways of the TRPC6 channel can be potentially
important for drug development in DKD.
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