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Abstract 

Acute kidney injury (AKI) and chronic kidney disease (CKD) are worldwide common 

cause of death, strongly increases the risk of cardiovascular disease, and associated 

with a substantial economic burden. Severe AKI can progress to CKD. CKD is 

commonly the consequence of diabetes, high blood pressure, or glomerulonephritis, 

which initiate kidney injury that results in a period of months or years to inflammation, 

fibrosis, and ultimately to nephron loss. The initiation and progression of kidney 

fibrosis appear to involve a complex, so far incompletely characterized interaction 

between injured tubules, fibroblasts, pericytes, endothelial cells and inflammatory 

cells. During past years, novel drug targets such as the transient receptor potential 

cation channel, subfamily C, member 6 (TRPC6) emerged, as it was associated with 

focal segmental glomerulosclerosis. However, the function of TRPC6 channel in 

kidney injury is still unknown. Moreover, the effectiveness a novel selective TRPC6 

inhibitor (larixyl N-methylcarbamate, SH045) has not been studied in animal models 

of the human disease such as the ischemia reperfusion injury (IRI) or the unilateral 

urethra obstruction (UUO) model. We used Trpc6-/- mice and SH045 to evaluate 

short-term outcomes of ischemia reperfusion injury (IRI)-induced AKI. Our results 

demonstrated that neither Trpc6 deficiency nor pharmacological inhibition of TRPC6 

influences the short-term outcomes in AKI. These findings improve the understanding 

of the role of TRPC6 in acute kidney damage. We also used the inbred New Zealand 

Obese (NZO) mouse strain better mimicking human metabolic syndrome and CKD 

pathophysiology to model subchronic kidney injury. This type of kidney injury was 

induced by unilateral urethra obstruction (UUO). As opposed to AKI, SH045 

ameliorated renal inflammation and fibrogenesis in UUO mouse model. The renal 

expression of the pro-fibrotic markers and chemokines were markedly decreased by 

SH045 treatment. Furthermore, renal immune cells infiltration and tubulointerstitial 

fibrosis were decreased in SH045 treated NZO-UUO mice. We conclude that TRPC6 

pharmacological inhibition (SH045) is a promising antifibrotic strategy to treat 

progressive tubulo-interstitial fibrosis.  
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Zusammenfassung 

Akute Nierenschädigung (AKI) and chronische Nierenerkrankung (CKD) sind weltweit 

eine häufige Todesursache, erhöhen das Risiko von Herz-Kreislauf-Erkrankungen 

stark und sind mit einer erheblichen wirtschaftlichen Belastung verbunden. Eine 

schwere AKI kann zu einer CNI führen. CKD ist in der Regel die Folge von Diabetes, 

Bluthochdruck oder Glomerulonephritis, die eine Nierenschädigung auslösen, die 

über Monate oder Jahre hinweg zu Entzündungen, Fibrose und schließlich zum 

Verlust von Nephronen führt. Der Anfang und Fortschreiten der Nierenfibrose scheint 

eine komplexe, bisher unvollständig charakterisierte Wechselwirkung zwischen 

verletzten Tubuli, Fibroblasten, Perizyten, Endothelzellen und Entzündungszellen zu 

sein. In den vergangenen Jahren wurden neue Wirkstoffziele wie der transiente 

Rezeptorpotential-Kationenkanal, Unterfamilie C, Mitglied 6 (TRPC6) entdeckt, der 

mit fokalen segmentalen Glomerulosklerose assoziiert wurde. Die Funktion des 

TRPC6-Kanals bei Nierenverletzungen ist jedoch noch unbekannt. Darüber hinaus 

wurde die Wirksamkeit eines neuartigen selektiven TRPC6-Inhibitors (Larixyl-N-

Methylcarbamat, SH045) in Tiermodellen der menschlichen Erkrankung, wie der 

Ischämie-Reperfusionsverletzung (IRI) oder dem Modell der einseitigen 

Harnröhrenobstruktion (UUO), nicht untersucht.  Wir verwendeten Trpc6-/- Mäuse und 

SH045, um kurzfristige Folgen durch Ischämie-Reperfusionsverletzung (IRI)-

induzierte AKI festzustellen. Unsere Ergebnisse zeigten, dass weder TRPC6-Mangel 

noch pharmakologische Hemmung von TRPC6 die kurzfristigen Folgen der AKI 

beeinflussen. Diese Ergebnisse verbessern das Verständnis der Rolle von TRPC6 

bei akuten Nierenschäden. In der UUO-Studie verwendeten wir den 

neuseeländischen fettleibigen (NZO) Mausstamm, der das humane metabolische 

Syndrom und die CKD-Pathophysiologie besser imitiert. Im Gegensatz zu AKI 

verbesserte SH045 die Nierenentzündung und Fibrogenese im UUO-Mausmodell. 

Die renale Expression von pro-fibrotischen Markern und Chemokine wurde durch die 

SH045-Behandlung deutlich verringert. Darüber hinaus waren die Infiltration von 

renalen Immunzellen und die tubulointerstitielle Fibrose bei den mit SH045 

behandelten NZO-UUO-Mäusen verringert. Wir schließen daraus, dass die 

pharmakologische Hemmung von TRPC6 (SH045) eine vielversprechende 

antifibrotische Strategie zur Behandlung der progressiven tubulo-interstitiellen 

Fibrose darstellt. 
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1. Introduction

Transient receptor potential (TRP) channels are a group of non-selective cation 

channels which promote cellular influx of calcium (Ca2+) and monovalent cations [1]. 

In mammalian TRP superfamily, 28 members share some structural similarity with 

each other. Transient receptor potential canonical 6 (TRPC6) channel, a member of 

TRPC subfamily, triggers large amounts of Ca2+ influx in the cell often as a response 

to G-protein coupled receptor (GPCR) activation [2]  (Figure 1).  

Figure 1: Structural and functional aspects of TRPC6. (a) A schematic representation of the 

TRPC6 structure on the membrane. TRPC6 possesses 6 membrane-spanning and 3 

conserved domains. (b) Regulators of TRPC6 channel activity. G-protein-coupled receptors 

(GPCR) regulate TRPC6 activity by stimulating phospholipase C (PLC) to generate 

diacylglycerol (DAG). SH045 is a novel TRPC6 inhibitor. Modified with permission from MDPI, 

International Journal of Molecular Sciences, 2021, Vol 22, Issue 4, 2074, Shekhar S, et al., 

Copyright (2021)[3].

TRPC6 is highly expressed in renal podocytes where it interacts with major slit 

diaphragm proteins podocin and nephrin [4]. Increasing evidence suggests that both 

gain-of-function (GOF) and loss-of-function (LOF) in TRPC6 mutations lead to the 

proteinuria development, further resulting in progressive kidney failure and focal 

segmental glomerulosclerosis (FSGS) [5, 6]. In addition, angiotensin II, reactive 

oxygen species (ROS), and other factors in the setting of diabetic kidney disease 

(DKD) stimulate renal podocytes with drastic increase in Ca2+ influx through TRPC6 

channel, causing podocytes hypertrophy with foot process effacement [7]. Therefore, 

TRPC6 has been extensively investigated as a target in chronic glomerular diseases. 
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However, to date, very little is known about the functional role of TRPC6 in acute or 

progressive kidney injury, especially in tubulo-interstitial damage. 

Acute kidney injury (AKI), a common complication in intensive-hospitalized patients, 

has emerged as a major public health problem which affects millions of patients 

worldwide [8].  It contributes to the risk increase of chronic kidney disease (CKD) and, 

once development of kidney dysfunction, therefore, decreases life expectancy [9]. 

Ischemia/reperfusion injury (IRI), as a major cause of AKI, often occurs in the context 

of multiple organ failure, sepsis, and renal transplantation [10, 11]. Renal tubular 

epithelial cells (TECs) are susceptible to IRI because of their active energy 

metabolism [12]. Numerous studies showed that Ca2+ overload induced ROS, 

oxidative stress, and mitochondrial dysfunction are the key contributors to cellular 

damage and apoptosis during IRI [13, 14]. It suggests that limiting cellular Ca2+ over 

accumulation in TECs may decrease the ischemic injury and support recovery of 

TEC integrity and function.  

Inflammation is now believed to play a major role in the pathophysiology of ischemic 

injury. AKI is known to be associated with intrarenal and systemic inflammation [15, 

16]. Notably, Ca2+-signalling was identified to be involved in the regulation of 

inflammatory responses [17, 18]. Yamamoto et al. demonstrated that cellular influx of 

Ca2+ controls the ROS-induced signalling cascade, which is responsible for 

chemokine production and promote inflammation [19]. As a Ca2+-permeable channel, 

TRPC6 regulates neutrophil recruitment and leukocyte transendothelial migration 

during the inflammatory response [20-22]. TRPC6 deficiency in murine neutrophils 

exhibited lower Ca2+ transients during the initial adhesion by affecting CXCR2 or 

CXCL1-induced neutrophil adhesion, arrest and transmigration [20, 21]. In addition, a 

transient increase in endothelial cytosolic free Ca2+ concentration (↑[Ca2+]i) mediated 

by TRPC6 is required for leukocyte transendothelial migration (TEM) [22]. Hence, 

hyperfunction of TRPC6 channel accompanied by an increase in Ca2+ influx may 

aggravate inflammation and increase kidney damage.  

To the best of our knowledge, no studies have demonstrated the role of TRPC6 

channel in acute mouse model of kidney injury. Improved understanding is important 

for identifying whether TRPC6 have potential as a therapeutic target to prevent or 

ameliorate AKI and progressive kidney damage. 
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In addition, the prominent role of TRPC6 in kidney fibrosis was highlighted by recent 

work [23, 24]. Kidney fibrosis – the hallmark of progressive kidney damage – which is 

often observed in metabolic syndrome (e.g., diabetes or hypertension) might be a 

target of TRPC6 functional inhibition. Our previous study using Trpc6–/– mice showed 

that TRPC6 deficiency ameliorated tubule-interstitial fibrosis and immune cellular 

infiltration in the unilateral uretheral obstruction (UUO) model [25]. Recently, a 

methylcarbamate congener of (+)-larixol, named SH045, has been developed as a 

novel, highly potent, and subtype-selective inhibitor of TRPC6 channel (Figure 2) [26, 

27]. However, no studies report its effect on kidney diseases. Understanding the 

effect of SH045 in kidney fibrosis is essential for developing novel therapies to CKD. 

Figure 2: Chemical structure of SH045 and (+)-Larixol. The (+)-larixol and its congener 

SH045, both belonging to the class of labdane diterpenes, showed a structural similarity. 

Adapted from Fig. 1, WILEY, ChemMedChem, 2018, Vol 13, Issue 10, 1028-1035, Häfner S, 

et al. (2018)[26]. 

Certain animal models, such as the New Zealand obese (NZO) inbred mouse strain, 

are especially valuable for translational research. The NZO murine strain carries 

several susceptible genes for diabetes, obesity, and hypertension, similar to 

metabolic syndrome and CKD in humans [28]. Furthermore, it is known that human 

metabolic syndrome, including diabetes, obesity, and hypertension, is closely related 

to CKD. Therefore, UUO induced subchronic kidney damage in NZO mice could 

serve as a valuable model to mimic early stage of human CKD pathophysiology. 
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2. Aims and Hypothesis

The main purpose of this project was to uncover the role of TRPC6 channels in acute 

and subchronic kidney damage. 

Surgical renal ischemia/reperfusion injury (IRI) and unilateral ureter obstruction (UUO) 

models were used to induce murine AKI and kidney fibrosis, respectively. Renal 

function, histological changes, immune cells infiltration, cytokines/chemokine 

expression, and fibrosis markers were determined and evaluated. In addition, 

myogenic tone was measured by isolated kidney perfusion. The following hypothesis 

(also summarised in Figure 3) were tested: 

1. Genetic deficiency or pharmacological inhibition of TRPC6 improves renal

outcomes in terms of kidney function, tubular injury, immune cells infiltration, and

cytokines or chemokine upregulation in IRI-induced AKI model.

2. Pharmacological inhibition of TRPC6 ameliorates renal parenchyma damage,

inflammation, and tubulo-interstitial fibrosis in UUO-induced early CKD model.

Figure 3: Study design: TRPC6 inhibition in kidney damage. The acute kidney damage 

mouse model is induced by ischemia/reperfusion injury (IRI). The subchronic kidney 

damage mouse model is induced by unilateral ureter obstruction (UUO). Outcomes of 

kidney damage are evaluated by renal function, blood parameters, renal histology, 

inflammation, and fibrosis. 
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3. Methodology 

Animal models 

To IRI-induced AKI model 

From age-matched 12- to 14-week-old Trpc6-/- mice (male, homozygosity in a mix 

C57BL/6J:129Sv genetic background) and control wild–type (WT) mice (male, 

C57BL/6J) were used for AKI studies. The generated and characterized Trpc6-/- mice 

underwent IRI was introduced as described previously [25, 29]. Briefly, the abdomen 

was opened after anaesthesia and analgesia. The left renal pedicle was exposed and 

clamped for 17.5 minutes or 20 minutes with a non–traumatic aneurysm clip (FE690K, 

Aesculap, Germany) after right-sided nephrectomy. Then the clip was release and 

kidney reperfusion was confirmed visually. Afterwards, the abdomen and the skin 

were sutured separately with a 5/0 braided-silk sutures. The murine body 

temperature was monitored and maintained at 37 °C during surgery. Kidneys and 

blood samples were collected upon mouse euthanization (overdose of isoflurane and 

additional cervical dislocation) 24 hours after surgery for further analysis.  

To UUO-induced kidney fibrosis model 

The New Zealand obese (NZO) mice (Male, NZO/BomHIDife genetic background) 

were used as described previously [25]. Briefly, the abdomen was opened and left 

ureter covered by adipose tissue was exposed after analgesia and deep anaesthesia. 

Next, left ureter was ligated twice close to the renal pelvis by using a 5-0 polyglycolic 

acid suture wire. The carprofen was used in the drinking water (0.05 mg/ml) over the 

following two days. All UUO-NZO mice were divided into two groups as follows: 

UUO+Vehicle and UUO+SH045 (20 mg/kg, i.p. once per day). The UUO mice were 

treated with TRPC6 inhibitor SH045 once abdomen was closed and continuously 

received administration for 7 days. The UUO+Vehicle group was treated by vehicle 

under the same conditions as SH045. Seven days after mouse euthanization, blood 

and urine samples were collected for further analysis. Left kidney was considered as 

UUO kidney and the right one as control. Kidneys were cut and divided into three 

portions. Upper part was frozen in isopthan for immunohistochemistry. Middle part 

was immersed in 4% phosphate–buffered saline (PBS)-buffered formalin for histology. 

Last part was snap–frozen in liquid nitrogen for RNA preparation. 
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All experimental mice were kept in specific-pathogen-free (SPF) condition with a 

12:12-h light-dark cycle, and with free access to purified food and water. Our animal 

study (No. G0175/18) was approved by Berlin Animal Review Board of Germany. In 

addition, the restrictions in the Berlin State Office for Health and Social Affairs 

(LaGeSo) reviewed and approved all animal experiments [30]. All experiments were 

performed in accordance with ARRIVE guidelines [31]. 

TRPC6 blockers and blood measurements 

SH045 (Rudolf-Boehm-Institute for Pharmacology and Toxicology, Leipzig University, 

Germany) was initially dissolved in 5% Cremophor EL® solution and used in IRI-

induced AKI model by intravenous injection (2 mg/kg) and in UUO mouse model by 

intraperitoneally injection (20 mg/kg). BI-749327 (MCE, New Jersey, USA), another 

TRPC6 blocker, was dissolved in corn oil and administrated via oral gavage 

(30mg/kg) in IRI-induced AKI mouse model. 

To evaluate the impact of TRPC6 pharmacological inhibition on electrolytes and renal 

function in AKI and UUO mouse models, blood parameters were measured and 

analyzed by using a clinically approved i-STAT analyzer system with Chem8+ 

cartridges (Abbott, Wiesbaden, Germany). The blood parameters included 

potassium, sodium, ionized calcium, chloride, total carbon dioxide, urea nitrogen, 

glucose, creatinine, hemoglobin, hematocrit, and anion gap.  

Renal histopathology 

Briefly, kidney samples were harvested and fixed in 4% paraformaldehyde, then, 

embedded in paraffin, and cut into 2-μm slice. Periodic acid Schiff (PAS) was 

performed using standard protocol. Histological scoring was used to evaluate kidney 

damage in a blinded fashion and 10 consecutive 400× fields per slice were randomly 

selected for quantification. The severity of histological damage were graded from 0 to 

3 according to the distribution of lesions: 0=none; 1, ＜25%; 2, 25–50%; 3, ＞50% 

[32]. In IRI-induced AKI, the damage parameters includes tubular epithelium 

flattening, tubular dilation, cellular cast formation, epithelial loss of brush border, 

nuclear lysis, and basement membrane rupture. In UUO mouse model, the kidney 

damage was evaluated using following morphological parameters: glomerular 

mesangial expansion, tubular epithelium flattening, tubular lumen dilation, and cast 

formation. In addition, to assess renal fibrosis in UUO kidneys, Sirius red staining 

was performed and analyzed using the same method. 
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Quantitative RT-PCR 

As previously described [33, 34], total RNA was extracted and purified from kidney 

according to manufacturer’s instruction by using the RNeasy RNA isolation kit 

(Qiagen, Hilden, Germany). The concentration of RNA was examined by NanoDrop-

1000 spectrophotometer (Thermo Fisher Scientific, Waltham, USA). Two micrograms 

of total RNA from each sample were transcribed to cDNA by using High Capacity 

RNA-to-cDNA™ Kit (Applied Biosystems, Waltham, USA). The qPCR for target gene 

was performed using the TaqMan or SYBR green Master Mix in Applied Biosystems 

QuantStudio 5 Real-Time PCR System (Applied Biosystems, Waltham, USA).  

Immunohistochemistry and immunofluorescence 

Immunohistochemistry and immunofluorescence were performed on paraffin-

embedded tissues using standard techniques. Briefly, 2-μm kidney sections were 

deparaffinized in xylene, rehydrated in graded ethanol, and boiled in sodium citrate 

(pH 6.0) at 98°C for antigen retrieval. After blocking incubation using 10% normal 

donkey serum, kidney sections were incubated with primary antibodies at 4 °C 

overnight. For immunohistochemistry, tissue sections were subsequently exposed to 

a biotinylated secondary antibody. An ultrasensitive streptavidin peroxidase detection 

system was used for detection and visualization according to manufacturer’s 

instruction. For immunofluorescence, after incubation with primary antibodies, tissue 

sections were further incubated with a secondary antibody and counterstained with 

DAPI. Slices were visualized using a Zeiss Axioplan-2 imaging microscope with the 

computer program AxioVision 4.8 (Zeiss, Jena, Germany). 

Statistical analysis 

The GraphPad Prism 5.04 software (GraphPad Software Inc., San Diego, CA, USA) 

was used to statistical analysis. Study groups were analyzed by one-way ANOVA 

using Turkey’s post-hoc test or two-way ANOVA using Sidak’s multiple comparisons 

post hoc test. Data are presented as mean ± SEM. P values < 0.05 were considered 

as statistically significant. 

 

 For complete and detailed methodology, please see the publications [33, 34]. 
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4. Results 

4.1  TRPC6 deficiency and IRI-induced acute kidney damage 

First, we performed qRT-PCR to determine whether Trpc6 expression changes after 

IRI-induced AKI in wild-type (WT) mice. In kidney tissue 24 hours after IRI, Trpc6 

mRNA expression was unchanged compared to the sham operated mice. At 

baseline, biochemical blood parameters in Trpc6-/- mice were also similar compared 

to WT mice. However, concentrations of sodium and ionized Ca2+ were higher in 

Trpc6-/- mice but still in normal, physiological range. WT and Trpc6-/- mice developed 

similar level of hyperkalaemia 24 h after IRI. To evaluate renal function, we measured 

serum creatinine by i-STAT analyzer system. Trpc6-/- mice showed matching serum 

creatinine level compared to WT mice after renal IRI (P = 0.18, two-way ANOVA), 

suggesting that Trpc6 deficiency had no impact on renal function in AKI model. 

Similarly, the renal mRNA expression of tubular damage markers kidney injury 

molecule 1 (KIM-1) and neutrophil gelatinase-associated lipocalin (NGAL) showed no 

difference between WT and Trpc6-/- mice after IRI. In addition, renal histological 

assessment revealed comparable tubular damage score in Trpc6-/- and WT mice after 

IRI. Thus, we concluded that Trpc6 deficiency exhibits no protective effect on acute 

tubular damage. 

4.2  TRPC6 deficiency and IRI-induced acute kidney inflammation 

Previous studies demonstrated that immune cells infiltration (e.g., neutrophils) plays 

critical role in AKI-induced renal damage [15]. Therefore, we evaluated neutrophils 

infiltration after IRI. Neutrophils in kidney tissue were immunolabelled with the Ly6B.2 

marker. Results show the accumulation of Ly6B.2 positive cells in Trpc6-/- IRI kidney 

which was similar to WT group, suggesting renal neutrophils infiltration was not 

influenced by Trpc6 deficiency. In addition, we also measured expression of classic 

inflammatory indicators e.g., S100 calcium-binding protein A8 and A9 (S100a8/a9), 

interleukin 6 (Il6), tumor necrosis factor-alpha (Tnf-α), intercellular adhesion molecule 

1 (Icam1), vascular cell adhesion molecule 1 (Vcam1), chemokine (C-C motif) ligand 

2 (Ccl2), and chemokine (C-C motif) ligand 2 receptor (Ccr2). Renal mRNA 

expressions of these chemokine/cytokines (S100a8, S100a9, Tnf-α, Il6, Vcam1, 

Icam1, Ccl2, and Ccr2) in Trpc6-/- mice were equivalent to WT mice. These data 

indicate that Trpc6 deficiency does not affect acute inflammation in IRI-induced AKI. 
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4.3  TRPC6 inhibition and IRI-induced acute kidney damage 

To verify the results obtained using genetic knockout mouse model, we further 

performed experiments using two structurally different pharmacological inhibitors of 

TRPC6 (SH045 and BI-749327) in AKI. Both SH045 and BI-749327 administration 

showed unaffected blood parameters after IRI. For instance, serum creatinine levels 

in IRI-induced AKI were similarly high in both groups (inhibitors treatment vs. vehicle 

treatment). Moreover, renal expression of tubular damage markers NGAL (Lcn2) and 

KIM-1 (Havcr1) was examined. By qRT-PCR analysis, results revealed markedly 

increased renal expression of Lcn2 and Havcrt2 in both SH045-treated and vehicle-

treated mice after AKI, whereas there was no difference between SH045 and vehicle 

treatment. Additionally, renal histological assessment revealed identical tubular 

damage score in SH045/BI-749327- and vehicle-treated mice after AKI. Thus, we 

concluded that TRPC6 pharmacological inhibition exhibited no protective effect on 

acute kidney damage upon 24 hours IRI.  

4.4  TRPC6 inhibition and IRI-induced acute kidney inflammation 

Next, we performed immunofluorescence analysis to confirm data obtained in Trpc6-/- 

mice. Enhanced neutrophils infiltration was unaffected by SH045- or BI-749327-

treatment after IRI-induced AKI. In alignment with Trpc6 deficient mice, mRNA 

expressions of inflammatory markers (S100a8, S100a9, Tnf-α, Il6, Vcam1, Icam1, 

Ccl2, and Ccr2) after TRPC6 pharmacological blockade group were equivalent to 

vehicle group after AKI. Therefore, renal IRI-induced acute inflammation is not 

affected by TRPC6 pharmacological inhibition.   

4.5  TRPC6 inhibition and UUO-induced kidney damage 

To further investigate the role of TRPC6 in subchronic kidney damage, we performed 

UUO surgery on NZO mice. Thereafter, we applied SH045 to test whether TRPC6 

pharmacological inhibition ameliorates renal fibrosis, glomerular or tubular damage, 

and inflammatory response. All blood parameters (e.g., serum creatinine, blood urea 

nitrogen, cystatin C) were normal in SH045-treated mice compared to vehicle-treated 

mice. In addition, urine albumin, and albumin-to-creatinine ration in SH045-treated 

mice were also similar between two groups, respectively. These data suggests no 

safety concerns of SH045 treatment in vivo. Histological staining and analysis 

revealed that glomerular and tubular damage scores in SH045-treated mice were 
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comparable to vehicle group. Besides, qRT-PCR analysis also demonstrated 

equivalent mRNA expression of kidney damage markers KIM-1 and NGAL (Havcr1 

and Lcn2) between groups, which suggest SH045 treatment did not alter kidney 

parenchymal damage. 

4.6  TRPC6 inhibition and UUO-induced kidney inflammation 

To evaluate renal inflammation 1 week after urethra obstruction, we first determined 

mRNA expression of chemokines or cytokines in kidney tissue. SH045 decreased the 

mRNA levels of chemokines or receptors (Cxcl1 Ccl5, and Ccr2,) in UUO kidneys 

compared to vehicle. Although the expressions of Ccl2, Cxcl2, and Icam1 were 

slightly lower in SH045 UUO kidneys, these differences did not reach statistical 

significance (P = 0.057, P = 0.068 and P = 0.076, respectively). Renal ICAM-1 

positive staining in SH045 treated UUO mice was significantly less than vehicle 

group. Moreover, renal immunofluorescence analysis revealed decreased interstitial 

accumulation of F4/80+ macrophages and CD4+ T cells in SH045-treated UUO 

kidneys compared to vehicle group. According to the data, TRPC6 inhibition with 

SH045 decreased inflammation in subchronic model of kidney injury.  

4.7  TRPC6 inhibition and UUO-induced kidney fibrosis 

Since kidney fibrosis is a typical lesion observed in UUO mouse model [35], we 

evaluated the gene markers including collagen I/III/IV (Col1a2, Col3a1, Col4a3), 

connective tissue growth factor (Ccn2), α-smooth muscle actin (Acta2), and 

fibronectin (Fn1). The mRNA of these genes contributing to kidney fibrosis was 

upregulated after 7-day UUO. Of note, the expression of Col1a2, Col3a1, Col4a3, 

Ccn2, Fn1, and Acta2 in the UUO kidneys was decreased by SH045 treatment, 

compared with vehicle group. In agreement with RT-qPCR, UUO kidneys displayed 

markedly increased Sirius red+ areas compared to control group, indicating that UUO 

caused considerable collagen deposition. SH045 effectively reduced this collagen 

deposition. Similarly, the immunofluorescence staining revealed increased fibronectin 

expression in UUO kidney, which was diminished by SH045 treatment. In addition, α-

SMA+ cells in UUO kidneys were decreased in SH045 treatment group when 

compared with vehicle group. Taken together, these findings strongly suggest that 

UUO-induced kidney fibrosis was diminished as TRPC6 functional blocked. 
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5. Discussion 

5.1  Short summary 

We used Trpc6-/- mice and SH045 (a pharmacological inhibitor of TRPC6) and BI-

749327 (another TRPC6 inhibitor) to evaluate short-term AKI and UUO outcomes. 

We demonstrate that neither Trpc6 deficiency nor pharmacological inhibition of 

TRPC6 influences the short-term outcomes of AKI (Hypothesis I). These data also 

suggest that overexpression and subsequent activation of TRPC6 channels may 

occur in later course of fibrosis after AKI. 

Indeed, SH045 ameliorated renal fibrosis and inflammatory responses except of 

glomerular or tubular damage in UUO-model (Hypothesis II). SH045 markedly 

decreased expression of pro-fibrotic markers and chemokines in UUO kidneys of 

NZO mice. In addition, renal inflammatory cell infiltration and tubulointerstitial fibrosis 

were decreased in SH045 treated NZO mice. These findings imply that TRPC6 on 

immune cells (CD4+ or F4/80+) and fibroblasts may play a role in the development of 

renal chronic fibrosis.  

5.2  TRPC6 blocker and pharmacological efficacy 

Although the use of genetic mouse models is widespread, potential shortcomings of 

this methodology exist [36]. For instance, genetic knockout partially represents 

deficiency of target molecule which can lead secondary compensatory changes in 

gene expression [37]. Indeed, previous studies demonstrated that TRPC6 and other 

TRPC (e.g.TRPC3 or TRPC7) channels can form functional heteromultimers with 

different regulatory properties from the homomeric TRPC channels [38-40] (Figure 4). 

Expression of Trpc3 is upregulated in Trpc6-/- mice, nevertheless it does not 

functionally replace Trpc6 [41]. Given the complexity and potential interference of 

TRPC heteromultimers, functional inhibition by pharmacological inhibitors in 

homomeric or heteromeric TRPC6 channels may be better than gene knockout. 

Therefore, for exploring the role of TRPC6, high specific pharmacological blockade 

may have advantages in targeting TRPC6 over Trpc6 knockout animals.  
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Figure 4: Membrane homo- or heteromeric TRPC channels. (a) Tetrameric structure of 

homomeric TRPC6 channels in the plasma membrane. (b) Proposed tetrameric structure of 

heteromeric TRPC3/6 channels in the plasma membrane. Adapted from Fig. 1, American 

Heart Association, Circulation Research, 2011, Vol 108, Issue 2, 265-72. Eder P, et al. 

(2011)[42]. 

Currently, several common chemical entities, blocking TRPC6, with only limited 

isotype-specificity to its closest relatives TRPC3/7. In order to target TRPC6 with high 

selectivity, recently, a methylcarbamate congener of (+)-larixol, named SH045, was 

obtained and identified in functional assays as a novel, highly potent, subtype-

selective inhibitor of TRPC6 [26]. As a new inhibitor, the efficacy of SH045 in kidney 

tissue is the main focus of our attention. According to the reported IC50-values (6-60 

nM) and pharmacokinetic analysis of SH045 [26, 27], a concentration of 22 ng/g in 

tissues can be considered as pharmacologically effective. Assuming non-

compartment modeling this concentration is expected to be equivalent to 60 nM 

(molecular weight of SH045 = 263). In our study SH045 concentration in kidney 

tissues was 284.6 ± 144.8 ng/g after 30 min after the SH045 injection and 16.3 ± 14.6 

ng/g after 24 hours, respectively [34]. In addition, SH045 was identified extensively 

binding to kidney tissue and timely renal elimination from systemic circulation [43]. 

Beyond 2 hours after administration, an apparent amount of pharmacologically active 

SH045 passed the kidney filter. Therefore, the dosage of SH045 used in vivo was 

appropriate to inhibit the renal TRPC6 channels for the whole duration of the 

experiment.  
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5.3  TRPC6 and glomerular/tubular damage 

Calcium (Ca2+) overload and reactive oxygen species (ROS) production have been 

identified as crucial factors for tubular epithelial damage in IRI-induced AKI [44, 45]. 

Kim et al. recently found that TRPC6 channel could be stimulated and activated by 

ROS and mediate podocytes injury in glomerular diseases [46]. Likewise, Liu et al. 

demonstrated that decreased cellular Ca2+ entry contributed to reducing astrocytic 

apoptosis, cytotoxicity and inflammatory responses in cerebral IRI using 

pharmacological blockage of TRPC6 [47]. Given that, we hypothesized 

nephroprotective properties of TRPC6 inhibition in ischemic AKI. Unexpectedly, no 

difference of renal function or tubular damage in Trpc6-/- mice when compared to WT 

mice underwent IRI [34]. Moreover, we also found no difference with respect to 

serum creatinine or tubular damage between AKI mice with or without 

pharmacological inhibition of TRPC6. 

In IRI-induced AKI, tubular epithelial cells (TECs) are susceptible to injury due to 

ischemia-reperfusion and associated oxidative stress [48]. TRPC6 channel is 

identified expressed in the plasma membrane of most kidney cells, including 

podocytes, glomerular mesangial cells, and TECs [4]. Furthermore, Hou et al. 

demonstrated that TRPC6 deletion in vitro ameliorates renal proximal tubular cell 

apoptosis driven by H2O2 [49]. Their findings in vitro contradict our results in vivo 

which exhibit no protective effects of TRPC6 inhibition in the ischemic AKI. Since 

Ca2+ signals are potent effectors of wound healing and tissue regeneration [50], 

TRPC6 associated effects may occur in recovery stage of kidney injury.  

Nevertheless, numerous studies demonstrated that TRPC6 play a critical role in 

podocytes-associated glomerular diseases such as FSGS [51]. In line with a previous 

study of our group, SH045 did not affect the glomerular lesion or tubular dilatation in 

UUO mouse model [33]. An open question whether TRPC6 inhibition decreases long-

term outcomes (> 1 week) of glomerular/tubular injury requires further investigation. 

5.4  TRPC6 and renal inflammation 

The occurrence and persistence of inflammation after renal injury contribute to renal 

repair and fibrogenesis, which plays an important role in renal prognosis [15, 52]. 

Numerous studies have found TRPC6 expressed on neutrophils and endothelium, 

which are involved in inflammatory responses by regulating immune cells 



21 

 

transendothelial migration, chemotaxis, phagocytosis, and cytokine release [20, 22]. 

Therefore, we hypothesized that TRPC6 inhibition regulates AKI associated 

inflammation. Our data showed no impact of TRPC6 inhibition/deficiency on renal 

neutrophils infiltration as well as S100A8/9 overexpression in AKI model [34]. 

Furthermore, renal expression of cytokines or chemokines confirmed absence of 

TRPC6 related benefits. Since injured TECs involved in recruiting inflammatory cells 

by releasing chemoattractant molecules [16, 53], too severe damage of TECs may 

explain failure of this strategy.  

As opposed to AKI, Trpc6 deficiency or pharmacological inhibition reduced CD3+ T 

cells and F4/80+ macrophages infiltration in 7-days UUO kidneys [25]. Besides, 

SH045 inhibited overexpression of chemokines/cytokines treatment. This agrees with 

a previous study using Trpc6 deficient mice. Notably, neutrophil infiltration is one of 

the hallmarks of acute inflammation [54]. In contrast, subchronic inflammatory lesions 

are characterized by the infiltration of macrophages and T lymphocytes [15, 55]. We 

show that TRPC6 inhibition (SH045) reduce infiltration of CD4+ T cells and F4/80+ 

macrophages. It is highly likely that targeting these immune cells may also ameliorate 

chronic in addition to subchronic inflammatory stage. Furthermore, AKI to CKD 

progression occurs due to persistent inflammation [15, 16]. Hence, further 

investigations of TRPC6 effects on the renal chronic inflammatory response in the 

AKI-to-CKD progression may be of great clinical value. 

5.5  TRPC6 and renal fibrosis 

Renal progressive fibrosis is the common pathological outcome of various acute and 

chronic kidney diseases independent of the underlying etiology. In general, renal 

fibrosis develops following activation of fibroblasts. They differentiate into 

myofibroblasts, which additionally participate in the inflammatory response to injury 

[56-58].  Next, upon activation by profibrotic factors (e.g., MCP-1(CCL2), CXCL2, 

CTGF, and TGF-β) myofibroblasts acquire a contractile/proliferative phenotype and 

become principal kidney collagen-producing cells, which are involved in the formation 

of the extracellular matrix [59]. 

Once tubulo-interstitial irreversible damage occurs, interstitial fibrosis is an important 

part of renal repair mechanisms, however, its excess leads to AKI-to-CKD 

progression. Interestingly, Wu et al. and our previous study suggested that TRPC6 

inhibition using genetic deletion or pharmacological tools ameliorates renal interstitial 
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fibrosis [24, 25]. Growing evidence suggest that TRPC6 is responsible for cellular-

increased Ca2+ flux in myo/fibroblasts [24, 60]. Moreover, a genome-wide screen 

identified TRPC6 is necessary and sufficient for TGF-β1 and angiotensin II-induced 

myofibroblast transdifferentiation. Activated TRPC6 channel is required for impaired 

dermal and cardiac wound healing [60]. Given that, TRPC6 in myo/fibroblasts could 

be a therapeutic target for fibrogenesis. Indeed, several studies confirmed the role of 

TRPC6 in pulmonary and skin fibrosis [61, 62]. Hence, the beneficial effects of 

TRPC6 inhibition seen in the UUO model likely involve fibroblast activation or 

transdifferentiation. Since renal fibrogenesis is an expected long-term outcome of AKI 

[63], this might explain the lack of Trpc6-/- effects on the short-term outcome of AKI in 

the present study. For this reason, we further hypothesized that functional blockade 

of TRPC6 may be beneficial in preventing AKI-to-CKD transition. 

In UUO study, we used the NZO mouse strain with metabolic abnormalities including 

hypertension and diabetes [28]. UUO induced kidney fibrosis in NZO mice might be 

better to simulate human CKD pathophysiology. In UUO-NZO mice the results were 

consistent with our previous study [25]. SH045 attenuated renal fibrosis including 

collagen deposition and fibrosis- associated gene expression. Variety of these genes 

is activation stimuli derived from lymphocytes and macrophages [23]. Renal 

inflammation initiates and supports progression of fibrosis [23]. Interestingly, our 

results show that chemokine overproduction and immune cells infiltration were 

diminished by SH045 treatment. Consequently, one explanation for TRPC6 

antagonizing renal fibrosis may include amelioration of the inflammatory process. 

Another likely mechanism involved in renoprotection is affecting myo/fibroblasts 

directly [60]. These mechanisms are schematically summarized in Figure 5.  

On the other hand, TPRC6 blockade may decrease Ca2+ dependent activation of 

various molecular signaling e.g. MEK/ERK and Hippo pathways [64, 65] (Figure 5). 

Of note, MEK/ERK has been implemented in the differentiation and expansion of 

kidney fibroblasts [66]. UUO-induced kidney fibrosis can be ameliorated by trametinib 

(MEK inhibitor) through mammalian target of rapamycin complex 1 (mTORC1) and its 

downstream signaling. Moreover, Hippo signaling pathway was markedly activated 

with YAP persistent nuclear translocation in TECs during AKI-to-CKD transition [67-

69]. Hippo pathway is an evolutionarily conserved signaling cascade regulating cell 

proliferation, apoptosis, and response to a wide range of extracellular and 

intracellular signals. Also, the function of cell polarity, cell-cell contact, mechanical 
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cues, G-protein-coupled receptors, and cellular energy status partially depend on 

Hippo pathway activation [70]. Similar to TRPC6, YAP, as the main downstream 

effector in Hippo pathway, its genetic mutation can lead to podocytes damage and 

further cause FSGS [6, 71]. Taken together, MEK/ERK and Hippo signaling pathways 

may involve the downstream mechanism of TRPC6 blocking kidney fibrosis but need 

further investigation. 

Figure 5: TRPC6 associated mechanisms of renal inflammation and fibrosis. 

5.6  Future perspectives and clinical applications 

We conclude that in vivo functional inhibition of TRPC6 might be a promising anti-

fibrotic therapeutic agent to treat progressive kidney fibrosis. Although our results 

demonstrate TRPC6 inhibition has no protective effect in short-term outcome of 

ischemic AKI, our findings improve the understanding of the role of TRPC6 in acute 

kidney diseases. Future studies should investigate the effect of TRPC6 in long-term 

outcomes of AKI with chronic inflammation and fibrosis. Also, cell subset to target to 

ameliorate injury or enhance repair must be delineated. Our findings may have 

clinical implication for safety and prognosis of humans with TRPC6 gene variations 

leading to familial forms of FSGS, with respect to the response of acute ischemic 

stimuli. Finally, this basic research can be expanded to clinical trials to ameliorate 

and abrogate renal fibrosis with the aim of helping patients world-wide.  
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