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Background: Many patients with heart failure with preserved ejection fraction (HFpEF) have
metabolic syndrome and develop exercise-induced pulmonary hypertension (EIPH). Increases in
pulmonary vascular resistance in patients with HFpEF portend a poor prognosis; this phenotype
is referred to as combined pre-and post-capillary PH (CpcPH). Therapeutic trials for EIPH

and CpcPH have been disappointing, suggesting the need for strategies that target upstream
mechanisms of disease. This work reports novel rat EIPH models and mechanisms of pulmonary
vascular dysfunction centered around the transcriptional repression of the soluble guanylate
cyclase (sGC) enzyme in pulmonary artery smooth muscle cells (PAVSMCs).

Methods: We used obese ZSF-1 leptin-receptor knock-out rats (HFpEF model), obese ZSF-1 rats
treated with SU5416 to stimulate resting PH (Obese+sugen, CpcPH model), and Lean ZSF-1 rats
(controls). Right and left ventricular hemodynamics were evaluated via implanted-catheters during
treadmill exercise. PA function was evaluated using MRI and myography. Overexpression of
NFYA, a transcriptional-enhancer of SGCB1, was performed by PA delivery of adeno-associated-
virus 6 (AAV6). Treatment groups received SGLT2 inhibitor Empagliflozin in drinking water.
PAVSMCs from rats and humans were cultured with Palmitic acid, Glucose, and Insulin (PGI) to
induce metabolic-stress.

Results: Obese rats showed normal resting right ventricular systolic pressures (RVSP) which
significantly increased during exercise, modeling EIPH. Obese+sugen rats showed anatomical PA
remodeling and developed elevated RVSP at rest, which was exacerbated with exercise, modeling
CpcPH. Myography and MRI during dobutamine-challenge revealed PA functional impairment
of both obese groups. PAs of obese rats produced reactive oxygen species (ROS) and decreased
SGCPL expression. Mechanistically, cultured PAVSMCs from obese rats, humans with diabetes or
treated with PGI, showed increased mitochondrial-ROS, which enhanced miR-193b-dependent
RNA-degradation of NFYA, resulting in decreased sGCB1-cGMP signaling. Forced NYFA
expression by AAV6 delivery increased sGCPB1 levels and improved exercise-PH in Obese+sugen
rats. Treatment of Obese+sugen rats with Empagliflozin improved metabolic syndrome, reduced
mitochondrial ROS and miR-193b levels, restored NFYA/sGC activity, and prevented EIPH.

Conclusions: In HFpEF and CpcPH models, metabolic syndrome contributes to pulmonary
vascular dysfunction and EIPH through enhanced ROS and miR-193b expression, which down-
regulates NFYA-dependent sGCB1 expression. AAV-mediated NFYA overexpression and SGLT2
inhibition restores NFYA-sGCB1-cGMP signaling and ameliorates EIPH.
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Introduction

Heart failure has been estimated to afflict nearly 26 million people worldwide, with more
than 50% of patients having heart failure with preserved ejection fraction (HFpEF).1—3

HFpEF is defined by clinical features of heart failure, with an ejection fraction (EF) greater
than 50% and imaging evidence of left ventricular diastolic dysfunction. The burgeoning
epidemic of HFpEF is largely related to the concomitant increased prevalence of diabetes,
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hypertension, hyperlipidemia, obesity, and increasing age of our population, all known risk
factors for HFpEF.>

Pulmonary hypertension is a common complication of HFpEF which is associated with high
morbidity and mortality. The World Health Organization classifies pulmonary hypertension
due to left heart disease as Group 2 pulmonary hypertension which incorporates HFpEF,
HFrEF, as well as valvular disease.6 Despite being the most common form of pulmonary
hypertension, there are no approved therapies for the treatment of pulmonary hypertension
secondary to HFpEF.® By right heart catheterization, pulmonary hypertension due to left
heart disease is defined by a mean pulmonary artery pressure (mPAP) =25 mmHg

(new definitions even consider values = 20 mmHg) and a pulmonary artery occlusion
pressure (PAOP) > 15 mmHg.” Two major mechanisms have been considered central

to the development of high pulmonary pressures. 1) passive hypertension with chronic
passive increases in left ventricular end-diastolic pressure (L\VEDP); 2) vascular dysfunction
and cellular remodeling, with chronic increases in pulmonary pressures compounded by
dysregulated vaso-motor signaling pathways driven by the associated metabolic syndrome
(insulin resistance, obesity, hypertension). Both processes lead to high right ventricular
afterload and failure.

A major symptom of HFpEF is exertional dyspnea and exercise intolerance, in large part
related to significant increases in pulmonary pressures during exercise, referred to as
exercise induced pulmonary hypertension (EIPH).8:°2 EIPH may represent an early stage

of pulmonary hypertension, and portends an overall worse prognosis, with higher risk of
right ventricular dysfunction and death.10.11 Recently, clinical data have been proposed

to define diagnostic criteria for EIPH.12 A European Respiratory Society Task Force has
recommended the diagnosis of EIPH as mean pulmonary artery pressure (mPAP) >30
mmHg and total pulmonary resistance (TPR) >3 Wood units at peak exercise.13 Importantly,
more than half of patients with HFpEF develop EIPH,? although the mechanism linking
HFpEF and EIPH remains unclear.

Patients with HFpEF who develop an increase in pulmonary artery pressures at rest that

are substantially higher than the left ventricular diastolic pressure are now referred to as
combined pre-and post-capillary pulmonary hypertension (CpcPH).1415 The hemodynamic
criteria for CpcPH has been defined by a high transpulmonary pressure gradient, diastolic
pressure gradient or pulmonary vascular resistance, all of which are associated with higher
risk of death than having HFpEF without intrinsic pulmonary vascular disease.16-18 In the
setting of HFpEF, EIPH and CpcPH likely represent advancing spectrums of the severity
of pulmonary vascular dieases, with EIPH representing an earlier manifestation where the
resting pressures may be normal but rise pathologically during exercise, while patients
with CpcPH have resting high pulmonary vascular resistance and severe exercise PH with
RV dysfunction.1’ Despite a clear understanding of the clinical risk related to both EIPH
and CpcPH in the setting of HFpEF, the underlying mechanisms that drive pulmonary
vascular functional impairment remain unknown, in large part related to the lack of relevant
pre-clinical models of disease.1®
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A central risk factor for the development of CpcPH in the setting of HFpEF is the
metabolic syndrome. In fact, more than 80% of patients with HFpEF have one or more
feature of the metabolic syndrome. In a mouse model, combination of inhibition of NO
synthases and metabolic syndrome (high fat diet) induces a cardiac phenotype consistent
with HFpEF.20 Similarly, rats with leptin receptor knock-out (ZSF-1) develop features of
metabolic syndrome and develop HFpEF. In order to develop a model of CpcPH, we
exposed ZSF-1 obese rats to the VEGF inhibitor Sugen (100mg/kg SU5416) to trigger
pulmonary vascular remodeling.2! In the current study we explore the effects of acute
exercise stress on both the ZSF-1 obese rat without Sugen treatment, which has HFpEF
without baseline pulmonary hypertension, and with Sugen treatment, which has CpcPH at
rest. The former models EIPH with significant pulmonary hypertension developing with
exercise, while the later model CpcPH develops even more severe PH and right ventricular
dysfunction with exercise.

In the current study we report that these rat models of EIPH and CpcPH develop

intrinsic pulmonary vascular disease with impaired vasodilatory capacity during exercise.
An examination of isolated pulmonary vasculature and pulmonary artery vascular smooth
muscle cells (PAVSMCs) reveals a significant impairment in the nitric oxide (NO) signaling
pathway, which unexpectedly is caused by a profound depletion in the enzyme soluble
guanylate cyclase (sGC), such that even in the presence of adequate endogenous or
therapeutic NO the enzyme cannot be activated to produce vasodilatory cGMP. NO is
normally produced by endothelium-dependent NO synthase (eNOS) and diffuses to smooth
muscle and activates its specific receptor soluble guanylyl cyclase (sGC), which in turn
converts 3’-5” guanosine triphosphate (GTP) to cyclic 3’-5’ guanosine monophosphate
(cGMP), which promotes smooth muscle relaxation and vasodilation.22 Impaired NO-sGC-
cGMP signaling has been described in patients with diabetes, mediated by the activation

of oxidases which produce superoxide and reduce the expression or activity of eNOS.23 In
disease states like diabetes, increased vascular ROS may directly oxidize the heme moiety
of sGC which inhibits NO binding and causes heme loss, which leads to sGC ubiquitination
and degradation.24 However, in the studies presented here we find that high levels of
vascular ROS dramatically reduce the transcription of sGC, rather than scavenge NO or
oxidize and proteolyze the enzyme.

The transcriptional regulation of SGCB1 expression is incompletely understood in the
PAVSMC:s or in the setting of HFpEF, although multiple proteins including several FoxOs,
growth factor independence 1, and Nuclear factor Y alpha (NFYA) have been reported as
transcription factors regulating sGC expression in other cell types and diseases.2>26 As

a component of the NFY complex, NFYA is one of the most robust transcription factors
binding to CCAAT- boxes, of which three are found in the sSGCB1 promoter region.?’ As a
regulator of smooth muscle cell proliferation and hepatocyte gluconeogenesis, NFYA may
have an important role in vascular diseases related to metabolic syndrome.?8:2% The data
presented here suggest that this is mediated by production of mitochondrial ROS that in
turn reduces the levels of the transcription factor NFYA, which in PAVSMC is required for
SGCP1 expression.
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Due to their regulation of mMRNA turnover and translation, microRNAs have been shown to
play an important role in the pathophysiology (e.g. cellular proliferation, vasoconstriction,
inflammation, metabolism) of pulmonary hypertension.39-31 miR-193b promotes NFYA
transcript degradation in white adipose tissue and is increased in diabetic humans.32:33 In
the current study we evaluate the central role of NFYA in the transcriptional control of
SGCP1 expression in the pulmonary vasculature and upstream processes regulating NFYA
expression via miR-193b. Whereas increased ROS generation and impaired NO and cGMP
signaling have been implicated in the metabolic syndrome,34:3% and most patients with
HFpEF exhibit features of the metabolic syndrome, the transcriptional dysregulation of
SGCP1 expression and important role of NFYA in EIPH and CpcPH in the setting of
HFpEF have not been previously characterized. Leveraging the current findings of metabolic
syndrome-ROS-NFYA-sGCp1 signaling, we demonstrate that therapeutic forced expression
of NFYA using AAV6 intravascular gene delivery restores SGCB1 expression and cGMP
signaling and improves EIPH and CpcPH.

Therapies that directly target the pulmonary vasculature or left ventricle in the setting of
HFpEF have to date been disappointing%36, suggesting the need for strategies that target
upstream disease mechanisms, such as metabolic syndrome and impaired vascular redox
homeostasis (high ROS formation/impaired nitric oxide-soluble guanylate cyclase-cGMP
signaling). Here we have developed a novel rat EIPH model with metabolic syndrome,

and therapeutically target upstream metabolic syndrome and secondary vascular reactive
oxygen species (ROS) formation using a SGLT2 inhibitor. SGLT2 inhibitor therapy is
associated with decreases in heart failure related hospitalization, non-fatal myocardial
infarction and cardiovascular death in adult patients with type 2 diabetes and cardio-vascular
risk.37:38 SGLT2 inhibitors improve cardiovascular risk factors through lower blood glucose
levels, lower blood pressure via osmotic diuresis, and increased urinary caloric loss with
reductions in body weight. However, it remains unclear why SGLT2 inhibitors show
superior outcomes relative to other diabetes therapeutics (such as metformin) or diuretic
drugs, despite a lack of SGLT2 expression in the myocardium or any vasculature other

than in the kidney. Considering the high prevalence of metabolic syndrome features in
patients with HFpEF, and prior findings of strong relation between metabolic dysfunction
and exercise intolerance3?, the inhibition of SGLT2 may represent an effective upstream
treatment strategy for both EIPH and CpcPH in the setting of HFpEF.

Materials and Methods

METHODS

The data that support the findings of this study are available from the corresponding author
upon reasonable request. Detailed methods and materials are available in the online Data
Supplement. Methods include surgical catheter placement and assessment of hemodynamics
during rat treadmill testing, ultrasonography, cardiac MR imaging in response to dobutamine
challenge, myography, measurement of rat plasma factors (e.g., cGMP), microscopic
analyses, tissue culture of rat and human pulmonary artery (PA) vascular smooth muscle
cells (PAVSMCs) in standard and metabolic-syndrome-inducing media (PGI), mitochondrial
complex activity, RNA and protein isolation and analysis.
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Animal and Human Subjects and Ethical Considerations—All animal procedures
were reviewed and approved by the University of Pittsburgh Institutional Animal Care and
Use Committee. De-identified early-passage (3—8) human PAVSMCs were provided by the
University of Pittsburgh Cell Processing Core. De-identified lung tissue specimens for cell
isolation were obtained from the University of Pittsburgh Tissue Medical Center Transplant
program and Tissue Donation Program at the University of Pittsburgh Medical Center,
under the protocols approved by the University of Pittsburgh IRB and CORID. Human

and rat PAVSMC isolation, maintenance, and characterization were performed as previously
described.40

Statistical Analyses—All results are shown as mean = SEM. Normality of data was
confirmed by Shapiro Wilk testing (JMP 15 software, SAS Institute, North Carolina, USA),
which revealed normal distribution of all data. An F-test was used to test the equality

of variance in two independent groups. Comparisons of means between 2 groups with

equal variances were performed by 2-tailed Student’s #test, while 2 groups with unequal
variances were compared by Welch’s t-test. Comparisons of mean responses associated with
the two main effects of the different genotypes was performed by two-way analysis of
variance (ANOVA) with interaction testing, followed by Tukey’s HSD (honestly significant
difference) for multiple comparisons. When comparing more than two groups, the data were
analyzed using one-way ANOVA, followed by Tukey’s HSD as all data showed normal
distribution. When comparing hemodynamic and other parameters between different groups
of rats at rest and during exercise, data were analyzed using repeated measures two-way
ANOVA (if the number of rats in each group was the same) or mixed-effects model analysis
(if the number of rats in each group rat was different) as the data was taken over time

from the same rat. Fasting Glucose and GTT data were also analyzed by two-way repeated
measures ANOVA or mixed-effects model analysis. Statistical significance was evaluated
with GraphPad Prism 7 (GraphPad Software, San Diego, USA). All reported P values are
2-tailed, with a P value of less than 0.05 considered statistically significant.

Development of a rat model of exercise-induced pulmonary hypertension (EIPH) with

HFpEF

We and others have previously reported that the ZSF-1 obese rat displays metabolic
syndrome and pathophysiologic features consistent with HFpEF2141 and that these animals
develop resting pulmonary hypertension after additional treatment with the vascular
endothelial growth factor receptor-2 antagonist SU5416 (obese+sugen), modeling human
CpcPH.21 Here, we tested the effects of exercise on cardiopulmonary hemodynamics in the
HFpEF (Obese) and CpcPH (obese+sugen) model rats, and compared to lean (non-obese)
treated with or without SU5416 (lean+sugen) as controls. At 8 weeks of age, lean and obese
rats were treated with Sugen (100mg/kg) (Figure 1A). At 20 weeks of age, all rats (lean,
lean+sugen, obese, and obese+sugen rats) were implanted with 3 Fr polyethylene tubes into
the right (RV) and left ventricles (LV) (Figure 1B and Figure 1-A-B in the Supplement).
After 1 week of familiarization and training with the treadmill, a stepwise treadmill exercise
protocol was performed to determine the maximal treadmill speed for each rat (Figure I-C in
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the Supplement), during which their workload was also measured. Two days later, RV and
LV pressures were measured during exercise at maximal speed for 30 minutes (Figure 1A
and Figure 1-D in the Supplement).

Obese rats and obese+sugen rats developed metabolic syndrome (elevated body weight,
HbAlc, triglyceride, insulin, abnormal glucose tolerance test, and insulin resistance
measured as the homeostatic model assessment for insulin resistance (HOMA-IR) (Figure
1C-D and Figure I-F-G in the Supplement). At rest, obese rats showed normal RVSP,
higher left ventricular end-diastolic pressure (LVEDP) and modest elevations in mean
pulmonary arterial pressure (mPAP) compared to lean and lean+sugen rats (Figure 1E,
Figure I-H and Table I in the Supplement). Obese+sugen rats developed elevated RVSP
and mPAP at rest compared with lean, lean+sugen and obese rats (Figure 1E and Figure

I-H in the Supplement). During exercise, both obese rats and obese+sugen rats showed
significantly increased RVSP and RVEDP when compared to either lean-exercised or their
corresponding resting hemodynamic values (Figure 1E). Lean+sugen rats slightly increased
exercise-induced increase in RVSP compared to lean rats, but this was not significant
(Figure 1E). During exercise, lean and obese group rats showed a similar and significant
increase in LVEDP, systolic BP (LVSP), heart rate and respiratory rate (Figure 1E and
Figure I-1 in the Supplement). To normalize the effect of body weight on workload, each
workload was multiplied by bodyweight as previously described.#2 Obese and obese+sugen
rats showed a significantly decreased “workload x bodyweight”, suggesting poor exercise
tolerance (Figure 1F). Obese+sugen rats also developed a higher Fulton index compared
with lean, lean+sugen and obese rats, indicating right ventricular hypertrophy (Figure

1G and Figure I-J in the Supplement). These results suggest that obese rats without

sugen treatment displayed cardiac function measures consistent with EIPH (EIPH model),
whereas obese+sugen rats had resting and more severe exercise-exacerbated PH and cardiac
dysfunction, validating a model of CpcPH with more severe EIPH.

Right ventricular dysfunction after exercise in HFpEF model rats

Doppler-ultrasonography was performed to evaluate cardiac function at rest and after
exercise. At rest, ZSF-1 obese rats showed cardiac dysfunction consistent with HFpEF,
with preserved ejection fraction and lower E/A ratio relative to lean rats, consistent with
prior publications (Figure 2A-B and Table I in the Supplement).?! Post exercise, lean
and lean+sugen rats significantly increased cardiac output (CO) and cardiac index (Cl),
which failed to increase in obese and obese+sugen rats (Figure 2C). Obese+sugen rats,
but not obese rats, developed RV dysfunction even at rest, as assessed by significantly
increased RVDd and numerically decreased PAAT/ET ratios (Figure 2D and E). After
exercise, obese rats also developed right ventricular dysfunction (significantly increased
RVDd and decreased PAAT/ET ratio and TAPSE (Figure 2E). After exercise, obese+sugen
rats demonstrated a significant decrease in RV function parameters (Figure 2E). From the
RVSP and cardiac index values, the calculated total pulmonary resistance index (TPRi)
was increased in obese+sugen rats at rest. After exercise, both obese and obese+sugen
rats showed higher TPRi compared to either lean- and lean+sugen-exercised or their
corresponding resting hemodynamics (Figure 2F). Strain ultrasonography was used to
evaluate early or subtle changes in RV and LV function. At rest, LV circumferential and
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longitudinal strain were lower in obese and obese+sugen rats when compared to lean

rats, resembling human HFpEF patients (Table I11 in the Supplement). After exercise,

RV longitudinal strain was decreased in obese rats (Table 111 in the Supplement). These

data show that obese HFpEF rats develop RV dysfunction after exercise, consistent with

the criteria for EIPH. Similarly, obese+sugen rats also showed numerically worse RV
dysfunction after exercise, suggesting poor cardiac function during exercise in CpcPH.
These results suggest that EIPH and CpcPH model rats increase pulmonary artery resistance
during exercise, compounding exercise induced increases in LVEDP, which increases

right ventricle pressures, impairs RV function, and worsens exercise capacity, similar to
observations in humans with HFpEF who develop EIPH and CpcPH.811

Physiological mechanisms of pulmonary hypertension with exercise in HFpEF model rats

Immunohistochemical analysis with a SMA staining showed modest but significant
remodeling, with increases in PA medial thickness in obese+sugen rats compared with
lean and obese rats (Figure 3A). Lean+sugen rats showed slightly higher PA medial

index compared to lean rats, but this was more substantial in the obese+sugen rats, as
previously reported.2! In patients with PAH, MR imaging demonstrates dilation of PAs
and decreased vasoconstriction, which reflect severity of PH.43 We therefore evaluated PA
size and vasodilatation using MRI in our EIPH and CpcPH models, during dobutamine
infusions to model exercise stress and prevent motion interference during lung imaging.
Dobutamine increases CO and heart rate without increasing LV pressure or peripheral
arterial vasoconstriction, ideally testing pulmonary vascular responses to increasing flow
without increasing LVEDP.#* Dobutamine infusions also allow for in vivo imaging of

the lung vasculature responses to high cardiac output which are not technically possible

in conscious exercising rats. At rest, MR imaging showed dilated PA and RV in

the obese+sugen rats compared with lean, lean+sugen and obese rats, consistent with
chronically elevated pulmonary pressures and PA dilatation (Figure 3B and Figure 11-A

in the Supplement). During dobutamine challenge, lean and lean+sugen rats exhibited PA
dilation as cardiac output increased; in contrast obese rats and obese+sugen rats failed to
dilate their pulmonary arteries and increased RV dilation (Figure 3B). We note that the

use of anesthesia (isoflurane 2%) during MRI decreased the difference in resting RV and
LV systolic pressure among all rats compared to the difference in resting hemodynamics
without anesthesia in Figure 1E. However, CpcPH rats still showed higher resting RVSP
compared to lean rats during MRI (Figure 3C). With dobutamine challenge, lean rats did not
increase RV and LV pressures, whereas obese and obese+sugen rats significantly increased
RVSP and RVEDP without a significant increase in LVSP and LVEDP when compared

to either lean- and lean+sugen-dobutamine or their corresponding resting hemodynamics
(Figure 3C and Table 1V in the Supplement). Ultrasonography during dobutamine challenge
revealed an increase in CO in lean, lean+sugen and obese rats, which was not seen in
obese+sugen rats (Figure 3C and Figure I11-B and Table V in the Supplement). Both obese
rats and obese+sugen rats increased RV dilation and decreased PAAT/ET time, suggesting
dobutamine-induced RV dysfunction (Figure 11-B in the Supplement). In aggregate, these
studies reveal functional pulmonary vascular impairment during dobutamine infusions in
both ZSF-1 rats with and without sugen, independent of changes in LVEDP. While the
CpcPH model is more severe with resting PH and evident pulmonary artery smooth muscle
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hypertrophy and proliferation, the milder EIPH model does develop pulmonary vascular
dysfunction that becomes evident by ultrasonographic and MR imaging during both exercise
or dobutamine infusions. Considering these data, we propose that the EIPH model ZSF-1
rats exhibit functional pulmonary arterial impairments even without pathologically evident
pulmonary arterial remodeling that is seen in the CpcPH model rats (Figure 3E and Figure
[1-B in the Supplement).

Increased mitochondrial derived ROS and decreased sGC enzyme expression and activity

in PAVSMCs

To further explore the mechanisms of pulmonary vascular dysfunction, ex vivo vessel
myography studies on isolated pulmonary arteries of obese ZSF-1 rats were performed.
Pulmonary arteries of both obese rats showed impaired vasodilation responses to
acetylcholine (Ach) and sodium nitroprusside (SNP, NO donor), suggesting functional
impairments in endothelial-dependent and independent function, even in the absence

of structural pulmonary vascular smooth muscle remodeling (Figure 4A). As increased
oxidative stress is a major pathophysiologic consequence of metabolic syndrome3® and
modulates vascular relaxation via down-regulation of eNOS or cGMP production from
soluble guanylate cyclase (sGC)*°, oxidative stress biomarkers were measured in lean,
obese, and obese+sugen rats. Immunofluorescence staining demonstrated high levels of
4-hydroxynonenal (4HNE) and 8 hydroxy-2 deoxy guanosine (8-OHdG), used to assess
ROS-mediated lipid peroxidation and DNA oxidation, respectively, around the pulmonary
arteries of obese and obese+sugen rats at rest and after exercise (Figure 4B and Figure
I11-A in the Supplement). Oxidized LDL plasma levels were also higher in obese and
obese+sugen rats compared to lean, and further increased after exercise, consistent with a
significant increase in ROS in these animals (Figure I11-B in the Supplement). Considering
the abnormal pulmonary artery function in obese rats, primary cultures of PAVSMCs were
isolated from 6 different obese and lean rats and used to characterize ROS production.
Cells were characterized by predominant positive staining with smooth muscle specific
antibodies (aSMA and SM22), and sparse to absent staining with von Willebrand Factor
(VWF) to distinguish from endothelial cells (Figure I11-C in the Supplement). Intra-cellular
ROS (CellROX positive/negative cell ratio), mitochondrial ROS (MitoSOX positive/negative
cell ratio), and membrane potential (TMRM strong/weak positive cell ratio) were all
significantly increased in cultured PAVSMCs of obese compared to lean rat PAVSMCs
(Figure 4C-D). The intra-cellular ROS in obese PAVSMCs were normalized by treatment
with MitoTEMPO (50uM, 10 min) and largely decreased by treatment with Rotenone
(10pM, 10 min), indicating that the ROS is primarily derived from mitochondria (Figure
4C), although incomplete quenching of ROS suggests additional oxidase sources. Relative
to appropriate controls, mitochondrial complex activity and UCP2 expression were higher
in PAVSMCs from obese rats (complex I, 11, I1I, 1V), whereas ATP levels were unaltered
(Figure 111-D-E in the Supplement).

As key regulators of cardiopulmonary function, plasma levels of cGMP, cAMP, PDES5,
ANP, and BNP were measured at rest and after 30 minutes of exercise. Whereas lean rats
increased plasma cGMP levels after exercise for 30 minutes, both obese and obese+sugen
had significantly lower cGMP levels at rest that did not increase after exercise (Figure
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4E). On the other hand, cCAMP, PDE5, ANP and BNP plasma levels were similar amongst
all groups (Figure I11-F in the Supplement). In addition, western blotting and RT-PCR of
isolated left main pulmonary artery homogenate from obese rats revealed significantly lower
sGCP1 protein and mRNA levels, with a trend towards a further decrease in obese+sugen
rats (Figure 4F and Figure 111-G in the Supplement). SGCB1 expression was not significantly
different between lean and lean+sugen rats (Figure 111-H in the Supplement). Similarly,
sGCal expression was numerically, but not significantly, decreased in pulmonary arteries
of obese rats, while pulmonary arteries of obese+sugen rats showed significant decrease in
sGCal expression (Figure 4F and Figure 111-G in the Supplement). RT-PCR and western
blotting demonstrated eNOS mRNA and phosphorylation were not significantly different
between pulmonary arteries of lean and obese rats while obese+sugen rats showed a
significant decrease compared to lean rats (Figure 4F and Figure I11-G in the Supplement).
Additionally, PDE5 expression in pulmonary arteries were not altered in protein and mRNA
level among lean, obese and obese+sugen rats (Figure I11-1-J in the Supplement). Moreover,
immunofluorescence staining demonstrated lower expression of SGCB1 in the pulmonary
arteries of obese and obese+sugen rats at rest, which were further decreased after exercise
(Figure 4G).

Consistent with reduced sGCB1 enzyme levels, obese and obese+sugen PAVSMCs showed
less cGMP formation with NO donor treatment (10 uM NONOate) (Figure 4H). Moreover,
obese PAVSMCs showed poor response to sGC activator (BAY 60-2770) and stimulators
(BAY 41-8543) compared to lean ZSF-1 PAVSMCs (Figure 111-K in the Supplement). In
order to assess NO-sGC responsiveness, obese and lean rats were treated with sodium
nitrite (NOy"), which is metabolized in vivoto form NO, via drinking water (100 mg/L) for
1-week. The nitrite treatment did not increase cGMP plasma levels and SGCP1 expression
in obese rats while lean rats showed significant increase in cGMP plasma level (Figure 41
and Figure IV-A in the Supplement). Consistent with a lack of effect of nitrite on sGC,
nitrite did not ameliorate EIPH or exercise intolerance of obese rats, and did not change
exercise-induced alteration in LVSP and LVEDP (Figure 4J, Figure 4B—C and Table VI

in the Supplement). Taken together, these data identify an unexpected depletion of SGCp1
enzyme in the pulmonary arteries of obese HFpEF rats, which fails to respond to NO donor
or nitrite treatment /n vitro and in vivo.

Similar to the observation in pulmonary artery homogenates, mRNA and protein levels

of sGCP1 were significantly decreased in PAVSMCs from obese rats and obese+sugen

rats compared to cells from lean rats, suggesting reduced transcription of SGCB1 (Figure
4K-L and Figure IV-D in the Supplement). We next surveyed transcription factors known
to regulate SGCB1, including Nuclear factor Y alpha (NFYA), HDAC3, and FoxO1, 3

and 4.25.26:46 Notably, the mammalian CCAAT-box transcription factor NFY complex,
composed of subunits Nuclear Factor YA (NFYA), Nuclear Factor YB (NFYB), and Nuclear
Factor YC (NFYC), was previously reported to bind specifically to CCAAT-boxes in the
sGCP1 promoter.2’ Examination of the mRNA level of each target in PAVSMCs from lean,
obese, and obese+sugen rats revealed that only NFYA was significantly decreased in obese
and obese+sugen PAVSMCs (Figure 4K and Figure I1V-D in the Supplement).
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SGCP1 levels were analyzed in primary PAVSMCs obtained from normal control humans
and patients with diabetes (n=6 each). Control and diabetic patients were similar with
respect to age, sex, and body mass index (Table VII in the Supplement). Patients with
diabetes had higher fasting glucose levels and more therapy with oral anti-diabetic
medicine, insulin utilization, statins, ARB/ACE-inhibitors, and Ca2* blockers (Table VII
in the Supplement). The expression of SGCB1 protein was significantly decreased in
PAVSMCs from diabetic patients when compared to control humans (Figure IV-E in the
Supplement). Western blot analysis also revealed decreased NFYA expression in both
nuclear and cytoplasmic extracts in rat and human diabetic PAVSMCs when compared
with appropriate controls (lean rat or normal humans) (Figure 4L and Figure IV-F-G in
the Supplement). Confirming a possible role of ROS in modulating NFYA and sGCB1
expression, treatment with hydrogen peroxide (H20,, 25UM, 24 hours) decreased NFYA
and sGCP1 expression in lean, obese, and obese+sugen PAVSMCs (Figure 4M). Superoxide
dismutase (SOD, 400U/ml) and Catalase (1kU/ml) co-treatment, which metabolize ROS,
significantly increased SGCB1 and NFYA in lean and obese PAVSMCs (Figure IV-H in the
Supplement). These studies of isolated pulmonary arteries and cultured PAVSMCs from
HFpEF rat models and patients with diabetes, suggest that mitochondria generate ROS,
which decreases NFYA levels and reduces transcription of SGCB1, resulting in severely
reduced sGC enzyme levels, which is unresponsive to endogenous and exogenous NO
signaling.

Transcription factor NFYA controls sGC expression in PAVSMCs and is down regulated by
metabolic stress and ROS

To assess the role of NFYA on sGCPB1 expression, cultured lean rat PAVSMCs were
transfected NFYA siRNA. SiIRNA-mediated knockdown of NFYA significantly reduced the
protein (Figure 5A) and mRNA (data not shown) expression of NFYA and sGCB1 while
NFYA knockdown did not significantly change sGCa 1, NFYB, and NYFC. To explore

the mechanisms by which metabolic syndrome affects SGCP1 expression, PAVSMCs

were challenged with a media formulation (PGI) containing elevated fatty acids, glucose,
and insulin. Lean treated with PGI media for 24 hours showed a temporal increase in
cytoplasmic ROS (CellROX positive) (Figure 5B), while glutathione antioxidant factor
(Thiol tracker positive) did not change in either group (Figure V-A in the Supplement).
Similarly, PGI treatment for 24 hours increased mitochondrial ROS and membrane potential
in control and diabetic rat PAVSMCs (Figure 5C). Treatment with MitoTEMPO (50uM,
10min) and rotenone (10uM, 10min) decreased PGIl-induced ROS production in lean and
obese PAVSMCs (Figure 5B), consistent with mitochondrial ROS formation. Furthermore,
relative to appropriate control cells, lean PAVSMCs treated with PGI showed a similar and
significant increase in mitochondrial complex I-1V activities and UCP2 expression without
increases in ATP levels (Figure V-B in the Supplement), again supporting a mitochondrial
source of ROS in response to PGl media. Moreover, while lean rat PAVSMCs cultured in
PGI media decreased sGCP1 and NFYA protein levels, co-treatment with SOD and Catalase
attenuated these effects (Figure 5D). To further explore the transcriptional regulation of
SGCPB1 by NFYA, chromatin immunoprecipitation (ChlP) was performed from PAVSMCs.
Prior studies in hepatocytes reported that NFYA as part of the NFY complex, binds to the
CCAAT box and regulates expression of SGCB1.2%29 Evaluation of the sSGCB1 promotor
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reveals three CCAAT boxes, and three PCR primer sets were designed to span these
regions for ChIP using anti-NFYA antibodies (Figure 5E and Table 1X in the Supplement).
PAVSMCs from lean and obese rats, and treated with PGl +/-SOD or catalase, were
analyzed. Relative to the binding in lean PAVSMCs cultured in standard media, the binding
of NFYA to sites #2 and #3 was decreased by PGI treatment in lean cells, and also
decreased in obese PAVSMCs in standard media, and recovered with SOD and Catalase
treatment (Figure 5F) in both cell culture systems. These results support a direct regulation
of the sSGCB1 promotor activity by NFYA. We next performed bromouridine pulse-chase
experiments to evaluate NFYA mRNA half-life and observed more rapid degradation of
NFYA transcript in PAVSMCs from obese rats (Figure 5G). The addition of PGI or H,0, to
lean rat PAVSMCs accelerated the degradation of NFYA transcripts, which was rescued by
the co-addition of the ROS scavengers SOD and catalase (Figure 5G). These data suggest
that the transcription factor NFYA binds to sGCB1 CCAAT boxes to increase enzyme
expression in PAVSMCs and that metabolic syndrome causes ROS-dependent decay of
NFYA mRNA, reducing NFYA expression and binding to the sGCB1 promoter.

miR-193b promotes ROS-dependent degradation of NFYA, reducing sGC1 transcription

To explore the upstream mechanisms regulating NFYA expression, miR-193b expression
was evaluated based on previous reports that patients with metabolic syndrome have higher
miR-193b levels in plasma32 and ectosomes,*’ and has been shown to negatively regulates
NFYA expression in human adipocytes.32 Relative to lean rats, miR-193b expression

was increased in pulmonary arteries from both obese and obese+sugen rats (Figure 6A).
Moreover, miR-193b expression was higher in obese rat cultured PAVSMCs relative to

lean PAVSMCs, and PGI and H,0, increased miR-193b expression in lean rat PAVSMCs,
which was attenuated by SOD/Catalase co-treatment or mitoTEMPO treatment (Figure 6B).
Consistent with this, PAVSMCs of patients with diabetes showed significantly increased
miR-193b expression relative to control PAVSMCs (Figure VI-A in the Supplement).
Separate analysis of each component of PGI revealed that both palmitic acid and glucose
significantly increased miR-193b expression in lean PAVSMCs, while insulin alone did not
(Figure VI-B in the Supplement). To confirm the interaction between miR-193b and NFYA,
lean PAVSMCs were transfected with a plasmid construct encoding firefly luciferase and
containing the 3’UTR sequence of NFYA (NFYA-Luc-3’UTR), and a miR-193b mimic or
control miR. Luciferase activity in lean PAVSMCs expressing the NFYA-Luc-3’UTR was
inhibited by addition of the miR-193b mimic (Figure VI-C in the Supplement), suggesting
that miR-193b reduces the expression of NFYA in PAVSMCs through RNA degradation.
PAVSMCs from lean and obese rats were next transfected with antago-miR-193b, which
decreased miR-193 expression by 96% (Figure VI-D in the Supplement) and attenuated

the degradation of NFYA and sGCP1 mRNA and protein in obese rat PAVSMCs and lean
rat PAVSMCs treated with PGI (Figure 6C-E). Moreover, miR-193b mimic significantly
decreased sGCP1 and NFYA expression in lean PAVSMCs (Figure VI-E in the Supplement).
To explore the upstream mechanism, we evaluated the global H3K9 acetylation (H3K9ac,
associated with activate promoters) in PAVSMCs. Relative to lean PAVSMCs, obese,
obese+sugen PAVSMCs, or lean PAVSMCs treated with PGI showed higher levels of
H3K9ac, which was attenuated by mitoTEMPO treatment (Figure 6F). To further investigate
the mechanism for induction of miR-193b in obese PAVSMCs, ChIP assays were performed
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S0 as to assess the presence H3K9ac, on the miR-193b promoter.3! Three promoter regions
(Sites #1-3) were predicted within the first 1000 base pair of the miR-193b proximal
promoter as previously described (Figure 6G and Table IX in the Supplement).3! Lean
PAVSMCs treated with PGI or obese rat PAVSMCs showed higher levels of H3K9ac on
miR-193b promoter regions, especially site at #2, which were attenuated by co-treatment
with SOD and Catalase or mitoTEMPO treatment (Figure 6H). Together these data suggest
that metabolic syndrome (or diabetes) increases miR-193b expression possibly by ROS-
dependent H3K9 acetylation, enhancing NFYA transcript degradation, reducing NFYA
expression, and leading to reduced sGCP1 promoter activation and transcription (Figure
6l).

Forced NFYA expression in pulmonary arteries via AAV6 vector delivery improves PH and
RV dysfunction during exercise in CpcPH model rats

To investigate whether forced NFYA expression restores SGCP1 expression and improves
PH, a recombinant adeno-associated virus (rAAV), carrying cDNA encoding the Human
NFYA (hNFYA) long form coding sequence and containing an in-frame DDK tag was
designed. At first, to select the appropriate rAAV serotype for our PAVSMCs and rats,

rat PAVSMCs were exposed to several types of rAAV-GFP. rAAV serotype 6 showed the
highest GFP expression intensity and transduction percentage in cultured rat PAVSMCs
among rAAV serotype 2, 5, 6, 8, and 9 (Figure VII-A in the Supplement). Western

blotting revealed double bands in the range of 40-50 kDa in obese PAVSMCs infected

with rAAV6- NFYA-DDK; the lower size band is endogenous NFYA (44 kDa) and upper
one is the 50 kDa NFYA-DDK fusion protein. Transduction with rAAV6-NFYA-DDK
increased total NFYA (endogenous and fusion) expression in obese PAVSMCs compared

to the cells with the rAAV6-GFP control vector, and significantly increased both DDK and
SGCP1 expression (Figure 7A). In addition, transduction with rAAV6-NFYA-DDK restored
cGMP production induced by NONOate (10uM, 24 hours) in obese PAVSMCs compared to
the cells infected with rAAV6-GFP (Figure 7B). Moreover, treatment with PGI decreased
endogenous NFYA and sGCB1 expression in lean PAVSMCs, which were partially restored
by transduction of rAAV6-NFYA-DDK to express NFYA-DDK fusion protein (Figure VII-B
in the Supplement). We note that NFYA expression could not be fully normalized with
rAAV6-NFYA-DDK in the PGI model, likely reflecting persistent mRNA degradation by
miR-193b (there is clearly more complete NFYA restoration with antagomiR-193b treatment
in Figure 6F).

Next, the /n vivo consequences of expressing NFYA in pulmonary smooth muscle cells

of CpcPH rats was assessed. First, to establish the optimal delivery of the rAAV vector

to the pulmonary arteries, the same amount of rAAV6-GFP vector (1.05%x10711 v.g.) was
administrated to lean rats by direct delivery to pulmonary arteries via an implanted PE
tube or intratracheal instillation 4-weeks prior to lung harvest and analysis (Figure VI1I-C
in the Supplement). Immunofluorescent images revealed higher delivery of rAAV6-GFP to
the pulmonary vasculature by pulmonary arterial administration rather than intratracheal
instillation, that latter of which resulted in predominant airway epithelial treatment (Figure
VI1I-D-F in the Supplement). Subsequently, ZSF-1 obese rats were treated with Sugen
(100mg/kg) (CpcPH rats) at 8 weeks of age, and rAAV6-NFYA-DDK vector (1.05x10711
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v.g.) was administrated to the rats by pulmonary arterial injection at 17 weeks of age,

4 weeks prior to the hemodynamics analysis or organ harvest (Figure VII-C in the
Supplement). Using this approach, NFYA expression in both CD31 and a SMA positive
cells of pulmonary arteries were increased in CpcPH rats treated with rAAV6-NFYA-

DDK compared to rats treated with rAAV6-GFP control (Figure 7C). Flow cytometric
analysis showed higher DDK expression in both CD31 and a SMA positive cells of
pulmonary arteries of CpcPH rats treated with rAAV6-NFYA-DDK (Figure 7D). Pulmonary
arterial remodeling of CpcPH rats was not altered by treatment with rAAV6-NFYA-DDK
(Figure VII-G in the Supplement) although NFYA has been reported to promote cellular
proliferation in PAVSMCs.28 Western blotting of pulmonary arteries demonstrated that
SGCpL, total NFYA (endogenous 44kDa and fusion 50kDa), and DDK expression (50kDa),
were all increased in the rAAV6-NFYA-DDK infected group, while eNOS phosphorylation
was not altered (Figure 7E). Moreover, cGMP plasma levels increased with rAAV6-NFYA-
DDK treatment compared to rAAV6-GFP (Figure 7F). These data suggest that the rAAV6-
NFYA-DDK vector increased NFYA expression and restored sGCB1 levels and activity in
PAVSMCs of CpcPH rats.

Transduction with rAAV6-NFYA-DDK reduced exercise-induced RVSP and RVEDP, and
improved exercise-intolerance in CpcPH rats compared with rAAV6-GFP control, while
LVSP or LVEDP were not altered (Figure 7G—H and Table X in the Supplement). Consistent
with hemodynamic findings, ultrasonography evaluation showed that the exercise-induced
RV dysfunction (dilated RvDd, decreased PAAT/ET ratio, and TAPSE), cardiac index (Cl),
and TPRi were all improved in the rAAV6-NFYA-DDK treated group while LV systolic

and diastolic function were not altered (Figure 71-K, Figure VIII-A and Table Xl in

the Supplement). Mechanistically, these data suggest that NFYA deficiency accounts for
decreased sGC-cGMP signaling, pulmonary artery smooth muscle dysfunction, and EIPH in
our severe CpcPH model (Figure VI1II-B in the Supplement).

SGLT2 inhibition ameliorated metabolic syndrome in Obese rats treated with SU5416

In our EIPH and CpcPH models and in human PAVSMCs, metabolic syndrome appears to
drive the upstream formation of mitochondrial ROS and miR-193b expression. This suggests
that upstream control of the metabolic syndrome may represent an optimal therapeutic
strategy; indeed, in our prior studies metformin had modest protective effects on PH in
ZSF-1 rats treated with sugen. In addition to controlling diabetes and improving metabolic
syndrome, SGLT2 inhibitor therapy is associated with decreases in heart failure related
hospitalization, non-fatal myocardial infarction and cardiovascular death in adult patients
with type 2 diabetes and cardio-vascular risk, and is currently being studied in clinical trials
of human HFpEF (but not EIPH or CpcPH specifically).37:38 To evaluate the effect of the
SGLT2 inhibitor Empagliflozin on severe EIPH in CpcPH (obese+sugen) rats, eight weeks
old obese rats received SU5416 (100mg/kg) once to induce PH, and Empagliflozin (10
mg/kg/day) via drinking water until 22 weeks old of age. Control groups included lean and
obese rats treated with SU5416 only. At 21 weeks of age, rats were implanted with a 3 Fr
catheter in the RV and LV, and at 22 weeks hemodynamics were evaluated during treadmill
exercise protocols (Figure 1X-A in the Supplement). Plasma samples from obese+sugen
treated with empagliflozin were much less hyperlipidemic than samples from obese+sugen
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rats (Figure 1X-B in the Supplement). Obese+sugen rats treated with empagliflozin showed
a significant improvement in metabolic syndrome endpoints, such as body weight (BW,

g) (Figure 8A), HbAlc, insulin, insulin resistance (HOMA-iR), fasting glucose, glucose
tolerance, and triglyceride levels (Figure 8B and Figure IX-C in the Supplement). As
expected for treatment with a SGLT2 inhibitor, urinary glucose levels were much higher

in obese+sugen treated with empagliflozin (Figure I1X-D in the Supplement). Empagliflozin-
treated obese+sugen rats showed reduced markers of oxidative stress. 4HNE and 80OHdAG
immunofluorescence staining around PAs, which was increased in obese+sugen rats relative
to lean rats, was attenuated by treatment with empagliflozin (Figure 8C and Figure X-A

in the Supplement). Similarly, resting oxLDL plasma levels, increased in obese+sugen rats,
were reduced after treatment with empagliflozin (Figure X-B in the Supplement). Moreover,
obese+sugen rats showed an exercise-induced increase in oxLDL plasma levels, which was
not seen in obese+sugen treated with SGLT2 inhibitor (Figure X-B in the Supplement).
Using mitochondria isolated from rat pulmonary arteries, mitochondrial complex I, I11, IV
activities, and UCP2 expression, were increased in obese+sugen rats relative to lean rats, but
attenuated by treatment with empagliflozin (Figure X-C in the Supplement). Furthermore,
empagliflozin treatment attenuated miR-193b expression in PAs of obese+sugen rats (Figure
8D). NFYA and sGCp1 expression and H3K9 acetylation were improved by treatment with
empagliflozin while eNOS expression of pulmonary arteries was not significantly altered
(Figure 8E—F and Figure X-D in the Supplement). Consistent with the restored sGCp1
expression, post-exercise cCGMP levels were improved in treatment group (Figure 8G). These
data suggest that treatment with empagliflozin may improve pulmonary arterial function

of CpcPH rats through substantial improvement of sGC activity in the smooth muscle cell
layer.

At rest, obese+sugen rats showed increased RVSP versus lean rats, which was not attenuated
by treatment with empagliflozin (Figure 8H and Table XII in the Supplement). Consistent
with the severity of this model, treatment with empagliflozin also did not improve resting LV
function (EF, LV wall thickness, and cardiac output) and RV function (RvDd, TAPSE, and
PAAT/ET) (Figure XI-A-C in the Supplement). However, during exercise (Ex), obese+sugen
rats treated with empagliflozin showed improvement of exercise-induced increases in

RVSP, RVEDP, LVEDP, and exercise intolerance (workload x BW) (Figure 8H-1). Post-
exercise ultrasonography showed significant improvement of cardiac function (CO and

Cl) (Figure XI1-B and Table XIII in the Supplement), RV function (RvDd, PAAT/ET and
TAPSE) (Figure VI1II-K in the Supplement) and TPRi (Figure XI-D in the Supplement) in
obese+sugen rats treated with empagliflozin. MR imaging was used to assess the effect of
empagliflozin on the impaired PA response of obese+sugen rats to dobutamine challenge.
Relative to the untreated Obese+sugen group, rats treated with empagliflozin showed
significant improvement of PA dilation and less RV dilation (Figure 8J). These data suggest
that SGLT2 inhibition improves metabolic syndrome and reduces mitochondrial ROS
generation, enhances sGC-cGMP signaling and improves PA vasodilatory function during
exercise. These improvements of cardiopulmonary function by SGLT2 inhibitor contributed
to the improvement of EIPH in CpcPH model rats (Figure XII in the Supplement).
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Discussion

The current study evaluates two novel rodent models of HFpEF and pulmonary hypertension
during exercise. The first model is EIPH in HFpEF (the ZSF-1 obese rat without sugen
treatment), characterized by normal resting pulmonary pressures that rise significantly
during treadmill exercise. The second is a CpcPH model (the ZSF-1 obese rat with sugen
treatment), with resting pulmonary hypertension and pulmonary vascular remodeling, and
significant worsening of RV dysfunction during exercise. These models recapitulate the
human phenotype of PH in the setting of HFpEF and capture a spectrum of the severity

of disease and impaired functional capacity. In these studies, MR imaging of pulmonary
arteries revealed impaired pulmonary arterial vasodilatory reserve during dobutamine
challenge in obese rats, with and without sugen treatment. An unexpected and central
molecular feature of the pulmonary vasculopathy relates to reduced transcription and
expression of PAVSMC sGCp1 with reduced cGMP signaling, caused by a reduction in
the transcription factor NFYA. This pathophysiology appears to be initiated by metabolic
syndrome-mediated increases in mitochondrial ROS, which increase miR-193b levels,
driving NFYA mRNA degradation and reduced sGCP1 transcription. Interestingly, a
homologous pathophysiology was observed in PAVSMCs from diabetic humans, could

be induced by driving cellular insulin resistance by exposure of lean PAVSM cells to

PGl treatment, and was restored with in all cell culture models through scavenging of
mitochondrial ROS or inhibition of miR-193b. Moreover, forced NFYA expression in
pulmonary artery vascular smooth muscle via AAV6 transgene delivery restores SGC-cGMP
signaling, and rescued the exercise-induced alteration in PH and RV dysfunction in CpcPH
rats. Finally, an SGLT2 inhibitor also decreased miR-193b levels, restored NFYA and
SGCP1 expression, and improved exercise PH in obese rats with CpcPH.

We have previously published that treating the ZSF-1 obese rat with sugen, a VEGF receptor
blocker, induces a double hit (metabolic syndrome with vascular injury) that leads to PH

in the setting of HFpEF (CpcPH). Obese ZSF-1 rats showed higher LVEDP and mPAP
consistent with post capillary PH in the setting of HFpEF. These obese ZSF-1 rats treated
with sugen demonstrate PA remodeling and elevated PA resistance characterized by a higher
TPRI, consistent with pre- and post-capillary PH (a CpcPH model). In the current studies
we explore the additional stress of exercise on the ZSF-1 rat without and with sugen.
Importantly, the ZSF-1 rats without sugen do not develop PH at rest but do develop PH with
exercise, essentially modeling EIPH. The addition of sugen leads to PH at rest and more
severe EIPH with greater RV dysfunction, modeling the more advanced state of CpcPH.
Rest and exercise doppler-echocardiographic measurements in these models reveal normal
ejection fraction (EF), low E/A ratio consistent with diastolic dysfunction, and low cardiac
index (CI) and tricuspid anulus plane systolic excursion (TAPSE) with exercise, indicating
the worsening right ventricular function with exercise in these 2 models. These data suggest
that we have developed robust models of EIPH (ZSF-1 without sugen), and HFpEF with
CpcPH (ZSF-1 rat treated with sugen).

Changes in pulmonary pressure with HFpEF during exercise relate to both increases in
left ventricular end-diastolic pressure as well as pulmonary vasoconstriction or a failure to
vasodilate. In order to evaluate this directly, we evaluated the diameter of the pulmonary
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arteries (PA) with MRI during dobutamine challenge. The data suggest that in the CpcPH
model there is resting PH resulting in chronic increases in PA diameter, consistent with
observations in human disease, but also a profound failure to vasodilate (measured as a
reduction in the change in PA area from diastole to systole) as cardiac output is increased
with dobutamine, with even greater compromise evident in the sugen treated ZSF-1 obese rat
(CpcPH model).

While the CpcPH model is more severe with resting PH and evident pulmonary vascular
hypertrophy, the EIPH model does develop pulmonary vascular dysfunction that becomes
evident during dobutamine challenge by MRI and is also observed in studies of isolated
pulmonary vessel myography. Myographic analysis of PAs reveal an impaired vasodilatory
response to acetylcholine and sodium nitroprusside in the EIPH models, consistent with
molecular observations of SGCB1 depletion in PAVSMCs. Interestingly, both models of
EIPH and CpcPH exhibit similar profound impairments in SGCP1 expression with reduced
cGMP levels, despite more severe PH at rest and exercise in the CpcPH model. The
difference in severity may arise from the development of additional pulmonary vascular
cellular remodeling, such as PAVSMC proliferation and increased baseline rest PH, in the
CpcPH model, with more severe PH and RV dysfunction evident with exercise. Considering
these data, we propose that the EIPH model rats exhibit functional PA impairments even
without pathologically evident pulmonary arterial remodeling. This latent functional PA
impairment becomes manifest during exercise or dobutamine stress.

The regulation of pulmonary artery relaxation is in large part mediated through production
of cGMP by sGC in PAVSMCs. PDES5 inhibitor are well-known to improve the cardio-
pulmonary function of patients with HFpEF and in rodent HFpEF rodent models and have
the possibility to improve cGMP level and EIPH in HFpEF or CpcPH models.*8 However, a
relative decrease of plasma cGMP in exercised obese rats, preserved PDE5 expression, poor
responses of cultured PAVSMCs to NO donors, sGC stimulator and activator, and decreased
expression of pulmonary artery SGCP1 at the transcript and protein level, led us to examine
regulation of SGCB1 expression in PAVSMCs isolated from lean and obese rats, with and
without sugen treatment. Examination of known transcription factors shown to regulated
SGCP1 expression in other cell types revealed a marked decrease in NFYA expression at
both the RNA and protein levels in obese PAVSMCs. siRNA mediated knockdown of NFYA
in PAVSMC:s led to decreased SGCP1 expression, suggesting that NFYA regulates sGCp1
expression in PAVSMCs. While we do not have PAVSMCs from patients with HFpEF, we
observed similar decreases in SGCB1 and NFYA expression in PAVSMCs isolated from
patients with diabetes and lean rat cells treated with PGI to induce a metabolic syndrome
phenotype. These concordant results suggest that pathophysiologic processes of metabolic
syndrome in both obese rats and diabetic patients are associated with reduced expression of
NFYA, which appears to be the dominant transcription factor in PAVSMCs that regulates
SGCP1 expression.

Abnormal or inappropriate ROS mediates many pathophysiologic processes of the metabolic
syndrome3®, and this study demonstrated evidence for elevated ROS in pulmonary
vasculature of obese rats. Culture of lean rat PAVSMCs in a metabolic-syndrome-mimic
media increased mitochondrial complex activities and ROS production. The generation
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of mitochondrial ROS, /7 vivoand in our cell culture systems, led to increased

levels of miR-193b which targets and degrades NFYA mRNA.32 Previous reports
demonstrated that patients with metabolic syndrome have higher miR-193b levels in
plasma33 and ectosomes.#” Moreover, miR-193b has been shown to negatively regulate
NFYA expression in human adipocytes.32 In addition to regulating sSGCB1 expression,
NYFA also regulates gluconeogenesis genes induced by glucagon stimulation and fasting
in vivo.?9 Furthermore, NFYA knockout mice exhibit lower leptin expression and higher
glucose, insulin, and triglyceride levels4®, suggesting an important role for miR-193b

and NFYA expression in regulating metabolic syndrome pathophysiology. These findings
suggest that metabolic syndrome, through enhanced mitochondrial ROS, drive miR-193b-
dependent down-regulation of NFYA/sGCB1 expression, and consequent pulmonary arterial
dysfunction.

To investigate if NFYA degradation determines our observed EIPH phenotypes, we
attempted to rescue NFYA expression using AAV gene delivery approaches. Treatment

of severe CpcPH (obese+sugen) rats with rAAV6-NFYA-DDK increased pulmonary artery
NFYA and sGCP1 expression and increased cGMP levels, which led to the diminution

of EIPH (reduced exercise-induced RVSP elevation). The AAV gene delivery forced

NFYA expression not only in pulmonary smooth muscle, but also endothelium. However,
considering the smooth-muscle-specific-expression of SGCB1, the functional importance

of AAV-induced NFYA expression is most likely through increased SGCR1 expression in
PAVSM cells. These experiments suggest a causal role of NFYA in the control of SGCB1 and
in the development of EIPH and CpcPH, and also define a novel therapeutic approach to the
treatment of PH in the setting of HFpEF.

The major finding of this paper is that metabolic syndrome down-regulates sGC expression
in pulmonary artery vascular smooth muscle cells, representing an up-stream mechanism of
impaired pulmonary artery vasodilation in EIPH. Since sGC is the target for NO signaling,
a reduced sGC enzyme level decreases the responsiveness to sGC activation by NO and

NO donors (nitrite), potentially explaining a failure of drugs like nitrite, nitroglycerin,
phosphodiesterase 5 inhibitors, and sGC stimulators in the setting of HFpEF. Moreover,
our data suggest that pulmonary arterial dysfunction, caused by metabolic syndrome and
reduced sGC expression, coupled with higher LVEDP, contributes to the development

of EIPH. As treatment with SGLT2 inhibitors has been reported to improve metabolic
syndrome, blood pressure and fluid retention, we tested the effect of empagliflozin in

our CpcPH (obese+sugen) rats. CpcPH model rats treated with empagliflozin showed
highly significant improvements in metabolic syndrome endpoints, associated with the
amelioration of PH and RV dysfunction during exercise. SGLT2 inhibitor also attenuated
H3K9 acetylation and miR-193b expression, which restored pulmonary artery NFYA-
SGCp1 signaling, and ameliorated dobutamine-induced pulmonary arterial dysfunction. As
phosphorylation of pulmonary artery eNOS was not improved by treatment with SGLT2
inhibitor, we propose that the improvement of pulmonary arterial function and EIPH arises
from the restored SGCP1 expression. These data are consistent with the recent publication
of human data in Circulation showing that SGLT-2 inhibitors reduce pulmonary pressures in
patients with heart failure, including HFpEF.50
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With therapeutic enhancement of the NFYA-sGCB1-cGMP signaling axis in our CpcPH
model with SGLT-2 inhibitors or rAAV6-NFYA-DDK gene delivery, there is improvement
in exercise induced pulmonary hypertension and improved exercise capacity, but this therapy
does not reverse the pathological remodeling. This is consistent with similar reductions

in NFYA-sGCpL1 signaling in the ZSF-1 rat with and without sugen treatment and the
greater anatomical remodeling observed with sugen treatment that may not be corrected with
enhanced sGCB1-cGMP signaling.

Several potential limitations are acknowledged in the present studies: 1) Our MRI and
biochemical studies analyzed only the second order branches of the rat pulmonary arteries.
Thus the contribution of functional and biochemical changes in more distal pulmonary
arteries are not evaluated; 2) Similarly, for technical reasons, cultured cell work utilized
PAVSMCs from the main branch of rat pulmonary arteries. Other cells types, or cells derived
from other regions of the pulmonary arterial tree, could reveal additional mechanisms; 3)
Biochemical analyses of acutely isolated pulmonary artery tissues may not present the same
biochemical processes identified in cultured PAVSMCs, and the PGl media may not mimic
the full ‘milieu’ of circulating factors within a rat or human with metabolic syndrome; 4) To
relate findings from PAVSMC:s isolated from rats with metabolic syndrome and HFpEF
(ZSF-1/obese) to humans, our investigations were limited to PAVSMCs from diabetic
humans as PAVSMCs from patients with HFpEF were not available; 5) The data from

the SGLT2 inhibitor studies shows increases in PAVSMC NFYA and sGCB1 expression
associated with improved PH, however the causal role of NFYA in mediating the clinical
effects of SGLT2 inhibition is not definitive. However, a causal role of NFYA is supported
by the AAV-mediated NFYA-overexpression studies.

In conclusion, we present two novel models of EIPH and CpcPH developed in obese
ZSF-1 rats with HFpEF and metabolic syndrome, characterized by PA dysfunction and
exercise-induced alterations in cardiac function resembling that reported for human patients.
A central finding is the reduced expression in PAVSMCs of the transcription factor NFYA,
which critically regulates sGCB1 expression and PA function. Our studies provide evidence
that forced expression of NFYA or upstream inhibition of the metabolic syndrome with

the SGLT2 inhibitor improves exercise PH in our severe CpcPH model, accompanied

by improvements in the NYFA-sGC-cGMP signaling pathway. These results provide new
mechanistic insights into the relationship between metabolic syndrome, EIPH, and HFpEF,
and suggest new therapeutic approaches targeting metabolic syndrome, mitochondrial ROS
and a miR-193b-NFYA-sGC axis.
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HOMA-IR Homeostasis Model Assessment-insulin Resistance
EIPH Exercise-induced pulmonary hypertension

ET Ejection time

HFpEF Heart Failure with preserved Ejection Fraction
LVEDP Left ventricular end-diastolic pressure

MRI Magnetic resonance imaging

NFYA Nuclear factor Y alpha subunit

NFYB Nuclear factor Y B subunit

NFYC Nuclear factor Y C subunit

PA Pulmonary artery

PAAT Pulmonary artery acceleration time

PAVSMC Pulmonary artery vascular smooth muscle cell
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Clinical Perspective
What is new?

. This study describes new rat models of EIPH in HFpEF and CpcPH,
modeling human conditions associated with high morbidity and mortality.

. The exercise-induced alterations in the models are caused by PA functional
impairment mediated by the transcriptional down-regulation of SGCB1 in
PAVSMCs.

. A novel regulatory pathway causes pulmonary hypertension mediated by

mitochondrial ROS-induced expression of miR-193b, which degrades the
messenger RNA coding NFYA, a critical transcription factor that controls
SGCB1 expression in PAVSMCs.

. In vivo, forced expression of NFYA using rAAV6 gene delivery, or upstream
inhibition of the metabolic syndrome with SGLT2 inhibitor, improves
exercise-PH in CpcPH models, accompanied by improvements in NYFA-
SGC-cGMP signaling.

What are the clinical implications?

. New models of exercise-induced PH in CpcPH and HFpEF contribute to
further understanding of pathophysiology and reveals new targets for therapy.

. These results uncover a molecular explanation for the unsolved clinical
associations linking metabolic syndrome with EIPH in patients with CpcPH
and HFpEF, such as enhanced mitochondrially-derived ROS and depletion of
NFYA-sGCP1 in the pulmonary arterial vasculature.

. This study suggests new therapeutic approaches targeting upstream
mechanisms of EIPH in HFpEF using overexpression of NFYA or SGLT2
inhibitors.
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A Protocol of RV/ LV implantation
Two novel models of EIPH and of CpcPH with severe exercise induced PH
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Figure 1. Novel HFpEF rat and CpcPH model of Exercise Induced Pulmonary Hypertension
(A) Experimental timeline for lean, lean treated with sugen, obese (EIPH model), and

obese treated with sugen rats (CpcPH model). (B) Representative image of implantation

of polyethylene (PE) tube in right (RV) and left ventricle (LV). (C-D) At 22 weeks old

of age, Body weight, HbA1lc level, HOMA-IR and Tryiglyceride were measured (lean

n=8, lean+sugen n=5, obese n=8, obese+sugen n=5). (E) Right ventricular systolic and end-
diastolic pressure (RVSP and RVEDP), left ventricular systolic and end-diastolic pressure
(LVSP and LVEDP) were measured at rest and during exercise (lean n=6-8, lean+sugen
n=5, obese n=6-8, obese+sugen n=5). (F) Workload were calculated with the distance

of test run and body weight (BW) (lean n=8, lean+sugen n=>5, obese n=8, obese+sugen
n=5). (G) Fulton index was measured as weight of RV/weight of LV + septum in lean
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(n=8), lean+sugen (n=5), obese (n=8), and obese+sugen rats (n=5). Results are expressed as
mean+SEM. */<0.05, **F<0.01, ***~<0.001. Comparisons of parameters were performed
with 2-tailed Student’s #test, Welch’s t-test, one-way ANOVA, repeated measure two-

way ANOVA or mixed-effects model analysis followed by Tukey’s honestly significant
difference (HSD) test for multiple comparisons.
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Figure 2. Right ventricular dysfunction after exercise in ZSF-1 obese and obese+sugen models.
(A) Representative images from M mode and pulse-wave (PW) doppler mode

ultrasonography. Yellow scale bar, 100 msec. Blue scale bar, 2 mm (M mode), or 100

cm/s (PW mode). (B-C) Left ventricular Ejection fraction (LVEF), Fraction shortening
(LVES), Internal diastolic or systolic diameter (LVVIDd or LVIDs), end-diastolic posterior
wall (LVPWd), end-diastolic interventricular septal wall thickness (IVSd), E wave/A wave
ratio (E/A), cardiac output (CO), and cardiac index (CI) were measured at rest and during
exercise. (D) Representative images of M mode and PW doppler mode ultrasonography used
to calculate right ventricular end-diastolic diameter (RvDd), pulmonary artery acceleration
time (PAAT) per ejection time (ET), and tricuspid annular plane systolic excursion (TAPSE).
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Yellow scale bar, 100 msec. Blue scale bar, 3 mm (RvVDd or TAPSE), or 100 cm/s
(PAAT/ET). (E-F) RvDd, PAAT/ET, TAPSE, and TPRi were measured at rest and after
exercise. Rats per group; lean n=8, lean+sugen n=5, obese n=8, obese+sugen n=5. Results
are expressed as mean+SEM. */<0.05, **/<0.01, ***/<0.001. Statistical analyses were
performed as described in Figure 1 legend.
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Figure 3. Pulmonary artery dysfunction contributes to the pathophysiology in EIPH and in
CpcPH during exercise

(A) Representative immunostaining for a-smooth muscle actin (aSMA) of the pulmonary
arteries in lean, obese, obese+sugen rats. Scale bars, 100 um. Medial index (%) of distal
pulmonary arteries with a diameter of 20-100 um was calculated as described in Methods in
lean (n=8), lean+sugen (n=5), obese (n=8), and obese+sugen rats (n=5). (B) Representative
images of MRI of left pulmonary artery and heart at rest and during dobutamine (5ug/kg/
min) challenge in lean, lean+sugen, obese, and obese+sugen rats. White bars indicate 1

mm. Quantification of area of left pulmonary artery at second branch and area of right
ventricular in lean (n=6-7), lean+sugen (n=5), obese (n=6), and obese+sugen rats (n=5).
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(C) Hemodynamics (RVSP, RVEDP, LVSP, and LVEDP) and cardiac index (ClI) during
dobutamine challenge in lean (n=6-7), lean+sugen (n=5), obese (n=6), and obese+sugen rats
(n=5). (D-E) Schematic representation of the mechanisms underlying pulmonary artery and
right ventricular dysfunction in EIPH in obese and obese+sugen rats. Results are expressed
as mean£SEM. *A<0.05, **F<0.01, ***<0.001. Statistical analyses were performed as
described in Figure 1 legend.
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Figure 4. Increased mitochondrial derived ROS and decreased sGC enzyme expression and
activity in PAVSMCs

(A) Myographic studies on isolated pulmonary arteries of lean and obese rats with
acetylcholine (Ach) or sodium nitroprusside (SNP) (each n=6). (B) Representative
immunofluorescence images and quantification of 4HNE of distal pulmonary arteries.

lean n=8, obese n=8, and obese+sugen (n=5) at rest or after treadmill exercise. (C)
Quantification of intra-cellular ROS (CellROX fluorescence) in cultured PAVSMCs from
lean and obese rats, in which Rotenone (10puM) and MitoTEMPO (25 or 50uM) were added
10 minutes before analysis (each n=6). (D) Quantification of mitochondrial ROS (MitoSOX
fluorescence) or membrane potential (TMRM fluorescence) in cultured PAVSMCs from
lean and obese rats (each n=6). (E) Quantification of cGMP of plasma level in lean (n=7),
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obese (n=6), and obese+sugen rats (n=5). (F) Representative Western blot and quantification
of sSGCB1, sGCal, phosphorylation serl177 eNOS, total eNOS and GAPDH in isolated
pulmonary arteries of lean (diameter of PAs: 500-700um) (n=8), obese (n=8), and
obese+sugen rats (n=5). (G) Representative immunofluorescence image and quantification
of sGCP1 of distal pulmonary arteries. lean n=8, obese n=8, and obese+sugen (n=5) at

rest or after treadmill exercise. (H) cGMP level in PAVSMCs of lean, obese, obese+sugen
rats treated with NO donor DETA NONOate (10uM, 24 hours) (each n=6). (1-J) Lean

and obese rats were treated with Nitrites via drinking water (100mg/L) or vehicle for
1-week. Quantification of cGMP of plasma level (each n=6). Right ventricular systolic
pressure (RVSP) was measured at rest and during exercise (each n=6). (K) Quantification

of relative mRNA expression of SGCB1, sGCal, NFYA, NFYB, NFYC, FoxO1, 3 and

4, and HDAC3 in cultured PAVSMCs from obese rats compared to lean rats (n=3, each)
(*£<0.05, **P<0.01, ***F<0.001 vs Ln). (L) Representative Western blot and quantification
of sSGCB1, NFYA, and GAPDH in cytoplasm in lean, obese and obese+sugen PAVSMCs
(n=6, each). (M) Representative Western blot and quantification of SGCB1, NFYA, and
GAPDH in rat PAVSMCs treated with hydrogen peroxidase (H20,, 25uM, 24 hours) (n=3,
each). Results are expressed as mean£SEM. */£<0.05, **/<0.01, ***F<0.001. T1 A<0.01,
t11 P<0.001 vs same group at condition. Statistical analyses were performed as described in
Figure 1 legend.
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Figure 5. Transcription factor NFYA controls sGC expression in PAVSMCs and is down
regulated by metabolic stress and ROS

(A) Representative Western blot and quantification of SGCB1, NFYA, NFYB, NFYC,

and GAPDH in PAVSMCs treated with Si-Control or Si-NYFA (each n=3). Each plot
represents the PAVSMCs sample cultured from one individual rat. (B-C) Quantification of
intra-cellular ROS (CellROX fluorescence), mitochondrial ROS (MitoSOX fluorescence),
and membrane potential (TMRM fluorescence) in rat PAVSMCs treated with Palmitate
acid (P, 0.2 mM) and Glucose (G, 25 mM), Insulin (I, 120 nM) stimulation for 24

hours, in which Rotenone (10uM) and MitoTEMPO (50uM) were added 10 minutes before
analysis (each n=6). (D) Representative Western blot and quantification of SGCB1, NFYA
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and GAPDH in lean rat PAVSMCs treated with superoxide dismutase (SOD, 400 U/ml),
Catalase (1 kU/ml) or PGI for 24 hours (n=6, each). (E-F) Transcription binding sites

for promoter region of sSGCP1 (CCAAT sequence). Chromatin immunoprecipitation (ChIP)
showing enrichment of NYFA at sSGCp1 promoter in lean and obese PAVSMCs treated
with PGI, SOD or Catalase (each n=3). (G) RNA degradation of NFYA for 12 or 24 hours
in lean and obese rat PAVSMCs treated with PGI, hydrogen peroxidase (H,05, 25 uM),
superoxide dismutase (SOD, 400 U/ml), or catalase (1 kU/ml) (n=3). Results are expressed
as mean=SEM. *£<0.05, **/<0.01, ***P<0.001. T /<0.05, T A<0.01 vs same group at
condition. Statistical analyses were performed as described in Figure 1 legend.
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Figure 6: miR-193b promotes ROS-dependent degradation of NFYA, reducing sGC transcription
(A) Quantification of miR-193b expression in pulmonary arteries (diameter of PAs:

500-700um) from lean (n=8), obese (n=8), and obese+sugen rats (n=5). (B) miR-193b
expression in lean and obese rat PAVSMCs treated with hydrogen peroxidase (H,0,,

25 pM), superoxide dismutase (SOD, 400 U/ml), catalase (1 kU/ml) or mitoTEMPO

(50uM) (n=6). (C) mRNA degradation rate of NFYA for 24 hours in lean and obese rat
PAVSMCs treated with PGI or Antagomir-193b (n=6). (D-E) Expression of SGCB1 mRNA
and protein level in lean and obese rat PAVSMCs treated with PGI or AntagomiR-193b
(n=6). (F) Representative Western blot and quantification of H3K9ac and Histone 3 in

lean PAVSMCs treated with PGI or mitoTEMPO or obese and obese+sugen PAVSMCs
treated with mitoTEMPO (n=3-4). (G-H) Transcription binding sites for promoter region
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of miR-193b. Chromatin immunoprecipitation (ChlIP) showing enrichment of H3K9%ac

at miR-193b promoter in lean and obese PAVSMCs treated with PGI, SOD, Catalase,

or mitoTEMPO (each n=3). (1) Schematic representation of the molecular mechanisms
underlying reactive oxygen species (ROS) and SGCP1/NFYA/miR-193 expression, resulting
in pulmonary arterial relaxation dysfunction. Results are expressed as mean+SEM. *P<0.05,
**P<0,01, ***/<0.001. T £<0.05, TT A<0.01, t11 A<0.001 vs Lean PAVSMCs at same
condition. Statistical analyses were performed as described in Figure 1 legend.
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Figure 7. Forced sGC activity and NFYA expression rescue exercise induced pulmonary
hypertension in CpcPH rats

(A) Representative Western blot and quantification of SGCB1, total NFYA (endogenous
44kDa and DDK-fusion 50kDa), DDK, and GAPDH in PAVSMCs infected with rAAV6-
GFP or rAAV6-NFYA-DDK (each n=3). Each plot represents the PAVSMCs sample
cultured from one individual rat. (B) cGMP level in PAVSMCs of obese treated with
rAAV6-NFYA-DDK or rAAV6-GFP and NO donor DETA NONOate (10uM, 24 hours)
(each n=6). (C) Administration of rAAV6-GFP or rAAV6-NFYA-DDK to obese+sugen rats.
Representative immunofluorescence images and quantification of NFYA, CD31, aSMA,
and DAPI of pulmonary arteries (each n=4). (D) Flow cytometry showing the percent

of DDK in CD31 or aSMA positive cells (each n=4). (E) Representative Western blot
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and quantification of SGCB1, total NFYA (endogenous 44kDa and DDK-fusion 50kDa),
phosphorylation ser 177 eNOS, total eNOS and GAPDH in isolated pulmonary arteries of
rats (diameter of PAs: 500-700um) (each n=4). (F) Quantification of plasma levels of cGMP
of the rats (each n=6). (G-H) Right ventricular systolic and end-diastolic pressure (RVSP
and RVEDP, each n=6), left ventricular systolic and end-diastolic blood pressure (LVSP and
LVEDP, each n=4), and Workload (each n=6) were measured at rest and during exercise
(obese+sugen rats infected with rAAV6-GFP or rAAV6-NFYA-DDK). (I-K) Left ventricular
Ejection fraction (LVEF), Fraction shortening (LVFS), E wave/A wave ratio (E/A), cardiac
index (Cl), RvDd, PAAT/ET, TAPSE, and TPRi were measured at rest and during exercise.
Rats per group; obese+sugen rats infected with rAAV6-GFP or rAAV6-NFYA-DDK (each
n=6). Results are expressed as mean+=SEM. */<0.05, **F<0.01, ***F<0.001. Statistical
analyses were performed as described in Figure 1 legend.
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Figure 8. Upstream treatment of metabolic syndrome with SGLT2 inhibition rescues
mitochondrial ROS in PAVSMCs and restores the NFYA-sGC-cGMP signaling to improve

CpcPH

Treatment with SGLT2 inhibitor (Empagliflozin 10 mg/kg/day, via drinking water) in
obese rats treated with sugen (Obese+sugen). (A-B) Body weight and HbAlc level were
measured from 8 to 22 weeks old. At 22 weeks old, triglyceride plasma level was measured
(lean n=5, obese+sugen n=8, obese+sugen+SGLT?2 inhibitor n=10). (C) Representative
immunofluorescence images and quantification of 4HNE (4-hydroxynonenal), a SMA and
DAPI of pulmonary arteries in lean (n=5), obese+sugen (n=8), and obese+sugen treated
with SGLT2 inhibitor (n=10). (D) Quantification of miR-193b expression in pulmonary
arteries from lean (n=5), obese+sugen (n=8), and obese+sugen treated with SGLT2 inhibitor
(n=10). (E-F) Representative Western blot and quantification of SGCB1, NFYA, GAPDH,
H3K9 ac, and Histone 3 in isolated pulmonary arteries (diameter of PAs: 500-700um) of
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lean (n=5), obese+sugen (n=8), and obese+sugen treated with SGLT2 inhibitor (n=10).

(G) Quantification of plasma levels of cGMP in lean (n=5), obese+sugen (n=8), and
obese+sugen treated with SGLT2 inhibitor (n=10). (H) Right ventricular systolic and
end-diastolic pressure (RVSP and RVEDP), left ventricular systolic and end-diastolic

blood pressure (LVSP and LVEDP) were measured at rest and during exercise (lean n=5,
obese+sugen n=8, obese+sugen+SGLT2 inhibitor n=10). (I) Workload were calculated with
the distance of test run (lean n=5, obese+sugen n=8, obese+sugen+SGLT2 inhibitor n=10).
(J) Representative images of MRI of left pulmonary artery and heart at rest and during
dobutamine (5ug/kg/min) challenge in lean, obese+sugen, and obese+sugen treated with
SGLT2 inhibitor. White bars indicate 1 mm. Quantification of area of left pulmonary artery
at second branch and area of RV in lean (n=5), obese+sugen (n=8), and obese+sugen treated
with SGLT2 inhibitor (n=8). Results are expressed as mean+SEM. */<0.05, **/<0.01,
***P<(0.001. Statistical analyses were performed as described in Figure 1 legend.
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