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Abstract

Ion channels are critical to kidney function, and their dysregulation leads to several distinct kidney 

diseases. Of the diversity of ion channels in kidney cells, the TRP (transient receptor potential) 

superfamily of proteins plays important and varied roles in both maintaining homeostasis, as well 

as in causing disease. Recent work showed that TRPC5 blockers could successfully protect critical 

components of the kidney filter both in vitro and in vivo, thus revealing TRPC5 as a tractable 

therapeutic target for focal and segmental glomerulosclerosis (FSGS), a common cause of kidney 

failure. Human genetics point to three additional TRP channels as plausible therapeutic targets: 

TRPC6 in FSGS, PKD2 in polycystic kidney disease, and TRPM6 in familial hypomagnesemia 

with secondary hypocalcemia. We conclude that targeting TRP channels could pave the way for 

much needed therapies for kidney diseases.
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Ion channels in kidney disease

Ion channels play important roles in maintaining normal kidney function, most prominently 

in the homeostasis of ionic concentrations in the bloodi. In support of their importance for 

kidney homeostasis, the disruption of ion channel activity due to genetic mutations or 

chemically-mediated dysregulation can lead to kidney diseases [1, 2]. The renal outer-

medullary K+ channel (ROMK) is the major mediator of potassium secretion in the kidney 

and is mutated in type 2 Bartter syndrome, a salt-wasting disease [3]. Mutations in the C LC 

family of chloride channels also lead to Bartter syndrome [4]. Apical epithelial sodium 
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channels (ENaC) are responsible for Na+ reabsorption and are hyperactive in Liddle 

syndrome, while deficient in autosomal recessive pseudohypoaldosteronism (PHA1) [5]. 

Dysfunction of the water channel aquaporin-2 (AQP2) causes nephrogenic diabetes 

insipidus in which the kidney is unable to concentrate urine [6]. While these diseases, 

among others, illuminated the mechanisms by which the kidney achieves ionic balance 

between the blood, the urine and the intracellular space, there are channelopathies that result 

in kidney dysfunction via molecular and cellular mechanisms that we are just beginning to 

understand.

Transient Receptor Potential channels in the kidney

The transient receptor potential (TRP) superfamily of ion channels are important in renal 

physiology [7]. First described in Drosophila, the TRP channel family consists of 28 genes 

in mammals [1, 8, 9]. TRP channels are functional when four gene products (subunits) 

assemble into a tetramer. Each subunit contains intracellular N- and C-termini, six 

transmembrane domains (S1–S6), and a pore loop between the S5 and S6 segments. TRP 

channels are most often non-selective cation channels with high Ca2+ permeability [8]. The 

TRP superfamily can be further divided into six subfamilies based on sequence homology 

and function: TRPC (Canonical), TRPV (Vanilloid), TRPA1 (Ankyrin), TRPM (Melastatin), 

TRPML (Mucolipin), and TRPP (Polycystin). There are several TRP proteins reported to be 

expressed in various cells of the kidney including TRPC1, TRPC3, TRPC4, TRPC5, 

TRPC6, TRPV1, TRPV4, TRPV5, TRPV6, TRPM2, TRPM3, TRPM4, TRPM6, and PKD2 

[7, 10–13]. Here, we focus on TRP channels that may be targeted for therapeutic benefit. We 

thus explore the role TRPC5 and TRPC6 channels play at the kidney filter in health and 

disease, and we end with a brief perspective on PKD2 and TRPM6, two additional, attractive 

TRP channel targets supported by human genetics.

TRPC5 and TRPC6 channels in glomerular disease

The kidney’s primary function is to filter the blood, removing wastes and regulating 

homeostasis. The filtration unit of the kidney, the glomerulus, is a highly specialized 

corpuscle of capillaries capable of modulating hydrostatic ultrafiltration of blood plasma, 

allowing the passage of solutes, but retaining vital proteins [14]. Each cycle of cardiac 

output delivers blood that the kidney glomerulus converts to an ultrafiltrate, the precursor to 

urinei. The glomerulus (also known as the renal corpuscle) consists of a glomerular tuft 

encompassed by Bowman’s capsule, and comprises four resident cell types: endothelial 

cells, mesangial cells, parietal epithelial cells of Bowman’s capsule, and podocytes. The 

primary architectural scaffold of the structure is the glomerular basement membrane (GBM). 

Fenestrated endothelial cells line the capillaries and smooth muscle-like mesangial cells 

provide capillary support, while podocytes are attached to the outer aspect of the GBM [14].

Podocytes are post-mitotic, pericyte-like cells with complex morphology that can be divided 

into a cell body, major processes and foot processes. The foot processes of adjacent 

podocytes form a unique form of cell junction called the slit diaphragm that covers the outer 

aspect of the GBM. Podocyte dysfunction and cytoskeletal disorganization leads to a 

disruption of these foot processes in a phenomenon known as foot process effacement [14]. 
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This disruption of the slit diaphragm causes proteinuria, the spilling of essential proteins into 

the urine. Thus, damage to the filtration barrier, and specifically to podocytes, is the 

hallmark of many progressive (chronic) kidney diseases which affect about 750 million 

people worldwide, and whose prevalence continue to grow [15, 16].

Focal and segmental glomerulosclerosis (FSGS) is the leading histopathology underlying 

progressive (chronic) kidney diseases and is characterized by proteinuria and podocyte loss 

[17–19]. It is challenging to determine the precise prevalence of FSGS due to the large 

variations in indications and diagnosis, but estimates range from 0.2–1.8/100,000 [20]. In its 

most severe form, FSGS is associated with nephrotic syndrome, a disease whose hallmarks 

are proteinuria, severe swelling throughout the body and progression to kidney failure, with 

scarring in large segments of the glomerulus observed by histopathologic analysis [18]. 

Scarring in FSGS-afflicted kidneys is due to injury and loss of the glomerular podocytes 

[14]. Beyond severe edema and shortness of breath, FSGS increases the risk of kidney 

failure, heart failure and premature death [18]. Current therapies for FSGS involve off-label 

use of non-specific medications, which are significantly toxic and do not alter disease 

progression [18]. Therefore, specific podocyte-protective therapies are urgently needed in 

the clinic.

The involvement of TRPC6 in glomerular disease, and specifically in FSGS, is well-

established. High-penetrance genetic causes of FSGS have been associated with at least 38 

genes, including TRPC6. There are 20 missense/nonsense, 4 small deletion, and 1 small 

insertion mutations in TRPC6 annotated in the Human Gene Mutation Databaseii as disease 

causing for glomerulosclerosis and nephrotic syndrome. In a study of 1783 families with 

steroid-resistant nephrotic syndrome, TRPC6 mutations were identified as causative in 9 

families (0.5%) [21]. In all cases for which biopsy data was available, individuals with 

identified TRPC6 mutations displayed FSGS [21]. Of note, both gain- and loss-of-function 

mutations in TRPC6 have been identified [14, 22–24].

FSGS-associated TRPC6 mutations have been mostly characterized by overexpressing 

TRPC6 channels heterologously and observing either calcium influx via calcium imaging, or 

current amplitude as measured by electrophysiology. Several of these mutations have been 

designated as gain-of-function by these experiments, leading to the hypothesis that TRPC6 

inhibition may be beneficial in glomerular disease. Recently, a specific mechanism by which 

at least some TRPC6 FSGS mutations lead to gain-of-function was shown to involve 

disruption of calmodulin-mediated calcium-dependent inactivation [25]. The prevailing 

model is that increased calcium influx through TRPC6 leads to podocyte damage [26]. 

However, it has also been proposed that TRPC6 can regulate podocyte homeostasis 

independent of its channel activity, through binding partners such as calpain [27].

TRPC channels are activated by G-protein coupled receptors (GPCRs) which is particularly 

relevant given that the GPCR angiotensin type II receptor 1 (AT1R) has been shown to 

induce podocyte apoptosis [28]. Linking these two notions, in an in vitro podocyte model, 

AT1R induced calcium influx was shown to be dependent on both TRPC6 as well as 

TRPC5, a receptor operated ion channel similar to TRPC6 [13]. Further insight into a 

potentially disease relevant podocyte cellular pathway came from the observation that 

Pablo and Greka Page 3

Trends Pharmacol Sci. Author manuscript; available in PMC 2020 December 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



inherited and sporadic forms of FSGS are caused by mutations in genes involved in actin 

cytoskeleton regulation. A significant number of known mutations converge on modulators 

of Rac1, namely ARHGAP24 [29], ARHGDIA [30] and ARHGEF17 [31]. These mutations 

generally result in excess Rac1 signaling in podocytes [32, 33] leading to vesicular insertion 

of TRPC5 into the podocyte plasma membrane and more TRPC5 channels available for 

activation by receptors such as the AT1R [13, 32]. The subsequent increase in transient Ca2+ 

influx into the podocyte leads to further Rac1 activation, thus completing a runaway 

feedforward circuit that promotes podocyte cytoskeletal remodeling [13, 34, 35]. Despite 

this insight into podocyte cytoskeletal dysregulation, it was previously unknown whether 

TRPC5 activity mediated the onset and progression of FSGS, and whether blocking this 

activity could provide therapeutic benefit.

To this end, the first promising set of experiments showed that treatment with ML204, a 

small molecule tool compound that blocks TRPC5 (and also TRPC4) ion channels reversed 

podocyte loss and proteinuria in a rat model of FSGS which specifically expresses human 

AT1R in podocytes [36, 37]. ML204 also blocked TRPC5 channels in single channel 

recordings from podocytes on isolated glomeruli from rats with progressive kidney disease 

[36]. Thus, increased TRPC5 channel activity was correlated with kidney disease, and 

blocking this activity emerged as a candidate therapeutic target [36]. Of interest, TRPC6 

channel activity could be recorded at all times, and was found to be unchanged in control 

rats as well as in rats with progressive kidney disease, indicating that TRPC6 channel 

activity in this animal model was not correlated with kidney dysfunction. This is further 

supported by human genetics: both gain and loss of function mutations in TRPC6 lead to 

FSGS, suggesting that the channel is required for podocyte homeostasis [22, 24, 38].

Since ML204 was a tool compound with poor specificity, medicinal chemistry studies were 

aimed at developing a specific TRPC5 blocker. The result of this work was the discovery of 

AC1903, a compound that specifically blocks TRPC5 channels, with much reduced potency 

against TRPC4 and essentially no effect on TRPC6 channels [36, 39]. This is particularly 

relevant given the high sequence homology between TRPC4 and TRPC5, and previous 

difficulty in finding compounds that preferentially inhibited TRPC5 [37, 40]. Single channel 

recordings in acutely isolated rat glomeruli showed that AC1903 was effective in blocking 

TRPC5 channel activity in the glomeruli of proteinuric rats [36]. Importantly, chronic 

administration of AC1903 suppressed severe proteinuria and prevented podocyte loss 

(Figure 1), thus demonstrating TRPC5 inhibition as a podocyte-preserving therapeutic 

strategy. The efficacy of AC1903 was further demonstrated in another animal model of 

kidney disease: Dahl salt sensitive (Dahl S) rats. Dahl S rats exhibit progressive kidney 

injury as they age, with moderate hypertension when raised on a low-salt diet. On a high-salt 

diet, these rats develop progressive proteinuria and decline in kidney function with 

significant angiotensin II-mediated hypertension. This situation in Dahl S rats likely mirrors 

the systemic conditions leading to progressive proteinuric kidney diseases in patients with 

severe hypertension. Crucially, pharmacological block of TRPC5 with AC1903 at a time of 

severe, established proteinuria -- but before creatinine is elevated (indicating irreversible 

kidney damage) -- rescued podocytes and attenuated the progression of morphologic and 

molecular changes that characterize FSGS [36]. Taken together, data with two distinct 

chemical compounds (AC1903 and ML204) in two different rat models of disease showed 
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that TRPC5 ion channel activity is induced to drive disease, and TRPC5 inhibitors may thus 

be a novel mechanism-based strategy for the treatment of progressive kidney diseases.

To place this in the appropriate context, it is important to recognize previous efforts focused 

on TRPC6 channels. These were based on the discovery of familial FSGS gain-of-function 

mutations in TRPC6, leading to the logical conclusion that TRPC6 inhibition may be a good 

therapeutic strategy for FSGS. This picture is complicated by the discovery that TRPC6 loss 

of function mutations also cause FSGS [24]. Early work indicated that TRPC6 deficient 

mice have mild reductions in albuminuria in an angiotensin II infused model of renal injury 

[41]. More recently, investigations of TRPC6 deficiency in the context of kidney disease 

indicate that much of the protective effect could be due to a role for TRPC6 in cells outside 

of the glomerulus. Immune cell infiltration, fibrosis and activation of inflammatory markers 

were less pronounced in Trpc6−/− animals than in wild-type controls after unilateral ureteral 

obstruction or chronic puromycin aminonucleoside administration in rodent models (mouse 

and rat respectively) [10, 42]. The effects on glomerular damage were surprisingly variable, 

particularly given that these models represent whole-body constitutive knockouts of TRPC6 

and thus the theoretical ceiling for a maximally effective and available inhibitor. In a 

streptozotocin-treated Dahl S model of diabetic kidney disease, the effects of TRPC6 

deficiency were minimal [43]. Other experiments with this rodent model demonstrate the 

benefit of knocking out Nox4, an NADPH oxidase that generates reactive oxygen species 

(ROS), but the subsequent linkage to TRPC6 channels is unclear due to a lack of genetic or 

pharmacological validation to identify the electrical activity induced by ROS (H2O2) 

application [44]. Further complicating the picture is a recent study on a mouse model of type 

1 diabetes. In these mice, TRPC6 knockout only transiently inhibited albuminuria [45] and 

instead, TRPC6 loss led to exacerbation of progressive kidney disease by increasing 

podocyte apoptosis in the setting of insulin resistance [45]. Assessment of TRPC5, if any, in 

most studies is limited to mRNA expression analysis, and thus does not address whether 

TRPC5 function is upregulated by patch clamp electrophysiology, the gold standard for the 

assessment of all ion channels. Moving forward, the availability of new inhibitors with 

improved specificity should allow for pharmacological dissection of the contributions of 

different TRPC channels in various models of renal pathology.

Curiously, in a study that overexpressed TRPC5 in a transgenic mouse model, no effect was 

observed on proteinuria or glomerular damage [46]. As also commented by others [47], the 

sequestration of TRPC5 in intracellular vesicles could mean that overexpression of TRPC5 

would not lead to increased channel abundance at the cell membrane. Here again the 

situation could be clarified by electrophysiological recording of podocytes, which were 

absent in this study. Wang and colleagues also administered englerin A (a compound known 

to be a nanomolar activator of TRPC4 and TRPC5 in vitro [48]) to mice to assess the effect 

of TRPC5 activation. However, englerin A is extremely unstable in rodent plasma and likely 

rapidly converted in vivo to englerin B which is not a TRPC5 activator [49]. Therefore, the 

negative study by Wang et al. may be due to lack of available TRPC5 channels in the plasma 

membrane and/or the absence of activating compound.

Work in cultured podocytes has shown that TRPC6 drives RhoA activity to secure a 

homeostatic, contractile cytoskeleton, while TRPC5 drives Rac1 activity (and Rac1 
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conversely activates TRPC5) to mediate disease-associated podocyte motility [13, 32, 35, 

36, 50]. This provides further cell biological evidence that TRPC5 may be an attractive 

therapeutic target (Figure 2). In support of this notion, Zhou et al. showed that real-time 

measurements of single channel TRPC6 activity in isolated glomeruli seem relatively 

unchanged through disease onset and progression, whereas increased TRPC5 activity is 

associated with proteinuric disease progression. We can also speculate that TRPC6 may have 

become a less attractive target after preclinical studies conducted over the past 15 years: 

though there could be several factors involved, we are unaware of a therapeutic kidney 

disease program targeting TRPC6 inhibition that has reached the clinic despite reports of 

potent and selective TRPC6 inhibitors [51, 52].

The efficacy of AC1903 in hypertensive Dahl S rats supports a broader applicability of 

TRPC5 inhibition as a therapeutic strategy. Rac1 activation emerges as a nodal event, a 

convergence point for multiple podocyte injury pathways [53]. We speculate that Rac1-

activating mutations may more generally underlie susceptibility to disease in patients 

presenting with proteinuria and progressive kidney failure. If so, this offers the opportunity 

to either (1) genetically stratify patients based on Rac1 activating mutations, and/or (2) 

select patients based on detection of (urinary) biomarkers relevant to Rac1 activation for 

future clinical trials. Indeed, pairing the patient with the right genetic background or relevant 

biomarker profile with the appropriate TRPC5-targeted therapy may be the closest this field 

has come to a precision medicine approach to date.

Several convergent data were reassuring regarding the safety of TRPC5 inhibitors in 

humans. Rats treated with TRPC5 inhibitor for up to 14 days showed no detectable toxicity 

[36]. Moreover, TRPC5 knockout mice (where the channel is absent in utero and beyond) 

have no gross abnormalities, except an attenuated fear response due to a developmental 

defect in the mouse amygdala [54] that may translate into a possible anxiolytic on-target 

side-effect of TRPC5 inhibition in the human brain. Pharmacokinetic/pharmacodynamic 

studies have also demonstrated that the efficacy of AC1903 in the podocyte may be 

achievable with low circulating concentrations of drug [36], well below what may reach the 

brain. Thus, the salutary effects of treatment with a TRPC5 inhibitor may form the basis for 

much needed therapies aimed at treating progressive chronic kidney diseases at their 

mechanistic source. At the time this review went to press, TRPC5 inhibitors were being 

tested in a Phase I study in the clinic (Clinical Trial Numberiii: ), so we are likely to soon 

learn much more about the safety and efficacy of this therapeutic strategy for the treatment 

of TRPC5/Rac1-mediated proteinuric kidney diseases.

PKD2 and TRPM6 in kidney disease

Efforts at targeting TRPC channels in glomerular disease are embedded in a larger landscape 

of TRP channels playing crucial and likely complex roles in kidney disease. Autosomal 

dominant polycystic kidney disease (ADPKD) is one of the most common monogenic 

disorders with a 1:400–1:1000 prevalence [2]. Mutations in PKD1 (~85%) and PKD2 
(~15%) account for ADPKD cases [55]. PKD1 encodes a putative 11 transmembrane 

domain protein that resembles GPCRs, while PKD2 encodes a TRP channel (PKD2, 

formerly TRPP2, now TRPP1 based on recently revised nomenclature). The majority of 
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PKD2 is found on the endoplasmic reticulum (ER) although its role there is still 

incompletely understood largely due to discrepancies in observations from manipulating its 

function [56]. The general hypothesis is that PKD2 serves to prevent calcium leak across the 

ER membrane. Importantly, the PKD2 protein is also found in the cilia of kidney tubular 

epithelial cells. Cilia are cellular organelles with specialized protein composition, likely 

providing a spatially constrained signal-sensing micro-environment. It has been postulated 

that cilia act as mechanosensors, and that PKD2 transduces a mechanically activated calcium 

signal. However other studies do not detect ciliary calcium influx in primary cilia even upon 

supra-physiological mechanical stimulation [57]. Of interest, PKD2 was shown to mediate 

an ionic current in the primary cilia of kidney epithelial cell lines, although, to add to the 

mystery, this current was not specifically carried by calcium ions [58, 59]. Thus the 

physiological role of PKD2 remains unclear and may involve the unique signaling micro-

environment of the cilium [60].

Moving forward, understanding the cell biology of disease-associated kidney ion channels 

will likely yield important therapeutic insights. For instance, though it was recently 

established that PKD2 does indeed contribute to an ionic conductance in the renal collecting 

duct [58, 59], it is still unknown how exactly PKD2 mutations lead to polycystic kidney 

disease. Nevertheless, it is important to note that progress has been recently made by 

addressing the sequelae of disrupted PKD1/PKD2 function: the V2-receptor antagonist 

tolvaptan decreases cyst formation and total kidney volume, and has been approved for the 

treatment of ADPKD [61]. Fully understanding the precise nature of the signaling pathways 

triggered by PKD1/PKD2 may allow for PKD2-targeted approaches.

TRPM 6 mutations are associated with familial hypomagnesemia with secondary 

hypocalcemia (HSH) [62, 63]. Explanations for TRPM 6’s role in HSH have mostly 

emphasized Mg2+ conductance through the channel which is disrupted by disease-causing 

mutations. TRPM 6 is expressed in both the intestine and the distal tubule of kidney 

nephrons, both thought to be important sites in maintaining Mg2+ homeostasis, but the 

mechanisms contributing to this disease are not fully understood. TRPM 6 is one of a small 

group of “chanzymes”, channel proteins that also encode enzymes. The carboxy-terminus of 

TRPM 6 is a serine/threonine kinase that has been shown to be cleaved from the channel in 

an activity-dependent manner and regulate gene transcription after translocation to the 

nucleus [64]. The potential breadth of roles of the TRPM 6 chanzyme could mean that there 

is still much to be discovered about the mechanisms leading to HSH.

Concluding Remarks

Ion channels are intuitively druggable targets due to our clear biophysical understanding of 

how they function, and their relatively accessible cellular location on the plasma membrane. 

As with the Rac1 and TRPC5 “disease circuit” in FSGS, the dysfunction caused by human 

mutations in ion channels will likely extend to as yet unknown signaling events mediated by 

disrupted ionic fluxes (see Outstanding Questions). Specific pharmacological agents 

targeting ion channels will therefore not only be important tool compounds for elucidating 

disease pathology, but may also lead to new, mechanism-based therapies for diseases 

spanning all tissues, including the kidney, the brain, and beyond.
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Highlights

• TRP channels may be excellent drug targets for the development of much 

needed therapies for kidney diseases

• TRPC6 has been genetically linked to a rare form of familial glomerular 

disease

• Rac1 activating mutations in patients revealed a Rac1-TRPC5 disease 

pathway in podocytes

• Additional electrophysiology and cell biology studies revealed TRPC5 as a 

promising target for progressive kidney diseases

• Newly developed TRPC5-selective inhibitors have shown significant efficacy 

in reversing kidney disease progression in animal models
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Outstanding questions

• What are the precise molecular pathways linking TRP channel dysfunction to 

disease in the human kidney?

• Will insights from cellular and animal models translate successfully to the 

clinic?

• Can we target TRP channels and the molecular pathways they mediate in 

podocytes with other therapeutic modalities, beyond small molecules?
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Figure 1. The TRPC5 inhibitor AC1903 is a podocyte-protective therapeutic strategy for 
progressive kidney diseases.
Healthy podocytes (purple), the only post-mitotic cells in the kidney, are attached to the 

glomerular basement membrane (GBM) under homeostatic conditions. In disease, podocytes 

detach from the GBM. This podocyte loss is the hallmark of many progressive kidney 

diseases. The TRPC5 blocker AC1903 prevents podocyte loss and preserves kidney filter 

function.
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Figure 2. 
A model for how different channels in the same disease setting could lead to different 

outcomes.
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