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SURL as a new therapeutic target for pulmonary arterial hypertension
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Abstract

Mutations in ABCC8 have been identified in pulmonary arterial hypertension (PAH). ABCC8 encodes
SUR1, a regulatory subunit of the ATP-sensitive-potassium channel Kir6.2. However, the
pathophysiological role of the SUR1/Kir6.2 channel in PAH is unknown. We hypothesized that
activation of SURL could be a novel potential target for PAH. We analysed the expression of
SUR1/Kir6.2 in the lungs and pulmonary artery (PA) in human PAH or experimental pulmonary
hypertension (PH). The contribution of SUR1 in human or rat PA tone was evaluated, and we measured
the consequences of in vivo activation of SUR1 in control and PH rats. SUR1 and Kir6.2 protein
expression was not reduced in the lungs or human pulmonary arterial endothelial cells and smooth
muscle cells (hPAECs and hPASMCs) from PAH or experimentally induced PH. We showed that
pharmacological activation of SUR1 by 3 different SURL1 activators (diazoxide, VU0071063, and
NN414) leads to PA relaxation.

Conversely, the inhibition of SUR1/Kir6.2 channels causes PA constriction. In vivo, long- and short-
term activation of SUR1 with diazoxide reversed monocrotaline-induced PH in rats. Additionally, in
vivo diazoxide application (short protocol) reduced the severity of PH in chronic-hypoxia rats.
Moreover, 3 weeks of diazoxide exposure in control rats had no cardiovascular effects. Finally, in vivo,
activation of SUR1 with NN414 reduced monocrotaline-induced PH in rats. In PAH and experimental
PH, the expression of SUR1/Kir6.2 was still presented. In vivo pharmacological SUR1 activation by
two different molecules alleviated experimental PH, providing proof-of-concept that SUR1 activation

should be considered for PAH and evaluated more thoroughly.

Keywords: SUR1, ABCCS, pulmonary arterial tone, nateglinide

Clinical relevance: Recently identified mutations in ABCC8 encoding SUR1 in PAH highlighted a

novel potential target. We provide proof of concept that pharmacological activation of SUR1 should be
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considered in PAH. The use of more specific SURL activators (NN414) in humans could be helpful for

PAH therapy.

Introduction

Pulmonary arterial hypertension (PAH) is a rare and severe disease. At the last World Symposium on
Pulmonary Hypertension (PH), PAH was defined as an elevation of the mean pulmonary artery (PA)
pressure >20 mmHg and by a pulmonary vascular resistance (PVR) >3 Wood units at rest. It is also
defined as a PA wedge pressure <15 mmHg(1). The prevalence of the disease is estimated to be between
15 and 50 cases per million(2). Increased PVR is the consequence of remodelling of the small PA
(diameter <500 um), which results in right ventricular (RV) hypertrophy and right heart failure and
death(3).

PAH is a complex and multifactorial disease. There is idiopathic PAH (iPAH, where the cause is
unknown), heritable PAH (hPAH, due to identifiable genetic mutations or family history), PAH induced
by drugs or toxins, and PAH associated with other diseases. During the last two decades, 18 PAH-
predisposing genes have been identified in hPAH: BMPR2, EIF2AK4, ACVRL1, TBX4, GDF2, SOX17,
ENG, KCNK3, ABCC8, ATP13A3, SMAD9, AQP1, CAV1, BMP10, SMAD4, SMAD1, BMP9, and
KDR(4, 5).

In 2018, Bohnen et al., using exome sequencing, discovered 12 different mutations in ATP-binding
cassette subfamily C member 8 (ABCC8) in PAH patients(6). The ABCC8 gene encodes the SUR1
protein, a regulatory subunit of ATP-sensitive-K* channels (KATP). ABCC8 mutation carriers are
younger than those with iPAH (median age at diagnosis 14 vs. 42 years old)(6). KATP channels, initially
discovered in the heart, are characterized by inhibition of K* channels when the intracellular ATP
concentration increases(7). Like all K* channels, KATP channels are crucial for membrane excitability
and the cellular metabolic state and regulate many cellular functions, including hormone secretion,
vascular tone, and cardiomyocyte contractility(8). KATP channels are composed of four Kir6.x (Kir6.1
and Kir6.2) channels and four sulfonylurea receptor subunits (SUR1, SUR2A, and SUR2B). SURL1 can

co-assemble and regulate Kir6.1 and Kir6.2 channels(9). Additionally, some reports have suggested that
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SURL interacts with and regulates transient receptor melatonin 4 (TRPM4), a nonselective cationic
channel(10). Electrophysiological recordings of Cos-7 cells overexpressing mutated ABCC8 plus Kir6.2
channels demonstrated that 11 of 12 ABCC8 mutations showed a loss of function of the KATP
channel(6). ABCC8 mutations are well known to cause neonatal diabetes and hyperinsulinism due to the
dysregulation of insulin secretion(11). SUR1/Kir6.2 channels in pancreatic cells regulate the resting
membrane potential and indirectly regulate insulin secretion(12). However, the role of the SUR1/Kir6.2
channel in PAH physiopathology remains unknown and requires further investigation to elucidate a
putative pathophysiological role of SUR1/Kir6.2 channels in the development of PAH.

In the present study, we hypothesized that pharmacological activation of SUR1 could reduce PH in an
experimental model. We investigated the expression, localization, and function of SUR1 and Kir6.2 in
iPAH and hPAH patients without ABCC8 mutations. Moreover, this approach was performed in three
different experimental models of PH. We measured the role of SUR1/Kir6.2 channels in pulmonary
arterial tone using organ bath studies in isolated PA from non-PAH patients, iPAH patients and PA from
control rats and the well-established monocrotaline (MCT)-induced PH rat model (MCT-PH).
Additionally, we evaluated the effect of specific pharmacological activation of SUR1 on the
development of experimental PH.

Materials and methods

Because of space limitations, a detailed description of the Materials and Methods is presented in the
Online Supplement.

Results

The SUR1/Kir6.2 channel is expressed in lungs and PA from PAH patients. To assess the relative
quantity of SUR1 and Kir6.2 in lung tissues, we performed Western blots using proteins from control
and iPAH patients (Figure 1A). We found that the SUR1 and Kir6.2 proteins were expressed at the same
levels in iPAH and control lung tissues (Figure 1A). The protein expression of SUR1 and Kir6.2 was
not different between PA isolated from controls and iPAH patients (Figure 1B). We also found that
SUR1 and Kir6.2 expression in the lungs of hPAH patients (BMPR2 mutations) was the same as that in

the lungs of controls (Supplemental Figure 1A-B). Surprisingly, we found that the mRNA levels of
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ABCCS8 and KCNJ11 (coding for Kir6.2) were increased in the lungs of iPAH and hPAH patients
compared to those of controls (Supplemental Figure 1C). We found that the mRNA levels of ABCC8
and KCNJ11 were unchanged in PA isolated from iPAH compared to controls (Supplemental Figure
1D).

Then, we analysed the localisation of SUR1 and Kir6.2 by immunohistochemistry in paraffin-embedded
lung sections of controls and iPAH patients (Figure 1C-D). We found in both controls and iPAH patients
that SUR1 and Kir6.2 staining labelled pulmonary arterial endothelial cells (PAECs; blue arrow) and
PASMCs (yellow arrow) (Figure 1C-D). Positive controls of SUR1 and Kir6.2 staining were used to
validate the specificity of the primary antibodies in human pancreas tissues (Supplemental Figure 2). In
human lung sections, rabbit pre-immune serum incubation gave negative immunostaining as presented
in Supplemental Figure 2. Coimmunostaining against SUR1 and Kir6.2 in control and PAH PA
confirmed that both proteins were colocalized, as highlighted by white arrows (Figure 1E-F).

The SURL/Kir6.2 channel is expressed in human PA endothelial cells (hPAECs) and PA smooth
muscle cells (hPASMCs). As immunostaining is not quantitative, we used Western blot analysis to
quantify the expression of SUR1 and Kir6.2 proteins in primary hPAECs and primary hPASMCs from
control and iPAH patients. As illustrated in Figure 2A-D, SUR1 and Kir6.2 proteins were expressed in
cultured control and iPAH hPAECs as well as hPASMCs. Compared to control-PASMCs, SURL1 protein
expression was unchanged, while Kir6.2 protein expression was increased in iPAH-hPASMCs (Figure
2A-B). Compared to control-hPAECs, SUR1 protein expression was unchanged, while Kir6.2 was
decreased in iPAH-hPAECs (Figure 2C-D). Therefore, we evaluated the role of SUR1 in hPASMCs and
hPAECs proliferation following pharmacological activation of SUR1 with diazoxide for 24 hours.
Interestingly, we found that pharmacological activation of SUR1 reduced the proliferation rate of
control-hPAECs and control-hPASMCs without altering the proliferation of iPAH-hPAECS and iPAH-
hPASMCs (Figure 2E-F).

Since diazoxide was also demonstrated to activate the SUR2A/Kir6.1 or SUR2B/Kir6.1 channel, we
evaluated whether hPAECs and hPASMCs expressed these proteins. We found that SUR2A, SUR2B,

and Kir6.1 were also expressed in control and iPAH conditions (data not shown). Supplementary



141

142

143

144

145

146

147

148

149

150

151

152

153

154

155

156

157

158

159

160

161

162

163

164

165

166

167

168

experiments are needed to decipher the role of the SUR2/Kir6.1 channel in the pulmonary vasculature
and the pathophysiology of PAH.

Next, we evaluated the consequence of SUR1 activation on PA relaxation in control human patients
(Figure 2G). PA were precontracted by applying 1 pmol/L U46619 (Thromboxane A2 mimetic). We
found that the activation of SURL by diazoxide induced PA relaxation (by 16.50% + 4.82) compared
with PA treated with DMSO (1.94+1.17). These results demonstrate that SUR1/Kir6.2 is functionally
expressed in controls PA and contributes to the regulation of PA tone.

Pharmacological modulation of the SUR1/Kir6.2 channel modulates rat and human PA tone We
assessed the role of SUR1/Kir6.2 in control rats PA tone using a pharmacological activator of SURL,
diazoxide, and an inhibitor of Kir6.2, nateglinide (Figure 3). Nateglinide inhibits SUR1/Kir6.2 channels
with a high affinity for SUR2A/Kir6.2 and low affinity for SUR2B/Kir6.2 channels (13). As expected,
the contractile response of PA in response to increasing doses of KCI (from 10 to 90 mmol/L) was
significantly shifted to the right when PA were preincubated with diazoxide, showing a delay of PA
contraction compared to the PA contraction recorded under DMSO conditions (Figure 3A), indicated
by the increase in Hillslope values (Figure 3B) and EC50 values (Figure 3C). The contractile responses
of PA in response to increasing doses of U46619 (from 0.1 to 3 umol/L) was significantly shifted to the
right when PA were preincubated with diazoxide (Supplemental Figure 3A).

Next, we incubated PA with nateglinide before the contractile dose-response to U46619 (Figure 3D). In
the presence of nateglinide, we recorded a significant decrease in the Hillslope values (Figure 3E) and
a significant decrease in the EC50 values (Figure 3F). However, the contractile response of PA in
response to increasing doses of KCI was not affected by the preincubation with nateglinide
(Supplemental Figure 3B). These data suggest that the pharmacological inhibition of SUR1 favors PA
constriction in control rat PA.

Then, we measured SUR1-dependent PA relaxation in rat control isolated PA (Figure 3G-H). PA were
contracted with U46619 (1 umol/L). After 15 min (stable contraction), we added DMSO with basal
relaxation of PA for 10 min (9% = 2.5 of relaxation), and then we added diazoxide for 10 min. Diazoxide
application produced significant PA relaxation in control rat PA (48% * 6.3) (Figure 3G-H). These data
suggest that the pharmacological activation of SUR1 leads to relaxation of the control rat PA. At the

7
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end of the experiments, the vitality of our PA was checked by an application of 100 mmol/L of KCI
(Supplemental Figure 3C).

Interestingly, the relaxation produced by diazoxide was similar to the relaxation mediated by
acetylcholine (Supplemental Figure 3D-F).

To determine the relative involvement of PAECs expressing SUR1 and PASMCs expressing SUR1 on
PA relaxation, we evaluated the consequence of SUR1 activation on PA relaxation with or without
endothelium. As presented in Supplemental Figure 4, in the absence of endothelium and after pre-
constriction of PA with U46619, the relaxation mediated by diazoxide is reduced by 20% (Supplemental
Figure 4A), suggesting that the endothelial SUR1 also contributes to PA arterial tone.
Pharmacological activation of SUR1 produces PA relaxation in MCT-PH rats and PAH patients.
We also measured the SUR1 and Kir6.2 protein levels in lung samples from MCT-PH rats (Figure 4A-
B). In contrast to the human lung, we found that Kir6.2 and SUR1 expression was increased in MCT-
PH rats compared to control rats. As to control PA, we found that the contractile response to increasing
doses of KCI (from 10 to 90 mmol/L) in isolated PA from MCT-PH rats was significantly shifted to the
right in the presence of diazoxide (Figure 4C), as indicated by increased Hillslope values (Figure 4D)
and EC50 values (Figure 4E). In response to increasing doses of U46619, the PA contractile response
from MCT-PH rats was significantly shifted to the left compared to control PA (Figure 4F). In PA from
MCT-PH rats, in the presence of nateglinide, the contractile dose-response to U46619 was not
significantly shifted to the left (Figure 4F-H).

We also measured the consequence of SUR1 activation on the relaxation of PA from MCT-PH rats
(Figure 4l). After induction of contraction by 1 umol/L U46619, we added DMSO for 10 min (2.7% +
1.90 relaxation) or diazoxide at 100 umol/L. After applying diazoxide, we measured significant PA
relaxation (by 43% + 8.8 in MCT-PH and 48% + 6.3 in control) compared to DMSO. The diazoxide-
mediated PA relaxation was similar in control and MCT-isolated PA (Figure 41). These data show that
SUR1 is functionally expressed in PA from MCT-PH rats, and pharmacological activation of
SUR1/Kir6.2 is efficient for PA relaxation in MCT-PH rats.

Next, we evaluated the consequence of SUR1 activation on PA relaxation in iPAH patients (Figure 4J).
We found that diazoxide induced the same relaxation of controls PA than in iPAH-PA. These results

8
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suggest that SUR1/Kir6.2 contributes to the regulation of PA tone in iPAH patients. Using supplemental
myograph experiments that confirmed PA vasoconstriction in iPAH patients, we found that the
contractile dose-response to KCI was strongly shifted to the left in PA from iPAH patients compared to
PA isolated from controls (Supplemental Figure 4B).

Expression of SUR1/Kir6.2 in the heart from MCT induced-PH rats and PAH patients -Because
SURL1 and Kir6.2 are expressed in the heart, we performed RTgPCR and Western blot experiments to
measure the expression of ABCC8/SUR1 and KCNJ11/Kir6.2 in hearts from MCT-PH rats. The
expression of SUR1 and Kir6.2 were decreased at mRNA and proteins levels in RV tissues from MCT-
PH rats compared to control RV tissues (Supplemental Figure 5A-B). In the LV, we found that Abcc8
and Kcnj11 mRNA were unchanged from MCT-PH rats compared to controls (Supplemental Figure
5C), while SUR1 and Kir6.2 protein levels were decreased in LV from MCT-PH rats compared to
control LV (Supplemental Figure 5D). From RTqPCR, we found a similar expression of KCNJ11 in the
RV of PAH patients while we found a decrease in ABCC8 in the RV of PAH patients compared to
controls (Supplemental Figure 5E). In the LV, the KCNJ11 and ABCC8 mRNA levels were not
significantly different between PAH patients and controls (Supplemental Figure 5F). However, these
results do not rule out a possible regulation of functional SUR1 and Kir6.2 proteins.

In vivo diazoxide treatment interferes with the development of PH induced by MCT and by
chronic hypoxia exposure. The present study found that SUR1 was still expressed in the lungs and PA
from iPAH patients and MCT-PH rats. Therefore, we next evaluated the consequences of in vivo
pharmacological activation of the SUR1 channel in MCT-PH rats (Figure 5). We administered diazoxide
20 mg/kg/day in vivo from days 1 to 21 to MCT-PH rats (Figure 5A). We found an improvement in the
RV systolic pressure (RVSP) (Figure 5B), cardiac output (CO -Figure 5C), PVR evaluated by
calculating the RVSP/CO ratio (Figure 5D) and RV hypertrophy (evaluated by Fulton index values)
(Figure 5E) compared to MCT-vehicle (DMSO) rats. Diazoxide treatment also reduced aberrant wall
thickness of muscularized pulmonary vessels induced by MCT exposure in rats (Figure 5F). However,
in MCT diazoxide rats, we found a reduction in pulmonary neomuscularization, as attested by the

increased non-muscularized vessels and decreased muscularized vessels in MCT diazoxide rat’s vs
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MCT DMSO rats (Figure 5G). The LV stroke volume, systemic blood pressure measured in the carotid
artery, and heart rate were unchanged between each experimental group (Supplemental Figure 6A-C).
Moreover, when administered in vivo from days 14 to 21 to MCT-PH rats (Figure 5H), diazoxide
significantly improved CO (Figure 51) and the RVSP/CO ratio (Figure 5J) but not the RVSP (Figure
5K) or Fulton index (Figure 5L) or pulmonary vessel wall thickness (Figures 5M). Importantly, we
found in MCT diazoxide rats a reduction of pulmonary neomuscularization vs MCT DMSO rats (Figure
5N)

The LV stroke volume, systemic blood pressure measured in the carotid artery, and HR were unchanged
between MCT DMSO and MCT diazoxide groups (Supplemental Figure 6D-F).

Together, these results demonstrate that diazoxide treatment reduces the development of PH in MCT-
exposed rats.

Next, we measured lung expression of SUR1 and Kir6.2 proteins in chronic hypoxia (CH)-exposed rats.
Kir6.2 protein expression was unchanged in the lungs of CH-exposed rats compared to control rats,
while SUR1 expression was decreased (Figure 50). We evaluated the consequences of in vivo
pharmacological activation of the SUR1 channel in CH-PH rats (Figure 5P). We administered 20
mg/kg/day of diazoxide in vivo from days 14 to 21 to CH-PH rats, and we found only an improvement
in the RVSP (Figure 5Q). The CO was similar in all three experimental groups (Figure 5R). The PVR
and RV hypertrophy (evaluated by Fulton index values) were not significantly reduced (Figure 5S-T)
compared to MCT-vehicle (DMSO) rats. At the pulmonary vascular level, short diazoxide treatment had
no consequence on the aberrant pulmonary vessel wall thickness (Figures 5U) but reduced pulmonary
vessel neomuscularization induced by CH in rats (Figure 5V).

The systemic blood pressure measured in the carotid artery and HR were unchanged between each CH
DMSO and CH diazoxide group (Supplemental Figure 7A-B). We obtained similar results when
diazoxide was administered in vivo from days 1 to 21 to CH-PH rats with an improvement of RVSP and
pulmonary vessels wall thickness as well as a reduction of pulmonary vessel neomuscularization
(Supplemental Figure 7C-K). Together, these results suggest that diazoxide treatment interferes with the

development of PH in CH-exposed rats, mainly by regulating PA tone.
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Additionally, we measured lung expression of SUR1 and Kir6.2 proteins in Sugen/Hypoxia (Su/Hx)-
exposed rats. Kir6.2 and SUR1 protein expression were unchanged in the lungs of SU/Hx-exposed rats
compared to control rats (Supplemental Figure 8).

Since SUR1 was also found to co-assemble with TRPM4, we analyzed the expression of TRPM4 protein
in the lungs. As shown in Supplemental Figure 9, lung expression of TRPM4 was unchanged in iPAH
or hPAH compared to controls (Supplemental Figure 9A) and in MCT-PH or CH-PH rats compared to
control rats (Supplemental Figure 9B-C).

In vivo diazoxide treatment is safe at the cardiovascular level in healthy rats. In the literature, some
reports have indicated that diazoxide treatment in young hyperinsulinism patients induced significant
increases in mean PA pressure(14). To test the safety of diazoxide treatment on control rats, we
chronically exposed control rats to 20 mg/kg/d for 3 weeks (Figure 6A). We found that in vivo chronic
activation of SUR1 had no pulmonary vascular consequence, as indicated by similar RVSP, CO, PVR,
Fulton index, and pulmonary vascular cell proliferation (EdU-incorporated cells) (Figure 6B-F).
Pulmonary vessel muscularization was not statistically different; however, the percentage of
muscularized vessels tended to be higher in the diazoxide-treated group, suggesting that diazoxide
treatment could favor pulmonary vessel neomuscularization (Figure 6G-1). With echocardiography, we
did not observe any difference in right and left heart functions (Table 1). LV thickness was reduced in
diazoxide-treated animals without any consequence to LV fractional shortening and LV stroke volume.
These results indicate that right and left heart function were unaffected by in vivo SUR1 activation by
chronic exposure to diazoxide (Table 1). The systemic blood pressure measured in the carotid artery and
HR were similar in DMSO- and diazoxide-exposed rats (Figure 6J and Table 1). After 2 weeks of
diazoxide exposure, our data suggest the relative safety of SUR1 activation by diazoxide in the
pulmonary vasculature and heart in healthy rats. However, the fact that we found insignificant increases
in pulmonary vessel neomuscularization and a reduced LV thickness in diazoxide-treated rats highlights
the need to monitor diazoxide side effects carefully.

Additional SUR1 activators (VU0071063 or NN414) produce important PA relaxation and reduce

the development of PH induced by MCT exposure.
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It was demonstrated that diazoxide has several additional effects besides acting as a SURL/Kir6.2
channel opener, including activation of SUR2, alteration of other ion channels and ATPases functions,
and direct regulation of mitochondrial energetics (15-18). To avoid misinterpretation about the
diazoxide effect on SUR1/Kir6.2, we performed an additional experiment with more selective activators
of SUR1/Kir6.2 channel: VU0071063 and NN414. Due to their higher selectivity for SUR1/Kir6.2
channels, both molecules were recently proposed by Sikimic et al. as possible new strategies for treating
congenital hyperinsulinism instead of diazoxide (19).

With the additional SUR1 activators, we measured the consequence of SUR1 activation on the relaxation
of PA from control rats. After induction of contraction by 1 umol/L U46619, we applied increasing
concentrations (100 nmol/L to 100 pumol/L) of VU0071063, of NN414, of diazoxide or DMSO. As
shown in Figure 7A, the PA contraction is similarly reduced by increasing VU0071063 or NN414 or
diazoxide concentration, indicating that SURL1 activators mediated PA relaxation as attested by the
decrease in PA contraction (Figure 7B).

Importantly in isolated aorta from control rat, we found a significant difference in aorta relaxation
induced by SUR1 activators (diazoxide, VU0071063, or NN414) and the SUR2 activator (pinacidil). As
presented in Figure 7C, we found that the SUR2 activator pinacidil produced aorta relaxation (effective
dose 50, ED50 =1.3 pumol/L) compared to SUR1 activators (55 pumol/L, 66 pumol/L and 230 umol/L for
diazoxide, VU0071063, and NN414, respectively). These results indicated that SUR1 plays a crucial
role in pulmonary arterial tone (by three different molecules) compared with his role in regulating aorta
tone.

Finally, we evaluated the consequences of in vivo pharmacological activation of the SUR1 channel by
NN414 in MCT-PH rats (Figure 7D). We administered 1.5 mg/kg/day NN414 twice daily to MCT-PH
rats from days 14 to 21. We found an improvement in the RVSP (Figure 7E), CO (Figure 7F), PVR
(Figure 7G), and RV hypertrophy (Figure 7H). Similarly, with brief diazoxide treatment, the pulmonary
vessel wall thickness remained unchanged in the MCT-NN414 group compared to the MCT-DMSO
group (Figure 5M and 71). In contrast, the pulmonary vessel neomuscularization was reduced by the
NN414 treatment (Figure 7J). The systemic blood pressure measured in the carotid artery and HR were
unchanged in each experimental group (Supplemental Figure 10A-B).
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Discussion

Using a combination of biochemical and ex vivo and in vivo approaches, we have provided 5 significant
findings regarding the expression/function of SUR1/Kir6.2 in the context of PAH. First, SUR1 and
Kir6.2 are expressed in human PASMCs and PAECs. Second, SUR1/Kir6.2 expression and function
(evaluated by myograph experiments) were not reduced in the lungs and PA of PAH patients (iPAH or
hPAH) or three experimental models of PH (MCT-PH, CH-PH, and Sugen/hypoxia). Third, the use of
three different SUR1 activators (diazoxide, VU0071063, and NN414) showed that the SUR1/Kir6.2
channel modulates PA tone similarly in humans and rats in controls and PH conditions. Fourth,
pharmacological activation of SUR1 with diazoxide has no consequence on pulmonary circulation in
healthy rats. Finally, in vivo pharmacological activation of SUR1 (by diazoxide and NN414) reduces
the development of PH in the MCT-PH rat model.

Composition of KATP channels in the pulmonary circulation

KATP channels are octameric complexes characterized by four pore-forming Kir channel (Kir6.1 or
Kir6.2) subunits associated with four regulatory SUR1 or SUR2 subunits. SUR2B is ubiquitously
expressed, while the alternatively spliced variant SUR2A is exclusively expressed in the heart(20).
SURL1 expression is prominent in neuronal and pancreatic tissues and many other tissues, including
cardiac, atria, and lung tissues(6, 21, 22). Previous work suggested that in systemic vascular smooth
muscle and endothelial cells, KATP channels are predominantly constituted by SUR2 and not by SUR1.
However, as Bohnen et al. (6) suggested, we show that PASMCs and PAECs express SUR1 and Kir6.2.
We also found that pharmacological activation of SUR1 produces significant PA relaxation in controls
and PAH patients and PA from MCT-PH and control rats. In PASMCs, KATP channels, similar to other
K* channels, contribute to the maintenance of membrane potential. In addition, KATP closure should
lead to an increase in intracellular Ca?* concentration, enhancing PASMCs contraction. In contrast,
KATP opening increases K* efflux, leading to membrane hyperpolarization, inhibition of Ca?* influx,
and PASMC relaxation. KATP may be activated by NO and endothelium-derived hyperpolarizing factor
(EDHF)(23). Although KATP is understudied in PAEC, KATP channels are regulated by shear stress
and are responsible for maintaining resting membrane potential in bovine PAEC(24). In this study, the
use of a Kir6.2 inhibitor (nateglinide) demonstrated that Kir6.2 inhibition facilitates PA constriction,
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similar to the role of Kir6.1 described in systemic vascular tissues(25). These results indicate that the
SUR1/Kir6.2 channel contributes to the regulation of PA tone and that ABCC8 loss-of-function
mutations should initiate PAH via an alteration of PA tone and a reduction in PA relaxation. Thus far,
no abnormal cardiovascular phenotype has been reported in surl” mice, while kir6.1”- or sur2” mice
developed hypertension and coronary vascular disorders(26, 27).

SURL1 subunits are mostly co-assembled with Kir6.2; however, in the adult mouse hippocampus,
endogenous SUR1 may interact with Kir6.1, suggesting that they form functional SUR1/Kir6.1- KATP
channels(28, 29). As Kir6.2 expression, we found that Kir6.1 expression was unchanged in the lungs of
iPAH patients or experimental PH models. In addition, we found that both SUR1 and Kir6.2 are
expressed in hPAECs and hPASMCs from control and iPAH patients. Interestingly, we found that
pharmacological activation of SURL reduced the proliferation rate of hPAECs from control and iPAH,
while SURL1 activation did not affect iPAH-PASMCs proliferation. These results indicated that the role
of SURL in pulmonary arteries is mainly related to the regulation of pulmonary arterial tone. Moreover,
myograph experiments performed with or without endothelium suggest that the endothelial SUR1
function contributes to almost 20 % of the PA relaxation mediated by diazoxide.

SUR1 was also reported to interact with and regulate TRPM4 channels(30). TRPM4 is known to be
expressed in PASMCs(31), and we found that TRPM4 expression in the lungs of iPAH and hPAH
patients and several experimental models of PH was unchanged. However, we could reasonably propose
that SUR1-TRPM4 assembly occurs in the pulmonary vasculature and that ABCC8 loss-of-function
mutations could also modify TRPM4 function in pulmonary vascular cells.

The function of SUR1/Kir6.2 in the right ventricle

SUR1 and Kir6.2 are expressed in the human heart(32). However, there is no strong evidence regarding
the contribution of SUR1/Kir6.2 in the regulation of KATP in human ventricular myocytes. In mice,
SURL1 is not an essential component of the ventricular KATP channel but is necessary for the atrial
KATP channel. The recombinant SUR2A/Kir6.2 channels were shown to contribute to the ventricular
KATP channel(33). - Mice overexpressing SUR1 develop arrhythmias, including atrial fibrillation and
sudden death(34), while hearts from surl™ mice have an improved functional recovery after
ischemia(35). Kir6.2 subunit contributes to the depression of cardiac excitability and contractility
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induced by the KATP channels opener(36). Kir6.2”~ mice have significant cardiac metabolic
abnormalities, such as increased glycogen storage and decreased glycolysis(37). In mice, kir6.2
deficiency reduces cardiac recovery after exercise and causes arrhythmias and sudden death after
sympathetic overactivation(38). However, kir6.2 lack does not alter cardiac function under basal aerobic
conditions(36). Here we found that the mRNA level of ABCC8 is reduced in RV tissues from PAH
patients and RV from MCT-PH rats. In contrast, Kcnj11 is decreased only in the RV from MCT-PH rat,
contributing to abnormal PH-RV cardiomyocytes' excitability, contractility, and metabolism(39, 40). In
LV tissues, we found unchanged mRNA expression (Abcc8 and Kcnjll), while protein expression is
reduced in LV from MCT rats. Therefore, we can hypothesize that transcriptional/translational
mechanisms negatively regulate SUR1 and Kir6.2 protein levels. Due to the limited quantities of human
cardiac tissues, unfortunately we cannot perform Western blot analysis on human hearts. Despite the
existence of surl or kir6.2 deficient mice, no study has assessed the consequence of surl or kir6.2
deletion in pulmonary vascular or RV levels. Future studies are needed to investigate the pulmonary
phenotype of surl” or kir6.2” mice at baseline and after exposure to PH-inducers.

Unchanged SURL1 expression in PAH pulmonary circulation contrary to other outward K*
channels: a good therapeutic target?

Even though ABCC8 loss-of-function mutations have been identified in some PAH patients(6), we found
unchanged expression of SUR1 and Kir6.2 in lungs from PAH patients, which is unusual for K* channels
in PAH. Indeed, most voltage-gated K* channels, including Kv1.1, Kv1.2, Kv1.5, Kv2.1, Kv4.3, and
Kv9.3, have decreased expression in PAH lungs(23). Moreover, 16 different loss-of-function mutations
in KCNK3 genes have also been identified in PAH patients(23, 41), and we demonstrated that KCNK3
(or TASK-1) loss of expression/function is a hallmark of PAH and experimental PH(42). These different
observations highlight the great difficulty of pharmacologically activating K* channels that are no longer
expressed in PAH (Kv channels or KCNK3), which means that the activation of SUR1 is a great
therapeutic opportunity for PAH since we found that SUR1 is correctly expressed in PAH.

SUR1 activation by diazoxide

ABCCS8 loss-of-function mutations cause congenital hyperinsulinism(43), and these patients are
currently treated with diazoxide. In this study, we investigate the consequences of the pharmacological
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SURL activation by diazoxide. Diazoxide is the only U.S. Food and Drug Administration—approved
drug to treat hyperinsulinaemic hypoglycaemia(44). Acute SUR1 activation by diazoxide application is
described to strongly reduce PAPm in some PAH patients(45, 46). Here, we show in human and
experimental PH models that acute SUR1 activation produced substantial PA relaxation.

Moreover, we found that long-term in vivo SURL1 activation treatment reduced the development of PH
with reduced RVSP, suggesting that SUR1 activation treatment mainly acts on the regulation of PA tone
via an improvement in PA relaxation. Surprisingly, we found no significant modification of systemic
blood pressures in animals treated with the SUR1 activators (diazoxide or NN414), while SUR1
activation reduced RVSP in MCT-PH rats mainly by inducing pulmonary arterial relaxation while his
role in the regulation of aorta tone is smaller. As we found that aorta tone is more sensitivity to SUR2
activation than SURL1 activation, our results indicate that SUR2 highly contribute to the regulation of
aorta tone while SUR1 play a key role in the regulation of PA tone, and thus probably explain why
SURL activation did not affect systemic blood pressure.

Limitations of the use of diazoxide

Until diazoxide is proven to be safe in PAH, diazoxide is not recommended as a treatment for PAH.
Several reports have indicated that hypoglycaemic infants develop PH secondary to diazoxide
treatment(47, 48), and the discontinuation of diazoxide treatment leads to the resolution of PH. The fact
that diazoxide was found to induce PH in hyperglycaemic infants remains a limitation of the use of
diazoxide in PAH. Recently, Ohnishi et al. suggested a dose threshold for PH caused by diazoxide
treatment and that diazoxide toxicity is influenced mainly by the dose rather than the duration of
administration. Their study indicated that PH-induced by diazoxide would possibly develop higher than
10.4 mg/(kg/day)(49). Based on the analysis, lower doses of diazoxide, less than 10.4 mg/kg/day, should
be used in hyperglycaemic infants. The mechanisms underlying diazoxide-induced PH are unknown,
and additional studies are needed to explain why diazoxide administration induces PH in a small portion
of hyperglycaemic infants (with around 7% of incidence) (47, 48). Adebiyi et al. suggested that
diazoxide-induced mitochondrial depolarization independent of SUR1 could have side effects(50).

In contrast, several studies suggested a cardioprotective effect of diazoxide- via an action on the
mitochondrial respiratory chain(51). However, in the present study, we demonstrated diazoxide-induced
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PA relaxation in PA from PAH patients who did not respond to acute NO administration. Our in vivo
results indicate that chronic SUR1 activation improved PH symptoms, suggesting that this strategy
might be helpful for patients with PAH. The fact that we found that diazoxide treatment in control rats
favors pulmonary vessel neomuscularization could partly explain the deleterious effect of diazoxide.
Diazoxide-induced PH is mimicked by people with Cantu syndrome, who have SUR2 gain-of-function
mutations(52). Currently, our study does not support recommending the administration of diazoxide to
PAH patients. Of note, SUR1 and SUR2 proteins are both expressed in the pulmonary vascular cells.
Because diazoxide was found to activate the reconstituted SUR2/Kir6.1(53), we cannot exclude that a
part of diazoxide effects could be due to SUR2 channels activation. Because of the reported diazoxide
side effects, we used two additional SUR1 activators; VU0071063 and NN414. Due to their superior
selectivity for SUR1/Kir6.2 channels, both molecules were recently proposed as possible new strategies
for treating congenital hyperinsulinism by targeting SUR1(19). VU0071063 is selective for
SUR1/Kir6.2 and not for SUR2A/Kir6.2 and SUR2A/Kir6.1 channels, and VUO0071063 opens
SUR1/Kir6.2 channels with greater potency than diazoxide(54). NN414 is 100-fold more potent
selective agonist than diazoxide SUR1/Kir6.2 channels(55). In vitro and in vivo studies demonstrated
the potential of NN414 in the treatment of disorders resulting from excessive insulin release(56-58).
However, VU0071063 seems to act directly on mitochondria, independently of SUR1. Thus, we focused
on NN414 in vivo. However, we found that VU0071063 and NN414 produced similar PA relaxation to
diazoxide and that NN414 treatment reduces MCT-PH phenotypes.

The SUR1/Kir6.2 and SUR2/Kir6.2 channels display differences in sulfonylurea sensitivity to
diazoxide(59). So, further additional studies are needed to decipher the contribution of SUR2/Kir6.1
channels in PAH pathobiology. Moreover, we found that SUR1/Kir6.2 is expressed in RV and LV, and
since diazoxide treatment may potentially induce cardioprotection (18), we cannot exclude that a part
of diazoxide effects could be due to diazoxide-mediated cardioprotection. Our results suggest that
pharmacological activation of SUR1 could be of value in PAH and suggest that NN414 molecules

should be further assessed as a PAH treatment.

17



445

446

447

448

449

450

451

452

453

454

455

456

457

458

459

460

461

462

463

464

465

466

467

468

469

470

471

Conclusions

In conclusion, we show evidence that the SUR1/Kir6.2 channel contributes to PA tone in humans and
rats. SUR1/Kir6.2 channel expression and contribution to PA tone are maintained in PA from iPAH and
experimental PH. Moreover, we show that in vivo SUR1 activation by two different activators (diazoxide
and NN414) is effective at restoring/ameliorating PH in two experimental PH models. Despite the
limitations of diazoxide and reported side effects in hyperglycaemic infants, the present results provide
proof of concept that pharmacological activation of SUR1 should be considered in PAH. Using a more
potent SUR1 activator (NN414), we confirmed that SUR1 could be considered as a pharmacologic target

in PAH. Further evaluation of NN414 is needed to assess safety and efficacy in PAH.
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Table 1: Evaluation of RV and LV function by echocardiography measured in diazoxide- or DMSO-
treated rats. HR: Heart rate, RVET: RV ejection time, PAAT: PA acceleration time, VTI: velocity-time
integral, RV EDd: RV end-diastolic diameter, RV Eds: RV end-systolic diameter, RV FS: RV fractional
shortening, LV EDd: LV end-diastolic diameter, LV Eds: LV end-systolic diameter, LV FS: LV fractional
shortening. ns: non-significant. Two-tailed unpaired Student’s t-tests assessed the difference between
two groups.

DMSO n=6 diazoxide n=6
HR (bpm) 402.6 £ 16.6 397.5+7.6
RVET (ms) 76.7+2.4 782+ 1.6
PAAT (ms) 32.5+0.7 34.8+0.9
VTI Pulmonary Artery (mm) 6.98+ 0.3 6.48 £ 0.39
RV EDd (mm) 3.4+0.3702 427+0.14
RV EDs(mm) 1.85+0.27 2.4+0.29
RYV thickness (mm) 1.1£0.06 1+0.09
RV FS % 454+ 7 43.8+7.2
VTI aorta (mm) 6.7+0.2 6.7+ 0.63
LV EDd (mm) 7.1+0.27 7.2+0.19
LV EDs(mm) 3.68+0.35 4+0.2
LV thickness (mm) 1.3£0.05 1.15 £0.065 *
LV FS % 48.1£5 443+3.2
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671

672  Figure 1: Expression of SUR1 and Kir6.2 proteins in PAECs and PASMCs in control and iPAH
673  patients. (A) Representative Western blots of SUR1 and Kir6.2 in lungs from control and iPAH patients
674  and quantification of SUR1 and Kir6.1 expression in lungs from control and iPAH patients (n=9-12).
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(B) Representative Western blots of SUR1 and Kir6.2 in isolated PA from control and iPAH patients
and quantification of SUR1 and Kir6.1 expression in PA from control and iPAH patients (n=5-7). Ns:
non-significant vs. control (C-D) SUR1 or Kir6.2 immunostaining in paraffin-embedded lung sections
from control and iPAH patients; PAEC (blue arrow) and PASMC (yellow arrow) staining is visible.
Scale Bar 100 pm and 30 pum. (E-F) Co-immunostaining against Kir6.2, SUR1, and aSMA (smooth
muscle marker) confirmed the colocalization (white arrow) of Kir6.2 and SURL in pulmonary vascular
cells in control and iPAH patients. Scale Bar 50 and 10 pum. ns: non-significant. Two-tailed unpaired

Student’s t-tests assessed the difference between two groups.
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Figure 2: The SUR1/Kir6.2 expression in human PA endothelial cells (hPAECs) and PA smooth
muscle cells (hPASMCs). (A) Representative Western blots of SUR1 and Kir6.2 in hPASMCs from
control and PAH patients (B) Quantification of SUR1 and Kir6.2 expression in hPASMCs from control

and iPAH patients (n=5). (C) Representative Western blots of SUR1 and Kir6.2 in hPAECs from control
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and iPAH patients (D) Quantification of SUR1 and Kir6.2expression in hPAECs from control and iPAH
patients (n=4-6). (E) Analysis by BrdU assay of the proliferation rate of hPAECs and hPASMCs from
control patients treated with diazoxide (100 pmol/L) or DMSO. (n = 6-7 patients). (F) Analysis by BrdU
assay of the proliferation rate of hPAECS and hPASMCs from iPAH patients treated with diazoxide
(100 pmol/L) or DMSO. (n = 6-7 patients). (G) Human PA control precontracted with U46619 (1
pumol/L) and diazoxide (100 pumol/L) vs. the same volume of DMSO produced PA relaxation in control.
Corresponding graph showing the percent relaxation 10 min after diazoxide application (n=5 controls).
ns: non-significant. *p<0.05 ****p<0.0001. Two-tailed unpaired Student’s t-tests assessed the

difference between two groups.
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Figure 3: Contribution of the SUR1/Kir6.2 channel to the regulation of pulmonary arterial tone in
control rats and human controls. (A) Dose-response curve (normalized to K100) established by
applying increasing concentrations of KCI to isolated PA from control rats in the presence of DMSO or

diazoxide (SUR1 activator, at 100 umol/L). Corresponding quantification of Hillslope (B) and EC50
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(C) values (n=7 rats). (D) Dose-response curve (normalized to K100) established by applying increasing
concentrations of U46619 (thromboxane A2 mimetic) to isolated PA from control rats in the presence
of DMSO or nateglinide (Kir6.2 channel inhibitor, at 100 pmol/L). Corresponding quantification of
Hillslope (E) and EC50 (F) values (n=11 rats). (G) Relaxant response to 100 umol/L diazoxide in PA
from control rats precontracted with U46619 (1 umol/L). (H) Corresponding graph showing the percent
relaxation to DMSO or diazoxide at 100 pumol/L. (n=10-12 rats). ns: non-significant. *p<0.05

****n<0.0001. Two-tailed unpaired Student’s t-tests assessed the difference between two groups.
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Figure 4: Contribution of the SUR1/Kir6.2 channel to the regulation of pulmonary PA tone in MCT-

PH rats and human iPAH patients. (A) Representative Western blots of SUR1 and Kir6.2 in lungs

from control and monocrotaline (MCT)-exposed rats (3 weeks). (B) Quantification of SUR1 and Kir6.2

expression in lungs from control and MCT- rats (n=5-8). (C) Dose-response curve (normalized to K100)
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established by applying increasing concentrations of KCI to isolated PA from control and MCT-PH rats
in the presence of diazoxide at 100 umol/L. Corresponding quantification of Hillslope (D) and EC50
(E) values (n=6 rats). (F) Dose-response curve (normalized to K100) established by applying increasing
concentrations of U46619 (thromboxane A2 mimetic) to PA isolated from control and MCT-PH rats in
the presence of nateglinide (Kir6.2 channel inhibitor, at 100 pmol/L). Corresponding quantification of
Hillslope (G) and EC50 (H) values (n=7 rats). (I) Graph showing the percent relaxation to diazoxide at
100 pmol/L in MCT-PH rats (n=8-10 rats) and corresponding graph showing the percent relaxation to
DMSO or diazoxide in control and MCT rats. (n=10-12 rats). (J) Human PA control and iPAH PA
precontracted with U46619 (1 pumol/L) and showing diazoxide (100 umol/L) relaxation in control and
iPAH patients and corresponding graph showing the percent relaxation 10 min after diazoxide
application vs. DMSO (n=5 controls vs. 6 iPAH). ns: non-significant. *P<0.05 **p<0.01***p<0.001,
****p<0.0001. Two-tailed unpaired Student’s t-tests assessed the difference between two groups.
Differences between three groups were assessed with one-way ANOV A completed by Tukey’s multiple

comparisons test for post hoc analyses.
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Figure 5: In vivo diazoxide treatment interferes with MCT-PH and CH-PH development. (A) In vivo
experimental design. Diazoxide (20 mg/kg/day for 3 weeks) was administered long-term during MCT

exposure by intraperitoneal injection. (B) RV systolic pressure (RVSP; mm Hg; n=5-7 different rats per
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condition) (C), Cardiac output (CO; mL/min) (n=5-6 different rats per condition). (D) Pulmonary
vascular resistance (PVR, evaluated by the RVSP/CO ratio) (n=5-6 different rats per condition). (E)
Fulton index (RV/LV+septum) (n=5-8 different rats per condition). (F) Pulmonary vessel occlusion (%)
analysed by hematoxylin-eosin Safran staining (HES) (n = 4-7 rats per condition). (G) Percentage of
non-muscularized and muscularized vessels (100 vessel per rat, (n=4-7 rats) as measured by
immunostaining against a-smooth muscle actin (aSMA) and Von Willebrand Factor (VWF). (H) In vivo
experimental design. Diazoxide (20 mg/kg/day for day 14 to day 21) was administered short-term during
MCT exposure by intraperitoneal injection. (I) RVSP (mmHg; n=9-11 rats per condition). (J) Cardiac
output (CO; mL/min) (n=8-10 rats per condition). (K) PVR, evaluated by calculating the RVSP/CO
ratio (n=8-11 rats per condition). (L) Fulton index (n=8-9 rats per condition). (M) Pulmonary vessel
occlusion (%) analysed by hematoxylin-eosin Safran staining (HES) (n = 4-9 rats per condition). (N)
Percentage of non-muscularized and muscularized vessels (100 vessel per rat, (n=5-7 rats) as measured
by immunostaining against aSMA and VWF. (O) Representative Western blots of SUR1 and Kir6.2 in
lungs from control and chronic hypoxia (CH)-exposed rats (3 weeks). Quantification of SUR1 and
Kir6.1 expression in lungs from control and CH rats (n=4-5). (P) In vivo experimental design. Diazoxide
(20 mg/kg/day for day 14 to day 21) was administered short-term during CH exposure by intraperitoneal
injection. (Q) RVSP (mmHg; n=5-7 rats per condition). (R) CO (mL/min) (n=5-6 rats per condition).
(S) PVR (n=5-6 rats per condition). (T) Fulton index (n=5-8 rats per condition). (U) Pulmonary vessel
occlusion (%) analysed by hematoxylin-eosin Safran staining (HES) (n = 3-6 rats per condition). (V)
Percentage of non-muscularized and muscularized vessels (100 vessel per rat, (n=5-7 rats) as measured
by immunostaining against aSMA and VWF. ns: non-significant *p<0.05 **p<0.01; ***p<0.001
****n<0.0001. Differences between three groups were assessed with one-way ANOVA completed by

Tukey’s multiple comparisons test for post hoc analyses.
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Figure 6: In vivo diazoxide treatment in healthy control rats. (A) In vivo experimental design.

Diazoxide (20 mg/kg/day for 3 weeks) was administered long-term to healthy control rats by

intraperitoneal injection. (B) RVSP (mmHg; n=6 rats per condition). (C) CO (mL/min) (n=5 rats per

condition). (D) PVR (n=5 rats per condition) (E) and Fulton index (n=5 rats per condition). (F)
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Quantification of the percentage of lung proliferating cells after immunofluorescent staining and
confocal imaging of frozen rat lung sections labelled with Click-iT 5-ethynyl-2’-deoxyuridine (EdU)
(n=3 rats). (G-H) Percentage of non-muscularized and muscularized vessels (100 vessel per rat, n=6
rats) as measured by immunostaining against aSMA and VWEF. (I) Non-muscularized/muscularized
ratio vessels in DMSO- and diazoxide-exposed rats (n=6 rats). (J) Mean systemic blood pressure
measured in the carotid artery from DMSO- and diazoxide-exposed rats (n=6 rats). ns: non-significant.

Two-tailed unpaired Student’s t-tests assessed the difference between two groups.
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773

774  Figure 7: Additional SURL1 activators (VU0071063 or NN414) mediated PA relaxation and
775  pharmacological activation of SUR1 with NN414 reduced PH-induced MCT. (A) Dose-response to

776  diazoxide (blue trace), NN414 (pink trace), VU0071063 (orange trace), and DMSO (grey trace) on
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precontracted control rat PA by 1 umol/L of U46619. (B) Graphics representing the percentage of
contraction at 100 umol/L of PA treated with the different Surl activators or DMSO. (C) Dose-response
to diazoxide (blue trace), NN414 (pink trace), VU0071063 (Orange trace), pinacidil (green trace), and
DMSO (grey trace) on precontracted control rat aorta by 1 umol/L of U46619. (D) In vivo experimental
design. NN414 (1.5 mg/kg'day twice daily for day 14 to day 21) was administered short-term during
MCT exposure by intraperitoneal injection. (E) RVSP (mm Hg; n=6-9 rats per condition). (F) CO
(mL/min) (n=6-7 rats per condition). (G) PVR (n=6-7 rats per condition). (H) Fulton index (n=7-10
rats per condition). (1) Pulmonary vessel occlusion (%) analyzed by hematoxylin-eosin Safran staining
(HES) (n = 4-10 rats per condition. (J) Percentage of non-muscularized and muscularized vessels (100
vessel per rat, (n=5-7 rats) as measured by immunostaining against aSMA and VWF. ns: nonsignificant
*p<0.05 **p<0.01; ***p<0.001 ****p<0.0001. Differences between three groups were assessed with

one-way ANOVA completed by Tukey’s multiple comparisons test for post hoc analyses.
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