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Sodium-Glucose Cotransporter 2 Inhibitor
Canagliflozin Antagonizes Salt-Sensitive
Hypertension Through Modifying Transient
Receptor Potential Channels 3 Mediated
Vascular Calcium Handling

Yu Zhao, MS; Li Li, MD; Zongshi Lu, MD; Yingru Hu, MS; Hexuan Zhang, MS; Fang Sun, MD; Qiang Li, MD;
Chengkang He, MD; Wentao Shu, MS; Lijuan Wang, BS; Tingbing Cao, BS; Zhidan Luo, MD;
Zhencheng Yan, MD; Daoyan Liu, PhD; Peng Gao, PhD; Zhiming Zhu “&/, MD

BACKGROUND: Salt-sensitive hypertension is highly prevalent and associated with cardiorenal damage. Large clinical trials have
demonstrated that SGLT2 (sodium-glucose cotransporter 2) inhibitors exert hypotensive effect and cardiorenal protective
benefits in patients with hypertension with and without diabetes. However, the underlying mechanism remains elusive.

METHODS AND RESULTS: Dahl salt-sensitive rats and salt-insensitive controls were fed with 8% high-salt diet and some of
them were treated with canagliflozin. The blood pressure, urinary sodium excretion, and vascular function were detected.
Transient receptor potential channel 3 (TRPC3) knockout mice were used to explain the mechanism. Canagliflozin treatment
significantly reduced high-salt-induced hypertension and this effect was not totally dependent on urinary sodium excretion
in salt-sensitive hypertensive rats. Assay of vascular function and proteomics showed that canagliflozin significantly inhibited
vascular cytoplasmic calcium increase and vasoconstriction in response to high-salt diet. High salt intake increased vascular
expression of TRPC3 in salt-sensitive rats, which could be alleviated by canagliflozin treatment. Overexpression of TRPC3
mimicked salt-induced vascular cytosolic calcium increase in vitro and knockout of TRPC3 erased the antihypertensive effect
of canagliflozin. Mechanistically, high-salt-induced activation of NCX1 (sodium-calcium exchanger 1) reverse mode increased
cytoplasmic calcium level and vasoconstriction, which required TRPCS, and this process could be blocked by canagliflozin.

CONCLUSIONS: We define a previously unrecognized role of TRPC3/NCX1 mediated vascular calcium dysfunction in the de-
velopment of high-salt-induced hypertension, which can be improved by canagliflozin treatment. This pathway is potentially a
novel therapeutic target to antagonize salt-sensitive hypertension.
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gest threat to human health.! Chronic vascular dis- heart disease, myocardial infarction, and heart failure.
eases such as hypertension and atherosclerosis High salt intake not only acts as an independent risk
are the main pathogenic factors or early pathological factor for hypertension but also causes cardiovascular

Cardiovascular disease has always been the big- processes of high-mortality diseases such as coronary
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CLINICAL PERSPECTIVE

What Is New?

e The SGLT2 (sodium-glucose cotransporter 2)
inhibitor canagliflozin antagonizes salt-induced
hypertension in salt-sensitive rats by directly al-
leviating vasoconstriction.

e Salt-induced vascular transient receptor potential
channel 3 upregulation results in an augmented
vasoconstriction in salt-sensitive hypertensive
rats through facilitating NCX1 (sodium-calcium
exchanger 1)-mediated vascular calcium uptake,
which could be alleviated by canagliflozin.

What Are the Clinical Implications?

e Antagonizing the interaction between transient
receptor potential channel 3 and NCX1 by the
SGLT2 inhibitor canaglifiozin - would repre-
sent a novel target to antagonize salt-sensitive
hypertension.

e Canagliflozin exerts its antihypertensive effect
beyond its canonical effect on renal natriuresis.

Nonstandard Abbreviations and Acronyms

[Ca%**]cyt cytosolic free calcium
concentration

NCX1 sodium-calcium exchanger 1

ND normal diet

SGLT2i sodium-glucose exchanger 2
inhibitor

SS Dahl salt-sensitive rats

SS-19BN Dahl salt-insensitive rats

TRPC3 transient receptor potential

channels 3

and renal damage.?® High salt intake raises blood
pressure (BP) through activation of the sympathetic
nerve system and renin-angiotensin system and leads
to renal sodium retention.* Modest reduction in dietary
salt intake substantially reduces cardiovascular events
in the general population, but daily salt intake has re-
mained unchanged in the past 2 decades.>® Thus, to
identify an alternative therapy for reducing the detri-
mental effect of high salt is critical for the treatment of
salt-sensitive hypertension.

Recently, a new series of antidiabetic drugs, SGLT2
(sodium-glucose cotransporter 2) inhibitors (SGLT2i),
including canagliflozin, dapagliflozin, and empagliflozin,
display impressive renal and cardiovascular benefits
and reduce all-cause and cardiovascular death in pa-
tients with and without diabetes from several large-
scale clinical trials.””'® The potential mechanisms that
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account for the cardio-beneficial effect of SGLT2i
might include lowering plasma volume, lowering blood
glucose, increasing urinary sodium excretion, and re-
ducing renin-angiotensin system activation, all of which
might help to lower BP!" However, it remains elusive
whether SGLT2i might directly act on vascular function
and BP.

Vascular smooth muscle contraction is evoked by
an increase in cytosolic free calcium concentration
([Caz+]cyt), promoting actin-myosin cross-bridge for-
mation."? VVasocontraction is also regulated by several
calcium-dependent mechanisms involving voltage
dependent calcium channel, receptor coupled intra-
cellular calcium release from store,'®™ NCX (sodium-
calcium exchanget) as well as calcium signaling related
proteins,'®® such as CamKIl. Canonical transient re-
ceptor potential channels (TRPCs) and NCX1 have also
been shown to play a role in altered calcium handling
and vascular dysfunction in hypertension.'”'® Several
studies showed that TRPC3 mediates cell membrane
depolarization and regulates vasoconstriction.'922 Our
previous study showed that TRPC3 contributes to
raised [Caz*]Cyt and high BP in both hypertensive rats
and patients,**?> which can be upregulated by high
salt intake.?%2” However, cardiovascular damage in-
duced by high salt in response to TRPC3 needs further
confirmation. It is also unknown whether the antihyper-
tensive effects of SGLT2i depend on the regulation of
the vascular calcium homeostasis.

In this study, we investigated the potential mecha-
nism underlying the hypotensive effect of SGLT2i and
examined whether SGLT2i can be used for treatment
of salt-sensitive hypertension. We provided ample ev-
idence showing that TRPC3 was a critical target of
SGLT2i that regulates the vascular function and calcium
handling. Our results revealed a previous unrecognized
role of SGLT2i in the management of hypertension.

METHODS

Availability of Data and Materials
All data and materials are available upon request.

Animals and Treatment

Six-week-old male Dahl salt-sensitive rats (SS), which
are commonly used to investigate the mechanisms
contributing to salt-sensitive hypertension,?¢2° and
Dahl salt-insensitive rats (SS-198N) were obtained from
Vital River Company, Beijing, China (Table S1) and
housed under controlled temperature (21-23 °C) with
a 12/12hour light-dark cycle with free access to food
and water. After a 1-week adaptation period, 24 male
SS rats and 24 age-matched SS-198Y were randomly
divided into normal diet group (ND) and others were
randomly assigned to 2 groups: the high-salt group
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(HS, high-salt chow containing 8% (w/w) NaCl) and the
high-salt plus canagliflozin group (HS+canagliflozin,
8% NaCl chow and 20mg/kg per day canagliflozin
in drinking waters). Every week the tail-cuff BP levels
were measured. After 12weeks, the rats were surgi-
cally measured for 24-hour ambulatory BP levels and
carotid pressure. Then, euthanasia was performed
by exsanguination under overdose of anesthetic gas
(isoflurane 5%), and tissue samples were isolated for
further experiments.

Wild-type (WT) and Trpc3~~ mice were purchased
from the Jackson Laboratory (B6;129S mice, Bar
Harbor, ME, Table S1). Homozygotes, heterozygotes,
and WT littermates were identified according to pre-
viously described methods.?* Briefly 30 8-week-old
Trpc37mice and 30 8-week-old WT littermates
were randomly divided into normal diet group and
other animals were randomly assigned to HS and
HS+canagliflozin groups. Every week the tail-cuff BP
levels were measured. Echocardiography was per-
formed using a high-resolution in vivo micro-imaging
system Vevo-770 (Visual Sonics, USA) with a real-
time micro visualization scan head of 17.5MHz. After
24 weeks of intervention, these animals were eutha-
nized by overdose of anesthetic gas (isoflurane 5%)
followed by exsanguination, and tissue samples were
isolated for other experiments.

All experimental procedures were performed in ac-
cordance with protocols approved by the Institutional
Animal Care and Use Committee of the Army Medical
University.

Tail-Cuff and 24-Hour Ambulatory BP
Measurements

The tail-cuff BP measurement was conducted using a
Softron BP-2010A as previously described.?*2527 The
24-hour ambulatory BP measurement was conducted
as previously described using surgically implanted tel-
emetric transmitters (Data Sciences International, New
Brighton, MN). The rats were anesthetized by gaseous
anesthesia (isoflurane 4% for induction and 1.2-2.5%
for maintenance), and the implant catheter was placed
into the abdominal aorta of rats. The animals were al-
lowed to recover from the surgery for at least 7 days,
and the 24-hour ambulatory systolic and diastolic BP
were then measured by telemetry in conscious, unre-
strained animals. We collected data once every minute
and used the mean values of 24 hours for the analysis.

Measurement of Biochemical and
Electrolyte of Urine and Serum

Rats were placed in individual metabolic cages
(Tecniplast, ltaly) for 24hours, and during the ex-
periment, they had ad libitum access to food and
water. Total urine was collected, and urinary sodium
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and potassium excretion concentration was meas-
ured using an electrolyte detector (XI-921 Analyzer,
Shenzhen, China). Urine and serum creatinine levels
were measured in the same samples using the col-
orimetric creatine assay kit from Abcam (Cambridge,
MA) according to the manufacturer’s instruction. Blood
urea nitrogen was assayed using the urea assay kit
from Sigma-Aldrich according to the manufacturer’s
instruction. Blood sodium and potassium excretion
concentration was also measured using an electrolyte
detector (XI-921 Analyzer, Shenzhen, China). Blood
glucose was monitored by the Nova StatStrip Xpress
glucometer (Nova Biomedical, Waltham, MA) by cut-
ting the tail and gently massaging blood onto a glucose
test strip. The plasma H,S content was measured by
free radical analyzer TBR4100 with an H2S-selective
sensor (World Precision Instruments, China) as pre-
viously described.®® Arterial nitric oxide concentra-
tion was measured by Micro NO Content Assay Kit
(Solarbio, Beijing, China).

Measurement of Vascular Reactivity

The vascular reactivity was measured as previously de-
scribed.?* Briefly after the mice or rats were anesthetized
with pentobarbital sodium, the mesenteric vascular bed
was removed and placed in cold (4 °C) Krebs solution
(in mmol/L: 118 NaCl, 25 NaHCO,, 11 b-glucose, 4.7
KCl, 1.2 KH,PO,, 117 MgSO,, and 2.5 CaCl,, set to the
pH of 7.4). The first branches of the mesenteric arteries
(Mas) (for mice) and second branches of the Mas (for rats)
were excised with the connective tissues, such as fat.
Subsequently, 2-mm MA segments were mounted on a
myograph (Danish Myo Technology, Aarhus, Denmark).
After incubation in 95% O, and 5% CO, at 37 °C, the
MA segments were stretched to optimum baseline ten-
sion (1.8mN for mouse Mas and 2.5mN for rat Mas).
The arteries were then equilibrated for 60minutes before
precontraction with 60mmol/L KCI. After several wash-
outs, each ring was treated with different vasoactive
substances (phenylephrine, U46619, acetylcholine, or ni-
troglycerin, purchased from Sigma-Aldrich) or other sub-
stances (Pyr3, canagliflozin, SN6, KB-R7943, purchased
from Sigma-Aldrich or MedChemExpress, USA). All sub-
stances were dissolved in DMSO at a final concentration
of 01%, and an equal amount of DMSO was negative
control. Isometric contractions were recorded using a
computerized data acquisition system (Power Lab/8SP;
AD Instruments Pty Ltd, Castle Hill, Australia).

Vascular Smooth Muscle Cell Culture and
Transfection

The vascular smooth muscle cells (Mouse aortic
VSMCs, purchased from Procell Company, China)
were cultured at 37 °C and 5% CO, in Dulbecco’s
modified Eagle’s medium supplemented with 10%
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fetal bovine serum, streptomycin (100 pug/mL) and
penicillin (100U/mL). This control medium was used
as the standard control medium and the HS medium
was made by adding 20mmol/L NaCl as previously
described.?”3" The VSMCs were typically subjected
to fetal bovine serum-free control or HS medium for
24 hours. All substances (Pyr3, canagliflozin, SN6, KB-
R7943) were dissolved in DMSO and preincubated for
30minutes before HS treatment, and an equal amount
of DMSO was negative control.

Plasmid overexpression and knockdown exper-
iments were conducted as previously described.?
Briefly, Lipofectamine 3000 was purchased from
Thermo Fisher Scientific (Waltham, MA), and the mice
TRPC3 overexpression and knockdown plasmid was
ordered from Genechem Co., Ltd (Shanghai, China).

Intracellular Calcium Measurement

The cytosolic Ca®* concentrations were measured
using Fura-2 AM (ThermoFisher Scientific, Waltham,
MA), respectively.**?® For the [Ca®]., measurement,
cells were digested and resuspended in Hank’s
Balanced Salt Solution (in mmol/L: 136 NaCl, 5.4
KCl, 0.44 KH,PO,, 0.34 Na,HPO,, 5.6 p-glucose, 10
HEPES and 1 CaCl,, pH 7.4). For loading with Fura-2,
the cells were incubated with 1 umol/L Fura-2 AM and
0.025% F-127 (from Sigma-Aldrich) for 30 minutes at 37
°C in the dark, washed 3 times with Ca?*-free Hank’s
Balanced Salt Solution and resuspended in Ca®*-free
Hank’s Balanced Salt Solution. Fluorescence was
measured at baseline and after treatment at an emis-
sion of 510nm using excitation wavelengths of 340
and 380nm. The resultant data are presented as F,/F,,
where F, is the ratio of fluorescence between excitation
at 340 and 380nm with emission at 510nm, and F is
the mean F340/F380nm value during the pretreatment
period in each experiment. Changes in [CaZ+]Cyt were
deduced from the ratios of the transient increases in
the fluorescence intensity at 340 and 380 nm. To visu-
alize the staining, the specimens were placed on an
inverted fluorescence microscope (Nikon TE-2000,
Nikon Corporation, Tokyo, Japan).

Immunofluorescence and Histological
Examination

Immunofluorescence studies were performed using
frozen sections ofMAs (10 um) that were fixed and in-
cubated with mouse anti-NCX1-specific polyclonal
antibody (Abcam), rabbit anti-TRPCS3-specific poly-
clonal antibody (Alomone, Jerusalem, Israel) overnight
at 4 °C. The section of MAs was then incubated for
30minutes with fluorescent dye-labeled secondary
antibodies (Invitrogen, USA) at 37 °C. Subsequently,
the sections were imaged and analyzed using a fluo-
rescence microscope (Nikon ECLIPSE Ti2, Japan).
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Slides of formalin-fixed, paraffin-embedded MAs
were stained with hematoxylin and eosin. Microscopic
visualization and photographs were obtained, and the
measurements of wall thickness, lumen diameter, and
the ratio of artery wall to the lumen were performed
by a blinded investigator using NIS-Elements software
(Nikon, Tokyo, Japan).

iTRAQ Quantitative Proteomics

The BIOTREE company (Shanghai, China) performed
the tandem mass tag based proteomics analysis of
aortic tissue of SS. Each group has 3 samples. The
procedures used are described elsewhere.®?* The
aorta tissue has been reported to partially reflect the
changes in resistant arteries.®® In brief, 200mg aortic
tissue per sample was obtained from SS in each group.
The proteins from each sample were precipitated with
acetone and redissolved in the triethylammonium bi-
carbonate buffer. Then, proteins were quantified by
BCA protein assay kit (no. p0010, Beyotime) and about
100 ug of proteins were digested to peptides. The pep-
tides were further labeled with the iTRAQ tags (Applied
Biosystems) and analyzed by online electrospray tan-
dem mass spectrometry. It was performed on a Nano
Aquity UPLC system (Waters Corporation) that was
connected to an LTQ Orbitrap XL mass spectrome-
ter (Thermo Fisher Scientific) equipped with an online
nanoelectrospray ion source (Michrom Bioresources).
Proteins identified by 2 or more unique peptides were
taken for further analysis. Differentially expressed
proteins were selected according to a 2-fold change
(fold change <0.83 or >1.2). The gene ontology an-
notation (http://www.geneontology.org/) was used to
annotate the function of proteins. Enriched pathways
were analyzed by the Kyoto Encyclopedia of Genes
and Genomes database (http:/www.kegg.jp/kegg/
pathway.html). A 2-tailed Fisher’s exact test was used
in the gene ontology Kyoto Encyclopedia of Genes and
Genomes enrichment analyses. P<0.05 was consid-
ered significant.

Western Blot and Reverse Transcription
Polymerase Chain Reaction

For western blot assays, the primary antibody against
TRPC3 was purchased from Alomone (Alomone Labs),
and the primary antibody against MYPT1 and phos-
phorylated MYPT1 was purchased from Santa Cruz
Biotechnology (Dallas, TX). The primary antibody
against phosphorylated Camkll, MLC2, phospho-
rylated MLC2, and B-actin was purchased from Cell
Signaling Technology (Danvers, MA, USA). Primary
antibodies against NCX1 and Camkll were purchased
from Abcam. The source and dilution of antibodies
were shown in Table S2. Horseradish peroxidase-
labeled secondary antibodies were purchased from
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Zhongshan Company (Beijing, China). Data were nor-
malized to B-actin.

For reverse transcription polymerase chain reaction,
total RNA was isolated from MAs and VSMCs using
Trizol (Invitrogen, Carlsbad, CA). First strand cDNA
was synthesized using random primers and M-MuLV
Reverse Transcriptase (Transcriptor First Strand cDNA
Synthesis Kit, Roche). Polymerase chain reactions
were carried out with the manufacturer (Light Cycler 96,
Roche), using the QuantiTect SYBR Green RT-PCR Kit
(Roche). Light Cycler analysis software (LightCycler®
96 software, Roche) was used to determine crossing
points using the second derivative method. Data were
normalized to housekeeping genes (GAPDH).

Immunoprecipitation

Immunoprecipitation was performed as previously de-
scribed protocol.*® RIPA buffer (1% Triton-X, 0.1% SDS,
0.5% deoxycholate, 50 mmol/L Tris pH7.5, 150 mmol/L
NaCl, protease inhibitor; Roche) was used for lysis
and immunoprecipitation. Briefly, tissue or podocytes
lysates were precleared with Dynabeads Protein A
for 20minutes. Control immunoprecipitation was per-
formed using equal amount of rabbit IgG. The lysate
was incubated with TRPC3 or NCX1 antibody over-
night at 4 °C, followed by 4hours in the presence of
Dynabeads Protein A. Beads were washed 6 times
in lysis buffer, and proteins were eluted with Laemmli
loading buffer by boiled at 65 °C for 25 minutes to pre-
vent precipitation of the transmembrane proteins. Then
elution was analyzed by western blotting for TRPC3
or NCX1. Primary antibodies against NCX1 were pur-
chased from ProteinTech Group (Chicago, IL) and the
primary antibody against TRPC3 was purchased from
Alomone (Alomone Labs).

Statistical Analysis

Data are expressed as mean+=SEM. Unpaired Student
t test and 1-way ANOVA were used to perform sta-
tistical analysis in this study. All experiments were
repeated at least 3 times, and representative experi-
ments are shown. Statistical significance was achieved
when P<0.05.

RESULTS

Canagliflozin Treatment Antagonizes
Salt-Sensitive Hypertension and Vascular
Remodeling

First, we determined the effect of canagliflozin on
salt-sensitive hypertension usingSS and their SS-198N
controls. Tail-cuff results indicate that high salt in-

take significantly induced an elevation of systolic BP
in SS but did not affect BP in SS-198N (Figure 1A).
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Administration of canagliflozin for 3months lowered BP
in SS but not in SS-198N (Figure 1A). The results of 24-
hour ambulatory BP monitoring and invasively meas-
ured carotid artery BP also confirm an antihypertensive
effect of canagliflozin in SS (Figure 1B, Figure S1A and
S1B).

As sympathetic nerve activation and renal sodium re-
tention are associated with salt-sensitive hypertension,
we detected heart rate and plasma electrolyte and
found that both parameters were unchanged with or
without canagliflozin treatment (Figure S1C and S1D).
As expected, canaglifiozin treatment significantly re-
duced body weight and blood glucose level, accom-
panied with a remarkable increase of urinary glucose
excretion, in both SS and SS-198N (Figure S1E, S1F,
and S1L), resulting in an equal blood glucose level be-
tween SS and SS-198N. As the antihypertensive effect
of SGLT2 inhibitor might also depend on its promotional
effect on urinary sodium excretion, we also measured
renal function and urinary electrolyte level. High salt
diet significantly impaired renal function, as evidenced
by decreased creatinine clearance and elevated blood
urea nitrogen level, especially in SS (Figure S1G and
S1H). Canagliflozin displayed an obvious protective ef-
fect on renal function, but the creatinine clearance in
SS remained lower than that of SS-198N after cana-
gliflozin treatment (Figure S1G and S1H). However,
canagliflozin significantly promoted urinary sodium ex-
cretion without affecting potassium excretion in both
groups of rats, resulting in an equal amount of urinary
sodium excretion between the 2 groups (Figures Sl
through S1K). The expression level of renal Na-Cl
cotransporter, which contributes to salt-sensitive hy-
pertension by promoting renal sodium and potassium
reabsorption,®” was increased in response to HS diet
but not affected by canagliflozin (Figure S1M). These
results indicate that although the renal function of SS
had not totally recovered, the plasma and urinary so-
dium and glucose levels were almost equal between
the 2 groups after canagliflozin treatment, implying that
the antihypertensive effect of canagliflozin might not
only rely on its promotional effect on urinary sodium
excretion and renal function.

Next, we showed that high salt intake significantly
promoted the vascular remodeling with higher thickness
of medial layer and less lumen diameter in SS compared
with SS-198N (Figure 1C). Importantly, canagliflozin
treatment remarkably alleviated HS-induced vascular
remodeling in SS (Figure 1C). To clarify how high salt
intake regulates the vasculature of salt-sensitive hyper-
tension, the aortas of SS were analyzed by proteomics.
The upregulated expressed proteins in response to HS
diet were mainly enriched in vasoconstriction and cal-
cium transport related signaling pathways (Figure 1D). In
a consistent, gene ontology analysis also showed that
high salt intake increased a large number of proteins
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Figure 1.

Effects of canagliflozin on vasculature from Dahl salt-sensitive and Dahl salt-insensitive rats.

A, The time course of systolic blood pressure in Dahl salt-sensitive and Dahl salt-insensitive rats fed with a normal diet, high-salt
diet (8% NaCl) and high-salt diet plus canagliflozin (8% salt+20 mg/kg/d canagliflozin) for 12 weeks. n=8. B, SBP from 24-hour blood
pressure was determined using radiotelemetry at 12th week in Dahl salt-sensitive and Dahl salt-insensitive rats. n=8. C, Representative
images of hematoxylin—eosin staining cross-sections of mesenteric arteries isolated from Dahl salt-sensitive and Dahl salt-insensitive
rats. Statistical analysis of mesenteric artery wall thickness, lumen diameter, and the ratio of artery wall to the lumen. n=8. Scale bar
denotes 25um. D, The upregulated KEGG pathways enriched by differentially expressed proteins in groups between ND and HS. E,

The vascular-associated biological process terms (GO) enriched

by upregulated proteins in groups between ND and HS. Results are

expressed as mean+SEM. Statistical significance was determined by unpaired Student t test. A 2-tailed Fishe”s exact test was used
in the GO KEGG enrichment analyses. “P<0.05, **P<0.01, ***P<0.001, ns, no significant difference. ECM indicates extracellular matrix;
GO, gene ontology; HS, high-salt diet; KEGG, Kyoto Encyclopedia of Genes and Genomes; ND, normal diet; SBP, systolic blood
pressure; SS, Dahl salt-sensitive rats; SS-138N, Dahl salt-insensitive rats; and TRP, transient receptor potential.

associated with vasoconstriction and calcium transport
(Figure 1E). These results suggest that there existed
a local impact of canagliflozin on vasculature itself, in
which vascular contraction and related calcium signaling
pathway might be involved.

Beneficial Effect of Canagliflozin on
Vascular Dysfunction and Calcium
Handling

As microvascular vasodilation and vasoconstriction play
an important role in the regulation of BP, we investigated
the vascular reactivity in isolated MAs from SS andSS-
19BN, Chronic HS diet reduced endothelium-dependent
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and endothelium-independent vasodilation in both SS
andSS-198N, and canagliflozin  treatment improved
endothelium-dependent vasodilation and endothelium-
independent vasodilaton in both SS and SS-198N
(Figure S2A and S2B). However, there was no significant
difference of vasodilatation between SS and SS-198N
with or without canagliflozin treatment (Figure S2A and
S2B). The plasmallevels of vascular regulatory gasotrans-
mitters, such as H,S and nitric oxide, were significantly
reduced by HS diet but not affected by canagliflozin in
SS (Figure S2C and S2D). To define the direct effects
of canagliflozin in the vasculature of salt-sensitive hyper-
tension, we investigated the direct effect of canagliflo-
zin on the vascular reactivity in isolated MAs from SS.
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It showed that acute canagliflozin treatment caused
endothelium-dependent relaxation, but acute canagliflo-
zin treatment did not improve endothelium-independent
relaxation (Figure S2E). On the other hand, long-term HS
diet increased phenylephrine- or U46619-induced vaso-
constriction in SS, and this promotional effect of salt was
significantly inhibited by canagliflozin (Figure 2A and 2B).
In addition, canagliflozin incubation also significantly in-
hibited phenylephrine- or U46619-induced constriction
of isolated arteries from SS on HS diet compared with
those on normal diet (Figure 2C). Moreover, the inhibi-
tory effect of canagliflozin is not regulated by nitric oxide
treated with a nitric oxide blocker L-name (Figure 2D).
These results imply that the antihypertensive effect of
canagliflozin on SS mainly relied on vasoconstriction but
not vasodilatation even though endothelial function was
also improved.

Next, cytosolic calcium level was detected using a cal-
cium sensitive florescent dye in cultured mouse VSMCs
as the increased cytoplasmic calcium level contributes
to vasoconstriction. And canaglifiozin = significantly
blocked the promotional effect of HS medium on cy-
tosolic calcium uptake following transglutaminase-
mediated endoplasmic reticulum calcium release
(Figure 2E and 2F). These results suggest a critical role
of vascular calcium handling in the therapeutic effect of
canagliflozin on salt-sensitive hypertension.

Canagliflozin Reduced Proteins Related

to the Vascular Contraction and Calcium
Signaling Pathway in Response to High Salt
To determine how canagliflozin regulates vascular
dysfunction, the aortas of SS receiving canagliflozin
were analyzed via proteomics. Venn diagram identi-
fied 627 proteins that were upregulated by high salt
intake and downregulated by canagliflozin (Figure 3A).
Kyoto Encyclopedia of Genes and Genomes analysis
revealed that the downregulated proteins affected by
canagliflozin were mainly enriched in the regulation of
actin cytoskeleton and vasoconstriction (Figure 3B).
In GO analysis, canagliflozin mainly affected proteins
that related to actin cytoskeleton organization, calcium
response, and cytoplasmic calcium uptake (Figure 3C
and 3D).

Next, we asked which molecule participated in the
regulatory effect of canagliflozin on vascular calcium
handling. As our previous studies found that sodium
permeable cation channel TRPC3 increased the cyto-
solic calcium and vasoconstriction,?*?% the expression
of TRPC3 was detected in aortas of rats. HS diet in-
creased the vascular protein expression level of TRPC3
and NCX1, a sodium/calcium exchanger, in SS, as well
as increased CamKIl proteins that related to calcium
handling (Figure 3E). All these changes were alleviated
by canagliflozin (Figure 3E). In addition, canagliflozin
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also reduced HS-induced phosphorylation of vascu-
lar MYPT1 and MLC2 proteins that directly contributes
to the vasoconstriction (Figure 3F). However, vascu-
lar TRPC3 and phosphorylation of MYPT1 and MLC2
proteins were not significant difference in SS-198N
(Figure 3F). In vascular smooth muscle cells, the ex-
pression of TRPC3, NCX1, and CAMKII was increased
in response to HS medium. In contrast, canagliflozin
inhibited the increased expression of TRPC3, NCX1,
and CAMKIl induced by HS medium, which was
not significantly suppressed in normal salt medium
(Figure S2F). These results suggest that TRPC3 might
be a critical target of canagliflozin in antagonizing salt-
sensitive hypertension.

TRPC3 Mediated Calcium Handling is a
Target for Canagliflozin

To further demonstrate how TRPC3 contribute to HS-
induced calcium handling and vasoconstriction, immu-
nofluorescent staining was performed on mesenteric
artery slices. The results showed that TRPC3 and
NCX1 were colocalized in the medial layer and their
expression level in SS was significantly increased by
high salt intake and attenuated by canagliflozin treat-
ment (Figure 4A). However, in SS-198N, although the
expression of NCX1 was also significantly increased by
high salt, the expression of TRPC3 was not remark-
ably changed (Figure 4A). In cultured mouse VSMC,
overexpression of TRPC3 by plasmid transfection in-
creased transglutaminase-mediated endoplasmic re-
ticulum calcium release and cytosolic calcium level, all
of which were significantly reduced by knockdown of
TRPC3 (Figure S3A). Accordingly, high sodium treat-
ment increased the cytoplasmic calcium level, which
was further aggravated by TRPC3 overexpression
and attenuated by TRPCS3 knockdown (Figure 4B).
Importantly, canaglifiozin treatment reduced the cy-
toplasmic calcium level, but this effect was reversed
by silencing TRPC3 (Figure 4B). Similarly, the cytosolic
calcium increase was also enhanced in response to
high sodium and reduced by canagliflozin in a TRPC3-
dependent manner (Figure 4C). Moreover, intracellular
calcium flow and cytoplasmic calcium concentration
were correlated with TRPC3 mRNA level (Figure S3B
and S3C). These results support that TRPC3 is a key
target for high sodium mediated the vascular calcium
dysregulation, which can be modified by canagliflozin.
To investigate the relationship between TRPC3 and va-
soconstriction, we assayed the contraction of MAs of
SSinresponse to TRPC3 inhibitors. Inhibition of TRPC3
by Pyr3 potently suppressed the HS-induced vaso-
constriction compared with control group (Figure 4D).
Importantly, overexpression of TRPC3 gene also in-
creased Camkll and phosphorylation of Camkll pro-
tein expression in cultured VSMCs, which could be
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Figure 2. Direct effect of canagliflozin on vasoconstriction and calcium uptake.

A, PE-induced vasoconstriction of the mesenteric artery rings from Dahl salt-sensitive and Dahl salt-insensitive rats. n=8. B, U46619-
induced vasoconstriction of the mesenteric artery rings from Dahl salt-sensitive and Dahl salt-insensitive rats. n=8. C, Effect of acute
canagliflozin (10pumol/L) preincubation on U46619- or PE-induced vasoconstriction of the mesenteric artery rings from Dahl salt-
sensitive rats. N=8. D, Effect of acute canagliflozin and L-name (100 umol/L) preincubation on U46619-or PE-induced vasoconstriction
of the mesenteric artery rings from Dahl salt-sensitive rats. N=8. E, Effects of high salt and canagliflozin on cytosolic calcium imaging,
The relative fluorescence intensity of the mouse vascular smooth muscle cells (VSMCs) treated with control, HS (20 mmol/L NaCl),
canagliflozin (10umol/L canagliflozin), and HS+canagliflozin (20mmol/L NaCl+10umol/L canagliflozin) were quantified. n=12. F,
Cytosolic Ca?* concentrations ([Ca2+]cyt) in thapsigargin-induced endoplasmic reticulum (ER) Ca?* release and Ca?* uptake via store
operated channels (SOCs) after ER Ca?* depletion in mouse VSMCs treated with control, canagliflozin, HS, and HS+canagliflozin.
Cells were incubated in a Ca?*-free buffer in the presence of Fura-2 (1umol/L). Peak F,/F, following thapsigargin (1mmol/L, TG)
stimulation and after reintroducing 100 umol/L extracellular Ca?*. [Ca?+]Cyt was monitored by Fura-2 fluorescence at F340 and F380nm.
The quantitative results are shown on the right. n=12. Results are expressed as mean+SEM. Statistical significance was determined
by unpaired Student t test for comparisons between 2 groups and 1-way ANOVA followed by Bonferron’s posttest for multiple
comparisons. **P<0.01, **P<0.001. HS indicates high-salt diet; ND, normal diet; PE, phenylephrine; SS, Dahl salt-sensitive rats; and
SS-13BN, Dahl salt-insensitive rats.

were fed with HS diet, and accompanied by canagli-
flozin treatment. In WT mice, high salt intake signifi-
cantly increased systolic BP for about 40mmHg after
6-month treatment (Figure 5A and 5B). Compared with
their WT littermates, TRPC3 knockout mice displayed
a much lower systolic BP after salt loading (Figure 5A
and 5B). Accordingly, HS-induced vascular remod-
eling was also attenuated in TRPC3 knockout mice,
as evidenced by decreasing vascular wall thickening
and luminal diameter (Figure 5C). Importantly, TRPC3

blocked by either canagliflozin or silencing of TRPC3
(Figure 4E), suggesting that TRPCS plays a critical role
in the vascular calcium handling and function, espe-
cially under HS intervention.

TRPC3 Knockout Alleviated HS-Induced
Vasoconstriction and Hypertension

To validate the role of TRPC3 in HS-induced hyperten-
sion, TRPC3 knockout mice and littermate WT mice
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Figure 3. Canagliflozin inhibited the vascular contraction and calcium channel-related protein pathways.

A, Venn diagram in groups between upregulated proteins of ND vs HS and downregulated proteins of HS vs HS+canagliflozin.
B, The KEGG pathways enriched by differentially expressed proteins in groups between upregulated proteins of ND vs HS and
downregulated proteins of HS vs HS+canagliflozin. C and D, The vascular-associated biological process terms (GO) enriched by
differentially expressed proteins proteins in groups between upregulated proteins of ND vs HS and down-regulated proteins of HS vs
HS+canagliflozin. E and F, Representative western blots of TRPC3, NCX1, Camkll, MYPT-1, MLC2, and phosphorylation of MYPT-1
and MLC2 (p-MYPT-1 and p-MLC2) in carotid artery from Dahl salt-sensitive and Dahl salt-insensitive rats. 3-actin served as a loading
control. n=8. Results are expressed as mean+SEM. Statistical significance was determined by unpaired Student t test for comparisons
between 2 groups and 1-way ANOVA followed by Bonferron’’s posttest for multiple comparisons. A 2-tailed Fishe’’s exact test was
used in the GO KEGG enrichment analyses. *P<0.05, **P<0.01, ***P<0.001. ECM, extracellular matrix; GO, gene ontology; HS, high-salt
diet; KEGG, Kyoto Encyclopedia of Genes and Genomes; NCX1, sodium-calcium exchanger 1; ND, normal diet; SS, Dahl salt-sensitive
rats; SS-13BN, Dahl salt-insensitive rats; and TRPCS3, transient receptor potential channels 3.

knockout abolished the inhibitory effect of canagliflozin
on HS-induced hypertension or vascular remodeling
(Figure 5C). After canagliflozin treatment, there were
no differences between endothelium-dependent and

endothelium-independent relaxation in WT and TRPC3
knockout mice (Figure S3D and S3E). However, phe-
nylephrine- or U46619-induced vasoconstriction was
lower in TRPC3 knockout mice compared with WT
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Figure 4. Canagliflozin regulated calcium influx in vascular smooth muscle cells mediated by TRPC3.

A, Representative images of the immunofluorescence staining of TRPC3, NCX1, and DAPI using mesenteric arteries isolated from
Dahl salt-sensitive and Dahl salt-insensitive rats. Bar represents 25um. Quantification of the intensities in each graph was presented
in the right 2 panels. n=8. B, [Ca2+]cyt in ER Ca** release and Ca?* uptake in mouse VSMCs transferred with TRPC3-nc, TRPC3-oe,
and si-TRPC3 plasmids and treated with control, HS, and HS+canagliflozin. The quantitative results are shown on the right. n=12. C,
Cytosolic calcium imaging of VSMCs transferred with TRPC3-nc, TRPC3-oe, and si-TRPC3 plasmids and treated with control, HS,
and HS+canagliflozin, The relative fluorescence intensity of VSMCs were quantified. n=12. D, Effect of acute Pyr3 (TRPC3 inhibitor,
10 umol/L) preincubation on PE- and U46619-induced vasoconstriction of the mesenteric artery rings from Dahl salt-sensitive fed with
ND and HS. n=8. E, Representative western blots of TRPC3, Camkll, and phosphorylation of Camkll in mouse VSMCs transferred
with TRPC3-nc, TRPC3-o0e, and si-TRPC3 plasmids and treated with control (Con), HS, and HS+canagliflozin (HS+Cana). -actin
served as a loading control. n=8. Results are expressed as mean+SEM. Statistical significance was determined by unpaired Student
t test for comparisons between 2 groups and 1-way ANOVA followed by Bonferroni’s posttest for multiple comparisons. *P<0.05,
**P<0.01, ***P<0.001. ER indicates endoplasmic reticulum; HS, high-salt diet; NCX1, sodium-calcium exchanger 1; ND, normal diet;
PE, phenylephrine; si-TRPC3, TRPCS3 silence; SS, Dahl salt-sensitive rats; SS-13BN, Dahl salt-insensitive rats; TRPCS3, transient
receptor potential channels 3; TRPC3-nc, TRPC3 negative control; TRPC3-oe, TRPC3 overexpression; and VSMC, vascular smooth

muscle cell.

mice. TRPC3 knockout also attenuated HS-induced HS-induced myocardial hypertrophy and dysfunction,
vasoconstriction and reduced the Inhibitory effect of as evidenced by decreased ejection fraction, were
canagliflozin on vasoconstriction (Figure 5D and 5E).  also blocked in TRPC3 knockout mice (Figure S3F
In consistence, the inhibitory effects of canagliflozin on through S3l).
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To further determine the interaction between TRPC3
and NCX1 in vivo, immunofluorescent staining was
performed in MAs from TRPC3 knockout mice. Like
SS, aremarkable increase of fluorescent signal of both
TRPC3 and NCX1 was found in the sections of WT
mice with high salt intake, which was decreased by
canagliflozin treatment. However, these effects were
rarely detected in TRPC3 knockout mice (Figure 5F).
Similar to immunofluorescent staining results, the inhib-
itory effects of canagliflozin on HS-induced increase of
the vascular Camkll, TRPC3, and NCX1 protein levels
or phosphorylation of MYPT1 and MLC2 were remark-
ably reduced in TRPC3 knockout mice (Figure 5G and
5H). These results suggest that there exists a potential
interaction between TRPC3 and NCX1 in response to
salt loading and canagliflozin and canagliflozin might
regulate NCX1 in a TRPC3-dependent manner.

Canagliflozin Exerted Its Effect Through
Inhibition of Binding of TRPC3-NCX1
Complex

To explore whether the interaction between TRPC3 and
NCX1 participates in the regulatory effect of high salt in-
take on vasoconstriction, inhibitors of TRPC3 or NCX1
were applied in artery ring test. Either TRPC3 inhibitor
Pyr3 or NCX1 inhibitor SN6 failed to affect the relaxa-
tion of mouse MAs (Figure S4A). However, inhibition of
NCX1 remarkably inhibited vasoconstriction, and this
effect could be further augmented by TRPC3 inhibi-
tor, suggesting a regulatory effect of TRPC3 on NCX1-
mediated vasoconstriction (Figure 6A). In addition,
inhibition of NCX1 reduced TRPC3 overexpression-
induced cytosolic calcium increase, and this inhibitory
effect was attenuated in cultured VSMCs with TRPC3
gene knockdown. (Figure 6B). TRPC3 overexpression
also increased both mMRNA and protein expression
of NCX1 in cultured VSMCs, which could be blocked
by either canagliflozin or silencing TRPC3 (Figure 6C
and Figure S4B). Furthermore, both NaCl and Na-
Gluconate could increase cytoplasmic calcium uptake
and upregulate the expression of TRPC3, NCX1, and
CAMKII proteins (Figure S4C and S4D). On the other
hand, mannitol showed little effect, suggesting that
it was the Na* ion that regulated the calcium-related
proteins expression of TRPC3, NCX1, and CAMKII
(Figure S4C and S4D).

Previous studies have demonstrated that activation
of the reverse mode of NCX1 contributes to the cy-
tosolic calcium increase in response to high sodium
stimulation.®82° The inhibitory effect of reverse NCX1
inhibitor KB-R7943 on high-sodium-induced calcium
increase was more potent than NCX1 pan inhibitor
SN6 (Figure S4E). In addition, the inhibitory effect of
KB-R7943 on phenylephrine- or U46619-induced
vasoconstriction was stronger than SN6 (Figure 6D).
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KB-R7943 significantly inhibited high-sodium-induced
increase of cytoplasmic calcium levels, whereas this
effect was significantly attenuated by normal-sodium
medium or knockdown of TRPC3 gene (Figure 6E and
6F), suggesting that the switching of NCX1 to its re-
verse mode under high salt loading required TRPCS.
Accordingly, both TRPC3 inhibitor and NCX1 inhibitor
significantly inhibited vasoconstriction in the MAs of
WT mice fed with HS diet. By contrast, these inhibitory
effects were significantly attenuated in TRPC3 knock-
out mice (Figure 6G and 6H).

The inhibitory effects of canagliflozin could not be
superimposed by PYR3 or KB-R7943 and its effects
were comparable to the combination of PYR3 and KB-
R7943, suggesting that the inhibitory effect of cana-
gliflozin was mediated byTRPC3 and NCX1 (Figure 6I).
Although high-sodium medium directly increased the
expression of both TRPC3 and NCX1, the effect of
NCX1 inhibitors affected only NCX1 itself, but TRPC3
inhibitor displayed an inhibitory effect on NCX1 expres-
sion, suggesting that NCX1 might act as a downstream
target of TRPCS (Figure 6J). Co-immunoprecipitation
revealed that high salt promoted the binding of TRPC3
and NCX1, but canagliflozin, TRPC3 inhibitor, or NCX1
inhibitor significantly decreased the interaction be-
tween TRPC3 and NCX1 (Figure 6K). These results
suggested that increased binding of TRPC3 on NCX1
facilitates the reverse mode switching of NCX1 that
mediated the promotional effect of high salt on the
vascular calcium handling. Canagliflozin antagonized
HS-induced cytoplasmic calcium increase and va-
soconstriction by reducing the binding of TRPC3 on
rmNCX1 (Figure 7).

DISCUSSION

In this study, we provide novel evidence to demon-
strate that TRPCS3 is a potential salt-sensitive channel
participates in salt-sensitive hypertension. We showed
that HS-induced vascular TRPC3 upregulation might
account for the augmented vasoconstriction through
facilitating the reverse mode switching of NCX1 that
promoted vascular calcium handling. Canagliflozin
treatment improved the vascular dysfunction and low-
ered BP through inhibition of TRPC3/NCX1 complex
formation in SS with hypertension. This study for the
first time revealed a previously unrecognized mecha-
nism responsible for the development of salt sensitiv-
ity in the vasculature and highlights a promising role
of SGLT2 inhibitor in the treatment of salt-sensitive
hypertension.

Salt-sensitive hypertension accounts for 50% to
60% of hypertensive patients. Despite several salt
reduction strategies, such as salt-restricted diet and
use of diuretics and inhibitors for renin-angiotensin-
aldosterone system, HS-induced cardiorenal damage
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is still frequent in the population with hypertension.*° evidenced by several experimental findings in geneti-
In addition to hypersensitivity of sympathetic nerves, cally hypertensive rat strains.*’ Genome-wide associ-
the kidneys display a prominent role in salt-sensitive ation study data also support that possible candidate
hypertension by manipulation of sodium balance, as genes related to salt sensitivity are involved in renal
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Figure 5. Reduction of vasoconstriction by canagliflozin was dependent on TRPC3.

A, The time course of SBP in wild-type and TRPC3~~ mice fed with ND, HS, and HS+canagliflozin for 24 weeks. n=8. B, The 24th
week of SBP in wild-type and TRPC3~~ mice fed with ND, HS, and HS+canagliflozin for 24 weeks. N=8. C, Representative images
of hematoxylin—eosin staining cross-sections of mesenteric arteries isolated from wild-type and TRPC3~~ mice. Statistical analysis
of mesenteric artery wall thickness, lumen diameter, and the ratio of artery wall to the lumen. Scale bar denotes 25um. N=8. D
and E, PE- and U46619-induced vasoconstriction of the mesenteric artery rings isolated from wild-type and TRPC3~~ mice. n=8. F,
Representative images of the immunofluorescence staining of TRPC3, NCX1, and DAPI using mesenteric arteries from wild-type and
TRPC3~~ mice. Bar represents 25 um. Quantification of the intensities in each graph was presented in the right 2 panels. n=8. G and H,
Representative western blots of TRPC3, NCX1, Camkll, MYPT-1, p-MYPT-1, MLC2, and p-MLC2 in carotid artery from wild-type and
TRPC3~~ mice fed with ND, HS, and HS+canagliflozin (HS+Cana). g-actin served as a loading control. n=8. Results are expressed as
mean+SEM. Statistical significance was determined by unpaired Student t test for comparisons between 2 groups and 1-way ANOVA
followed by Bonferroni’s posttest for multiple comparisons. *P<0.05, **P<0.01, ***P<0.001, ns, no significant difference. HS, high-salt
diet; NCX1, sodium-calcium exchanger 1; ND, normal diet; PE, phenylephrine; SBP, systolic blood pressure; and TRPCS3, transient

receptor potential channels 3.

sodium transport.*? However, in subjects who are salt
sensitive, salt-induced increase in renal vascular resis-
tance failed to result in a slower urinary salt excretion
compared with normal subjects, and the sodium ex-
cretion level among these subjects did not show any
difference.*® Similarly, our study also found that high
salt could decrease creatinine clearance and increase
urea nitrogen in both SS and SS-198N, whereas the
difference in urinary sodium excretion was limited in
SS and SS-198N in response to HS diet. These find-
ings suggested that renal mechanism might not be the
only reason that accounts for hypertension in SSin the
present study. Further we found that HS diet signifi-
cantly induced vascular remodeling in SS but not SS-
198N, In parallel, proteomics on aortic tissue suggested
multiple groups of differentially expressed proteins that
were enriched in pathways of calcium regulation and
vasoconstriction. In addition, MA reactivity assay con-
firmed that although both endothelium-dependent and
endothelium-independent vasodilation were impaired
by HS diet, the fact that they happened in the two rat
strains indicates that the impaired vasodilation on salt
loading would not explain the reason for the enhanced
salt sensitivity in SS. However, the phenomenon that
the vasoconstriction was enhanced by HS diet existed
only in SS, suggesting that enhanced vasoconstriction
might be critical for the occurrence of salt-sensitive
hypertension.

In recent years, several large clinical trials showed
that SGLT2i displayed excellent cardiorenal protec-
tive effects in patients with and without diabetes.”°
Because SGLT2 mainly locates in the proximal tu-
bules, its lowering BP and cardiorenal protective effect
is thought to depend on its role in promoting urinary
sodium and glucose excretion and weight loss.*4-46
In this study, canagliflozin significantly reduced BP in
SS with hypertension but not in SS-198N, Importantly,
the urinary sodium excretion treated by canagliflozin
was equivalent in SS and SS-198N, indicating that the
antihypertensive effects of canagliflozin involve mech-
anisms other than natriuresis. Previous studies have
found that SGLT2i improve vasodilation in diabetic
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and hypertensive rats.*%° We also found that cana-
gliflozin could directly cause endothelium-dependent
vasodilation. Indeed, canagliflozin significantly im-
proved endothelium-dependent and endothelium-
independent vasodilation in both SS andSS-198N put
alleviated vasoconstriction only in SS. Furthermore, the
proteomic also suggested that canagliflozin downreg-
ulated calcium regulated pathways and vasoconstric-
tion pathways in response to the HS diet, indicating
that the mechanisms responsible for the antinyperten-
sive effect of canagliflozin contain calcium regulation
and vasoconstriction. Therefore, the mechanism ac-
counting for the antihypertensive effect of canagliflozin
would be highly overlapped with that of enhanced salt
sensitivity in SS.

For investigating the hypotensive mechanism of
canagliflozin, the data from proteomics clearly pointed
to genes that related to calcium regulatory pathways
in the vasculature of SS, suggesting that the abnormal
regulation of calcium in cardiovascular system itself
might be a critical factor contributing to salt sensitiv-
ity. In our previous studies, we reported an increased
expression of TRPC3 in hypertensive subjects, and
the increased expression of TRPC3 resulted in spon-
taneous hypertension through modulating the intra-
cellular calcium overload.?*2" TRPC3 overexpression
enhanced carotid artery contractility by facilitating Ca?*
and Na* influx.®" In this study, we provide evidence to
identify TRPC3 as an important salt-sensitive channel
that causes calcium overload in VSMCs and subse-
quent vasoconstriction. In addition to the increased
expression in vasculature, overexpression of TRPC3
directly mimicked the effect of HS diet that stimu-
lated vasoconstriction, whereas inhibition or knockout
of TRPCS3 attenuated salt-induced vasoconstriction
and hypertension. Also, we showed that canagliflozin
might directly act on TRPC3 and inhibited both vas-
cular TRPC3 expression and activity. Correspondingly,
the antihypertensive effects of canagliflozin were di-
minished by inhibition or knockdown of TRPC3. This
indicated that TRPC3 might be a crucial target of an-
tihypertensive effect of canagliflozin. However, TRPC3
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channel is more permeable to Na* versus Ca®* cations
(nearly 6:1), and this channel is that inflow of Na* and
small amounts of Ca?* that depolarizes the plasma
membrane and opens voltage-dependent Ca®*
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channel.??%3 Thus, it is probable that mechanisms sec-
ondary to TRPC3-mediated Na* influx generate Ca?*
signals leading to calcium overload in VSMCs and sub-
sequent vasoconstriction.
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Figure 6. Canagliflozin reduced vasoconstriction by inhibiting high-salt-induced TRPC3-reverse mode NCX1 complexes.

A, Effects of SN6 (NCX1 pan inhibitor, 10umol/L) and pyr3 on U46619- and PE-induced vasoconstriction of the mesenteric artery
rings isolated from wild-type mice. n=8. B, [Ca®+],, in ER Ca’+ release and Ca®+ uptake in mouse VSMCs transferred with TRPC3-
oe and si-TRPC3 plasmids and treated with control, HS, SN6 (10 umol/L SN6), and HS+SN6 (20mmol/L Nacl+10umol/L SN6). The
quantitative results are shown on the right. n=12. C, The relative protein expression levels of NCX1 in mouse VSMCs transferred with
TRPC3-nc, TRPCS3-0e and si-TRPCS3 plasmids and treated with control (Con), HS, and HS+canagliflozin (HS+Cana). D, Effects of SN6
and KB-R7943 (reverse mode NCX1 inhibitor, 10umol/L) on U46619- or PE-induced vasoconstriction of the mesenteric artery rings
isolated from wild-type mice fed with high-salt diet. n=8. E and F, [Ca2+]cyt in ER Ca?+ release and Ca?+ uptake in mouse VSMCs
transferred with TRPC3oe and si-TRPC3 plasmids and treated with control, HS, KB-R7943 (10 umol/L KB-R7943), and HS+KB-R7943
(20mmol/L NaCL+10umol/L KB-R7943). The quantitative results are shown on the right. n=12. G and H, Effects of SN6 and KB-R7943
on U46619- and PE-induced vasoconstriction of the mesenteric artery rings isolated from wild-type and TRPC3-/- mice fed with high-
salt diet. n=8. 1, [Ca2+]Cyt in ER Ca?+ release and Ca?+ uptake in mouse VSMCs treated with HS, HS+canagliflozin, pyr3+canagliflozin
(20mmol/L NaCL+10 umol/L pyr3+10 umol/L canagliflozin), KB-R7943+canagliflozin (20 mmol/L NaCL+10 umol/L KB-R7943+10 umol/L
canagliflozin), and pyr3+KB-R7943 (20 mmol/L NaCL+10 umol/L pyr3+10umol/L KB-R7943). The quantitative results are shown on the
right. n=12. J, The relative mMRNA expression levels of TRPC3 and NCX1 in VSMCs treated with control, HS, HS+canagliflozin, HS+pyr3,
HS+SNB6, and HS+KB-R7943. n=8. K, Input and Immunoprecipitation of TRPC3 and NCX1 in VSMCs and immunoblotted by TRPC3
and NCX1 antibody. n=8. Results are expressed as mean+SEM. Statistical significance was determined by unpaired Student t test
for comparisons between 2 groups and 1-way ANOVA followed by Bonferroni’s posttest for multiple comparisons. *P<0.05, **P<0.01,
***P<0.001, ns, no significance. Cana indicates canagliflozin; Con, control; ER indicates endoplasmic reticulum; HS, high-salt diet;
Kb, KB-R7943; NCX1, sodium-calcium exchanger 1; ND, normal diet; PE, phenylephrine; si-TRPC3, TRPCS3 silence; TRPC3, transient
receptor potential channels 3; TRPC3-nc, TRPC3 negative control; TRPC3-oe, TRPC3 overexpression; and VSMC, vascular smooth

muscle cell.

The vascular NCX1 involved in contraction of
VSMCs has long been controversial. Overexpression
of NCX1 is a main reason for the development of ar-
rhythmias, heart failure, stroke, hypertension, etc.5*
However, mild increase of NCX1 expression in arteries
promotes vasodilation in response to increased cal-
cium efflux,5® suggesting that the detrimental effect of
NCX1 in cardiovascular diseases are not determined
by its expression. It is widely accepted that NCX1
displays two modes of action to transfer Ca®* either
into or out of VSMCs in exchange for Na* (3 Na*:1
Ca?"), namely the forward (Ca?*-efflux) mode and the
reverse (Ca®*-influx) mode, and even a relatively small
increase in Na* flux can markedly change the driving
force of Ca?* flux through NCX1.5657 Previous studies
have shown the reverse mode of NCX1-mediated cal-
cium overload as an essential factor for hypertension
and results from the promotional effect of cytosolic
Na* rise on the activation of NCX1 reverse mode to
facilitate Ca?* entry.8"3858-60 However, the mecha-
nism underlying the activation of NCX1 reverse mode
remains unclear. In the present study, we showed a
significant increase of NCX1 expression in response
to salt loading, and its expression level increased in
both SS and SS-198N, indicating that the expression
increase of NCX1 was not necessary to salt-sensitive
hypertension. Surprisingly, we noticed that the switch-
ing of the reverse mode of NCX1 required the pres-
ence of TRPCS3, as evidenced by the effect of NCX1
reverse mode inhibitor KB-R7943 on salt-induced
VSMCs calcium influx or vascular contraction was
blocked by knockdown or knockout of TRPC3, sug-
gesting that TRPC3 might promote vasoconstriction
and hypertension by facilitating the activation of the
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reverse mode of NCX1. Arise in [Ca*],, in VSMCs is
an important stimulus for cell contraction, migration,
and proliferation. Indeed, treatment of human VSMCs
with KB-R7943 also inhibited cell proliferation in the
presence of serum and growth factors.®"-62 Thus, the
promotional effect of TRPC3 on NCX1-mediated cal-
cium uptake would also be a critical reason for the
increased vascular remodeling upon salt loading. In
addition, the augmented interaction between TRPC3
and NCX1 in response to high salt intake implies that
their interaction might be critical for the activation
of the reverse mode of NCX1. Meanwhile, our study
revealed that canagliflozin inhibited the activation of
the reverse mode of NCX1 by specifically inhibiting
TRPCS, thereby inhibiting cytoplasmic calcium up-
take and vasoconstriction. Therefore, we propose a
possible explanation that high salt activated Na* per-
meable TRPC3, leading to local Na* accumulation
and Ca?* influx via NCX1. However, the specific sites
and molecular mechanisms of protein interactions of
TRPC3 on NCX1 still needs further investigation.

CONCLUSIONS

In conclusion, this study identifies TRPC3 channel
as a salt-sensitive cation channel that interacts with
NCX1 to regulate vascular calcium handling. High-
salt-induced hypertension is associated with TRPC3/
NCX1 mediated dysfunction of vascular calcium han-
dling, which can be remarkably improved by canagli-
flozin treatment. This effect of canagliflozin is beyond
its classic action and would represent a novel strategy
to antagonize high salt jeopardizing and salt-sensitive
hypertension.
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Figure 7. Schematic diagram of this work.

TRPC3 and NCX1 maintain dynamic calcium balance and participate in vascular activities under physiological conditions. However,
upregulation of TRPC3 by high salt leads to intracellular Na* accumulation and then activated reverse mode of NCX1, which promotes
sustained vasoconstriction caused by increased cytosolic calcium concentration. This might be an important reason for salt-sensitive
hypertension. The antihypertensive effects of canagliflozin are mediated to decreasing cytosolic calcium concentration and vasoconstriction
through inhibition of TRPC3. NCX1 indicates sodium-calcium exchanger 1; and TRPCS, transient receptor potential channels 3.
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Table S1. Animals (in vivo studies).

Species Vendor or Source Background Strain Sex

TRPC3 knockout mice | Jackson  Laboratory | 12952 Male
(Bar Harbor, ME)

Wild-type mice Jackson  Laboratory | 12952 Male
(Bar Harbor, ME)

Dahl salt-sensitive rats | Vital River Company | Sprague Dawley Male
(Beijing, China)

Dahl  salt-insensitive | Vital River Company | Sprague Dawley Male

rats (Beijing, China)




Table S2. Antibodies.

Target antigen Vendor or Source Catalog # Working Lot # (preferred but
concentration not required)
TRPC3 alomone ACC-016 | 1:500
NCX1 Abcam ab177952 | 1:500
CaMKIl Abcam ab134041 | 1:500
Phospho-CaMKIl CST 12716S 1:500
MYPT1 Santa Cruz 514261 1:500
Phospho-MYPT1 Santa Cruz 33360 1:500
MLC2 CST 3672 1:500
Phospho- MLC2 CST 3675 1:500
NCX1 Proteintech 55075-1-AP | 1:500




Figure S1. The metabolic effects and blood pressure of canagliflozin in Dahl salt-sensitive

and Dahl salt-insensitive rats. Related to Figure 1.
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(A)DBP from twenty-four-hour blood pressure was determined using radiotelemetry at 12" week
in Dahl salt-sensitive and Dahl salt-insensitive rats. n=6. (B) The carotid blood pressure at 12t
week in Dahl salt-sensitive and Dahl salt-insensitive rats fed with ND, HS and HS+ canagliflozin.
n=6. SS, Dahl salt-sensitive;SS-138N, Dahl salt-insensitive rats. (C) The heart rate of the Dahl
salt-sensitive and Dahl salt-insensitive rats. n=8. (D) The plasma sodium concentration and the
plasma potassium concentration of the Dahl salt-sensitive and Dahl salt-insensitive rats. n=8. (E
and F) The body weight and the blood glucose of the Dahl salt-sensitive and Dahl salt-insensitive
rats. *P<0.05, n=8. (G and H) The creatinine clearance and the blood urea nitrogen of the Dahl
salt-sensitive and Dahl salt-insensitive rats. n=8. (1) The twenty-four-hour urinary volume of the
Dahl salt-sensitive and Dahl salt-insensitive rats. n=8. (J and K) The twenty-four-hour urinary



sodium excretion and urinary potassium excretion of the Dahl salt-sensitive and Dahl
salt-insensitive rats. n=8. (L) The twenty-four-hour urinary glucose excretion of the Dahl
salt-sensitive and Dahl salt-insensitive rats.n=8. (M) Representative western blots of NCC and
phosphorylation of NCC (NCC) in kidney from Dahl salt-sensitive and Dahlsalt-insensitive rats
fed with ND, HS and HS+canagliflozin(HS+Cana). B-actin served as a loading control.n=6. Data
are expressed as mean = SEM. Statistical significance was determined by unpaired Student’s t-test
for comparisons between two groups and one-way ANOVA followed by Bonferroni’s post-test for
multiple comparisons. *P<0.05, **P<0.01,***P<0.001. SS, Dahl salt-sensitive rats;SS-132N, Dahl
salt-insensitive rats.



Figure S2. The direct effect of canagliflozin on vasodilation in Dahl salt-sensitive rats.

Related to Figure 2 and 3.
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(A) Endothelium-dependent relaxations of the mesenteric artery rings from Dahl salt-sensitive and
Dahl salt-insensitive rats. n=6. (B) Endothelium-independent relaxations of the mesenteric artery
rings from Dahl salt-sensitive and Dahl salt-insensitive rats. n=6.(C) The plasma H2S levels of of
the Dahl salt-sensitive and Dahl salt-insensitive rats.n=3. (D) The aortic NO levels of the Dahl
salt-sensitive and Dahl salt-insensitive rats. n=4. (E) Effect of acute canagliflozin preincubation on
endothelium-dependent or endothelium-independent vasodilation of the mesenteric artery rings
from Dahl salt-sensitive rats. n=6. (F) Representative western blots of TRPC3, NCX1, Camkll in
mouse VSMCs treated with control(Con), canagliflozin (Cana), HS and HS+canagliflozin
(HS+Cana). B-actin served as a loading control.n=6. Data are expressed as mean = SEM.
Statistical significance was determined by unpaired Student’s t-test for comparisons between two
groups and one-way ANOVA followed by Bonferroni’s post-test for multiple comparisons.
*P<0.05, **P<0.01,***P<0.001, ns, no significance.SS, Dahl salt-sensitive rats;SS-138N, Dahl

salt-insensitive rats.



FigureS3, The regulatory effects of TRPC3 on vasodilation and calcium uptake.Related to

Figure 4 and 5.
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(A) [Ca%* ]yt in endoplasmic reticulum(ER) induced Ca?* release and Ca?* uptake in mouse
VSMCs transfered with TRPC3-nc, TRPC3-0e and si-TRPC3 plasmids.The quantitative results are
shown on the right. n=10. (B) The relative MRNA levels of TRPC3 in VSMCs transfered with

TRPC3-nc, TRPC3-0e and si-TRPC3 plasmids and treated with control, HS and HS+canagliflozin.

n=6. (C) The correlation between the TRPC3 mRNA level and the cytoplasmic calcium uptake.
(D)The endothelium-dependent vasodilation of the mesenteric artery rings isolated from wild-type
and TRPC3”- mice. n=6. (E) The endothelium-independent vasodilation of the mesenteric artery
rings isolated from wild-type and TRPC3”- mice. n=6. (F) The interventricular septum in diastole
of the wild-type and TRPC3-/- mice. n=4. (G) The left ventricular internal dimension in diastole
of the wild-type and TRPC3-/- mice. n=4. (H) The posterior wall thickness of left ventricle in
diastole of the wild-type and TRPC3-/- mice. n=4. (1) The ejection fraction of the wild-type and
TRPC3-/- mice. n=4. Data are expressed as mean + SEM. Statistical significance was determined
by unpaired Student’s t-test for comparisons between two groups and one-way ANOVA followed
by Bonferroni’s post-test for multiple comparisons.The correlation were investigated by the linear
regression analysis. *P<0.05, **P<0.01, ***P<0.001. TRPC3-nc, TRPC3 negative control;
TRPC3-0e, TRPC3 overexpression; si-TRPC3, TRPC3 silence.



FigureS4. The regulatory effects of TRPC3 and NCX1 on vasodilation and calcium uptake.
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(A) Effects of SN6 and pyr3 on endothelium-dependent or endothelium-independent vasodilation
of the mesenteric artery rings isolated from wild-type mice, n=6. (B) The relative mRNA
expression levels of NCX1 in VSMCs transfered with TRPC3-nc, TRPC3-oe and si-TRPC3
plasmids and treated with control, HS and HS+canagliflozin. n=6.(C) Representative western
blots of TRPC3, NCX1, Camkll in mouse VSMCs treated with control, HS, 40 mmol/L mannitol
and 20 mmol/L Na-gluconate (Na-glu). B-actin served as a loading control.n=4. (D) [Ca?* ¢yt in
Ca?* release and Ca?* uptake in VSMCs treated with control, HS, mannitol and Na-gluconate. The
quantitative results are shown on the right. n=10. (E) [Ca?* ]cy: in Ca?* release and Ca?* uptake in
VSMCs treated with HS,HS+SN6 and HS+KB-R7943. The quantitative results are shown on the
right. n=6. Data are expressed as mean + SEM. Statistical significance was determined by
unpaired Student’s t-test for comparisons between two groups and one-way ANOVA followed by
Bonferroni’s post-test for multiple comparisons. *P<0.05, **P<0.01,***P<0.001. TRPC3-nc,
TRPC3 negative control; TRPC3-o0e, TRPC3 overexpression; si-TRPC3, TRPC3 silence.
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