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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
SHO045 treatment. Furthermore, renal immune cells infiltration and tubulointerstitial
fibrosis were decreased in SHO45 treated NZO-UUO mice. We conclude that TRPC6
pharmacological inhibition (SHO045) is a promising antifibrotic strategy to treat

progressive tubulo-interstitial fibrosis.



Zusammenfassung

Akute Nierenschadigung (AKI) and chronische Nierenerkrankung (CKD) sind weltweit
eine haufige Todesursache, erh6hen das Risiko von Herz-Kreislauf-Erkrankungen
stark und sind mit einer erheblichen wirtschaftlichen Belastung verbunden. Eine
schwere AKI kann zu einer CNI fiihren. CKD ist in der Regel die Folge von Diabetes,
Bluthochdruck oder Glomerulonephritis, die eine Nierenschadigung auslésen, die
Uber Monate oder Jahre hinweg zu Entzindungen, Fibrose und schliel3lich zum
Verlust von Nephronen fuhrt. Der Anfang und Fortschreiten der Nierenfibrose scheint
eine komplexe, bisher unvollstandig charakterisierte Wechselwirkung zwischen
verletzten Tubuli, Fibroblasten, Perizyten, Endothelzellen und Entziindungszellen 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. Dariber hinaus
wurde die Wirksamkeit eines neuartigen selektiven TRPC6-Inhibitors (Larixyl-N-
Methylcarbamat, SH045) in Tiermodellen der menschlichen Erkrankung, wie der
Ischamie-Reperfusionsverletzung (IRlI) oder dem Modell der einseitigen
Harnrohrenobstruktion (UUO), nicht untersucht. Wir verwendeten Trpc6” Mause und
SHO045, um kurzfristige Folgen durch Ischdmie-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 Verstandnis der Rolle von TRPC6
bei akuten Nierenschaden. In der UUO-Studie verwendeten wir den
neuseelandischen fettleibigen (NZO) Mausstamm, der das humane metabolische
Syndrom und die CKD-Pathophysiologie besser imitiert. Im Gegensatz zu AKI
verbesserte SH045 die Nierenentztindung und Fibrogenese im UUO-Mausmodell.
Die renale Expression von pro-fibrotischen Markern und Chemokine wurde durch die
SHO045-Behandlung deutlich verringert. Darlber hinaus waren die Infiltration von
renalen Immunzellen und die tubulointerstitielle Fibrose bei den mit SH045
behandelten NZO-UUO-Mausen verringert. Wir schlieen daraus, dass die
pharmakologische Hemmung von TRPC6 (SHO045) eine vielversprechende
antifibrotische Strategie zur Behandlung der progressiven tubulo-interstitiellen
Fibrose darstellt.



1. Introduction

Transient receptor potential (TRP) channels are a group of non-selective cation
channels which promote cellular influx of calcium (Ca**) 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 Ca** influx in the cell often as a response

to G-protein coupled receptor (GPCR) activation [2] (Figure 1).
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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 Ca®* influx through TRPC6
channel, causing podocytes hypertrophy with foot process effacement [7]. Therefore,

TRPCG6 has been extensively investigated as a target in chronic glomerular diseases.



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 IRl because of their active energy
metabolism [12]. Numerous studies showed that Ca** 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 Ca®>* 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, Ca®*-signalling was identified to be involved in the regulation of
inflammatory responses [17, 18]. Yamamoto et al. demonstrated that cellular influx of
Ca?* controls the ROS-induced signalling cascade, which is responsible for
chemokine production and promote inflammation [19]. As a Ca®*-permeable channel,
TRPC6 regulates neutrophil recruitment and leukocyte transendothelial migration
during the inflammatory response [20-22]. TRPC6 deficiency in murine neutrophils
exhibited lower Ca?* 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 Ca®* concentration (1[Ca?']i) mediated
by TRPC6 is required for leukocyte transendothelial migration (TEM) [22]. Hence,
hyperfunction of TRPC6 channel accompanied by an increase in Ca®" 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.



In addition, the prominent role of TRPCG6 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 SHO45 in kidney fibrosis is essential for developing novel therapies to CKD.
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Figure 2: Chemical structure of SH045 and (+)-Larixol. The (+)-larixol and its congener
SHO045, 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, Hafner 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.

TRPCS6 inhibition

Murine Kidney Damage

IRI acute kidney damage UUO subchronic damage

& Renal function /

Renal histology
Blood parameters
Renal inflammation
Renal fibrosis(UUO)

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 IRl 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+SHO045 (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

SHO045 (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 AKlI 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-um 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 400x fields per slice were randomly
selected for quantification. The severity of histological damage were graded from O 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 gPCR for target gene
was performed using the TagMan 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-um 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 TRPCG6 deficiency and IRI-induced acute kidney damage

First, we performed gRT-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 Ca®" were higher in
Trpc6"' mice but still in normal, physiological range. WT and TrpcG”' mice developed
similar level of hyperkalaemia 24 h after IRI. To evaluate renal function, we measured
serum creatinine by i-STAT analyzer system. Troc6” mice showed matching serum
creatinine level compared to WT mice after renal IRl (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 Trp06"' 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 AKl-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 Troc6” 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 (//6), tumor necrosis factor-alpha (Tnf-a), intercellular adhesion molecule
1 (Icam1), vascular cell adhesion molecule 1 (Vcam1), chemokine (C-C maotif) ligand
2 (Ccl2), and chemokine (C-C motif) ligand 2 receptor (Ccr2). Renal mRNA
expressions of these chemokine/cytokines (S7100a8, S100a9, Tnf-a, 116, 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 TRPCG6 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 (Havcer1) 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 TRPCG6 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 (S700a8, S100a9, Tnf-a, 116, 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 TRPCG6 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 SHO045-treated
mice were also similar between two groups, respectively. These data suggests no
safety concerns of SHO045 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 TRPCG6 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
mMRNA levels of chemokines or receptors (Cxcll Ccl5, and Ccr2,) in UUO kidneys
compared to vehicle. Although the expressions of Ccl2, Cxcl2, and Icaml 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 SHO045 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 SHO045-treated UUO
kidneys compared to vehicle group. According to the data, TRPC6 inhibition with

SHO045 decreased inflammation in subchronic model of kidney injury.

4.7 TRPCG6 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/1II/IV (Col1a2, Col3a1, Col4a3),
connective tissue growth factor (Ccn2), a-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, a-
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 Bl-
749327 (another TRPCG6 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, SHO045 ameliorated renal fibrosis and inflammatory responses except of
glomerular or tubular damage in UUO-model (Hypothesis Il). 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 SHO045 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 ICso-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 SHO045 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, SHO45 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
SHO045 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 (Ca®*) 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 Ca?* entry contributed to reducing astrocytic
apoptosis, cytotoxicity and inflammatory responses in cerebral IRl 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 Troc6” 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 TRPCS6.

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 H,O; [49]. Their findings in vitro contradict our results in vivo
which exhibit no protective effects of TRPCG6 inhibition in the ischemic AKI. Since
Ca®* 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
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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
TRPCG6 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,
SHO045 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 TRPCG6 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-B) 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 Ca”* flux in myoffibroblasts [24, 60]. Moreover, a genome-wide screen
identified TRPCG6 is necessary and sufficient for TGF-B1 and angiotensin Il-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 SHO045 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 Ca?* 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 (mMTORC1) 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.

{ Intracellular Ca?*, signaling pathways ‘

T lymphocyte Macrophage Myo(/)fibroblast
0 @} Fo"
Infiltration/Accumulation Chemotaxis/Migration Differentiation/Proliferation

T~ ¥

Renal inflammation and fibrosis
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.

23



10.

11.

12.

13.

. Bibliography

Kaneko Y and Szallasi A. Transient receptor potential (TRP) channels: a clinical
perspective. Br J Pharmacol. 171, 2474-507 (2014).

Venkatachalam K and Montell C. TRP channels. Annu Rev Biochem. 76, 387-
417 (2007).

Shekhar S, Liu Y, Wang S, Zhang H, Fang X, Zhang J, Fan L, Zheng B, Roman
RJ, Wang Z, Fan F, and Booz GW. Novel Mechanistic Insights and Potential
Therapeutic Impact of TRPC6 in Neurovascular Coupling and Ischemic Stroke.
Int J Mol Sci. 22, 2074 (2021).

Reiser J, Polu KR, Moller CC, Kenlan P, Altintas MM, Wei C, Faul C, Herbert S,
Villegas I, Avila-Casado C, McGee M, Sugimoto H, Brown D, Kalluri R, Mundel P,
Smith PL, Clapham DE, and Pollak MR. TRPCG6 is a glomerular slit diaphragm-
associated channel required for normal renal function. Nat Genet. 37, 739-44
(2005).

Riehle M, Buscher AK, Gohlke BO, Kassmann M, Kolatsi-Joannou M, Brasen JH,
Nagel M, Becker JU, Winyard P, Hoyer PF, Preissner R, Krautwurst D, Gollasch
M, Weber S, and Harteneck C. TRPC6 G757D Loss-of-Function Mutation
Associates with FSGS. J Am Soc Nephrol. 27, 2771-83 (2016).

Winn MP, Conlon PJ, Lynn KL, Farrington MK, Creazzo T, Hawkins AF,
Daskalakis N, Kwan SY, Ebersviller S, Burchette JL, Pericak-Vance MA, Howell
DN, Vance JM, and Rosenberg PB. A mutation in the TRPC6 cation channel
causes familial focal segmental glomerulosclerosis. Science. 308, 1801-4 (2005).

Staruschenko A, Spires D, and Palygin O. Role of TRPC6 in Progression of
Diabetic Kidney Disease. Curr Hypertens Rep. 21, 48 (2019).

Lameire NH, Bagga A, Cruz D, De Maeseneer J, Endre Z, Kellum JA, Liu KD,
Mehta RL, Pannu N, Van Biesen W, and Vanholder R. Acute kidney injury: an
increasing global concern. Lancet. 382, 170-9 (2013).

Hsu CY. Yes, AKI truly leads to CKD. J Am Soc Nephrol. 23, 967-9 (2012).

Chen J, You H, Li Y, Xu Y, He Q, and Harris RC. EGF Receptor-Dependent YAP
Activation Is Important for Renal Recovery from AKI. J Am Soc Nephrol. 29,
2372-2385 (2018).

Bonventre JV and Yang L. Cellular pathophysiology of ischemic acute kidney
injury. J Clin Invest. 121, 4210-21 (2011).

Nakazawa D, Kumar SV, Marschner J, Desai J, Holderied A, Rath L, Kraft F, Lei
Y, Fukasawa Y, Moeckel GW, Angelotti ML, Liapis H, and Anders HJ. Histones
and Neutrophil Extracellular Traps Enhance Tubular Necrosis and Remote Organ
Injury in Ischemic AKI. J Am Soc Nephrol. 28, 1753-1768 (2017).

Devarajan P. Update on mechanisms of ischemic acute kidney injury. J Am Soc
Nephrol. 17, 1503-20 (2006).

24



14.

15.

16.

17.

18.

Lan R, Geng H, Singha PK, Saikumar P, Bottinger EP, Weinberg JM, and
Venkatachalam MA. Mitochondrial Pathology and Glycolytic Shift during Proximal
Tubule Atrophy after Ischemic AKI. J Am Soc Nephrol. 27, 3356-3367 (2016).

Sato Y and Yanagita M. Immune cells and inflammation in AKI to CKD
progression. Am J Physiol Renal Physiol. 315, F1501-f1512 (2018).

Xu L, Sharkey D, and Cantley LG. Tubular GM-CSF Promotes Late MCP-
1/CCR2-Mediated Fibrosis and Inflammation after Ischemia/Reperfusion Injury. J
Am Soc Nephrol. 30, 1825-1840 (2019).

Volz J, Kusch C, Beck S, Popp M, Vogtle T, Meub M, Scheller I, Heil HS, Preu J,
Schuhmann MK, Hemmen K, Premsler T, Sickmann A, Heinze KG, Stegner D,
Stoll G, Braun A, Sauer M, and Nieswandt B. BIN2 orchestrates platelet calcium
signaling in thrombosis and thrombo-inflammation. J Clin Invest. 130, 6064-6079
(2020).

Suetomi T, Willeford A, Brand CS, Cho Y, Ross RS, Miyamoto S, and Brown JH.
Inflammation and NLRP3 Inflammasome Activation Initiated in Response to
Pressure Overload by Ca(2+)/Calmodulin-Dependent Protein Kinase Il &
Signaling in Cardiomyocytes Are Essential for Adverse Cardiac Remodeling.
Circulation. 138, 2530-2544 (2018).

19. Yamamoto S, Shimizu S, Kiyonaka S, Takahashi N, Wajima T, Hara Y, Negoro T,

20.

21.

22.

Hiroi T, Kiuchi Y, Okada T, Kaneko S, Lange |, Fleig A, Penner R, Nishi M,
Takeshima H, and Mori Y. TRPM2-mediated Ca2+influx induces chemokine
production in monocytes that aggravates inflammatory neutrophil infiltration. Nat
Med. 14, 738-47 (2008).

Lindemann O, Umlauf D, Frank S, Schimmelpfennig S, Bertrand J, Pap T,
Hanley PJ, Fabian A, Dietrich A, and Schwab A. TRPC6 regulates CXCR2-
mediated chemotaxis of murine neutrophils. J Immunol. 190, 5496-505 (2013).

Lindemann O, Rossaint J, Najder K, Schimmelpfennig S, Hofschrder V, Walte M,
Fels B, Oberleithner H, Zarbock A, and Schwab A. Intravascular adhesion and
recruitment of neutrophils in response to CXCL1 depends on their TRPC6
channels. J Mol Med (Berl). 98, 349-360 (2020).

Weber EW, Han F, Tauseef M, Birnbaumer L, Mehta D, and Muller WA. TRPC6
is the endothelial calcium channel that regulates leukocyte transendothelial
migration during the inflammatory response. J Exp Med. 212, 1883-99 (2015).

23.Lv W, Booz GW, Wang Y, Fan F, and Roman RJ. Inflammation and renal fibrosis:

24.

Recent developments on key signaling molecules as potential therapeutic targets.
Eur J Pharmacol. 820, 65-76 (2018).

Wu YL, Xie J, An SW, Oliver N, Barrezueta NX, Lin MH, Birnbaumer L, and
Huang CL. Inhibition of TRPC6 channels ameliorates renal fibrosis and
contributes to renal protection by soluble klotho. Kidney Int. 91, 830-841 (2017).

25



25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

Kong W, Haschler TN, Nurnberg B, Kramer S, Gollasch M, and Marko L. Renal
Fibrosis, Immune Cell Infiltration and Changes of TRPC Channel Expression
after Unilateral Ureteral Obstruction in Trpc6-/- Mice. Cell Physiol Biochem. 52,
1484-1502 (2019).

Hafner S, Burg F, Kannler M, Urban N, Mayer P, Dietrich A, Trauner D,
Broichhagen J, and Schaefer M. A (+)-Larixol Congener with High Affinity and
Subtype Selectivity toward TRPC6. ChemMedChem. 13, 1028-1035 (2018).

Chai XN, Ludwig FA, Muglitz A, Schaefer M, Yin HY, Brust P, Regenthal R, and
Kriigel U. Validation of an LC-MS/MS Method to Quantify the New TRPC6
Inhibitor SHO45 (Larixyl N-methylcarbamate) and Its Application in an Exploratory
Pharmacokinetic Study in Mice. Pharmaceuticals (Basel). 14, 259 (2021).

Mirhashemi F, Scherneck S, Kluth O, Kaiser D, Vogel H, Kluge R, Schirmann A,
Neschen S, and Joost HG. Diet dependence of diabetes in the New Zealand
Obese (NZO) mouse: total fat, but not fat quality or sucrose accelerates and
aggravates diabetes. Exp Clin Endocrinol Diabetes. 119, 167-71 (2011).

Marko L, Szijarto IA, Filipovic MR, Kalmann M, Balogh A, Park JK, Przybyl L,
N'Diaye G, Kramer S, Anders J, Ishii I, Miller DN, and Gollasch M. Role of
Cystathionine Gamma-Lyase in Immediate Renal Impairment and Inflammatory
Response in Acute Ischemic Kidney Injury. Sci Rep. 6, 27517 (2016).

Restrictions in the State Office for Health and Social Affairs (LAGeSo). Animal
welfare. Available from: https://www.berlin.de/lageso/gesundheit/veterinaerwes
en/tierschutz/ (Access on 17 Aug 2021).

Kilkenny C, Browne WJ, Cuthill IC, Emerson M, and Altman DG. Improving
bioscience research reporting: the ARRIVE guidelines for reporting animal
research. PLoS Biol. 8, €1000412 (2010).

Chen L, Marké L, KaBmann M, Zhu Y, Wu K, and Gollasch M. Role of TRPV1
channels in ischemia/reperfusion-induced acute kidney injury. PLoS One. 9,
109842 (2014).

Zheng Z, Xu Y, Kriugel U, Schaefer M, Grune T, Nurnberg B, Kodhler MB,
Gollasch M, Tsvetkov D, and Marké L. In Vivo Inhibition of TRPC6 by SH045
Attenuates Renal Fibrosis in a New Zealand Obese (NZO) Mouse Model of
Metabolic Syndrome. Int J Mol Sci. 23, 6870 (2022).

Zheng Z, Tsvetkov D, Bartolomaeus TUP, Erdogan C, Krigel U, Schleifenbaum
J, Schaefer M, Nurnberg B, Chai X, Ludwig FA, N'Diaye G, Koéhler MB, Wu K,
Gollasch M, and Marké L. Role of TRPCG6 in kidney damage after acute ischemic
kidney injury. Sci Rep. 12, 3038 (2022).

Chevalier RL, Forbes MS, and Thornhill BA. Ureteral obstruction as a model of
renal interstitial fibrosis and obstructive nephropathy. Kidney Int. 75, 1145-1152
(2009).

26



36.

37.

38.

39.

40.

41.

42.

43

44,

45.

46.

47.

48.

Eisener-Dorman AF, Lawrence DA, and Bolivar VJ. Cautionary insights on
knockout mouse studies: the gene or not the gene? Brain Behav Immun. 23,
318-24 (2009).

Ma Z, Zhu P, Shi H, Guo L, Zhang Q, Chen Y, Chen S, Zhang Z, Peng J, and
Chen J. PTC-bearing mRNA elicits a genetic compensation response via Upf3a
and COMPASS components. Nature. 568, 259-263 (2019).

Chu X, Tong Q, Cheung JY, Wozney J, Conrad K, Mazack V, Zhang W, Stahl R,
Barber DL, and Miller BA. Interaction of TRPC2 and TRPC6 in erythropoietin
modulation of calcium influx. J Biol Chem. 279, 10514-22 (2004).

Hofmann T, Schaefer M, Schultz G, and Gudermann T. Subunit composition of
mammalian transient receptor potential channels in living cells. Proc Natl Acad
SciU S A. 99, 7461-6 (2002).

Schaefer M. Homo- and heteromeric assembly of TRP channel subunits.
Available from: https://research.uni-leipzig.de/pharma/main/research/schaefer/
TRP_multimerisation.html (Access on 14 Mar 2022).

Dietrich A, Mederos YSM, Gollasch M, Gross V, Storch U, Dubrovska G, Obst M,
Yildirim E, Salanova B, Kalwa H, Essin K, Pinkenburg O, Luft FC, Gudermann T,
and Birnbaumer L. Increased vascular smooth muscle contractility in TRPC6-/-
mice. Mol Cell Biol. 25, 6980-9 (2005).

Eder P and Molkentin JD. TRPC channels as effectors of cardiac hypertrophy.
Circ Res. 108, 265-72 (2011).

.Chai XN, Ludwig FA, Muglitz A, Gong Y, Schaefer M, Regenthal R, and Krigel U.

A Pharmacokinetic and Metabolism Study of the TRPC6 Inhibitor SH045 in Mice
by LC-MS/MS. Int J Mol Sci. 23, 3635 (2022).

Schrier RW, Arnold PE, Van Putten VJ, and Burke TJ. Cellular calcium in
ischemic acute renal failure: role of calcium entry blockers. Kidney Int. 32, 313-21
(1987).

Liao W, Wang Z, Fu Z, Ma H, Jiang M, Xu A, and Zhang W. p62/SQSTM1
protects against cisplatin-induced oxidative stress in kidneys by mediating the
cross talk between autophagy and the Keapl-Nrf2 signalling pathway. Free
Radic Res. 53, 800-814 (2019).

Kim EY, Anderson M, Wilson C, Hagmann H, Benzing T, and Dryer SE. NOX2
interacts with podocyte TRPC6 channels and contributes to their activation by
diacylglycerol: essential role of podocin in formation of this complex. Am J
Physiol Cell Physiol. 305, C960-71 (2013).

Liu L, Chen M, Lin K, Xiang X, Yang J, Zheng Y, Xiong X, and Zhu S. TRPC6
Attenuates Cortical Astrocytic Apoptosis and Inflammation in Cerebral
Ischemic/Reperfusion Injury. Front Cell Dev Biol. 8, 594283 (2020).

Marko L, Vigolo E, Hinze C, Park JK, Roel G, Balogh A, Choi M, Wubken A,
Cording J, Blasig IE, Luft FC, Scheidereit C, Schmidt-Ott KM, Schmidt-Ullrich R,

27


https://research.uni-leipzig.de/pharma/main/research/schaefer/TRP_multimerisation.html
https://research.uni-leipzig.de/pharma/main/research/schaefer/TRP_multimerisation.html

49.

50.

51.

52.

53.

54.

55.

56.

S7.

58.

59.

60.

61.

and Muller DN. Tubular Epithelial NF-kappaB Activity Regulates Ischemic AKI. J
Am Soc Nephrol. 27, 2658-69 (2016).

Hou X, Xiao H, Zhang Y, Zeng X, Huang M, Chen X, Birnbaumer L, and Liao Y.
Transient receptor potential channel 6 knockdown prevents apoptosis of renal
tubular epithelial cells upon oxidative stress via autophagy activation. Cell Death
Dis. 9, 1015 (2018).

Marchant JS. Ca(2+) Signaling and Regeneration. Cold Spring Harb Perspect
Biol. 11, a035485 (2019).

Polat OK, Uno M, Maruyama T, Tran HN, Imamura K, Wong CF, Sakaguchi R,
Ariyoshi M, Itsuki K, Ichikawa J, Morii T, Shirakawa M, Inoue R, Asanuma K,
Reiser J, Tochio H, Mori Y, and Mori MX. Contribution of Coiled-Coil Assembly to
Ca(2+)/Calmodulin-Dependent Inactivation of TRPC6 Channel and its Impacts
on FSGS-Associated Phenotypes. J Am Soc Nephrol. 30, 1587-1603 (2019).

Friedewald JJ and Rabb H. Inflammatory cells in ischemic acute renal failure.
Kidney Int. 66, 486-91 (2004).

Mizuguchi Y, Chen J, Seshan SV, Poppas DP, Szeto HH, and Felsen D. A novel
cell-permeable antioxidant peptide decreases renal tubular apoptosis and
damage in unilateral ureteral obstruction. Am J Physiol Renal Physiol. 295,
F1545-53 (2008).

Tadagavadi R and Reeves WB. Neutrophils in cisplatin AKI-mediator or marker?
Kidney Int. 92, 11-13 (2017).

Cao Q, Harris DC, and Wang Y. Macrophages in kidney injury, inflammation, and
fibrosis. Physiology (Bethesda). 30, 183-94 (2015).

LeBleu VS, Taduri G, O'Connell J, Teng Y, Cooke VG, Woda C, Sugimoto H,
and Kalluri R. Origin and function of myofibroblasts in kidney fibrosis. Nat Med.
19, 1047-53 (2013).

Zeisberg EM, Potenta SE, Sugimoto H, Zeisberg M, and Kalluri R. Fibroblasts in
kidney fibrosis emerge via endothelial-to-mesenchymal transition. J Am Soc
Nephrol. 19, 2282-7 (2008).

Lu YA, Liao CT, and Raybould R. Single-Nucleus RNA Sequencing ldentifies
New Classes of Proximal Tubular Epithelial Cells in Kidney Fibrosis. J Am Soc
Nephrol. 32, 2501-2516 (2021).

Tomasek JJ, Gabbiani G, Hinz B, Chaponnier C, and Brown RA. Myofibroblasts
and mechano-regulation of connective tissue remodelling. Nat Rev Mol Cell Biol.
3, 349-63 (2002).

Davis J, Burr AR, Davis GF, Birnbaumer L, and Molkentin JD. A TRPC6-
dependent pathway for myofibroblast transdifferentiation and wound healing in
vivo. Dev Cell. 23, 705-15 (2012).

Hofmann K, Fiedler S, Vierkotten S, Weber J, Klee S, Jia J, Zwickenpflug W,
Flockerzi V, Storch U, Yildirim A, Gudermann T, Konigshoff M, and Dietrich A.
28



62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

Classical transient receptor potential 6 (TRPC6) channels support myofibroblast
differentiation and development of experimental pulmonary fibrosis. Biochim
Biophys Acta Mol Basis Dis. 1863, 560-568 (2017).

Schlondorff J. TRPC6 and kidney disease: sclerosing more than just glomeruli?
Kidney Int. 91, 773-775 (2017).

Kefaloyianni E, Muthu ML, Kaeppler J, Sun X, Sabbisetti V, Chalaris A, Rose-
John S, Wong E, Sagi |, Waikar SS, Rennke H, Humphreys BD, Bonventre JV,
and Herrlich A. ADAM17 substrate release in proximal tubule drives kidney
fibrosis. JCI Insight. 1, e87023 (2016).

Agell N, Bachs O, Rocamora N, and Villalonga P. Modulation of the
Ras/Raf/MEK/ERK pathway by Ca(2+), and calmodulin. Cell Signal. 14, 649-54
(2002).

Liu Z, Wei Y, Zhang L, Yee PP, Johnson M, Zhang X, Gulley M, Atkinson JM,
Trebak M, Wang HG, and Li W. Induction of store-operated calcium entry (SOCE)
suppresses glioblastoma growth by inhibiting the Hippo pathway transcriptional
coactivators YAP/TAZ. Oncogene. 38, 120-139 (2019).

Andrikopoulos P, Kieswich J, Pacheco S, Nadarajah L, Harwood SM, O'Riordan
CE, Thiemermann C, and Yagoob MM. The MEK Inhibitor Trametinib
Ameliorates Kidney Fibrosis by Suppressing ERK1/2 and mTORC1 Signaling. J
Am Soc Nephrol. 30, 33-49 (2019).

Zheng Z, Li C, Shao G, Li J, Xu K, Zhao Z, Zhang Z, Liu J, and Wu H. Hippo-
YAP/MCP-1 mediated tubular maladaptive repair promote inflammation in renal
failed recovery after ischemic AKI. Cell Death Dis. 12, 754 (2021).

Chen J, Wang X, He Q, Bulus N, Fogo AB, Zhang MZ, and Harris RC. YAP
Activation in Renal Proximal Tubule Cells Drives Diabetic Renal Interstitial
Fibrogenesis. Diabetes. 69, 2446-2457 (2020).

Xu J, Li PX, Wu J, Gao YJ, Yin MX, Lin Y, Yang M, Chen DP, Sun HP, Liu ZB,
Gu XC, Huang HL, Fu LL, Hu HM, He LL, Wu WQ, Fei ZL, Ji HB, Zhang L, and
Mei CL. Involvement of the Hippo pathway in regeneration and fibrogenesis after
ischaemic acute kidney injury: YAP is the key effector. Clin Sci (Lond). 130, 349-
63 (2016).

Yu FX, Zhao B, and Guan KL. Hippo Pathway in Organ Size Control, Tissue
Homeostasis, and Cancer. Cell. 163, 811-28 (2015).

Schwartzman M, Reginensi A, Wong JS, Basgen JM, Meliambro K, Nicholas SB,
D'Agati V, McNeill H, and Campbell KN. Podocyte-Specific Deletion of Yes-
Associated Protein Causes FSGS and Progressive Renal Failure. J Am Soc
Nephrol. 27, 216-26 (2016).

29



7. Statutory Declaration

“l, Zhihuang Zheng, by personally signing this document in lieu of an oath, hereby
affirm that | prepared the submitted dissertation on the topic The Role of TRPC6 in
Kidney Damage (Die Rolle von TRPC6 bei Nierenschaden), independently and
without the support of third parties, and that | used no other sources and aids than

those stated.

All parts which are based on the publications or presentations of other authors, either
in letter or in spirit, are specified as such in accordance with the citing guidelines.

Furthermore, | declare that | have correctly marked all of the data, the analyses, and
the conclusions generated from data obtained in collaboration with other persons,
and that I have correctly marked my own contribution and the contributions of other
persons (cf. declaration of contribution). | have correctly marked all texts or parts of

texts that were generated in collaboration with other persons.

My contributions to any publications to this dissertation correspond to those stated in
the below joint declaration made together with the supervisor. All publications created
within the scope of the dissertation comply with the guidelines of the ICMJE
(International Committee of Medical Journal Editors; www.icmje.org) on authorship.
In addition, | declare that | shall comply with the regulations of Charité -

Universitatsmedizin Berlin on ensuring good scientific practice.

| declare that | have not yet submitted this dissertation in identical or similar form to
another Faculty. The significance of this statutory declaration and the consequences
of a false statutory declaration under criminal law (Sections 156, 161 of the German

Criminal Code) are known to me.”

Date Signature

30



Declaration of your own contribution to the publications
Zhihuang Zheng contributed the following to the below listed publications:

Publication 1: Zheng Z, Tsvetkov D, Bartolomaeus TUP, Erdogan C, Kriigel U,
Schleifenbaum J, Schaefer M, Nurnberg B, Chai X, Ludwig FA, N'Diaye G, Kohler
MB, Wu K, Gollasch M, Marké L. Role of TRPC6 in Kidney Damage after Acute
Ischemic Kidney Injury. Sci Rep. 2022; 12(1): 3038.

Contribution: | performed AKI mouse model surgery, drugs administration, organ
collection and preparation, blood parameters measurements, gRT-PCR, data
analysis. All the figures and tables were prepared and composed by me. Figure 1A-E,
2B, 2C, 3B-D, 4A-F, 5A, 5C-E, 6B, 6C, 7B-D, 8A-F, Figure S1-3, and Table S1-4
were created based on my data and statistical analysis. Together with co-authors, 1

drafted the manuscript, all authors contributed to its completion and revision.

Publication 2: Zheng Z, Xu Y, Krugel U, Schaefer M, Grune T, Nirnberg B, Kdhler
MB, Gollasch M, Tsvetkov D, Mark6é L. In Vivo Inhibition of TRPC6 by SHO045
Attenuates Renal Fibrosis in a New Zealand Obese (NZO) Mouse Model of Metabolic
Syndrome. Int J Mol Sci. 2022, 23(12), 6870.

Contribution: | performed UUO mouse model surgery, drugs administration, organ
collection and preparation, blood parameters measurements, gRT-PCR, data
analysis. All the figures and tables were prepared and composed by me. Figure 1A-G,
2B, 2D, 2E-F, 3A-F, 4B, 4D, 5A-F, 6B, 6D, 6F, Figure S1-3, Table S1-2 were created
based on my data and statistical analysis. Together with co-authors, | drafted the

manuscript, all authors contributed to its completion and revision.

Signature, date and stamp of first supervising university professor / lecturer

Signature of doctoral candidate

31



8. Selected Publication

8.1 Publication #1

The role of TRPC6 in acute kidney damage after ischemia/reperfusion-induced
kidney injury.

Zhihuang Zheng, Dmitry Tsvetkov, Theda Ulrike Patricia Bartolomaeus, Cem
Erdogan, Ute Krugel, Johanna Schleifenbaum, Michael Schaefer, Bernd Ntrnberg,
Xiaoning Chai, Friedrich-Alexander Ludwig, Gabriele N’diaye, May-Britt Kohler,
Kaiyin Wu, Maik Gollasch, Lajos Markd. Role of TRPC6 in Kidney Damage after
Acute Ischemic Kidney Injury. Scientific Reports. 2022; 12(1): 3038. Impact Factor
(2019): 3.998

Received: 15 June 2021; Accepted: 03 Feb 2022; Published online: 22 Feb 2022.

32



Journal Data Filtered By: Selected JCR Year: 2019 Selected Editions: SCIE,SSCI
Selected Categories: “MULTIDISCIPLINARY SCIENCES” Selected Category

Scheme: WoS

Gesamtanzahl: 71 Journale

Journal Impact

Selected JCR Year: 2019; Selected Categories: “MULTIDISCIPLINARY SCIENCES”

33

Rank Full Journal Title Total Cites Eigenfactor Score
Factor
1 NATURE 767,209 42.778 1.216730
2 SCIENCE 699,842 41.845 1.022660
3 National Science Review 2,775 16.693 0.009760
4 Science Advances 36,380 13.116 0.172060
5 Nature Human Behaviour 2,457 12.282 0.014190
6 Nature Communications 312,599 12.121 1.259510
7 Science Bulletin 5,172 9.511 0.014150
PROCEEDINGS OF THE
NATIONAL ACADEMY OF
8 SCIENCES OF THE 676,425 9.412 0.931890
UNITED STATES OF
AMERICA
9 Journal of Advanced 3,564 6.992 0.005470
Research
10 GigaScience 4,068 5.993 0.016410
11 Scientific Data 5,761 5.541 0.028720
12 Research Synthesis 2,572 5.299 0.006440
Methods
ANNALS OF THE NEW
13 YORK ACADEMY OF 45,596 4728 0.026370
SCIENCES
FRACTALS-COMPLEX
GEOMETRY PATTERNS
14 AND SCALING IN NATURE 2,156 4.536 0.002210
AND SOCIETY
15 iScience 1,410 4.447 0.004140
16 GLOBAL CHALLENGES 481 4.306 0.001440
17 Scientific Reports 386,848 3.998 1.231180
JOURNAL OF KING SAUD
18 UNIVERSITY SCIENCE 1,640 3.819 0.002020
19 Journal of the Royal Society 13,762 3748 0.027670
Interface
1




www.nature.com/scientificreports

scientific reports

W) Check for updates

Role of TRPC6 in kidney damage
after acute ischemic kidney injury

Zhihuang Zheng 23, Dmitry Tsvetkov®*“*!, Theda Ulrike Patricia Bartolomaeus**?,

Cem Erdogan®, Ute Kriigel®, Johanna Schleifenbaum®, Michael SchaeferS, Bernd Nirnberg’,
Xiaoning Chai®, Friedrich-Alexander Ludwig®?, Gabriele N'diaye**?, May-Britt Kéhler**?,
Kaiyin Wu®, Maik Gollasch'2*** & Lajos Mark¢%10:1%:12

Transient receptor potential channel subfamily C, member 6 (TRPC6), a non-selective cation channel
that controls influx of Ca** and other monovalent cations into cells, is widely expressed in the kidney.
TRPC6 gene variations have been linked to chronic kidney disease but its role in acute kidney injury
(AKI) is unknown. Here we aimed to investigate the putative role of TRPC6 channels in AKI. We used
Trpc67- mice and pharmacological blockade (SH045 and BI-749327), to evaluate short-term AKI
outcomes. Here, we demonstrate that neither Trpcé6 deficiency nor pharmacological inhibition of
TRPC6 influences the short-term outcomes of AKI. Serum markers, renal expression of epithelial
damage markers, tubular injury, and renal inflammatory response assessed by the histological
analysis were similar in wild-type mice compared to Trpc6™- mice as well as in vehicle-treated versus
SHO45- or BI-749327-treated mice. In addition, we also found no effect of TRPC6 modulation on renal
arterial myogenic tone by using blockers to perfuse isolated kidneys. Therefore, we conclude that
TRPC6 does not play a role in the acute phase of AKI. Our results may have clinical implications for
safety and health of humans with TRPC6 gene variations, with respect to mutated TRPC6 channels in
the response of the kidney to acute ischemic stimuli.

Transient receptor potential (TRP) channels are a group of ion channels located mostly on the plasma membrane
of numerous cell types with a relatively large non-selective permeability to cations"?. Mammalian TRP channel
family comprises 28 members, which share some structural similarity with each other?’. Transient receptor
potential canonical or classical 6 (TRPC6) are non-selective Ca®* permeable cation channels expressed in renal
tissue including glomerular podocytes, mesangial cells, endothelial cells, tubulointerstitial vascular and epithelial
cells, as well as in renal blood vessels’. Ca?* influx through TRPC6 maintains the integrity of glomerular filtration
barrier by interacting with nephrin, podocin, CD2-associated protein, and a-actinin-4 directly or indirectly®.
Mutations in TRPC6 lead to familial forms of focal segmental glomerulosclerosis (FSGS) and to end stage kidney
disease®”. Of note, TRPC6 dysregulation is also linked to progression of acquired forms of proteinuric kidney
disease®. As a result of the TRPC6 activation, intracellular Ca®* concentration in the podocyte increases and
ultimately causes programmed cell death leading to progressive kidney failure. Recent evidence strongly suggests
that TRPC6 also contributes to renal fibrosis and immune cell infiltration in the unilateral ureteral obstruction
mouse model of progressive renal interstitial fibrosis”!’.

Initiation of renal fibrosis is often caused by acute kidney injury (AKI), an increasingly common compli-
cation occurring in critically ill patients with high morbidity and mortality''. The outcome of AKI has been
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primarily linked to the severity of tubular damage. In fact, most theories consider renal tubular cells as the
main culprit in AKI. Ischemia/reperfusion injury (IRI)-induced epithelial damage—particularly in the outer
medulla-, tubular obstruction, Ca’* overload, loss of cytoskeletal integrity, and loss of cell-matrix adhesion are
main consequences of ischemia and initiators of subsequent fibrosis'*'", Recent data show that in vivo TRPC6
inhibition by BI-749327 ameliorates renal fibrosis in the unilateral obstructive nephropathy (UUO) model'!,
where the primary feature is tubular injury as a result of obstructed urine flow. Ischemia is frequently involved
in AKI and correlates with oxidative stress and inflammation'*'%. Reactive oxygen species (ROS) produced by
NADPH oxidases (NOX) contribute to activation of TRPC6 channels'”'*, Moreover, TRPC6 is emerging as a
functional element to control calcium currents in immune cells, thereby regulating transendothelial migration,
chemotaxis, phagocytosis, and cytokine release'”*". In a recent study, Shen et al. found that silencing TRPC6
could prevent necroptosis of renal tubular epithelial cells upon IRI*'. These findings indicate that inhibition of
TRPC6 may protect the kidney from IRI making it a promising target to ameliorate AKI. This is of special interest
and of potential clinical relevance as novel chemical substances selectively acting on TRPC6 have been recently
developed for in vivo experiments. In particular, the diterpene (+)-larixol and its derivative SH045, as well as
BI-749327 which is another known TRPC6 blocker, have been developed for selective inhibition of TRPC6 and
translational treatment of TRPC6 channelopathies'****,

To the best of our knowledge, no studies investigated the potential role of TRPC6 channels in AKIL Therefore,
we tested the hypothesis that TRPC6 inhibition is renoprotective in AKI. We induced AKI by ischemia reperfu-
sion injury in wild-type (WT) and Trpc6~~ mice. Furthermore, we used pharmacological blockers (SH045 and
BI-749327) in vivo and ex vivo to verify findings from the genetical model and to evaluate effects of TRPC6
inhibition in IRI-induced AKI and intrarenal regulation of blood flow. Serum markers, renal damage marker
expression, histological analysis of renal tissue damage and cellular infiltration were performed. We conclude
that neither lacking nor pharmacological inhibition of TRPC6 ameliorates short-term outcomes of AKI.

Results

The impact of Trpcé6 deficiency on renal damage afterrenal IRl.  To examine a possible role of Trpc6
deficiency in AKI, we performed comparative in vivo studies using Trpc6~~ and WT mice (Fig. 1A). Twenty-four
hours after IRI WT mice showed similar serum creatinine level compared to Trpc6~~ mice (P=0.18; Fig. 1B).
Renal expression of tubular damage marker neutrophil gelatinase-associated lipocalin (Ngal) and kidney injury
molecule 1 (Kim1) showed no difference between WT and Trpc6~'~ mice (Fig. 1C,D). Additionally, Trpc6 expres-
sion in kidneys after IRI was not altered compared to the sham kidneys (Fig. 1E). At baseline Trpc6 mice had
similar blood parameters compared to WT mice (except higher but still normal concentrations of sodium and
ionized Ca®* (Supplementary Table S2A). After IRI, WT and Trpc6 deficient mice developed similar hyper-
kalaemia and similar high serum levels of creatinine and urea nitrogen (Supplementary Table $2B). In contrast,
concentrations of sodium and chloride were lower in Trpc6 ™ mice (Supplementary Table S2B).

The impact of Trpc6 deficiency on renal histopathology after IRI.  To assess the degree of tubular
damage in ischemic AKI kidney sections were analyzed by Periodic Acid-Schiff (PAS) staining (Fig. 2A). IRI
induced severe tubular damage and necrosis such as tubular epithelial swelling, loss of brush border, luminal
dilatation with simplification of the epithelium, patchy loss of tubular epithelial cells with resultant gaps and
exposure of denuded basement membrane, as well as obliterated tubular hyaline and/or granular casts (Fig. 2A).
Analysis of the kidney sections revealed no differences in tubular injury score and tubular necrosis score between
Trpe6'~ and WT mice (Fig. 2B,C).

The impact of Trpcé6 deficiency on cellular infiltration and on the expression of calcium-bind-
ing proteins in the kidneys after IRI. Neutrophils infiltration after IRI-induced AKI contributes to
inflammation and subsequent repair of injured kidneys****. Here, we determined neutrophils infiltration in
renal IRI using immunofluorescence staining. Kidney sections were immunolabelled with the neutrophil marker
Ly6B.2". As shown in Fig. 3A, excessive Ly6B.2-positive neutrophils in renal interstitium were observed in mice
underwent IRI (Fig. 3A). Trpc6”'~ mice showed similar amount of infiltratating Ly6B.2-positive cells after IRI as
WT mice (Fig. 3B). Similarly, renal expression of neutrophil markers $100 calcium-binding protein A8 (S100a8)
and S100 calcium-binding protein A9 (S100a9) were not different in IRI-damaged renal tissues of Trpc6~'~ and
WT mice (Fig. 3C,D).

Expression of inflammatory markers in WT and Trpc6™ kidneys. Expression of inflammatory
molecules is low in the normal kidney but is markedly increased under pathophysiological conditions such
as IRI-induced AKI?. By using qPCR, we examined the mRNA expression of cell adhesion molecules and
inflammatory markers involved in renal IRI. IRI led to increased mRNA expression of all determined markers
(Fig. 4A-F), however Trpc6 ™~ IRI kidneys displayed similar expression of interleukin 6 (116), tumor necrosis
factor-alpha (Tnf-a), intercellular adhesion molecule 1 (Icam1), vascular cell adhesion molecule 1 (Veaml) in
comparison to WT IRI kidneys (Fig. 4A-D). In addition, renal expression of chemokines such as chemokine
(C-C motif) ligand 2 (Ccl2) and chemokine (C-C motif) ligand 2 receptor (Ccr2), were similar between Trpc6~/~
and WT mice (Fig. 4E,F).

The impact of Trpc6 pharmacological blockade on renal damage after renal IRI.  To circumvent
possible bias due to the genetical approach and to examine effects of pharmacological blockade of Trpc6 on
renal damage, we used SH045 (a recently developed drug with high affinity and strong subtype selectivity toward
TRPCS) in vivo in the ischemic AKI mouse model using two different ischemia time (milder with 17.5 min and
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Figure 1. Effect of Trpc6 deficiency on IRI-induced acute kidney injury (AKI). (A) Experimental design of
ischemia reperfusion-induced AKI. (B) Serum creatinine levels in the experimental groups (Sham WT and
Trpc6 '~ n=4 each, IRIWT n=7, and Trpc6™"~ n=9, respectively). (C) Renal mRNA levels of kidney injury
marker neutrophil gelatinase-associated lipocalin (Ngal), (D) kidney injury molecule 1 (Kim1) and (E) Trpc6
(Sham WT and Trpc6 " n=4 each, IRIWT n=7, and Trpc6 ™~ n=9, respectively). Please note that at baseline all
serum creatinine levels were below the measurement limit (18 pmol/L). Two-way ANOVA followed by Sidak’s
multiple comparisons post hoc test. AU arbitrary units, n.d. not detected.

a stronger with 20 min) (Fig. 5A). Renal concentrations of SH045 in both 30 min and 24 h after intravenous
injection were similar between sham and IRI groups (Fig. 5B). Consistent with AKI data from Trpc6~~ and WT
mice, pharmacological blockade of TRPC6 had no effects on serum creatinine levels after 17.5 min or 20 min
IRI-induced AKI in comparison to vehicle injected WT IRI mice (P=0.23 and P=0.76, respectively, Fig. 5C). In
addition, renal mRNA expression of Ngal and Kim! was similar in SH045-treated compared to vehicle-treated
kidneys after IRI (Fig. 5D,E). Furthermore, SH045 did not affect blood parameters such as sodium, potassium,
chloride, ionized calcium, carbon dioxide, glucose, urea nitrogen, hematocrit, hemoglobin, and the anion gap
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Figure 2. Effect of Trpc6 deficiency on kidney histopathology after renal IRI-induced AKI. (A) Representative
cortical or outer medullary images of IRI-injured kidneys isolated from Trpc6~~ and WT mice (magnification:
200x). Kidneys sections were stained with periodic acid-Schiff staining (PAS). Arrows indicate tubular necrosis.
Stars indicate tubular injury. Scale bars are 100 ym. (B) Semi-quantification of cortical tubular injury. (C) Semi-
quantification of outer medullary tubular necrosis. Data expressed as means+SEM (Sham WT and Trpc6™~
n=4 each, IRIWT n=7, and Trpc6 '~ n=9, respectively). Two-way ANOVA followed by Sidak’s multiple
comparisons post hoc test.

after IRI-induced AKI (Supplementary Table S3A-F). To further confirm the results of SH045, we used another
TRPC6 blocker, BI-749327. In IRI-induced AKI mice, renal function parameters such as serum creatinine and
renal expression of renal damage markers (Ngal and Kin 1) were similar between vehicle- and BI-749327-treated
mice (Supplementary Fig. S1A-D). Besides, no difference in other blood parameters was found between vehicle-
and BI-749327-treated AKI mice (Supplementary Table S4A,B).

The impact of Trpc6é pharmacological blockade on renal histopathology after IRI.  Histological
analyses and semi-quantitative scoring revealed no statistically significant differences in cortical tubular damage
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Figure 3. Effect of Trpc6 deficiency on renal neutrophils infiltration and inflammatory markers in IRI-
induced AKI. (A) Representative outer medullar images of IRI-injured kidneys. Kidneys were stained with
Ly6B.2 (magnification: 400 x). Scale bars are 100 um. (B) The semi-quantification renal neutrophils infiltration
(Sham WT and Trpc6~ n=3 each, IRI WT n=6, and Trpc6~~ n=6, respectively). (C) Renal mRNA levels

of $100 calcium-binding protein A8 (S100a8). (D) Renal mRNA levels of $100 calcium-binding protein A9
(§100a9) (Sham WT and Trpc6™ n=4 each, IREWT n=7, and Trpc6 '~ n=9, respectively). Data expressed as
means + SEM. Two-way ANOVA followed by Sidak’s multiple comparisons post hoc test. AU arbitrary units.

after renal 17.5 min- or 20 min-IRI in SH045 compared to vehicle-treated mice (Fig. 6A,B). Moreover, epithelial
cells in the outer stripe of outer medulla, especially susceptible to ischemic injury, exhibited comparable level
of tubular necrosis between SH045 treated and control mice after renal 17.5 min- or 20 min-IRI (Fig. 6A,C).
Similarly, BI-749327 also did not influence tubular damage and necrosis in IRI (Supplementary Fig. S2A-C).

The impact of Trpc6 pharmacological blockade on cellular infiltration and calcium-binding pro-
teins on the kidneys after IRl. Consistent with the results in AKI-induced Trpc6™~ mice, SHO45 treat-
ment had no effect on renal infiltration of Ly6B.2-positive granulocytes after 17.5 min- or 20 min-IRI-induced
AKI in comparison to vehicle-treated mice (Fig. 7A,B). In agreement with that, renal expression of S100a8 and
$100a9 after 17.5 min- or 20 min-IRI is similar in mice treated with SH045 versus vehicle (Fig. 7C,D). Further-
more, similar results were also obtained in mice treated with BI-749327 compared to vehicle-treated mice (Sup-
plementary Fig. S3G,H).

The impact of Trpc6 pharmacological blockade on expression of renal cytokines and chemokine
after IRl.  SHO045-treated mice underwent 17.5 or 20 min IRI-induced AKI showed similar renal expression
of 16, Tnf-a, Icam 1, Veam1, Ccl2, and Cer2 in comparison to vehicle-treated mice with the same IRI (Fig. 8A-F).
In addition, the mRNA levels of these inflammatory markers in BI-749327-treated AKI mice were equivalent to
vehicle-treated AKI mice (Supplementary Fig. S3A-F).

Impact of pharmacological modulation of Trpc6 on renal microcirculation. The renal microcir-
culation is emerging as a key player in AKI**. To explore whether modulation of TRPC6 has impact on renal
microcirculation, we evaluated myogenic tone in the mouse renal circulation using the TRPC6 blockers SH045
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Figure 4. Effect of Trpc6 deficiency on gene expression of pro-inflammatory cytokines and chemokines after
renal IRL (A) Renal mRNA levels of interleukin 6 (116) and (B) tumor necrosis factor-a ( Tnf-a), (C) intercellular
adhesion molecule 1 (Icam1) and (D) vascular cell adhesion protein 1 (Veam1), (E) C-C motif chemokine 2
(Ccl2) and (F) C-C motif chemokine receptor 2 (Ccr2) (Sham WT and Trpc6 '~ n=4 each, IR WT n=7, and
Trpc6™'~ n=9, respectively). Data expressed as means + SEM. Two-way ANOVA followed by Sidak’s multiple
comparisons post hoc test. AU arbitrary units.

and BI-749327, and the TRPC6 activator hyperforin®, Isolated kidneys perfused with SH045 or BI-749327
developed a similar decrease of perfusion pressure compared to control kidneys (Supplementary Fig. S4A~C,E).
In addition, activation of TRPC6 using hyperforin resulted in similar spontaneous decrease of perfusion pres-
sure compared to control kidneys (Supplementary Fig. S4A,D,E). Of note, there was also no difference in Angi-
otensin (Ang) II induced vasoconstrictions between kidneys perfused with SH045, BI-749327, or hyperforin
versus control kidneys (Supplementary Fig. S4F). Together, these results indicate no effect of TRPC6 modulation
on renal arterial myogenic tone.

Discussion

In our previous study, we have shown that TRPC6 contributes to renal fibrosis and immune cell infiltration in a
murine UUO model using Trpc6~'~ mice”. Renal IRI is a common cause of CKD. IRI is associated with calcium
(Ca") overload, ROS production, and immune responses which has been reported as crucial factors of tubular
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Figure 5. Effect of the TRPC6 inhibitor SH045 on IRI-induced acute kidney injury (AKI). (A) Experimental
design of IRI-induced AKI. (B) Concentrations of SH045 in kidney tissue 30 min and 24 h after intravenous
injection (Sham n=3 each, 17.5 min-IRI in vehicle and SH045 n=5 each, 20 min-IRI in vehicle and SH045
n=4 each, respectively). (C) Serum creatinine levels (Sham n=3 each, 17.5 min-IRI in vehicle and SH045

n=>5 each, 20 min-IRI in vehicle and SH045 n =4 each, respectively). (D) Renal mRNA levels of kidney injury
marker neutrophil gelatinase-associated lipocalin (Ngal) and (E) kidney injury molecule 1 (Kin1) (Sham n=3
each, 17.5 min-IRI in vehicle and SH045 n =5 each, 20 min-IRI in vehicle and SH045 n =4 each, respectively).
Please note that at baseline all serum creatinine levels were below the measurement limit (18 umol/L). Two-

way ANOVA followed by Sidak's multiple comparisons post hoc test. AU arbitrary units. Data expressed as
means + SEM.
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Figure 6. SHO45 effects on kidney histopathology after renal ischemia reperfusion-induced AKI. (A)
Representative cortical or outer medullary images of IRI-injured kidneys isolated from mice injected with
vehicle or Trpc6 blocker SH045 (magnification: 400 x). Kidneys sections/slices were stained with Periodic Acid-
Schiff staining (PAS). Arrows indicate tubular injury. Stars indicate tubular casts. Scale bars are 100 um. (B) The
semi-quanﬂﬁaﬁon of cortical tubular injury. (C) The semi-quantification of outer medullary tubular necrosis.

Data expressed as means + SEM (Sham n =3 each, 17.5 min-IRI in vehicle and SH045 n =5 each, 20 min-IRI in
vehicle and SH045 n=4 each, respectively). Two-way ANOVA followed by Sidak’s multiple comparisons post
hoc test.

injury in IRI-induced AKI'*'*'%, As a Ca®*-permeable cationic channel, TRPC6 can be activated by reactive
oxygen species (ROS) and mediate podocyle injury in glomerular diseases'”'%. In addition, TRPC6 is involved
in immune responses regulating transendothelial migration, chemotaxis, phagocytosis, and cytokine release'**.
A recent study using pharmacological blockage of TRPC6 in mice demonstrated that decreased Ca’* entry due
to TRPC6 contributed to reducing astrocytic apoptosis, cytotoxicity and inflammatory responses in cerebral
ischemic/reperfusion insult’’. Given that, in the present study we hypothesized that TRPC6 inhibition may
also exhibit nephroprotective effects in AKI. To test this hypothesis, we applied the IRI experimental model on
Trpc6~'~ mice and employed a pharmacological approach of in vivo TRPC6 inhibition by SH045 and BI-749327
in wild-type (WT) mice.
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Figure 7. SHO045 effects on renal neutrophils infiltration and inflammatory markers in ischemia reperfusion-
induced AKI (A) Representative outer medullar images of IRI-injured kidneys. Kidneys were stained with
Ly6B.2 (magnification: 400 x). Sham and IRI mice were treated with either vehicle or Trpc6 inhibitor (SH045).
Scale bars are 100 pm. (B) The semi-quantification renal neutrophils infiltration. (C) Renal mRNA levels of $100
calcium-binding protein A8 (S100a8). (D) Renal mRNA levels of S100 calcium-binding protein A9 (S100a9).
Data expressed as means + SEM (Sham n =3 each, 17.5 min-IRI in vehicle and SH045 n =5 each, 20 min-IRI in
vehicle and SH045 n =4 each, respectively). Two-way ANOVA followed by Sidak’s multiple comparisons post
hoc test. AU, arbitrary units.

In our study, Trpc6~'~ mice subjected to acute IRI showed no difference in renal function or tubular damage
when compared to WT mice which underwent IRI. The Trpc6~ mouse model was established as a homozy-
gous colony, therefore we used C57BL/6 ] mice as control’. Given this limitation of our experimental approach
and to account for possible confounding genomic and non-genomic effects of other TRPC channels caused by
global loss of TRPC6™", we performed also studies using two different TRPC6 blockers SH045 and BI-749327 in
C57BL/6 ] WT mice to evaluate the role of TRPC6 in short-term AKI outcomes. Of note, TRPC6 and TRPC2,
TRPC3, TRPC7 can form heteromeric channels with regulatory properties that are different from those of
the homomeric TRPC channels***. Pharmacological inhibition allows high selectivity for inhibition of homo-
meric TRPC6 channels than for heteromeric channels in AKI, particularly compared to targeting TRPC6 using
Trpe6 ™"~ animals. Thus, using the pharmacological approach can precisely allow investigating the specific effects
of TRPC6 homomeric channels on AKI. We used SH045 and BI-749327, and performed studies with two dif-
ferent ischemic times in order to have a model for mild (17.5 min) and moderate (20 min) renal damage. These
two periods of reversible ischemia were based on our earlier IRI studies with mice* . However, we still found
no differences with respect to serum creatinine or tubular damage between mice undergoing IRI treated with
TRPC6 blocker vs. vehicle in both models.

Previously, we demonstrated that inhibition of tubular epithelial NF-xB activity can ameliorate IRI-induced
AKI in our experimental settings™. Thus, our experimental conditions enable to observe beneficial effects of
therapeutic interventions, i.e. kidney injury potentially can be ameliorated in our AKI mouse model. According
to the reported IC;;-values for SH045 of 6 to 60 nM*” and the pharmacokinetic analysis by non-compartment

(2022) 12:3038 | https://doi.org/10.1038/541598-022-06703-9 nature portfolio

42



www.nature.com/scientificreports/

e Vehicle
A : \s/ﬁ:;:[; B m SH045
801 o 84
- =) .
=) <
< 60 e ¥ = 6 .
s = o
‘® @D
g« * ‘H’ g &
3 - 3 =
S 20 . . S I W -
= N S = . .
L — 0 T T v
sham 17.5min  20.0min sham 17.5min  20.0min
IRI IRI
C e Vehicle D e Vehicle
u SH045 ® SHO045
_2.59 49
2 e 2 L]
< 207 . c 31 .
: : P .
@ -
g R ‘I‘ 8 5 ;
2 s e t
e 1.01 _i_ ] . . @ ? _I- L]
Egs{ * -i- § R ad e 5
S
0.0 T - - 0 T g T
sham  17.5min  20.0min sham  17.5min __ 20.0min
IRI IRI
Vehicl o Vehicle
E :SH(;4§ F m SHO045
_ 1504 = 59
L]
g & . SC, 44
c
g 100 " % 3 .
g g -
a . 2 ol o -
3 50 -I_ o s 8 o+ X
3 . S 1 J: - % .
8 ot . - 3 Q _-1.
0Lt 2 . . ol— . .
sham  17.5min  20.0min sham  17.5min  20.0min
IRI IRI

Figure 8. SH045 effects on gene expression of pro-inflammatory cytokines and chemokines after renal IRI.
(A) Renal mRNA levels of interleukin 6 (11 6), (B) tumor necrosis factor-a (Tnf-a), (C) intercellular adhesion
molecule 1 (JecamI) and (D) vascular cell adhesion protein 1 (Veam1). (E) Renal mRNA levels of C-C

motif chemokine 2 (Ccl2) and (F) C-C motif chemokine receptor 2 (Ccr2). Data expressed as means + SEM
(Sham n=3 each, 17.5 min-IRI in vehicle and SH045 n=5 each, 20 min-IRI in vehicle and SH045 n=4 each,
respectively). Two-way ANOVA followed by Sidak’s multiple comparisons post hoc test. AU arbitrary units.

modeling™, SH045 can be considered as pharmacologically effective at tissue concentrations equal or higher
than 22 ng/g. To confirm the drug is distributed in the kidney within the expected time, we measured the renal
concentration of SH045 by using LC-MS/MS assay. As shown in Fig. 5B, the concentration of SH045 in renal
tissue after 30 min post-injection (284.56 ng/g + 144.76) was much higher than 22 ng/g. In case of BI-749327,
Lin et al, reported that in concentrations of 10-30 mg/kg BI-749327 has renal protective effects in the UUO
mouse model'!, Therefore, the concentrations of pharmacological blockers used in this study were appropriate
to inhibit the TRPC6 channels in vivo in our experiments.

It is now well established that inflammation plays an important role in AKI**-*, Shortly after endothelial or
tubular epithelial cell damage, activation of resident renal inflammatory cells occurs. It leads to overproduction
of cytokines, followed by recruitment and subsequent infiltration with different leukocytes subsets***, TRPC6
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is expressed in a wide range of inflammatory and vascular cell types, including neutrophils, lymphocytes and
endothelium®. During the acute phase response, TRPC6 plays a crucial role in neutrophil mobilization as it
enhances chemotactic responses through increasing intracellular Ca** concentration and promoting actin-based
cytoskeleton remodeling™*". Indeed, after renal IRI, we found a notable accumulation of neutrophils in the
region of outer medulla. However, the infiltration of neutrophils in IRI Trpc6~' kidney was equivalent to IRI WT
mice as well as in SH045-treated AKI mice compared to vehicle-treated AKI mice. Accordingly, inflammatory
response including cytokines and chemokine overexpression was also similar in AKI mice with or without Trpcé
intervention. In addition, Trpc6 was normally expressed in kidney tissue 24 h after IRI. A recent study using
single-cell RNA sequencing in clusters of inflammatory cells during AKI confirms a similar renal expression of
Trpc6 mRNA in AKI versus control*’. $100a8 and $100a9 are Ca** binding proteins belonging to the $100 family,
which are constitutively expressed in neutrophils and monocytes as a Ca’* sensor, participating in cytoskeleton
rearrangement and arachidonic acid metabolism***’. These two molecules modulate inflammatory response by
stimulating recruitment of neutrophils and cytokine secretion*”. We hypothesized that blocking intracellular
influx of Ca®* in neutrophils through genetical or pharmacological TRPC6 inhibition might affect the S100a8/9-
mediated inflammation. However, we detected comparable renal expression of $100a8/9 after AKI in WT and
Trpc6™~ mice or in TRPC6 blockers-treated kidneys after AKI compared to respective control kidneys. Taken
together, our data suggest no impact of TRPC6 to renal inflammatory reaction in the ischemic AKI.

Of note, TRPCS6 is also expressed in tubular epithelial cells and plays an important role in nephron
physiology™. Although one study showed functional importance of TRPC6 in autophagy regulation in vitro
using proximal tubular cells of Trpcé deficient mice and TRPC6 overexpressing HK-2 cells™, our data argue
against protective effects of TRPC6 in the tubular damage of AKI in vivo. After AKI, interstitial fibrosis forma-
tion is an important part of renal repair, yet excess leads to AKI-to-CKD transition. Wu et al., and our previ-
ous study showed that inhibition of TRPC6 function either by genetic deletion ameliorates renal interstitial
fibrosis'’. Besides, another study further demonstrated an obligate function for TRPC6 in promoting fibroblast
transdifferentiation™. Therefore, inhibition of TRPC6 may have effects on renal fibrogenesis during AKI-to-CKD
transition, and the beneficial effects of TRPCG6 inhibition seen in the UUO model most likely involve fibroblast
activation and transdifferentiation. Since its differentiation is an expected long-term outcome of AKI*, this might
explain the lack of Trpc6~'~ effects on the short-term outcome of AKI in present study. In addition, renal micro-
vascular dysfunction is considered playing critical role in acute kidney injury™. Due to unchanged myogenic
tone after TRPC6 modulation in vascular smooth muscle cells using isolated perfused kidneys, it is unlikely that
a vascular component represents a protective mechanism of renal TRPC6 inhibition.

In summary, the present study shows that TRPC6 inhibition has no effects on short-term outcome of AKI.
Our results improve the understanding of the role of TRPC6 role in kidney diseases. Future studies should
investigate if TRPC6 could have a protective role on long-term outcome of AKI. Our results may have clinical
implications for safety and long-term outcome of humans with TRPC6 gene variations leading to familial forms
of FSGS, with respect to the response of the kidney to acute ischemic stimuli.

Materials and methods

Animals. Male Trpc6~~ mice (n=10, homozygosity in a mix 129 Sv:C57BL/6] background) and wild-
type (WT, C57BL/6]) control mice (n=9) were used. Trpc6~'~ mice have been generated and characterized
previously™"'. For the pharmacological study WT mice (C57BL/6], Jackson Laboratory) were used. Mice were
held in specific-pathogen-free (SPF) condition, in a 12:12-h light-dark cycle, and with free access to purified
food (E15430-047, Ssniff, Soest, Germany) and water. Experiments were approved by the Berlin Animal Review
Board, Berlin, Germany (No. G0178/18) and followed the restrictions in the Berlin State Office for Health and
Social Affairs (LaGeSo)™. All experiments were performed in accordance with ARRIVE guidelines™.

Renal IRl model. Renal IRI was induced as described earlier™’. Briefly, male mice (aged 14-18 weeks) were
anaesthetized by isoflurane (2.3%) in air (350 ml/min). Preemptive analgesia with buprenorphine (0.2 mg/100 g)
was used*. Mice were operated individually to ensure similar exposure to isoflurane”. Body temperature was
maintained at 37 °C and monitored during surgery. Ischemia was induced after right-sided nephrectomy by
clipping the pedicle of the left kidney for 17.5 or 20 min with a non-traumatic aneurysm clip (FE690K, Aesculap,
Germany). Reperfusion was confirmed visually and the abdomen and the skin were sutured separately with a
5/0 braided-silk suture, After surgery mice had free access to water and chow. Body-warm sterile physiological
saline solution (1 ml) was applied subcutaneously to every mouse. Sham operation was performed in a similar
manner, except for clamping the renal pedicle. Twenty-four hours after reperfusion, mice were sacrificed by
overdose of isoflurane and additionally cervical dislocation, and kidney and blood samples were collected for
further analysis. The kidneys were divided into three portions. Upper pole of the kidney tissue was frozen and
used for measurement of SH045 concentration. Middle part of kidney was immersed in 4% phosphate-buffered
saline (PBS)-buffered formalin for histology, and the other left tissue was snap-frozen in liquid nitrogen for
RNA preparation.

TRPC6 blocker. Larixyl-6-N-methylcarbamate, also called SH045, is a compound with high affinity and
subtype selectivity toward TRPC6 described by Hifner et al.”>. SH045 was initially dissolved in DMSO (ratio
of DMSO to vehicle is 0.5%) and then in 5% Cremophor EL’ solution with 0.9% NaCl and used for intravenous
injection (2 mg/kg) 30 min before IRI surgery in the pharmacological studies with WT mice. BI-749327 is an
orally bioavailable TRPC6 antagonist as reported'®. BI-749327 (MedChemExpress, New Jersey, USA) was dis-
solved in DMSO and then suspended in corn oil (final ratio of DMSO to corn oil is 5%). For administration,
30 mg/kg of the final dose was delivered to mice via oral gavage 60 min before IRI surgery.

Scientific Reports |

(2022)12:3038 | https://doi.org/10.1038/s41598-022-06703-9 nature portfolio

44



www.nature.com/scientificreports/

Blood measurements and drugs. To allow repeated blood measurements of sodium, potassium, chlo-
ride, ionized calcium, total carbon dioxide, glucose, urea nitrogen, creatinine, hematocrit, hemoglobin and anion
gap within a short time interval in the same mouse, 95 pL blood was taken from the facial vein and parameters
were measured using an i-STAT system with Chems + cartridges (Abbott, USA).

Quantitative real-time (QRT)-PCR. qRT-PCR was performed as described previously’. Briefly, Total
RNA from snap-frozen kidneys were isolated using RNeasy RNA isolation kit (Qiagen, Australia) according to
manufacturer’s instruction after homogenization with a Precellys 24 homogenizator (Peglab, Germany). RNA
concentration and quality were determined by NanoDrop-1000 spectrophotometer (Thermo Fisher Scientific,
USA). Two micrograms of RNA were transcribed to cDNA (Applied Biosystems, USA). Quantitative analysis of
target mRNA expression was performed with gRT-PCR using the relative standard curve method. TagMan and
SYBR green analysis was conducted using an Applied Biosystems 7500 Sequence Detector (Applied Biosystems,
USA). The expression levels were normalized to 18S. Primer sequences are provided in Supplementary Table S1.

Histology and analysis. Formalin-fixed, paraffin-embedded sections (2 pm) of kidneys were subjected to
Periodic acid Schiff (PAS) stain according to the manufacturer’s protocols (Sigma, Germany). Semi-quantitative
scoring of tubular damage was performed in a blinded manner in those 12 to 15 images at 200 x magnification
per sample. Acute tubular injury (ATI) was observed in this study to assess the reversible tubular damage due to
ischemia. The histologic features of ATI included one or more of the following lesions: tubular epithelial swelling
with lucency of the cytoplasm, loss of brush border, luminal dilatation with simplification of the epithelium, and
cytoplasmic vacuolization. Acute tubular necrosis (ATN) was also evaluated, which was indicated by patchy loss
of tubular epithelial cells with resultant gaps and exposure of denuded basement membrane, evidence of cellular
regeneration, as well as obliterated tubular hyaline and/or granular casts. The histological findings were graded
from 0 to 3 according to the distribution of lesions: 0=none; 1 = <25%; 2 =25-50%; 3= >50%". The total score
was calculated as sum of all morphological parameters. Tubular damage and tubular necrosis were quantified by
an experienced renal pathologist who was unaware of Trpcé genotypes or of treatment.

HPLC and tandem mass spectrometric method (LC-MS/MS).  Concentration of SH045 in kidney
homogenates was measured as previously described®. In summary, analyses were performed with an Agilent
1260 Infinity quaternary HPLC system (Agilent Technologies, Germany) consisting of a G4225A degasser,
G1312B binary pump, G1367E autosampler, G1330B thermostat, G1316A column oven and G4212B diode array
detector, coupled to a tandem QTRAP 5500 hybrid linear ion-trap triple quadrupole mass spectrometer (AB
SCIEX, Canada). Data were acquired and processed using Analyst software (Version 1.7.1, AB SCIEX). Linear
regressions and calculations were done using Multiquant software (Version 2.1.1, AB SCIEX). Lower limit of
quantification (LLOQ) and accuracy were determined for quantification of SH045 effects in kidney and both
revealed as high as reported for plasma by Chai et al.*.

Immunofluorescence and analysis. We performed immunofluorescence similarly as previously
described™. Two-um thick sections of IRI-injured kidneys were post-fixed in ice-cold acetone, air-dried, rehy-
drated and blocked with 10% normal donkey serum (Jackson ImmunoResearch, America) for 30 min. Then
sections were incubated in a humid chamber overnight at 4 °C with rat anti-Ly6B.2 (Gr1) (1:300; MCA771G;
Bio-Rad AbD Serotec, Germany). The bound anti-Ly6B.2 antibody was visualized using Cy3-conjugated second-
ary antibody (1:500; Jackson ImmunoResearch, America) by incubating the sections for 1 h in a humid chamber
at room temperature. Positive cells were counted in the outer medulla on ten non-overlapping view fields at
400 x magnification and mean cell numbers were taken for analysis.

Isolated perfused kidneys. Isolated kidneys were perfused in an organ chamber using a peristaltic pump
(Instech, USA) at constant flow (0.3-1.9 ml/min) of oxygenated (95% O, and 5% CO,) physiological salt solu-
tion (PSS) containing (in mmol/L) 119 NaCl, 4.7 KCl, 1.2 KH,PO,, 25 NaHCO;, 1.2 Mg,SO,, 11.1 glucose, 1.6
CaCl,). Hyperforin (Sigma-Aldrich, USA), BI-749327, and SH045 were dissolved in DMSO. Before applica-
tion, the aliquots were dissolved 1:1000 in PSS. So, the final concentration of DMSO did not exceed 0.1%. The
concentrations of hyperforin, BI-749327, SH045 were 10 uM, 100 nM, and 100 nM, respectively. We used PSS
as a solvent for Ang I (LKT Laboratories Inc., USA) and applied it at 10 nM concentration. Drugs were added
to the perfusate. Perfusion pressure was detected using pressure transducer after an equilibration period of
60 min. Powerlab system (AD Instruments, Colorado Springs) was used for data acquisition and analysis. Ang
11-induced pressor effects were normalized to the maximal pressor effect obtained with KCI (60 mmol/L)*. The
composition of 60 mM KCI (in mmol/L) was 63.7 NaCl, 60 KCI, 1.2 KH,PO,, 25 NaHCO;, 1.2 Mg,SO,, 11.1
glucose, and 1.6 CaCl,.

Statistics.  Statistical analysis was performed using GraphPad 5.04 software. 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.

Experimental statement.  All methods were carried out in accordance with relevant guidelines and regu-
lations.
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Table S1

Primers Forward Reverse
Ngal 5'-TGATCCCTGCCCCATCTCT-3' 5'-GGAACTGATCGCTCCGGAA-3'
Kim1 5'-CTGGAGTAATCACACTGAAGCAATG3' 5'-GATGCCAACATAGAAGCCCTTAGT3'
II-6 5-TGTCTCGAGCCCACCAGG-3' 5'-TGCGGAGAGAAACTTCATAGCTG3'
Trpcé 5'-GACCGTTCATGAAGTTTGTAGCAC-3' 5-AGTATTCTTTGGGGCCTTGAGICC-3'
Tnf-a 5-CTGAACTTCGGGGTGATCGG-3’ 5-GGCTTGTCACTCGAATTTTGAGA-3'
S1008a 5'-TCACCATGCCCTCTACAAGA3' 5'-CCAATTCTCTGAACAAGTTTTCG-3'
S1009a 5'-TCAGACAAATGGTGGAAGCA-3' 5'-GTCCAGGTCCTCCATGATGT3'
lcam1 5-CTGGGCTTGGAGACTCAGTG-3’ 5'-CCACACTCTCCGGAAACGAA-3'
Veam1 5-CTGGGAAGCTGGAACGAAGT-3' 5-GCCAAACACTTGACCGTGAC-3'
Ccl2 5-GGCTCAGCCAGATGCAGTTAASZ' 5-CCTACTCATTGGGATCATCTTGCT3'
Cer2 5-GTTCTCTTCCTGACCACCTTC-3' 5'-CTT CGG AAC TTC TCA CCA ACA3'
18S 5'-ACATCCAAGGAAGGCAGCAG-3' 5'-TTTTCGTCACTACCTCCCCG-3'
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Table S2

A Baseline
WT Trpc6 ™ t-test

Blood parameters o

Mean STD Mean STD P-value
Sodium (mmol/L) 145.33 1.66 148.89 1.45 0.0002
Potassium (mmol/L) 4.72 0.47 4.68 0.40 0.832
Chloride (mmol/L) 113.00 1.80 113.44 2.24 0.649
lonized Calcium (mmol/L) 1.28 0.05 1.28 0.04 0.035
Total Carbon Dioxide (mmol/L) 21.78 1.64 22.22 3.49 0.734
Glucose (mg/dl) 228.22 28.38 199.44 35.45 0.075
Urea Nitrogen (mmol/L) 714 1.52 8.02 1.35 0.214
Creatinine (umol/L) <18 n.a. <18 n.a. n.a.
Hematocrit (%PCU) 39.89 1.36 40.78 0.67 0.098
Hemoglobin (g/dl) 13.58 0.47 13.84 0.22 0.141
Anion Gap (mmol/L) 17.33 2.65 17.78 2.39 0.713

B 24nafter IRi
WT * t-test

Blood parameters Tipe6

Mean STD Mean STD P-value
Sodium (mmol/L) 147.33 2.58 142.67 2.69 0.0053
Potassium (mmol/L) 6.77 1.44 7.84 112 0.127
Chloride (mmol/L) 120.67 3.27 112.89 5.30 0.007
lonized Calcium (mmol/L) 1.04 0.21 1.16 0.14 0.203
Total Carbon Dioxide (mmol/L) 16.00 2.90 18.00 2.55 0.182
Glucose (mg/dl) 106.83 28.08 121.44 53.69 0.554
Urea Nitrogen (mmol/L) >50 n.a. >50 n.a. n.a.
Creatinine (umol/L) 129.00 35.744 159.56 41.723 0.166
Hematocrit (%PCU) 33.50 2.88 31.89 417 0.427
Hemoglobin (g/dl) 11.40 0.97 10.84 1.43 0.421
Anion Gap (mmol/L) 18.50 3.45 20.11 2.80 0.337
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Table S3

A

C

E

Baseline (Sham) B 24 h after Sham operation
Blood parameters Vehicle SH045 t-test — Vehicle SH045 t-test

Mean STD Mean STD P-value Mean STD Mean STD P-value
Sodium (mmol/L) 146.50 0.71 144.67 2.08 0.334 Sodium (mmol/L) 147.67 0.58 147.33 0.58 0.519
Potassium (mmoliL) 4.70 0.14 473 0.06 0.724 Potassium (mmol/L) 4.80 0.62 4.90 0.17 0.802
Chioride (mmoliL) 113.00 1.41 114.00 1.00 0.413 Chloride (mmoliL) 116.00 458 117.00 1.00 0.731
lonized Calcium (mmol/L) 1.25 0.02 1.25 0.02 0.936 lonized Calcium (mmol/L) 1.28 0.03 1.29 0.03 0.519
Total Carbon Dioxide (mmol/L) 21.50 0.71 22.67 1.15 0.302 Total Carbon Dioxide (mmol/L) 21.67 1.15 21.33 1.53 0.778
Glucose (mg/di) 193.50 7.78 188.33 19.66 0.757 Glucose (mg/dl) 183.67 7.64 214.67 20.98 0.074
Urea Nitrogen (mmol/L) 8.60 1.13 10.20 0.70 0.137 Urea Nitrogen (mmol/L) 9.77 071 10.80 1.76 0.399
Creatinine (umol/L) <18 na. <18 na. na. Creatinine (umol/L) <18 na. <18 na. na.
Hematocrit (%PCU) 39.00 141 41.33 1.15 0.133 Hematocrit (%PCU) 35.33 3.06 35.00 3.61 0.909
Hemoglobin (g/dl) 13.35 0.64 14.07 0.40 0.210 Hemoglobin (g/dl) 12.00 1.01 11.87 1.23 0.892
[Anion Gap (mmol/L) 17.50 0.71 15.67 1.15 0.146 Anion Gap (mmol/L) 15.67 3.21 15.00 0.00 0.738
Baseline (17.5min-IRI) D 24 h after 17.5min-IRI

Vehicle SH045 ttest Vehicle SH045 test

Blood Blood

Mean STD Mean STD P-value Mean STD Mean STD P-value
Sodium (mmolL) 144.50 1.87 144.50 0.55 1,000 Sodium (mmol/L) 140.75 512 144.20 164 0.194
Potassium (mmoliL) 470 0.65 457 0.19 0.639 Potassium (mmoliL) 805 1.32 6.92 1.31 0.242
Chloride (mmol/L) 111.67 3.01 112.83 343 0.545 Chloride (mmol/L) 117.25 4.79 117.80 1.92 0.819
lonized Calcium (mmol/L) 1.28 0.03 1.29 0.03 0.923 lonized Calcium (mmol/L) 0.95 0.12 1.00 0.13 0.548
Total Carbon Dioxide (mmol/L) 21.33 4.03 24.00 261 0.204 Total Carbon Dioxide (mmol/L) 13.75 263 14.40 230 0.704
Glucose (mg/dl) 204.17 39.67 191.00 30.24 0.532 Glucose (mg/dl) 101.00 17.64 122.40 35.12 0.307
Urea Nitrogen (mmol/L) 8.30 177 9.63 093 0.134 Urea Nitrogen (mmol/L) >50 na. >50 na. na.
Creatinine (umol/L) <18 na. <18 na. na. Creatinine (umol/L) 199.50 21.794 172.60 31.635 0.193
Hematocrit (%PCU) 40.00 141 4150 164 0.121 Hematocrit (%PCU) 3175 171 34.00 245 0.165
Hemoglobin (g/dl) 13.58 0.41 14.12 0.54 0.084 Hemoglobin (g/dl) 11.55 2.05 11.56 0.85 0.992
Anion Gap (mmol/L) 16.33 121 14.83 214 0.166 Anion Gap (mmolrL) 18.50 0.71 19.80 1.92 0.415
Baseline (20 min-IRI) F 24 h after 20 min-IRI

Vehicle SH045 ttest Vehicle SHo045 t-test

Blood Blood

Mean STD Mean STD P-value Mean STD Mean STD P-value
Sodium (mmoliL) 144,50 311 144.60 0.89 0.947 Sodium (mmoliL) 140.00 432 135.75 236 0135
Potassium (mmol/L) 463 0.53 464 0.50 0.966 Potassium (mmol/L) 8.53 0.36 >9.0 na. na.
Chioride (mmol/L) 114.00 216 115.00 224 0.521 Chloride (mmoliL) 114.75 5.19 115.00 4.16 0.943
lonized Calcium (mmol/L) 129 0.08 1.28 0.02 0.782 lonized Calcium (mmol/L) 0.97 0.07 0.98 0.07 0.812
Total Carbon Dioxide (mmoliL) | 22.00 271 21.60 0.55 0.753 Total Carbon Dioxide (mmol/L) | 14.00 1.41 1325 1.7 0.524
Glucose (mgldl) 236.75 62.89 201.60 13.18 0.256 Glucose (mg/dl) 91.50 11.68 86.75 12.50 0.599
Urea Nitrogen (mmoliL) 9.36 1.75 874 204 0.644 Urea Nitrogen (mmol/L) >50 na. >50 na. na.
Creatinine (umol/L) <18 na. <18 na. na. Creatinine (umol/L) 212.25 8.421 226.25 28.605 0.384
Hematocrit (%PCU) 4225 275 42.00 1.00 0.854 Hematocrit (%PCU) 35.25 3.59 31.75 222 0.148
Hemoglobin (g/dl) 14.38 0.94 14.26 035 0.805 Hemoglobin (g/dl) 12.05 1.35 10.78 0.76 0.152

14.75 0.50 13.80 1.92 0.374 Anion Gap (mmol/L) 23.00 1.00 na. na. n.a.

Anion Gap (mmol/L)
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Table S4

A Baseline

Vehicle BI-749327 t-test

Blood parameters
Mean STD Mean STD P-value
Sodium (mmol/L) 144.33 2.40 142.78 2.54 0.200
Potassium (mmol/L) 4.38 0.20 4.42 0.22 0.661
Chloride (mmol/L) 116.00 3.00 118.22 4.82 0.257
lonized Calcium (mmol/L) 1.23 0.06 1.22 0.06 0.770
Total Carbon Dioxide (mmol/L) 21.00 2.12 19.67 245 0.235
Glucose (mg/dl) 196.67 16.28 201.00 20.51 0.626
Urea Nitrogen (mmol/L) 7.29 0.42 7.48 0.66 0.464
Creatinine (umol/L) <18 n.a <18 n.a n.a
Hematocrit (%PCU) 37.00 1.80 37.67 3.00 0.576
Hemoglobin (g/dl) 12.80 0.88 12.64 0.95 0.723
Anion Gap (mmol/L) 17.44 2:51 18.67 2.29 0.296
B 24hafter IR

Vehicle BI-749327 t-test

Blood parameters
Mean STD Mean STD P-value

Sodium (mmol/L) 146.00 4.56 145.67 8.50 0919
Potassium (mmol/L) 7.53 1.33 8.80 0.14 0.067
Chloride (mmol/L) 123.44 6.69 119.78 10.95 0.404
lonized Calcium (mmol/L) 0.98 0.29 0.75 0.18 0.059
Total Carbon Dioxide (mmol/L) 13.22 1.99 14.56 240 0.218
Glucose (mg/dl) 101.11 22.03 113.89 37.04 0.387
Urea Nitrogen (mmol/L) >50 n.a >50 n.a n.a
Creatinine (umol/L) 193.33 38.030 189.56 27.722 0.813
Hematocrit (%PCU) 35.11 4.54 37.22 3.49 0.285
Hemoglobin (g/dl) 11.97 1.55 12.66 1.20 0.307
Anion Gap (mmol/L) 17.22 5.12 21.56 5.10 0.091
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Role of TRPC6 in Kidney Damage after Acute Ischemic Kidney Injury
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Supplementary Information

Supplementary Figure S1. Effect of BI-749327 on renal function and renal damage
markers. (A) Experimental design. (B) Serum creatinine levels (n=9 per group). (C) Renal
expression of kidney injury molecule 1 (Kim7) and (D) neutrophil gelatinase-associated
lipocalin (Ngal). Statistical testing was two-way ANOVA followed by Sidak’'s multiple

comparisons post hoc test.

Supplementary Figure S2. Effect of BI-749327 on kidney histopathology after AKI. (A)
Representative images from the cortico-medullar region of control and IRI-injured kidneys of
vehicle or BI-749327-treated mice (magnification: 200x). Kidney sections are Periodic
Acid-Schiff (PAS) stained. Arrows indicate tubular necrosis. Stars indicate tubular injury.
Scale bars are 100 um. (B) Semi-quantification of tubular injury. (C) Semi-quantification of
tubular necrosis. Data expressed as mean+ SEM (Control n=3 each, and IRl n=6 each,
respectively). Statistical testing was performed using two-way ANOVA followed by Sidak’s

multiple comparisons post hoc test.

Supplementary Figure S3. Effect of BI-749327 on renal gene expression of inflammatory
markers. (A) Renal expression of interleukin 6 (//6) and (B) tumor necrosis factor-a (7nf-a),
(C) intercellular adhesion molecule 1 (lcam1), (D) vascular cell adhesion protein 1 (Vcam1),
(E) C-C motif chemokine 2 (Ccl2), (F) C-C motif chemokine receptor 2 (Ccr2), and (G and H)
S100 calcium-binding protein A8/9 (S7100a8/9) (Control n=3 each, and IRl n=9 each,
respectively). Data expressed as mean + SEM. Statistical testing was performed using

two-way ANOVA followed by Sidak’s multiple comparisons post hoc test. AU, arbitrary units.
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Supplementary Figure S4. Vasoregulation in isolated perfused kidneys. (A) Original
recordings of perfusion pressure in kidneys perfused with PSS (control), (B) TRPC6 blocker
SH045, (C) another TRPC6 blocker BI-749327, and (D) TRPC6 agonist hyperforin. (E)
Decrease of perfusion pressure (n = 7, 8, 14, 7 for control, SH045, BI-749327, and
hyperforin, respectively). (F) Increase in perfusion pressure induced by 10 nM Ang Il
normalized to 60 mM KCI (n = 9, 10, 15, 8 for Control, SH045, BI-749327, and hyperforin,

respectively). One-way ANOVA followed by Dunnett's multiple comparisons test.
Supplementary Table S1. The sequences of murine gene primer.

Supplementary Table S2. (A) Baseline serum parameters of WT or Trpc6” mice before IRI
surgery (n=9 per group). (B) Serum parameters of sham WT or Trpc6” mice at 24 hours
after IRl surgery (n=7, 9 for IRl WT and Trpc6”, respectively). Data expressed as

means * STD. Two-tailed unpaired t-test. n.a. = not applicable.

Supplementary Table S3. (A) Baseline serum parameters of sham mice before surgery
(n=3 per group). (B) Serum parameters of sham mice after surgery (n=3 per group). (C)
Baseline serum parameters of 17.5 min-IRI mice before surgery (n=5 per group). (D) Serum
parameters of 17.5 min-IRI mice after surgery (n=4, 5 for 17.5 min-IRI in vehicle and SH045,
respectively). (E) Serum parameters of 20 min-IRI mice before surgery (n=4 per group). (F)
(E) Serum parameters of 20 min-IRI mice after surgery (n=4 per group). Data expressed as

means + STD. Two-tailed unpaired t-test. n.a. = not applicable.

Supplementary Table S4. (A) Baseline serum parameters of sham mice before surgery
(n=9 per group). (B) Serum parameters of IRl mice after surgery (n=9 per group). Data

expressed as means + STD. Two-tailed unpaired t-test. n.a. = not applicable.
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The role of TRPCG6 in subchronic kidney damage after unilateral ureteral obstruction-
induced kidney injury.
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Abstract: Metabolic syndrome is a significant worldwide public health challenge and is inextricably
linked to adverse renal and cardiovascular outcomes. The inhibition of the transient receptor potential
cation channel subfamily C member 6 (TRPC6) has been found to ameliorate renal outcomes in the
unilateral ureteral obstruction (UUO) of accelerated renal fibrosis. Therefore, the pharmacological in-
hibition of TPRC6 could be a promising therapeutic intervention in the progressive tubulo-interstitial
fibrosis in hypertension and metabolic syndrome. In the present study, we hypothesized that the
novel selective TRPC6 inhibitor SH045 (larixyl N-methylcarbamate) ameliorates UUO-accelerated
renal fibrosis in a New Zealand obese (NZO) mouse model, which is a polygenic model of metabolic
syndrome. The in vivo inhibition of TRPC6 by SH045 markedly decreased the mRNA expression of
pro-fibrotic markers (Colla1, Col3wx1, Coldal, Acta2, Ccn2, Fnl) and chemokines (Cxcl1, Ccl5, Cer2) in
UUO kidneys of NZO mice compared to kidneys of vehicle-treated animals. Renal expressions of
intercellular adhesion molecule 1 (ICAM-1) and «-smooth muscle actin (x-SMA) were diminished in
SHO045- versus vehicle-treated UUO mice. Furthermore, renal inflammatory cell infiltration (F4/80+
and CD4+) and tubulointerstitial fibrosis (Sirius red and fibronectin staining) were ameliorated
in SHO45-treated NZO mice. We conclude that the pharmacological inhibition of TRPC6 might
be a promising antifibrotic therapeutic method to treat progressive tubulo-interstitial fibrosis in
hypertension and metabolic syndrome.

Keywords: TRPC6; UUO; NZO mice; inflammation; fibrosis; CKD; SH045
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1. Introduction

Chronic kidney disease (CKD) is characterized by progressive loss of kidney function.
The main risk factors of developing CKD are the combination of obesity, diabetes and
hypertension, which is commonly referred to as metabolic syndrome. Other contributors
are autoimmune diseases (e.g., glomerulonephritis), environmental exposures and genetic
risk factors [1,2]. Morphologically, persistent low-grade renal inflammation and tubuloin-
terstitial fibrosis are key hallmarks of CKD [3,4]. The complex interplay of fibroblasts,
lymphocytes, tubular, and other cell types in the kidney lead to excessive extracellular
matrix deposition and the further deterioration of renal function [5,6]. Although unspe-
cific treatments strategies are available (e.g., medications lowering blood pressure), CKD
progression is still poorly controlled.

In recent years, novel drug targets, such as transient receptor potential cation channel,
subfamily C, and member 6 (TRPC6), emerged [7,8]. TRPC6 mutations lead to glomerular
injury and proteinuria, presumably involving the Ca?* signaling pathway and resulting
in progressive kidney failure [9-12]. Both TRPC6 gain-of-function and loss-of-function
cause familial forms of focal segmental glomerulosclerosis (FSGS) [11,13]. Interestingly, in a
murine model of kidney injury (unilateral ureteral obstruction (UUO)), Trpc6~/~ deficiency
and pharmacological blockade with BI-749327 ameliorated renal fibrosis in C57BL/6]
mice [7,8]. Remarkably, these beneficial effects were not observed in the acute stage of
kidney injury (AKI) [14]. Thus, TRPC6 inhibition may have effects on renal fibrogenesis
during AKI-to-CKD transition. Given this state of affairs, TRPC6 inhibition seems to
represent a promising new therapeutic approach to combat progressive renal failure since
it potentially affects CKD at later stages after kidney injury. However, it is unknown
whether TRPC6 inhibition is effective for inhibiting progressive tubulo-interstitial fibrosis
in hypertension and metabolic syndrome.

Recently, by the chemical diversification of (+)-larixol originating from Larix decidua
resin traditionally used for inhalation, its methylcarbamate congener, named SH045, was
developed as a novel, highly potent, subtype-selective inhibitor of TRPC6 [15]. In the
present study, we hypothesized that this novel selective TRPC6 inhibitor (SH045) [15]
could ameliorate renal fibrogenesis in the New Zealand obese (NZO) mouse model, which
is a polygenic model of metabolic syndrome [16]. We studied the therapeutic effects of
the in vivo inhibition of TRPC6 by the novel blocker SH045 in the UUO mouse model of
accelerated renal fibrogenesis utilizing these mice.

2. Results
2.1. SH045 Treatment Does Not Affect Renal Function and Trpc Expression in UUO Model

To investigate the impact of in vivo TRPC6 inhibition on renal function, target molecules
and fibrosis, we performed UUO in the NZO mice. During the one week period, we admin-
istrated SH045 (TRPC6 inhibitor) or vehicle once daily (Figure 1A). After 7 days, urinary
tract obstruction led to hydronephrosis (Figure S1). Consistent with our previous findings,
Trpeb expression significantly increased in UUO kidneys. SH045 affected neither Trpc6
mRNA expression nor the expression of other TRPC channels, including Trpcl, Trpe2, Trpe3
and Trpc4 (Figure 1B and Figure S2A-D). SH045 had no impact on renal function. Serum
creatinine (p = 0.1098; Figure 1B) and blood urea nitrogen (BUN) (p = 0.928; Figure 1C),
serum cystatin C, urine albumin, and urine albumin-to-creatinine ratio in SH045-treated
mice were unchanged (Figure 1D-F). In addition, we found no differences in serum levels of
glucose, sodium, potassium, ionized calcium, total CO,, hemoglobin, hematocrit, and anion
gap in SH045-treated animals compared to the vehicle group (Table S1). SH045-treated
mice exhibited a slightly higher serum chloride concentration (p = 0.047), albeit within the
normal physiological range.
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Figure 1. Impact of SH045 administration on renal function and Trpcé expression in UUO model.
(A) Experimental design of unilateral ureteral obstruction (UUO) model. NZO mice were subjected
to UUO and then injected with SH045 (n = 11) or vehicle (n = 11) once every 24 h between day 0
and day 7. All mice were euthanized on day 7 after UUO surgery. (B) Renal mRNA levels of Trpc6
(control n = 10, UUO n = 11). Control group includes kidneys that were not subjected to the UUO.
(C) Serum levels of creatinine, (D) blood urea nitrogen, and (E) cystatin C in the experimental UUO
groups. (F) Urine albumin and (G) ratio of albumin to creatinine in the experimental UUO groups
(UUO vehicle n = 10-11, UUO SHO045 n = 8-11). Data expressed as means + SD. Two-way ANOVA
followed by Sidak’s multiple comparisons post hoc test. ** p < 0.01 and **** p < 0.0001 defined as
significant. ns, not statistically significant. AU, arbitrary units.

2.2. SH045 Treatment Does Not Alter Kidney Parenchymal Damage

Morphologically, UUO increased mesangial matrix deposition, leading to glomerular
hypertrophy, and tubular dilatation (Figure 2A-D). The expressions of renal damage
markers, kidney injury molecule-1 (Haverl) and Lipocalin-2 (Lcn2), were increased in
UUO kidneys compared to control (Figure 2E,F). However, SH045 did not affect these
parameters in both UUO and control kidneys (Figure 2A-F). These results indicate that
TRPC6 inhibition per se has no impact on the damage to renal parenchyma (glomerular or
tubular) caused by UUO.

65



Int. J. Mol. Sci. 2022, 23, 6870

40f13

5

]J

*‘l‘-*]a
o oF
i

E o vende F ® Vence

I 150, @ SO
g 1200 r e 1 =5 = onn
EET 7T

600 - .

300 ns :g. * g 60 ®
W e 3 i,.
T 2 i Lo s

0.0 ’ % 04

Control uuo Controt uuo

Figure 2. SH045 impact on kidney histopathology after UUO. (A) Representative images of UUO-
injured glomerulus (magnification: 400x). Kidney sections were stained with periodic acid-Schiff
staining (PAS). (B) Quantification of glomerular damage (control n = 6, UUO n = 8). (C) Repre-
sentative images of UUO-injured tubules (magnification: 400x). Kidneys sections were stained
with periodic acid-Schiff staining (PAS). Arrows indicate tubular injury. Scale bars are 50 um.
(D) Semi-quantification of tubular damage (control n = 6, UUO n = 8). (E) Renal mRNA levels of
kidney injury molecule 1 (Haverl) and (F) Lipocalin 2 (Len2) (control n = 10, UUO n = 11). Data
expressed as means £ SD. Two-way ANOVA followed by Sidak’s multiple comparisons post hoc
test. * p < 0.05, *** p < 0.001 and **** p < 0.0001 defined as significant. ns, not statistically significant.
AU, arbitrary units.

2.3. SH045 Treatment Ameliorates Renal Expression of Inflammatory Markers

Next, we measured the renal mRNA expression of inflammatory cytokines and
chemokines using qRT-PCR. The expression of inflammatory molecules was markedly
increased in kidneys subjected to UUO compared to control groups (Figure 3). The mRNA
expression of chemokine (C-X-C motif) ligand 1 (Cxcl1), chemokine (C-C motif) ligand
5 (Ccl5), and chemokine (C-C motif) receptor 2 (Ccr2) was significantly lower in UUO
kidneys of SH045-treated mice (SH045 UUO kidneys) compared to UUO kidneys of vehicle-
treated mice (vehicle UUO kidneys) (Figure 3A-C). The expressions of chemokine (C-C
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motif) ligand 2 (Ccl2), chemokine (C-X-C motif) ligand 2 (Cxc/2), and intercellular adhesion
molecule 1 (Icam1) were increased in both SH045 UUO and vehicle UUO kidneys compared
to control kidneys, although there were no differences between SH045 UUO and vehicle
UUO kidneys (p = 0.056, p = 0.068 and p = 0.076, respectively) (Figure 3D-F). Furthermore,
immunofluorescence staining of ICAM-1 markedly increased in UUO kidneys in compar-
ison to control kidneys (Figure S3A-C). Additionally, the pharmacological inhibition of
TRPC6 by SH045 decreased ICAM-1 expression after UUO in comparison to vehicle-treated
kidneys (Figure S3A-C). Whereas ICAM1 expression was similar in the vessels of UUO
kidneys, vehicle-treated kidneys had a much higher expression in SH045-treated UUO
kidneys due to more ICAM-1-positive immune cell infiltration (Figure S3A).
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Figure 3. SH045 impact on renal expression of inflammatory markers. (A) Renal mRNA levels of
chemokine (C-X-C motif) ligand 1 (Cxcl1), (B) chemokine (C-C motif) ligand 5 (Ccl5), (C) chemokine
(C-C motif) receptor 2 (Ccr2), (D) chemokine (C-C motif) ligand 2 (Cel2), (E) chemokine (C-X-C motif)
ligand 2 (Cxcl2), and (F) intercellular adhesion molecule-1 (Icam1) (control n = 10, UUO n = 11). Data
expressed as means + SD. Two-way ANOVA followed by Sidak’s multiple comparisons post hoc
test. * p <0.05, ** p < 0.01, and **** p < 0.0001 defined as significant. ns, not statistically significant.
AU, arbitrary units.

2.4. SH045 Treatment Leads to Less Renal Immune Cell Infiltration

To evaluate inflammatory cell infiltration in UUO kidneys, we examined macrophages
and T cell presence using immunofluorescence. Kidney cross sections were immunolabelled
with the macrophage marker F4/80 and T cell marker CD4 as described previously [17].
As shown in Figure 4A,B, excessive CD4-positive cells infiltration was observed in renal
interstitium of UUO kidneys in comparison to control kidneys (Figure 4A,B). Similarly, the
number of F4/80-positive cells in UUO kidneys was also markedly increased compared to
control kidneys (Figure 4C,D). In accordance with ameliorated inflammatory cytokine and
chemokine expression, SH045 treatment decreased UUO-induced macrophage and T cell
infiltration (Figure 4A-D). Thus, these data suggest that TRPC6 inhibition reduces renal
inflammation in the UUO model of NZO mice.
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Figure 4. SH045 impact on renal inflammatory cell accumulation after UUO. (A) Representative
images of control and UUO-injured kidneys stained with CD4+ T cells (magnification: 400 ). Rectan-
gles represent single-cell magnifications. Scale bars are 50 um. (B) Quantification in renal infiltration
of CD4+ T cells (control n = 6, UUO n = 8). (C) Representative images of control and UUO-injured
kidneys stained with F4/80+ macrophages (magnification: 400 ). Rectangles represent single-cell
magnifications. Scale bars are 50 um. (D) Quantification in renal infiltration of F4/80+ macrophages
(control n = 6, UUO n = 8). Data expressed as means + SD. Two-way ANOVA followed by Sidak’s
multiple comparisons post hoc test. * p < 0.05, *** p < 0.001, and **** p < 0.0001 defined as significant.
ns, not statistically significant. AU, arbitrary units.

2.5. SH045 Treatment Reduces Renal Expression of Fibrotic Markers

Since progressive fibrosis is a typical lesion occurring after UUO [18], we examined
the impact of SH045 administration on renal fibrosis. We measured the renal mRNA
expression of pro-fibrotic markers, including collagen I (Colla2), collagen IIT (Col3al),
collagen IV (Col4a3), a-smooth muscle actin (Acta2), connective tissue growth factor (Ccn2),
and fibronectin (Fn1). All these fibrosis-associated genes were upregulated after UUO
(Figure 5A-F). Notably, SH045 treatment significantly reduced Col1a2, Col3al, Col4a3, Acta2,
Ccn2, and Fnl expressions in the UUO kidney (Figure 5A-F).
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Figure 5. SH045 impact on expression of renal fibrotic markers UUO. (A) Renal mRNA levels of
collagen type I a 1 (Col1a2), (B) Collagen type Il « 1 (Col3a1), (C) Collagen type IV o 1 (Coldal),
(D) a-Smooth muscle actin (Acta2), (E) Connective tissue growth factor (Ccn2), and (F) Fibronectin
(Fn1) (Control n = 10, UUO n = 11). Data expressed as means + SD. Two-way ANOVA followed
by Sidak’s multiple comparisons post hoc test. * p <0.05, ** p < 0.01, *** p < 0.001 and **** p < 0.0001
defined as significant. ns, not statistically significant. AU, arbitrary units.

To further confirm our qPCR data, Sirius red (SR) and fibronectin immunofluorescence
staining was performed. Control kidneys exhibited small SR-positive (+) areas. In contrast,
UUO kidneys displayed markedly increased SR* areas compared to control kidneys, indi-
cating that UUO caused considerable collagen deposition (Figure 6A,B). SH045 effectively
decreased this collagen deposition (Figure 6A,B). Similarly, immunofluorescence staining re-
vealed increased fibronectin deposition and chromogenic immunohistochemistry increased
a-smooth muscle actin (a-SMA) expression in UUO kidneys in comparison to control
kidneys, which were reduced by SH045 treatment (Figure 6C-F). Taken together, these
data suggest that renal fibrosis and inflammatory reactions are ameliorated in response to
in vivo TRPC6 inhibition by SH045.
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Figure 6. SH045 impact on renal fibrogenesis after UUO. (A) Representative images of control and
UUO-injured kidneys stained with Sirius red (magnification: 400 x ). Scale bars are 50 um. (B) Semi-
quantification in renal Sirius red+ area proportion (control n = 6, UUO n = 8). (C) Representative
images of control and UUO-injured kidneys stained with fibronectin (magnification: 400x). Scale
bars are 50 um. (D) Quantification in fibronectin+ area (control n = 6, UUO n = 8). (E) Representative
images of control and UUO-injured kidneys stained with a-SMA (magnification: 400 x). Scale bars
are 50 um. (F) Quantification of a-SMA™* staining (control n = 6, UUO n = 8). Data expressed as
means + SD. Two-way ANOVA followed by Sidak’s multiple comparisons post hoc test. * p < 0.05,
** p <0.01, and **** p < 0.0001 defined as significant. ns, not statistically significant.

3. Discussion

Renal fibrosis is the final common outcome of progressive CKD, which is often ob-
served in metabolic syndrome [19]. To date, there are few clinical treatments that success-
fully target fibrosis in CKD. Thus, developing new drug treatments is the current focus.
Increasing evidence indicates that TRPC6 could play a critical role in kidney fibrosis [20].
In our previous study using Trpc6™~/~ mice, we found that TRPC6 deficiency ameliorated
renal fibrosis and immune cellular infiltration in the UUO model [7]. However, the results
were difficult to interpret due to confounding genomic and non-genomic effects of other
TRPC channels, e.g., TPRC1, TRPC3, TRPC4 and TRPC5. Previous studies identified SH045
(larixyl N-methylcarbamate) as a novel, highly potent, subtype-selective inhibitor of TRPC6
channels [15]. In our previous study, we found that the in vivo inhibition of TRPC6 by
SHO045 had no effects on acute kidney injury (AKI) [14]. However, there are no studies on
the effects of SH045 in kidney fibrosis. In the present study, we tested the hypothesis that
SHO045 ameliorates UUO-accelerated renal fibrosis in NZO mice.

Our results show that SH045 ameliorates fibrotic processes in UUO kidneys. Ex-
pressions of all investigated fibrosis or fibrosis-related genes were ameliorated by SH045
treatment. The histological assessment of deposited collagen and extracellular matrix
protein confirmed the expression data of the genes. Of note, renal fibrosis arises after an
insult, whereas resident kidney fibroblasts and cells of hematopoietic origin differentiate
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into myofibroblasts [21-23]. Myofibroblasts acquire a contractile/proliferative phenotype
upon activation by profibrotic factors and become principal kidney collagen-producing
cells [24]. Considerable evidence indicates that renal inflammation plays a central role
in the initiation and progression of fibrosis [19]. Myofibroblasts are regulated by a vari-
ety of means, including paracrine signals derived from lymphocytes and macrophages.
Critical chemokines recruiting macrophages and lymphocytes are CCL2/CCR2, CCL5,
and CXCL1/2. ICAM-1 is an endothelial- and leukocyte-associated transmembrane pro-
tein in facilitating leukocyte endothelial transmigration [25]. Interestingly, our results
show that SH045 inhibits the overexpression of these chemokines and the infiltration of
numerous immune cells, suggesting that TRPC6 inhibition may antagonize renal fibrosis
by affecting inflammatory processes. TRPC6 is expressed in a wide range of cell types,
including neutrophils, lymphocytes, platelets and the endothelium, which might be a
modulator of tissue susceptibility to inflammatory injuries [26,27]. Some studies suggested
that TRPC6 channels may enhance chemotactic responses by increasing Ca®* concentra-
tion, which promotes actin-based cytoskeleton remodeling [28,29]. Furthermore, Ca®*
currents within T-lymphocytes are influenced by TRPC6, which can affect the function of
T-lymphocytes [30]. Novel myeloid cell subsets could be targeted to ameliorate injury or
enhance repair, including an Ar¢1+ monocyte subset present during injury and Mmp12+
macrophages present during repair [31]. It is intriguing to speculate that TRPC6 inhibition
might ameliorate fibrotic processes in UUO kidneys by modulating the function(s) of theses
cell types.

On the other hand, TRPC6 was also reported to contribute to fibroblast transdifferen-
tiation and healing in vivo [32]. Thus, the beneficial effects of TRPC6 inhibition seen in the
UUO model might also involve fibroblasts. A TPRC6 blockade may decrease Ca®* dependent
activation of MEK/ERK signaling pathway [33]. Of note, this pathway was implemented in
the detrimental differentiation and expansion of kidney fibroblasts [34]. The inhibition of the
ERK1/2 pathway by trametinib ameliorated UUO-induced fibrosis through the mammalian
target of rapamycin complex 1 (mTORC1) and its downstream targets.

In the present study, SH045 did not affect renal function parameters in 7-day-UUO
mice, which is not surprising. In this short-term UUO model, the kidney function of
contralateral undamaged kidney remained preserved and compensated for the loss of the
obstructed kidney at the early stage [35]. We used the NZO inbred obese mouse strain,
which carries susceptibility genes for diabetes and hypertension, conditions similar to
metabolic syndrome and CKD in humans [36]. Our data observed in UUO induced fibrosis
in NZO mice, and thus might be of importance in mimicking human CKD pathophysiology.

Renal fibrosis involves complex interactions among multiple cells and cytokine signal-
ing pathways. Further studies of the TRPC6 modulation of renal fibrosis using single-cell
RNA sequencing could help to better understand the exact mechanism(s) of action in the dif-
ferent cell types. Single-cell RNA sequencing enables the precise discrimination of specific
cell type(s) or cell state(s) enriched in certain conditions (e.g., UUO) [31]. Thus, selecting
cellular labels based on gene expression markers could represent a novel approach to
determine cell type(s) or cell state(s) predominantly influenced by the inhibition of TRPC6
(by SH045) in the UUO model. Understanding the mechanisms behind TRPC6-induced
fibrogenesis is essential for developing novel therapies to slow the progression of CKD.

Our study demonstrates that the in vivo administration of SH045 ameliorates immune
cell infiltration and fibrosis in NZO mice subjected to UUO, which makes SH045 a promising
therapeutic drug strategy in CKD treatment for metabolic syndrome.

4. Materials and Methods
4.1. Animals

Male NZO mice (1 = 22, NZO/BomHIDife genetic background) from Max-Rubner-
Laboratory, German Institute of Human Nutrition Potsdam-Rehbriicke (Nuthetal, Ger-
many) were used. These mice had increased weight (45.90 -+ 4.11g b.w) and were previously
characterized [7]. Mice were held in specific-pathogen-free (SPF) condition, ina 12:12 h
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light-dark cycle, with free access to food and drinking water. All experimental proce-
dures were approved by the Berlin Animal Review Board, Berlin, Germany and followed
the restrictions in the Berlin State Office for Health and Social Affairs (LaGeSo) [37]. All
experiments were performed in accordance with ARRIVE guidelines [38].

4.2. UUO Model

UUO mouse model was performed as described earlier [7]. Briefly, NZO mice were
anaesthetized by isoflurane (2.2%) supplied with air flow at approximately 350 mL/min.
During the surgery mice were placed on a heating pad to prevent hypothermia. Preemptive
analgesia with carprofen (5-10 mg/kg b.w) was subcutaneously used. Body temperature
was maintained at 37.5 °C and monitored during surgery using a temperature controller
with a heating pad (TCAT-2, Physitemp Instruments, Clifton, NJ, USA). In deep anesthesia,
the anterior abdominal skin was shaved. Then, a midline laparotomy was conducted
via an incision of the avascular linea alba, and the left ureter was exposed from left side.
The ureter was then ligated twice close to the renal pelvis using a 5-0 polyglycolic acid
(PGA) suture wire (Resorba®, Niirnberg, Germany). The linea alba and skin were closed
separately. The wound was sanitized with a silver aluminium spray (Henry Schein®,
Berlin, Germany), and 0.5 mL of warm (37 °C) isotonic sodium chloride solution was
intraperitoneally injected. Subsequently, each mouse was placed in a cage in front of an
infrared (IR) lamp and monitored until they recovered consciousness. For the following
two days, mice received carprofen (2.5 mg/mL) in their drinking water (1:50) with a final
concentration of 0.05 mg/mL. After surgery mice had free access to drinking water and
chow. Seven days after UUO surgery, mice were sacrificed by overdose of isoflurane and
cervical dislocation. The blood samples were collected for further analysis and left kidneys
were removed immediately. The kidneys were divided into three portions. Upper part
of the kidney tissue was frozen in isopthane. Middle part of kidney was immersed in 4%
phosphate-buffered saline (PBS)-buffered formalin for histological assessment. The other
left tissue was snap frozen in liquid nitrogen for RNA preparation.

4.3. TRPC6 Inhibitor

SH045 (Larixyl-6-N-methylcarbamate) was previously described [15]. SH045 was ini-
tially dissolved in DMSO (final concentration of DMSO is 0.5%) and then in 5% Cremophor
EL® solution with 0.9% NaCl and used for intraperitoneal injection (i.p.). Mice subjected to
UUO were treated with SH045 (20 mg/kg once per day, i.p.) or vehicle daily until day 7
after surgery.

4.4. Blood Measurements and Drugs

The blood measurements of sodium, potassium, chloride, ionized calcium, total carbon
dioxide, glucose, urea nitrogen, creatinine, hematocrit, hemoglobin, and anion gap were
performed at endpoint. Nighty-five microliters of blood were taken from the facial vein,
and parameters were measured using i-STAT system with Chem8+ cartridges (Abbott
GmbH, Wiesbaden, Germany).

4.5. Quantitative Real-Time (qRT)-PCR

The qRT-PCR was performed as previously described [7]. Briefly, total mRNA from
mice was isolated from snap-frozen kidneys using RNeasy RNA isolation kit (Qiagen,
Australia), according to the manufacturer’s instructions. The concentration and quality of
RNA were determined by NanoDrop-1000 spectrophotometer (Thermo Fisher Scientific,
Waltham, MA, USA). Next, RNA was transcribed to cDNA using a reaction kit (Applied
Biosystems, Waltham, MA, USA). Quantitative analysis of target marker was performed
with gRT-PCR using the relative standard curve method. TagMan or SYBR green analysis
was conducted by using an Applied Biosystems 7500 Sequence Detector (Applied Biosys-
tems, Waltham, MA, USA). The expression levels were normalized to 185 rRNA. All primer
sequences are provided in Table S2.

72



Int. ]. Mol. Sci. 2022, 23, 6870

110f13

4.6. Kidney Histopathology

Histological kidney assessment was performed as previously reported [39]. Formalin-
fixed, paraffin-embedded sections (2 um) of kidneys were subjected to periodic acid-Schiff
(PAS) and Sirius red (SR) staining. The PAS reaction visualized the basement membranes
of the capillary loops of the glomeruli, through which the glomerular damage can be
evaluated [7]. In each group, 10 fields of view were randomly selected from each kidney
sample section under a 400 x magnification, and the average ratio of glomerular section
area to total area within the view was calculated using the software Image]. SR staining
allows for a quantification of interstitial fibrosis. The severity of tubule interstitial fibrosis
was graded from 0 to 3 according to the distribution of lesions: 0, no lesion; 1, less than
20%; 2, 20-50%; 3, more than 50% [40]. Semi-quantitative glomerular damage and renal
fibrotic scoring were performed in a blinded manner at 400 x magnification per sample.
All measurements were repeated three times.

4.7. Immunofluorescence and Immunohistochemistry

We performed immunostaining as previously described [7,41]. Inmunofluorescence
or immunohistochemistry was performed on 3-um ice-cold acetone-fixed cryosections of
kidneys using the following primary antibodies: anti-fibronectin, anti-CD4, anti-F4 /80, anti-
ICAM-1, anti-a-SMA (AbD Serotec, Oxford, UK). For indirect immunostaining, non-specific
binding sites were blocked with 10% normal donkey serum for 30 min. Then, sections were
incubated with the primary antibody for 1 h at room temperature or overnight at 4 °C.
All incubations were performed in a humid chamber. For fluorescence visualization of
bound primary antibodies, sections were further incubated with Cy3-conjugated secondary
antibodies (Jackson Immuno Research, WG, USA) for 1 h in a humid chamber at room
temperature. Slides were analyzed using a Zeiss Axioplan-2 imaging microscope with
the computer program AxioVision 4.8 (Zeiss, Jena, Germany). For immunohistochem-
istry, after incubation with the primary antibody directed against x-SMA, biotinylated
secondary antibody (Dako REAL™ EnVision™; Dako Denmark A /S, Glostrup, Denmark)
was used. Immunohistochemical positive staining was consecutively revealed by the 3,3'-
Diaminobenzidine Peroxidase Substrate Kit (Dako REAL™ EnVision™; Dako Denmark
A/S, Glostrup, Denmark) in accordance with the manufacturer’s instructions.

Quantitative analyses of infiltrating cells (CD4+ and F4/80+) and fibroblasts (x-SMA+)
were counted in 15 non-overlapping, randomly chosen fields per kidney section under a
400x magnification. The average ratio of the fibronectin or ICAM-1-labeled area to the
total area in the view (400x) was calculated using the software ImagJ (NIH, Bethesda, MD,
USA). In addition, ICAM-1 expression was also analyzed using software Imag] to calculate
the mean gray value (integrated density to area).

4.8. Statistics

Statistical analysis was performed using GraphPad 5.04 software. Study groups were
analyzed by two-way ANOVA using Sidak’s multiple comparisons post hoc test. Data are
presented as mean =+ SD. p values < 0.05 were considered statistically significant.

Supplementary Materials: The following are available online at: https:/ /www.mdpi.com/article/
10.3390/1jms23126870/s1.
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Figure S1. Macroscopic comparison of the kidneys. Images of control kidneys (left) and UUO
kidneys (right). The UUO kidney increased in size (hydronephrosis) compared to control kidney.
Scale bar: 1em.
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Figure 52. The impact of SH045 on renal Trpc gene expression in UUO kidneys. (A) Renal mRNA
levels of Trpcl, (B) Trpc2, (C) Trpc3, and (D) Trpe4 (n=11 each). Data expressed as means+SD.
Two-way ANOVA followed by Sidak’s multiple comparisons post hoc test. ns, not statistically
significant. AU, arbitrary units.
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Figure S3
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Figure S3. SH045 impact on renal ICAM-1 expression after UUO. (A) Renal immunofluorescence of
ICAM-1. (B) Quantification of renal ICAM-1 expression in area proportion (Control n=6 each, UUO
n=8 each, respectively). (C) Quantification of renal ICAM-1 expression in mean density (Control
n=6 each, UUO n=8 each, respectively). Data expressed as means + SD. Two-way ANOVA followed
by Sidak’s multiple comparisons post hoc test. *p<<0.05, *p<<0.01, and ***p<<0.0001 defined
as significant. ns, not statistically significant. IntDen, integrated density.
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Table S1

Table S1. SH045 impact on blood parameters in NZO-UUO mice. Blood parameters after 7-days
UUO (n=9, 8 for UUO vehicle and UUO SH045, respectively). Data expressed as means+SD.
Two-tailed unpaired t-test. n.a. = not applicable.

UUO+Vehicle UUO+SH045 p-value

Serum parameter Unit Mean SD Mean SD t-test

i mmol/L 147.30 1.25 146.88 217 0.608
Potassium mmol/L 4.57 0.30 4.49 0.78 0.760
Chloride mmol/L 109.40 117 110.75 149 0.047
| lonized Calcium mmol/L 1.38 0.20 133 0.05 0.563
Total Carbon Dioxide |mmol/L 27.20 1.40 26.44 181 0.320
Glucose mg/dL 240.10 43.83 229.56 62.19 0.672
Hematocrit % PCV 40.10 443 4163 362 0.444
Hemoglobin g/dL 1363 1.51 14.16 122 0432
Anion Gap mmol/L 16.40 227 15.25 128 0.221

Table S2

Table S2. Primers used in qRT-PCR experiments.

Primers

Forward

Reverse

Havert (KIM-1)
Len2 (NGAL)
Trpet

Acta2 (a-SMA)
Cen2 (CTGF)

Fa (Fibronectin)
Cef2

Cels

Cer2

Cuxeft

Cxef2

feam1

188

5-CTGGAGTAATCACACTGAAGCAATG-3
5ATGTCACCTCCATCCTGGTCAG-3
5-CATCTAGCGATGAGCCTCTTGAC-3
5-AAGACTGCGGTTGGCTGTCAAC-3
5-ATTCCTCGCCATCGGCTATTGG-3
5-CTTGAACAGGCAAGGTCCACCA-3'
5-GACCGTTCATGAAGTTTGTAGCAC-3'
5-CATGTTCAGCTTTGTGGACCT-3
5-CTCACCCTTCTTCATCCCACTCTTA-3'
5-TTAAAGGACTCCAGGGACCAC-3'
5-ACTGGGACGACATGGAAAAG-3'
5-TGCGAAGCTGACCTGGAGGAAA-3'
§“CCCTATCTCTGATACCGTTGTCC-3'
5-GCTACAAGAGGATCACCAGCAG-Y
5-CCTGCTGCTTTGCCTACCTCTC-3
5-GCTGTGTTTGCCTCTCTACCAG-3'
5-TCCAGAGCTTGAAGGTGTTGCC-3
5-CATCCAGAGCTTGAGTGTGACG-3'
5-CTGGGCTTGGAGACTCAGTG-3'
5-ACATCCAAGGAAGGCAGCAG-3'

5-GATGCCAACATAGAAGCCCTTAGT-3'
5-GCCACTTGCACATTGTAGCTCTG-3
5-CCAAACCGTGTTCAGGAACTGC-3'
5-GGCAACAAAGAGCTTCCAGATGG-3
5-GAGGCGTTGAATACAAGCAGACC-3'
5-TGTAATCCTGGAGTCCGCCATC-3'
5-AGTATTCTTTGGGGCCTTGAGTCC-3'
5-GCAGCTGACTTCAGGGATGT-3'
5-ACATGGTTCTGGCTTCCAGACAT-3'
5-CCCACTGAGCCTGTCACAC-3
5-CATCTCCAGAGTCCAGCACA-3'
5-CCGCAGAACTTAGCCCTGTATG-3
5-TGCCGCAACTACTGTGATTCGG-3'
§-GTCTGGACCCATTCCTTCTTGG-3
5-ACACACTTGGCGGTTCCTTCGA-3'
5-CAAGTAGAGGCAGGATCAGGCT-3'
5-AACCAAGGGAGCTTCAGGGTCA-3'
5-GGCTTCAGGGTCAAGGCAAMCT -3
5-CCACACTCTCCGGAAACGAA-3'
S-TTTTCGTCACTACCTCCCCG-3'
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