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Detrimental Impact of Vasopressin V2 Receptor Antagonism

in a SU5S416/Hypoxia/Normoxia-Exposed Rat Model of
Pulmonary Arterial Hypertension
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Norikazu Yamada, MD, PhD; Yoshihide Mitani, MD, PhD; Masaaki Ito, MD, PhD

Background: The expression of vasopressin type 2 receptor (V2R) in the lung, and the long-term effects of tolvap-
tan, a selective V2R antagonist, on pulmonary circulation and right ventricular (RV) remodeling in a pulmonary
arterial hypertension (PAH) rat model were evaluated.

Methods and Results: Six-week-old male Sprague-Dawley rats were injected subcutaneously with 20 mg/kg of
SU5416 and were exposed to hypoxia for 3 weeks followed by re-exposure to normoxia for 7 weeks. These rats
showed signs of RV failure and upregulation of V2R and cAMP in the lung tissue at 10 weeks after SU5416 injection.
They were then treated with either 0.05% tolvaptan in diet (SUHx+Tolv) or normal diet (SUHx) during 5-10 weeks
of SU5416 injection. Normal control rats (Cont) were also used for comparison. SUHx+Tolv had significantly higher
pulmonary arterial pressure, more progressive pulmonary arterial remodeling, and more severe myocyte hypertrophy
and interstitial myocardial fibrosis in the right ventricle compared with SUHx despite achieving successful preload
reduction.

Conclusions: Chronic vasopressin V2R antagonism may contribute to the worsening of PAH and the development
of RV remodeling.
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disease and leads to right heart failure.! Although

endothelin-receptor antagonists, nitric oxide, phos-
phodiesterase type 5 inhibitors, and prostacyclin derivatives,
have improved the mobility and mortality of PAH,>¢ current
therapy for right heart failure is still suboptimal. Diuretics are
traditionally used to relieve congestive symptoms and to reduce
edema in right heart failure secondary to PAH,” but it remains
unknown whether administration of diuretics has long-term
efficacy or extends the survival period. Arginine vasopressin
(AVP) is a non-peptide hormone that is synthesized in the brain
and released from the posterior pituitary gland in response to
a decrease of the effective circulating blood volume. The
vasopressin type 2 receptor (V2R) stimulated by AVP induces
free water reabsorption via aquaporin-2 in the renal collecting
duct,®? and therefore selective V2R antagonist produces aqua-
resis that leads to clinical improvement in heart failure
symptoms.!®!11 Recent experimental studies demonstrated that
long-term administration of selective V2R antagonism has
favorable effects on cardiac hemodynamics, and ameliorates
LV remodeling and myocardial fibrosis in concert with diuretic

P ulmonary arterial hypertension (PAH) is a progressive

effects in left heart failure.!>!3 In Japan, tolvaptan, a V2R
antagonist, has been approved for volume overload in heart
failure patients since December 2010. We recently demonstrated
that 7-day treatment with 7.5 mg tolvaptan induced a signifi-
cant reduction in pulmonary vascular resistance in patients
with left heart failure, particularly those with high baseline
values,'#15 suggesting that V2R antagonism plays an important
role in the regulation of pulmonary vascular tone. Recent
clinical and research observations strongly support the exis-
tence of an extrarenal V2R, notably in the lung,'¢ but as far as
we know, there are few basic research reports about the long-
term effects of V2R antagonism on the pulmonary circulation
and right heart in PAH. We aimed to identify the physiological
role of the V2R, if any, in the lung, and to investigate the long-
term effects of V2 receptor antagonism on right heart failure
using a PAH rat model."”

Methods

All experimental protocols were reviewed and approved by
the Animal Care and Use Committee at the Mie University
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Figure 1. Diagram of the study design. (A) SU5416+hypoxia rats exhibited right heart failure at 9 weeks and demonstrated abun-
dance of arginine vasopressin type?2 receptor (V2R) and concentration of cAMP in lung tissue at 10 weeks. (B) SU5416+hypoxia
rats treated with tolvaptan or vehicle for 5 weeks underwent serial echocardiography from 4 to 9 weeks after SU5416 injection.
The rats were sacrificed at the end of 10 weeks after SU5416 injection.

Graduate School of Medicine and complied with the Guide for
the Care and Use of Laboratory Animals published by the US
National Institutes of Health (NIH Publication No. 85-23,
revised 1985). Six-week-old male Sprague-Dawley rats (160—
180g, Japan SLC, Shizuoka, Japan) were allowed free access to
tap water and standard rat chow under controlled temperature
(21£1°C) and humidity (55+2%) with a 12:12-h light-dark cycle.

Experimental PAH and Right Heart Failure

The rat model of PAH was prepared for the study using estab-
lished methods.!” Rats were given a single subcutaneous injec-
tion of SU5416 (20mg/kg) and exposed to hypoxia (10% O2)
for 3 weeks to induce PAH, and returned to normoxia (SUHx
rat). A recent study demonstrated that this rat model develops
very severe occlusive PAH and severe RV dysfunction, with
evidence of cardiomyocyte enlargement, apoptosis, and colla-
gen deposition during 8 weeks after a SU5416 injection.!® To
evaluate the effects of long-term V2R antagonism on pulmo-
nary circulation and RV remodeling in much more advanced
right heart failure, we decided to use SUHXx rats at 9-10 weeks
after a SU5416 injection.

Experimental Protocol
Rats were studied according to the protocols described below.
Protocol 1: V2R Expression and cAMP Concentration in Lung
Tissue of Experimental PAH Rats Model At 10 weeks after
SU5416 injection, rats (n=9) were harvested (Figure 1A). Their
lungs were removed and prepared for semiquantitative immu-
noblotting of V2R and subsequent cAMP assay. Age-matched
normal rats (Cont, n=8) were only injected with vehicle and
kept in normoxia and normal diet during 10 weeks.
Protocol 2: Long-Term Effects of V2R Antagonism on the
Development of PAH and Right Heart Failure To investigate

whether V2R antagonism plays a protective role against PAH
in addition to its diuretic effects for the treatment of right heart
failure, the rat were treated with either 0.05% tolvaptan (Otsuka
Pharmaceutical Co, Ltd, Tokyo, Japan) in the diet (SUHx+Tolv,
n=16) or given a normal diet (SUHx, n=16) from 5 weeks
after a SU5416 injection until the end of 10 weeks. A normal
control group (Cont, n=15) was also used for comparisons.
Morooka et al demonstrated that chronic treatment with 0.05%
tolvaptan in the diet was associated with persistent aquaretic
effects without disturbing electrolyte balances through the
course in a rat hypertensive HF model, and therefore we
adopted the same dosage of tolvaptan in the present study.!?
All rats in each group underwent quantitative echocardiographic
evaluations at 4 and 9 weeks after SU5416 or vehicle injec-
tions. At the end of 10 weeks, rats were placed individually in
metabolic cages for the assessment of fluid and food intake
and urine volume for 24 h. They were then decapitated for blood
collection. The remainder (n=7 in Cont, SUHx, and SUHx+Tolv,
respectively) underwent hemodynamic measurements by car-
diac catheterization, and their hearts and lungs were subse-
quently fixed for histological preparation (Figure 1B).

Collection of Blood, Urine, and Tissue

Rats were placed individually in metabolic cages, and urine
samples were collected for 24 h at 10 weeks. Each rat was then
decapitated without anesthesia, and blood from the trunk was
collected into a test tube containing EDTA-2Na and centri-
fuged at 3,000 rpm for 15min at 4°C to obtain blood plasma.
Aliquots of urine and plasma samples were kept at —80°C. The
lungs were snap frozen in liquid nitrogen and stored at —80°C.
The hearts were also removed for RV and LV mass measure-
ments.
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Figure 2. Semiquantitative immunoblot-
ting and radioimmunoassay in lung tissue.
(A) The expression of V2R in lungs (n=6 in
Cont, SUHXx). (B) The concentration of
cAMP in lungs (n=8 Cont, n=9 SUHx). Cont,
normal rats; SUHx, SU5416+hypoxia rats
treated with a vehicle diet. Values are pre-
sented as mean*SD. *P<0.05 vs. Cont.

Quantitative Echocardiography Evaluation
Echocardiography (Vevo2100; VisualSonics, Toronto, Canada)
was performed, as described previously.'*-22 Briefly, rats were
anaesthetized with isoflurane (induction 3%, maintenance
0.8-1.6%) in 0.6 L/min O2 throughout the procedure via spon-
taneous breathing. Heart rate (HR) was kept relatively con-
stant throughout the procedure. Right ventricular (RV) wall
thickness, RV end diastolic diameter, inferior vena cava (IVC),
pulmonary arterial acceleration time/ejection time (PAAT/ET),
and TAPSE were measured as described previously.!® Doppler-
derived RV cardiac output (RVCO) was also calculated.!®
Each parameter was averaged over 3 cardiac cycles.

Hemodynamic Measurements

During hemodynamic measurements, rats were anesthetized
with isoflurane (induction 3%, maintenance 1.0-1.5% mixed
with 100% oxygen), and the trachea was cannulated for
mechanical ventilation.?® The right carotid artery was isolated
and cannulated for systemic blood pressure measurement
using a micromanometer-tipped pressure transducer catheter
(Millar Instruments, Houston, TX, USA). After thoracotomy,
another pressure transducer catheter was inserted into the RV
cavity via the RV apex and then advanced into the pulmonary
artery for RV and pulmonary arterial pressure measurements,
respectively. Data acquisition was performed by the Powerlab
data system (AD Instruments, Colorado Springs, CO, USA).

Tissue Fixation of Lung and Heart

After hemodynamic evaluation, rats were immediately eutha-
nized with an overdose of isoflurane. One percent formalin in
phosphate-buffered saline (PBS) plus 0.5% low-melt agarose
at 42°C was infused into the airway via a large-bore catheter
at a constant pressure of 20cmH20 to keep the lung moder-
ately distended.? Furthermore, 1% formalin in PBS was dripped
into the right ventricle to perfuse the heart and lung until a
clear effluent was obtained. The lung and heart were cooled to
4°C to allow the agarose to harden and then immersed over-
night in 10% formalin in PBS. The excised heart and lung
were embedded in paraffin.

Pulmonary Vascular Morphometry
Paraffin-embedded lung sections were stained with Verhoeff-
Van Gieson stain for morphometric analysis.?> The medial

wall thickness (MWT) was measured at the muscular arteries
(outer diameter (OD) 50-200 ym). The external diameters of
small pulmonary arteries were measured along the shortest
curvature. The percent MWT was calculated with the formula
[(external diameter—internal diameter)/external diameter]x100]
in EVG-stained slides.?® Intra-acinar arteries (25<OD<50um)
were categorized as muscular (those with a complete medial coat
of muscle), partially muscular (those with only a crescent of
muscle), or non-muscular (those with no apparent muscle).?” All
small pulmonary arteries in the left lobes of lungs from all 3
groups (n=7 in each group) were scored as one of 2 sizes
(25<0OD<50um and 50OD<100um) as follows: no evidence of
neointimal formation (grade 0); partial luminal occlusion (<50%;
grade 1); and severe luminal occlusion (=50%; grade 2).2¢

Assessment of RV Cardiomyocyte Cross-Sectional Area
and RV Collagen Deposition
Paraffin-embedded RV tissue sections were then stained with
hematoxylin and eosin, and with Masson’s trichrome for
assessing myocyte size and collagen deposition, respectively.
At high-power magnification (x40), 25-30 regions of photo-
micrographs covering the whole section were obtained and
scanned for myocytes that were cut in a cross section to
expose the nucleus centrally.?>? The cross-sectional area was
measured using a KEYECE BZ-X710 microscope and BZ-X
Analyzer software (Osaka, Japan). For interstitial collagen
fraction quantification, blue-stained areas were determined
using a color-based threshold at medium power magnification
(x20).? The index of the interstitial fibrosis was defined as the
ratio between the interstitial fibrosis area and the total surface
area throughout the right ventricle.

All histological evaluations and measurements were per-
formed by treatment-blinded investigators, and data were ana-
lyzed after all measurements were completed.

Blood and Urine Measurements

Plasma and urine electrolyte, urea nitrogen, creatinine, osSmo-
lality, and plasma renine activity and aldosterone were mea-
sured by a clinical laboratory testing service (SRL, Tokyo,
Japan). ELISA kits were used for evaluating brain natriuretic
peptide (BNP; AssayPro, MO, USA), angiotensin Il (ANG
II; Phoenix Pharmaceuticals, Inc, CA, USA), and AVP
(MyBioSource, CA, USA).
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Figure 3. Hemodynamic parameters in catheterized rats and morphologic evaluation of pulmonary arteries. (A) Systolic pulmonary
arterial pressure (systolic PAP). (B) Mean PAP. (C) The medial wall thickness (MWT) of muscular arteries (outer diameter (OD):
50-200um). (D) Percentage of fully masculalized intra-acinar arteries (25<OD<50um). (E) Percentage of grade 0 (no luminal
occlusion), 1 (<50% occlusion) and 2 (>50% occlusion) in the vessels of 25<OD<50um (Left) and representative photomicro-
graphs of Elastic-van Gieson-stained pulmonary arterial cross-sections (Right). (F) Percentage of grade 0 (no luminal occlusion),
1 (<50% occlusion) and 2 (250% occlusion) in the vessels of 50<OD<100um (Left) and representative photomicrographs of
Elastic-van Gieson-stained pulmonary arterial cross-sections (Right). Cont, normal rats; SUHx, SU5416+hypoxia rats treated with
a vehicle diet; SUHx+Tolv, SU5416+hypoxia rats treated with a tolvaptan diet. Results are presented as mean+SD. *P<0.05 vs.
Cont. TP<0.05 vs. SUHx. n=7 in each groups.
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Table 1. Catheter Evaluation at 10 Weeks After SU5416 Injection
Cont SUHx SUHx+Tolv
(n=7) (n=7) (n=7)
Heart rate (beats/min) 325.32+8.86 322.37+13.31 312.66+24.50
Systolic blood pressure (mmHg) 119.38+14.23 112.80+10.01 113.02+13.42
Systolic RV pressure (mmHg) 27.65+2.75 90.46+13.79* 110.81+15.25%1
End-diastolic RV pressure (mmHg) 4.67+0.98 7.31+2.75 6.50+2.22

Values are presented as mean +SD. “P<0.05 vs. Cont. tP< 0.05 vs. SUHx. Cont, normal rats; SUHx, SU5416+hypoxia
rats treated with a vehicle diet; SUHx+Tolv, SU5416+hypoxia rats treated with a tolvaptan diet; RV, right ventricular.

Semiquantitative Immunoblotting

The lung tissues were individually homogenized in ice-cold
RIPA buffer containing 50 mmol/L Tris—HCl, at a pH 7.4, and
with 150 mmol/L NaCl, 10 mmol/L Nas4P207, ] mmol/L NaF,
I mmol/L Na3zVO4, 1 mmol/L EDTA, 0.25% sodium deoxy-
cholate, 1% Nonidet P-40, 1 mmol/L dithiothreitol, and 1x
protease inhibitor mixture (Roche). The homogenates were
centrifuged at 4,000 g for 15 min at 4°C. The supernatant was
adjusted to the same final protein concentration using a BCA
Protein Assay (Thermo, IL, USA) and added to 2 x SDS
sample buffer. Samples were then boiled at 60°C for 10 min.
These samples were separated by SDS-PAGE and transferred
to a PVDF membrane, blocking with 5% skim milk in TBS-T.
The Western blots were probed with antibodies to V2R
(AB1797P; Millipore, Temecula, CA, USA) diluted 1:500 over-
night at 4°C, and secondary antibodies (#5127; Cell signaling
technology) for 1h at room temperature, and visualized using
an ECL system. The membranes were stripped and re-incu-
bated with S-actin antibody (ab8227; Abcam). Laser densi-
tometry (ImageQuant LAS 4000; Fuji, Tokyo, Japan) was used
to quantitate the bands.

cAMP Assay

Lung tissues were homogenated in cold 0.1N HCI. The homog-
enates were centrifuged at 4,000g for 15min at 4°C. The
supernatants were measured to the total protein concentration
using a BCA Protein Assay. These samples were sent to a
clinical laboratory testing service (SRL) for the measurement
of cAMP with a Yamasa cyclic AMP RIA assay kit (YAMASA
Shoyu, Chiba, Japan).

Statistical Analysis

The experimental groups were compared by using the unpaired
Student’s t-test or one-way analysis of variance followed by
the Tukey-Kramer post-hoc test. All values were expressed as
mean=*SD and values of P <0.05 were considered to be statis-
tically significant.

Results

Evidence of Right Heart Failure in the Rat PAH Model

At 9 weeks after SU5416 injection, SUHx rats developed
symptoms of right heart failure including slow behavior, rapid
breathing and systemic swelling, and echocardiography
showed reduced cardiac output, increased RV dimension,
decreased RV systolic function with leftward interventricular
septal shift, and IVC dilatation due to severe PAH.

V2R Protein Level and cAMP Concentration in Lung Tissue
The V2R band was detected at 62 kDa in Western blotting.
The V2R protein level in the lung was significantly higher (2.67-
fold) in the SUHx compared with the Cont group (Figure 2A).

The concentration of cAMP in the lung was significantly
higher (1.27-fold) in the SUHx compared with the Cont group
(Figure 2B).

Hemodynamic Measurement

Hemodynamic measurements at 10 weeks after a SU5416
injection revealed that both systolic and mean pulmonary arte-
rial pressure were significantly higher in SUHx and SUHx+Tolv
groups compared with those of the Cont group, and it was to
a greater extent in the SUHx+Tolv group (Figures 3A,B). In
contrast, there was no significant difference in systolic blood
pressure or HR among the 3 groups. End-diastolic RV pres-
sure tended to be higher in the SUHx and SUHx+Tolv groups
than in the Cont group, and it was to a greater extent in the
SUHXx group without being statistically different (Table 1).

Pulmonary Vasculature

A total of 644 pulmonary arteries from 21 animals (7 rats in
each group) were evaluated for MWT (OD, 50-200 ym). The
percentage of MWT was significantly higher in the SUHx and
SUHx+Tolv groups compared with that of the Cont group,
and it was to a greater extent in the SUHx+Tolv group
(Figure 3C). In 2,303 intra-acinar arteries in the left lung lobes,
a proportion of fully muscularized vessels was significantly
higher in the SUHx and SUHx+Tolv groups compared with
those of the Cont group, and it was to a greater extent in the
SUHx+Tolv group (Figure 3D). In all 7,599 small pulmonary
arteries in the left lung lobes, there were no vessels with grades
1-2 in the Cont group, whereas both the SUHx and SUHx+Tolv
groups had similar percentages of vessels with grades 1 and 2
in the vessels with 25<OD<50 ym and 50<OD<100 ym, respec-
tively (Figures 3E,F).

Echocardiographic Measurement

Echocardiography showed RV-free wall thickening, RV cham-
ber dilation and IVC dilation in both the SUHx and SUHx+Tolv
groups at 4 weeks after SU5416 injection to a similar extent.
However, the development of RV-free wall thickening, RV
chamber dilation and IVC dilation was attenuated in the
SUHx+Tolv group compared with the SUHx group at 9 weeks
(Figures 4A—C), despite having similar PAAT/ET, RVCO,
and TAPSE between the 2 groups (Figures 4D-F).

RV Remodeling

The RV/LV+Septal ratio (Fulton index) in the SUHx and
SUHx+Tolv groups was significantly higher compared with
those of the Cont group, and it was to a greater extent in the
SUHx group (Figure 5A). The RV cardiomyocyte cross-sec-
tional area and the percentage of collagen area were signifi-
cantly greater in the SUHx and SUHx+Tolv groups compared
with those of the Cont group, and it was to a greater extent in
the SUHx+Tolv group (Figures SB-D). In contrast, they were
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Figure 4. Evaluation of parameters in echocardiography. (A) Right wall thickness (RWT). (B) Right ventricular end-diastolic diam-
eter (RVEDD). (C) Inferior vena cava (IVC). (D) Pulmonary arterial acceleration time/ejection time (PAAT/ET). (E) Right ventricular
cardiac output (RVCO). (F) Tricuspid annular plane systolic excursion (TAPSE). Red line indicates Cont, blue line indicates SUHX,
and green line indicates SUHx+Tolv. Results are presented as mean+SD. *P<0.05 vs. Cont. 1P<0.05 vs. SUHXx. (G) Representative
M-mode (Upper panel) and B-mode (Lower panel) echocardiography. Cont, normal rats; SUHx, SU5416+hypoxia rats treated
with a vehicle diet; SUHx+Tolv, SU5416+hypoxia rats treated with a tolvaptan diet. n=8 in each group.

similar in the LV free walls among the three groups (data not
shown).

Metabolic, Blood Plasma, and Urine Parameters

Urine volume and water intake in the SUHx+Tolv group
increased in the early phase after initiation of tolvaptan ther-
apy, and remained greater in the SUHx+Tolv group than in the
SUHx and Cont groups (Table 2). However, development of
PAH caused a similar degree of weight loss in the 2 groups at
10 weeks after a SU5416 injection under the condition of free
access to tap water. Blood plasma and urine biological param-
eters are also shown in Table 2. Plasma creatinine, osmolality
and BNP were higher in the SUHx group compared with those
in the Cont group. In the SUHx+Tolv group, these parameters
were not significantly different from those of the Cont group.
The plasma aldosterone level in the SUHx group was signifi-

cantly higher than that in the Cont and SUHx+Tolv groups.
There was no difference in plasma AVP levels among the 3
groups. Urine osmolality was not statistically different between
the Cont and SUHx groups, and the SUHx+Tolv group had
lower urine osmolality that the Cont group. Creatinine clear-
ance in the SUHx and SUHx+Tolv groups was significantly
lower than that in the Cont group.

Discussion

We first demonstrated that both V2R and cAMP, downstream
of the V2R signal, were expressed in the lung tissue at higher
levels in PAH rats than in normal rats. In contrast to the origi-
nal hypothesis, chronic V2R antagonism adversely affected
pulmonary vasculature, leading to increased pulmonary arte-
rial pressure and the progression of RV remodeling. The pres-
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Figure 5. Morphometric evaluation of right ventricular structural remodeling. (A) The Fulton index (n=8 in Cont, n=9 in SUHx and
SUHx+Tolv). (B) Right ventricular (RV) myocyte cross-section area (RV CSA) (n=7 in each group). (C) Quantification of collagen
deposition in RV (n=7 in each group). (D) Representative RV sections stained with Mason trichrome for collagen assessment
visualized by light microscopy (x4, bar=50um, Upper panel), and with hematoxylin & eosin for myocyte size (x40, bar=500um,
Lower panel). Cont, normal rats; SUHx, SU5416+hypoxia rats treated with a vehicle diet; SUHx+Tolv, SU5416+hypoxia rats
treated with a tolvaptan diet. Values are presented as mean+SD. *P<0.05 vs. Cont. 1P<0.05 vs. SUHXx.
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ent study showed that chronic treatment with 0.05% tolvaptan
in a rat PAH model induced the progression of medial wall
thickening and muscularization of small pulmonary arteries,
but did not accelerate intimal proliferation in pre-capillary
arterioles in a rat PAH model.

Chronic V2R antagonism effectively reduced the RV preload
by increasing urine volume without activation of the circulat-
ing rennin-angiotensin-aldosterone system (RAAS), resulting
in a smaller RV chamber size and IVC diameter, and a lower
serum BNP level compared with those without tolvaptan treat-
ment. These apparently favorable changes, however, did not
lead to regression of RV remodeling. In contrast, chronic
tolvaptan treatment increased cardiomyocyte cross-sectional
areas and collagen deposition areas in the right ventricle.
Interestingly, the Fulton index was paradoxically lowered by
tolvaptan treatment in the present study, although it in general
positively correlates with pulmonary arterial pressure.’’ Toba
et al recently reported that positive correlation stands until 8
weeks in the same PAH model, but the Fulton index decreased
slightly while RV systolic pressure did not at 13 weeks.?
Therefore, they speculated that this discrepancy may indicate
the beginning of RV decompensation, and that excessive and

long-term RV pressure overload may lead to cardiomyocyte
loss.18:2326 Tn the present study, progression of PAH, preload
reduction, or both, induced by V2R antagonism, can contrib-
ute to the paradoxical low Fulton index during the worsening
of RV remodeling.

The direct effects of tolvaptan treatment on RV myocar-
dium via the V2R pathway remain unclear. A previous study
demonstrated that V2R may subserve endothelium-dependent
vasodilation in the human forearm, but not at normal physio-
logic levels.312 There is no laboratory evidence for the exis-
tence of V2R in the adult heart, and if any is present in the
vascular endothelium, it presumably would not contribute to
the pathogenesis of RV remodeling. Indeed, tolvaptan treat-
ment did not alter cardiomyocyte cross-sectional areas and
collagen deposition areas in the left ventricular free wall, sug-
gesting no direct molecular effects of V2R pathways on the
myocardial structure. In addition, the V2R-specific band was
not identified by Western blotting in the heart (data not shown).
Therefore, we speculated that V2R-mediated pathways do not
directly cause RV remodeling. Tolvaptan has a strong diuretic
effect, which ameliorates pulmonary congestion and improves
pulmonary hemodynamics in left heart failure.'>'3 In contrast,
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Urine parameters

Osmolality (mOsm/H20) 1,471.3+514.2

Table 2. Metabolic, Biochemical, Hormonal, and Urine Parameters in SUHx Rats Treated With Vehicle or

Cont SUHXx SUHx+Tolv
(n=8) (n=9) (n=9)
Metabolic parameters
Body weight (g) 470.6+39.2 357.5+50.6* 381.2+40.5*
Fluid intake (ml/day) 22.8+6.2 23.4+5.1 31.9+8.9%1
Urinary volume (ml/day) 11.4+4.5 13.4+4.4 18.6+4.2*1
Food consumption (g/day) 10.8+4.7 11.8+2.8 14.0+4.7
Plasma parameters
Sodium (mEg/L) 148.9+1.9 149.1+5.5 150.3+3.8
Chloride (mEq/L) 93.9+2.4 93.2+3.4 95.1£2.3
Urea nitrogen (mg/dl) 17.2£2.9 29.1+£5.0* 26.4+5.0"
Creatinine (mg/dl) 0.27+0.03 0.44+0.14* 0.36+0.06
Osmolality (mOsm/H20) 295.3+4.1 306.2+10.0* 303.0+6.7
Brain natriuretic peptide (pg/ml) 100.8+13.7 165.8+83.1* 113.6x24.7
Plasma renin activity (ng-ml-'-h-1) 3.18+0.87 4.86+3.58 3.79+2.14
Angiotensin Il (pg/ml) 686.0+331.6 893.8+630.9 780.6+462.3
Aldosterone (pg/ml) 250.0+112.7 506.7+238.4* 200.1+149.9t
Arginine vasopressin (pg/ml) 6.28+0.31 6.40+0.34 6.35+0.53

1,253.3+252.4

Sodium (mEg/day) 0.79+0.33 0.76+0.33 0.88+0.43
Potassium (mEg/day) 2.00+0.82 2.13+0.61 2.46+0.61

Chloride (mEg/day) 0.84+0.47 0.90+0.41 0.95+0.43
Nitrogen (mg/day) 267.6+81.3 272.5+73.0 314.9+47.4
Creatinine (mg/day) 16.2+1.6 11.8+3.3* 13.2+2.4

Creatinine clearance (ml/min) 4.30+0.66 2.01+£0.81* 2.63+0.87*
FENa (%) 0.09+0.03 0.18+0.09* 0.16+0.09

1,018.7+147.3*

Values are presented as mean+SD. *P<0.05 vs. Cont. tP<0.05 vs. SUHx. FENa, fractional excretion of sodium.

Other abbreviations as in Table 1.

progression of pulmonary artery remodeling induced by V2R
antagonism could surpass its favorable volume depletion effect
in the treatment of PAH and right heart failure.

Study Limitations

The underlying mechanisms responsible for muscularization
and medial thickening of small pulmonary arteries and via
V2R antagonism remain unclear. V2R was identified in the
cultured pulmonary arterial smooth muscle cells (PASMCs)
from humans and Sprague-Dawley rats by immunofluorescence
staining (Figure S1A: performed only in rat PASMCs) and
Western blotting (Figure S1B), but proliferation of PASMCs
and cyclic AMP concentration in rat PASMCs was unchanged
by V2R stimulation with or without tolvaptan administration
(Figures S1C,D). Although cultured PAH-PASMCs from
intra-acinar arteries were not examined, these results indicate
that the V2R-cAMP pathways may have no direct effect on
the proliferation of PASMCs. As both V2R protein level and
concentration of cAMP in the whole lung tissue was signifi-
cantly higher in the SUHx group compared with the Cont
group, stimulation of the V2R-cAMP pathways in non-PASMCs
may lead to PASMC proliferation and/or endothelial-to-mes-
enchymal transition via undetected molecular or hemodynamic
mechanisms,>* whereas tolvaptan treatment did not influence
cell signaling pathways mediated by pulmonary arterial endo-
thelial cells and secretion of cytokines/chemokines/growth
factors (Figures S2A-E). Although tolvaptan did not activate
the circulating RAAS activity, the effects of V2R antagonism
on the local RAAS activity in the lung and heart were not

investigated in the present study.?* Unlike left heart failure,’
the pathophysiological role of local RAAS on RV function
and remodeling during the progression of PAH remains under
investigation.® We did not elucidate the role of V2R in the
pathogenesis of PAH using other models of PAH including
monocrotaline-induced and hypoxia-induced PAH in rats or
other species including humans. We did not evaluate the effects
of tolvaptan on pulmonary vasculature in non-PAH rats. Finally,
our study did not focus on the short-term effects of V2R
antagonism for the treatment of excessive fluid overload and
systemic congestion at various time points during the progres-
sion of PAH.

In conclusion, the present study offers in vivo evidence of
the adverse effects of long-term V2R antagonism on pulmo-
nary circulation and RV remodeling in PAH despite achieving
successful preload reduction.
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