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Abstract

Introduction

Pulmonary arterial hypertension (PAH) is characterized by progressive obstructive

remodeling of the pulmonary arteries. No report has shown a causative role of the

autophagic pathway in the progression of pulmonary vascular endothelial cell (EC)

alterations in PAH. The aims of this study were to investigate the time-dependent role

of the autophagic pathway in pulmonary vascular ECs as well as pulmonary vascular

EC kinesis in a severe PAH rat model (Sugen/Hypoxia rat) and to confirm whether

timely induction of the autophagic pathway by rapamycin results in the improvement of

PAH.

Methods

Hemodynamic and histological examinations and a flow cytometry analysis of the

EC-related autophagic pathways and pulmonary vascular EC kinetics with the lung cell

suspension were performed. Additionally, the autophagic pathway was induced in a

timely manner by rapamycin and its therapeutic effects were assessed.

Results

The right ventricular systolic pressure (RVSP) and the obstructive vessels due to

pulmonary vascular remodeling increased. The expression of autophagic marker LC3 in



ECs was altered in a time-dependent manner, in parallel with proliferation and apoptotic

markers. Crosstalk between pulmonary vascular remodeling and the autophagic pathway;,

especially in small vascular lesions, was suggested. Moreover, rapamycin activated the

autophagic pathway and improved cell proliferation and apoptosis balance in pulmonary

vascular ECs, resulting in reduction of RVSP and pulmonary vascular remodeling.

Conclusion

The pulmonary vascular EC-related autophagic pathway is altered in a time-dependent

manner and activation of the autophagic pathway due to rapamycin may have a

beneficial role on ameliorating pulmonary arterial remodeling and the hemodynamics.



Introduction

Pulmonary arterial hypertension (PAH) is characterized by not only increased

pulmonary arterial vascular tone, but also progressive obstructive remodeling of the

pulmonary arteries, both of which lead to increased pulmonary vascular resistance, right

ventricular failure and death (5, 13, 26). These vascular alterations involve marked

proliferation of pulmonary artery endothelial cells (ECs) and smooth muscle cells (22,

32). Furthermore, it was also reported that these cells in angioproliferative vascular

lesions had some neoplastic features (27, 30, 31). It is generally acknowledged that

the current vasodilative drugs, i.e., prostacyclin and its analogs, phosphodiesterase type

5 inhibitors and endothelin receptor blockers, have not only vasodilative effects, but

also antiproliferative effects on phenotypically altered cells (2, 17, 35, 40). However,

these drugs alone do not appear to be sufficient for reversing the vasoobliterative lesions

(33, 37). In fact, it has been demonstrated that, in the PAH rat model, therapeutic

intervention with macitentan (an endothelin receptor antagonist) can decrease an

elevated pulmonary artery pressure to some extent, but not reverse the vascular lesions

completely (36). Therefore, in addition to current vasodilator drugs, drugs which can

reverse remodeling of the vasoobliterative lesions are needed for the superior treatment

of severe PAH patients.



In recent years, autophagy has attracted much attention because it appears to

play essential roles in many different pathological conditions including PAH (14).

Autophagy is a catabolic mechanism involving the degradation of intracellular proteins

and organelles, resulting in the supply of amino acids to be recycled for the synthesis of

essential proteins corresponding to their own conditions (23). During this process,

cytoplasmic proteins and organelles are engulfed by double-membrane-bound structures

(autophagosomes) and these structures are fused with lysosomes/vacuoles for

degradation. The microtubule-associated protein light chain-3 (LC3), which is an

important molecule for autophagosome transport and maturation, has been widely used

to monitor autophagy (23). There are some in vitro experiments that suggest

correlations between the autophagic pathway and pathobiology in the development of

PAH. (14) In addition, a recent paper suggested that an accelerated autophagic

pathway, which was assessed by elevated LC3 expression levels, may play a role not

only in the rodent model of PH, but also in patients with PAH (18).

The mammalian target of rapamycin (mTOR), which has been recognized as

one of several protein kinases that regulate autophagy, has been the most studied (15).

Rapamycin is an antiproliferative immune suppressor that induces cell arrest and an

inhibitor of MTOR (4). It has been shown that rapamycin has a role in inhibiting



hypoxia-induced activation of pulmonary arterial adventitial fibroblasts (7) and also has

an effect of antiproliferation on pulmonary arterial smooth muscle cells isolated from

organized thrombus in patients with chronic thromboembolic pulmonary hypertension

(25). In fact, rapamycin has been shown to reduce right ventricular (RV) systolic

pressure (RVSP) and inhibit medial thickness in monocrotaline-induced PH models (12).

These results suggest that an accelerated autophagic pathway with rapamycin may have

beneficial therapeutic effects on hyperproliferative and activated cells observed in PH.

However, in monocrotaline models, there was no obliterative and stenosed intimal

lesions with phenotypically altered proliferated endothelial-like cells, which are

believed to be characteristic lesions of human PAH, and their defining pulmonary

vascular lesions appear to be medial thickness with proliferating smooth muscle cells

(33). Although a recent in vitro study demonstrated that rapamycin reduced the

migration of ECs derived from human pulmonary artery (28), it remains unknown

whether autophagy induction due to rapamycin plays an actual role in controlling

phenotypical altered endothelial-like cells.

It has been demonstrated that in rodent models of PH plexiform-like lesions,

which are known to be characteristic of PAH, develop only in the Sugen/Hypoxia model.

In this rat model, a single percutaneous injection of a vascular endothelial growth factor



receptor blocker (SU5416) in combination with chronic exposure to hypoxia results in

severe PAH (1, 39). Pulmonary vascular lesions including all features described in the

Heath-Edwards classification (11) also appeared in a time-dependent manner (1, 39).

Furthermore, specific to this model, medial muscular thickening of proliferating smooth

muscle cells and intimal obliteration with phenotypically altered proliferated ECs are

observed (1, 26, 39). Thus the Sugen/Hypoxia model appears to be an appropriate

model to examine the EC kinetics in vivo.

To the best of our knowledge, there is no report which shows a causative role

of the autophagic pathway in the progression of pulmonary vascular EC alterations in

PAH, especially in a time-dependent manner. The aims of this study were to

investigate the time-dependent role of the autophagic pathway in pulmonary vascular

ECs using the Sugen/Hypoxia model and to confirm whether timely induction of the

autophagic pathway with rapamycin results in an improvement in pulmonary vascular

remodeling and the hemodynamics.

Materials and Methods

Experimental protocols and animals.

Two experiments were conducted: (A) the time course study and (B) the



interventional study. The procedure of (A), the time course study, is outlined in Figure

(Fig.) 1A. To prepare the Sugen/Hypoxia model, five-week-old male Sprague-Dawley

(SD) rats (CLEA Japan, Tokyo, Japan) weighing 100 to 140 g were injected

subcutaneously with SU5416 (30 mg/kg; Cayman, Ann Arbor, MI, USA), which was

suspended in carboxyl cellulose comprising 0.5% [wt/vol] carboxymethylcellulose

sodium, 0.9% [wt/vol] NaCl, 0.4% [vol/vol] polysorbate, and 0.9% [vol/vol] benzyl

alcohol in deionized water, and exposed to normobaric hypoxia (10% O;) for 3 weeks

as previously reported with minor modifications (1). These animals were subsequently

returned to normoxia (21% O) for up to 5 weeks. Five-week-old male SD rats were

also exposed to normoxia for 8 weeks as normal controls. All rats had free access to

food and water. We examined 4 groups of Sugen/Hypoxia rats sacrificed at 1, 3, 5, 8

weeks after SU5416 injection, and 1 group of control rats at 5 weeks after SU5416

injection. In a flow cytometry (FCM) analysis, 4 control groups at 1, 3, 5, and 8 weeks

were matched and examined with the respective groups of Sugen/Hypoxia rats. The

procedure of (B), the interventional protocol, is outlined in Fig. 1B. Sugen/Hypoxia

rats were prepared as described previously (1) and we examined the effects of

rapamycin (LC laboratories, Woburn, MA, USA). Rapamycin was dissolved in a

vehicle containing 5.2% [vol/vol] Tween-80 and 5.2% [vol/vol] polyethylene glycol 400



(41). In this protocol, Sugen/Hypoxia rats were intraperitoneally administered either

rapamycin 5 mg/kg or vehicle 3 times per week for 5 weeks starting 3 weeks after

SU5416 injection. Each group was examined at 8 weeks after SU5416 injection.  All

animal procedures were conducted under protocols approved by the Review Board for

animal experiments of Chiba University.

Hemodynamic Measurements in Catheterized Rats

Hemodynamic measurements were performed as previously reported with

slightly modifications (1). Rats were intraperitoneally anesthetized with pentobarbital

sodium (30 mg/kg). Hemodynamic measurements were performed under normoxic

conditions.  Polyethylene tube catheters (size 3, outer diameter 1.0 mm; Hibiki, Tokyo,

Japan) were inserted into the right ventricle through the right jugular vein in order to

measure the RVSP and heart rate (HR). The signals were monitored with a

physiological transducer (NEC Sanei Co., Ltd. Tokyo, Japan), an amplifier system

(NEC Sanei Co., Ltd. Tokyo, Japan) and a recorder (Nihon Kohden, Tokyo, Japan).

After hemodynamic measurements, the rats were euthanized with pentobarbital sodium

(150 mg/kg). The lungs and hearts were harvested for histological,

immunohistochemical and FCM analyses. The weights of the RV and left ventricle
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(LV) + septal (S) were measured for the RV/LV+S ratio.

Histological and immunohistochemical procedure

Tissue preparation

Lung tissues were inflated and fixed with 4% paraformaldehyde at 4°C for

more than 48 hours. The right upper lobes were embedded with paraffin. Sections

were cut at 2 pm.

Histological procedure

The lung sections were deparaffinized in xylene, hydrated using ethanol, and

stained with Elastica van Gieson (EVG) stain using standard protocols for

morphological analyses.

Immunohistochemical procedure

The lung sections were deparaffinized in xylene and hydrated using ethanol.

The slides were boiled in pH 6.0 citrate buffer (Abcam, Cambridge, UK) for 10 minutes,

blocked with Block Ace (Dainippon Sumitomo Pharma, Tokyo), and incubated with the

anti-von Willebrand factor (VWF) antibody (Abcam, Cambridge, UK; x100) and
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anti-LC3 antibody (Medical & Biological Laboratories, MBL, Nagoya, Japan; x400) at

37°C for 60 minutes. After primary incubation, the sections were incubated with

secondary antibodies (Histofine Simple Stain MAX PO; Nichirei, Tokyo, Japan) at

37°C for 30 minutes. Peroxidase activity was detected with diaminobenzidine (DAB;

Simple Stain DAB chromogen; Nichirei, Tokyo, Japan) and counterstained with

hematoxylin and dehydrated.

Morphological/Histological Analyses

Pulmonary arterial occlusive rates were evaluated as previously reported (39)

with slight modifications.  All arteries in 1 slice of each right upper lobe were counted.

The arteries were analyzed at x400 and representative photomicrographs were shown at

x1000.

The arteries were divided into 3 groups according to the size of the outer

diameter (OD) as following: OD < 50 um, 50 um < OD < 100 um, OD > 100 um. In

each group, the arteries on the EVG stain were scored depending on the luminal

occlusive rate as follows: no evidence of neointimal formation (grade 0); partial (<

50%) luminal occlusion (grade 1); and severe (> 50%) luminal occlusion (grade 2).

Grade 2 arteries were additionally classified into 2 patterns according to
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immunostaining with vVWF as follows: the non-plexiform pattern in which vWF-positive

cells were only circularly lined on the innermost layer (non-plexiform type), or the

plexiform pattern in which vWF-positive cells formed a complex/disorganized

plexus/channel-like pattern.

The arteries were additionally classified into 2 groups according to

immunostaining with LC3. The arteries in which > 50% of the innermost layer had

LC3-positive cells were defined as LC3-positive arteries. The other arteries were

defined as LC3-negative arteries.

After the arteries were counted, the percentage was calculated.

Flow cytometry analysis

Bromodeoxyuridine labeling for the detection of proliferating cells

Bromodeoxyuridine (BrdU; Sigma-Aldrich, St. Louis, MO, USA) is a

thymidine analog incorporated into DNA of actively proliferating cells during the

S-phase of the cell cycle. BrdU was used to detect cell proliferation on FCM.

Twelve and 24 hours before the assay, the rats were intraperitoneally injected with 50

mg/kg of BrdU in phosphate-buffered saline (PBS) as previously reported with slight

modifications (24).
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Lung single-cell suspensions

For the FCM analysis, lung cell suspensions performed as previously reported

(24). The left upper lungs were minced using scissors and subjected to enzymatic

digestion: Dulbecco’s modified Eagle medium (DMEM; Sigma-Aldrich) containing 1%

bovine serum albumin (BSA; Wako, Osaka, Japan), 2 mg/ml collagenase (Wako, Osaka,

Japan), 2.5 mg/ml Dispase Il (Roche Diagnostics, Mannheim, Germany), and 125 pg/ml

DNase (Wako, Osaka, Japan). The suspensions were incubated at 37°C on a shaker for

60 minutes and then filtered through a 100 um nylon mesh screen. After dispersion of

the lung cells, the total number of cells was counted.

Flow cytometry analysis

FCM was performed as previously reported (24). The digested lung cells

were pretreated with anti-CD32 antibody (BioLegend, San Diego, CA, USA) to block

Fc receptors and then stained with a mixture of fluorophore-conjugated antibodies in the

dark at 4°C for 30 minutes. The following anti-rat antibodies were used:

FITC-conjugated anti-CD31 (Abcam, Cambridge, UK), Alexa Fluor 700-conjugated

anti-CD45 (BioLegend). To measure DNA degradation, some cells were incubated
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with 10 pg/ml of Hoechst 34580 (Life Technologies, Grand Island, NY, USA) for 25
minutes at room temperature (RT). After fixation with BD Cytofix/Cytoperm™ Plus
(BD Pharmingen, San Jose, CA, USA), the following anti-rat antibodies were used:
PE-conjugated anti-LC3 (Cell Signaling Technology, Tokyo, Japan) at RT 60 minutes
and APC-conjugated anti-BrdU (BD Pharmingen) at RT for 35 minutes. Irrelevant
isotype-matched antibodies were used as controls. We took 1x10° cells per sample and
1.5x10° events were recorded using a flow cytometer (FACS Canto™ II; BD
Biosciences, San Jose, CA, USA). The FCM data were analyzed using the FlowJo

software program (Tree Star, San Carlos, CA, USA).

Statistical analysis

Quantitative data are presented as the means * standard error of means.
Comparisons among the groups were made using Student’s t-test or one-way ANOVA
(followed by Tukey’s multiple comparisons test). P values < 0.05 were considered to
be statistically significant. Statistical analyses were performed using the GraphPad

Prism version 6 software program (GraphPad Software Inc., La Jolla, CA, USA).

Result
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Baseline hemodynamics and RV hypertrophy

The RVSP increased in a time-dependent manner and peaked at 8 weeks after

SU5416 injection (Fig. 2A). RV hypertrophy was observed in Sugen/Hypoxia rats

from 3 weeks after SU5416 injection when compared with control rats (Fig. 2B). No

significant difference was observed in the HR (Fig. 2C). The body weight data are

shown in Fig. 2D.

Pulmonary arterial occlusion

A total of 1,679 arteries were assessed in 24 right upper lobes from 5 groups

during the time course study (n=4 each). The result of the pulmonary arterial grading

analyses is shown in Fig. 3A-D. Representative photomicrographs of the pulmonary

arteries are shown in Fig. 3E-H. A grade O artery is demonstrated in Fig. 3E, grade 1

in Fig. 3F, and grade 2 in Fig. 3G, 3H stained by EVG. In grade 2, non-plexiform type

arteries are shown in Fig. 31, 3J and arteries of plexiform type in Fig. 3K, 3L stained by

VWEF. In OD < 50 um arteries, the rates of grades 1 and 2 significantly increased at 1,

3, 5 and 8 weeks, and 5 and 8 weeks after SU5416 injection, respectively (Fig. 3A).

The rate of plexiform type arteries significantly increased at 8 weeks in OD < 50 um

arteries (Fig. 3B). In 50 um < OD <100 um arteries, the rate of grade 1 significantly
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increased at 5 weeks (Fig. 3C). There was no evidence that the rate of grade 2 arteries

or plexiform type increased in 50 um < OD < 100 um arteries (Fig. 3C, 3D). OD >

100 um arteries were all classified into grade 0 (data not shown).

Pulmonary vascular EC kinetics and initially increase of LC3 positive ECs in FCM

analysis

Three left upper lobes of lungs were assessed in each group. FCM was used

for the analyses of EC kinetics. The representative FCM panels and gating are shown

in Fig. 4A-D. CD31-positive and CD45-negative cells were defined as ECs in the

FCM analysis (Fig. 4A). For the assessment of LC3-positive ECs, an area gated to

include less than 0.1% of the ECs in the isotype control was used for LC3 evaluation

because the distribution of LC3-positive cells continuously changed (Fig. 4B). The

positive rates of BrdU, as an indicator of cell proliferation, and Hoechst < 2n (nuclear

stain with less than diploidy), as that of cell apoptosis, were also assessed in the ECs

(Fig. 4C, 4D). The results are shown in Fig. 4E-1. The LC3-positive rate was

significantly higher from 1 to 3 weeks in the Sugen/Hypoxia rats than the controls (Fig.

4E). Additionally, LC3-positive ECs increased more in the Sugen/Hypoxia rats than in

the control and only hypoxia exposure groups (Fig. 4F). The BrdU-positive rate in
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ECs from Sugen/Hypoxia rats significantly increased at 1, 5 and 8 weeks after SU5416

injection when compared with the controls, with a particularly high rate at 1 week (Fig.

4G). The rate of Hoechst < 2n in the ECs from the Sugen/Hypoxia rats decreased from

5 to 8 weeks after SU5416 injection (Fig. 4H). The number of ECs, which was

corrected by body weight, was higher in the Sugen/Hypoxia rats than in the controls

over the entire period (Fig. 41).

LC3 changes were dominant in small pulmonary arteries

Immunostaining was performed to observe the localization of LC3-positive

cells. Representative photomicrographs of pulmonary arteries which were

immunostained with LC3 are shown in Fig. 5A-D. LC3-positive arteries are shown in

Fig. 5A-B and LC3-negative arteries are shown in Fig. 5C-D. In OD < 50 um arteries,

the rate of LC3-positive arteries in the Sugen/Hypoxia rats was higher than in the

controls (Fig. 5E). There was no statistically significant difference between the control

and PAH model vessels in 50 um < OD < 100 um and OD > 100 um arteries (Fig. 5F,

5G). The rate of LC3-positive arteries in OD < 50 um tended to increase more than in

the other OD groups, especially at 1 and 3 week after SU5416 injection (Fig. 6A, 6B)

where increased LC3-positive ECs were observed in the FCM analysis (Fig. 4E).
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Effects of rapamycin on the hemodynamics and RV hypertrophy

Because the FCM analysis demonstrated that a decrease in LC3-positive ECs

started from 3 weeks after SU5416 injection (Fig. 4E), the Sugen/Hypoxia rats were

treated with rapamycin to activate the autophagic pathway from 3 to 8 weeks after

SU5416 injection.

The results in the hemodynamics and other parameters at 8 weeks after

SU5416 injection are shown in Fig. 7A-D. The RVSP and HR were significantly

decreased in rapamycin-treated Sugen/Hypoxia rats when compared with

vehicle-treated Sugen/Hypoxia rats (Fig. 7A, 7B). There was only a tendency towards

a decrease in the RV/LV+S ratio in rapamycin-treated Sugen/Hypoxia rats when

compared with vehicle-treated Sugen/Hypoxia rats (Fig. 7C). Additionally, the body

weight was significantly lower in the rapamycin-treated Sugen/Hypoxia rats (Fig. 7D).

Effects of rapamycin on endothelial cells assessed by the FCM analysis

The effects of rapamycin on ECs assessed by the FCM analysis are shown in

Fig. 7E-H. The rate of LC3-positive, BrdU-positive, and Hoechst < 2n ECs were

compared between rapamycin- and vehicle-treated Sugen/Hypoxia rats at 8 weeks, and
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the number of ECs corrected by body weight was also calculated. An increase in

LC3-positive cells, a decrease in BrdU-positive cells and an increase in Hoechst < 2n

cells was observed in rapamycin-treated Sugen/Hypoxia rats (Fig. 7E-G). There was

no significant difference in the number of ECs corrected by body weight between the

groups (Fig. 7H).

Effects of rapamycin on pulmonary arteries assessed by an immunohistological

analysis with LC3 staining

The rates of LC3-positive arteries assessed by an immunohistological analysis

were compared between rapamycin- and vehicle-treated Sugen/Hypoxia rats at 8 weeks

(Fig. 71-K). A higher rate of LC3-positive arteries in OD < 50 um was observed in

rapamycin-treated Sugen/Hypoxia rats (Fig. 71). There was no significant difference

in those in 50 um < OD < 100 um or OD > 100 um arteries between the groups (Fig. 7J,

7K). Representative photomicrographs of pulmonary arteries immunostained with

LC3 are shown in Fig. 7L-O (Fig. 7L and 7M, LC3-negative arteries from

vehicle-treated Sugen/Hypoxia rats; Fig. 7N and 70, LC3-positive arteries from

rapamycin-treated Sugen/Hypoxia rats).

20



Effects of rapamycin on pulmonary vascular remodeling

A total of 660 arteries were assessed in 8 right upper lobes from rapamycin-

and vehicle-treated Sugen/Hypoxia rat groups (n=4 each). The effects of rapamycin

on pulmonary vascular alterations are shown in Fig. 8. In OD < 50 um arteries, the

rates of grade 1, 2 and plexiform type in rapamycin-treated Sugen/Hypoxia rats were

significantly lower than those in vehicle-treated Sugen/Hypoxia rats at 8 weeks (Fig. 8A,

8B). In 50 um < OD < 100 um arteries, the rate of grade 1 in rapamycin-treated

Sugen/Hypoxia rats was significantly lower than those in vehicle-treated

Sugen/Hypoxia rats (Fig. 8C). There was no significant difference in the rates of

plexiform type in 50 um < OD < 100 um arteries between the groups (Fig. 8D).

Representative photomicrographs of pulmonary arteries stained with EVG are shown in

Fig. 8E-H (Fig. 8E and 8F, lungs from vehicle-treated Sugen/Hypoxia rats; Fig. 8G and

8H, lungs from rapamycin-treated Sugen/Hypoxia rats).

Discussion

The current study demonstrated pulmonary vascular EC-related autophagic

alterations in a time-dependent manner (Fig. 4E), parallel with proliferation (Fig. 4G)

and apoptosis (Fig. 4H), and LC3 expression in the pulmonary vasculature (Fig 5A-C)
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in a rat model of severe PAH. Moreover, this is the first study to confirm the roles of

rapamycin as an autophagy activator in reducing RVSP (Fig. 7A), ameliorating

pulmonary arterial remodeling (Fig. 8A-C), and activating autophagy in ECs (Fig. 7E).

The current study demonstrated that the balance between proliferation and apoptosis of

pulmonary vascular ECs was dysregulated in the Sugen/Hypoxia rat model (Fig. 4E, G,

H). Excess activation of autophagy has been shown to result in cell death, i.e.,

autophagic cell death (20). A decreased number of LC3-positive ECs from 3 weeks

(Fig. 4E), in parallel with a decrease in Hoechst < 2n cells (Fig. 4H), thus suggested the

appearance of apoptosis-resistant ECs, as shown in the previous report (29, 38).

However, there was a marked increase in BrdU-positive ECs, especially at 1 week after

SU5416 injection (Fig. 4G), despite the appearance of obstructive and/or stenosed

intimal lesions composed of proliferative cells and the progression of pulmonary

vascular remodeling (Fig. 3A-C). Although this result did not support our previous data

from an in vitro experiment (29), recent papers have demonstrated that, in the

Sugen/Hypoxia rat model, most of the proliferative cells comprising intimal lesions

were negative for EC markers (36) and these EC marker-negative cells were suggested

to originate from ECs through the endothelial-to-mesenchymal transition (EndMT) in

human PAH and the Sugen/Hypoxia rat model (28). In the current study, a decrease in
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the number of BrdU-positive ECs from 3 weeks after SU5416 injection may be partially

attributable to the EndMT. Previously, Lee et al. showed that an increased expression

of autophagic protein LC3 exerted a protective function against PH progression in the

chronic hypoxia mice model (18). However, this model has been acknowledged to

develop only mild to moderate PH with medial thickening of proliferative pulmonary

arterial smooth muscle cells, which lack plexiform-like lesions composed of

phenotypically altered proliferated ECs (32). In the present study, an increased

expression of autophagic protein LC3 in the ECs was observed (Fig. 4E) and the

induction of the autophagic pathway by rapamycin had a role in reversing pulmonary

vascular remodeling in the Sugen/Hypoxia rat model (Fig. 8A-D), suggesting that the

autophagic pathway exerts a protective function not only in the medial lesions, but also

in the complex vascular lesions including plexiform-lesions and intimal lesions, which

have been demonstrated in the Sugen/Hypoxia rat model. Moreover, an expression of

autophagic protein LC3 predominantly increased in the peripheral arteries (Fig. 5E) in

accordance with pulmonary vascular remodeling (Fig. 3A-D). The time-dependent

alteration in pulmonary vascular remodeling also appeared to be in parallel with the

RVSP (Fig. 2A, 3A). These results suggest that the autophagic pathway plays a roll

especially in the peripheral arteries, which might be attributable to the progression of
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pulmonary hemodynamics (6, 24, 39).

The current study showed that the LC3 expression initially increased and

eventually decreased in a time-dependent manner (Fig 4E, 5E). Autophagy is a catabolic

mechanism for cells to maintain homeostasis under stressed conditions (23). The

dysregulated autophagic pathway is shared between cancer and pulmonary vascular

cells in PAH (9, 18). In fact, the activated and inactivated autophagic pathways are

believed to have a role in cancer cell growth and regression (19). However, it remains

unknown whether autophagy is beneficial or harmful in the progression of pulmonary

vascular lesions. As shown in a previous report (18), a protective function of the

autophagic pathway against PH progression through its induction by rapamycin has

been shown in the current study, especially during the period of decreased LC3

expression. An initial increase in LC3 expression in ECs until 3 weeks may represent

autophagic cell death under a stressed environment induced by SU5416 injection and

chronic hypoxia. In parallel with reducing the apoptotic cell marker (Fig. 4H), a

decreased expression of the autophagic marker initiated at 3 weeks (Fig. 4E) may

indicate an appearance of apoptosis-resistant cells. Therefore, rapamycin as an

autophagic inducer, i.e., autophagic cell death inducer, might have a reverse effect on

the pulmonary vasculature, especially during the period with decreased LC3 expression.
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From this point of view, autophagic activation appears to be beneficial and may impact

regression of the pulmonary lesions, especially during select periods. Therefore,

rapamycin may play a potential role in PAH treatment through EC-related autophagic

pathways under restricted conditions.

As demonstrated above, an initial increase in the LC3 expression in ECs

appears to be attributable to the stressed environment induced by SU5416 injection and

a hypoxic condition. Fig. 4F indicated, however, that the combination of SU5416

injection and a hypoxic condition are essential to induce LC3 expression in ECs.

In the current study, although rapamycin treatment at a dose of 5 mg/kg (3

times per week) (41) showed a beneficial effect in a severe angioproliferative PAH

model, the same appropriate dose of this drug may cause adverse effects in patients with

PAH because the clinical dose is approximately 0.04 mg/kg (2 mg/body, daily). It was

previously reported in vitro that high doses of rapamycin (500 nM) had both

antiproliferative and proapoptotic effects, while the doses used for clinical applications

(20 nM) had a cytostatic function with no appreciable proapoptotic effect in pulmonary

arterial smooth muscle cells (8, 12, 16). The beneficial effect of rapamycin in the rat

PAH model in this study might be due to high doses of rapamycin. In fact, rapamycin

treatment caused growth inhibition in the rapamycin-administered group (Fig. 7D).
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Regarding the treatment of human PAH, the optimal dosage and precise administration

methods of rapamycin must be further investigated.

It is generally known that rapamycin inhibits the mTOR signaling pathway,

which inhibits autophagy, resulting in the activation of the autophagic pathway.

However, mTOR functions as a central regulator in the signaling pathways of

proliferation and survival of pulmonary vascular cells and in the development of

pulmonary vascular remodeling in the experimental PAH model (9). mTOR consists

of two distinct multiprotein complexes, mTOR complex (mTORC) 1 and mTORC?2, and

rapamycin predominantly inhibits mTORC1 (9). Rapamycin results in the activation

of the autophagic pathway because mTORC1 suppresses autophagy (10). However,

the mTORCL1 signaling pathway regulates cell metabolism, cell growth, proliferation

and autophagy. Rapamycin potentially inhibits all of these processes via mTORC1

and likely has an antiproliferative effect regardless of the autophagic pathway. In this

study, it remains unknown whether only the autophagic pathway played a role in the

beneficial effect of rapamycin in the Sugen/Hypoxia PAH model. Interestingly, the

proapoptotic effect was observed in pulmonary vascular ECs in the

rapamycin-administered group. This effect has not been reported in the mTORCL1

pathway. In only ECs other than pulmonary vascular ECs, a few reports have shown
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that rapamycin has an apoptotic effect via the mTORC2 pathway (3, 21, 34). This

proapoptotic effect is therefore believed to result in autophagic cell death.

Conclusion

The current study demonstrated that, in the Sugen/Hypoxia rat model, the
pulmonary vascular EC-related autophagic pathway was altered in a time-dependent
manner and the activation of the autophagic pathway due to rapamycin may thus play a

beneficial role in ameliorating pulmonary arterial remodeling and hemodynamics.
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Figure legends

Fig. 1.

Study design. The outline of the time course study is shown in A.  White and black

arrowheads indicate the points of evaluation. A black arrowhead indicates the

representative point for comparison in the hemodynamic or pathological analysis with

the control. The intervention protocol is shown in B.  SuHx, Sugen/Hypoxia exposed

model.

Fig.2

Time-dependent alterations in the right ventricular systolic pressure (RVSP) (A), right

ventricle/left ventricle + septum (RV/LV+S) ratio (B), heart rate (C) and body weight

(D). Citrl, control; wk, week(s) after the SU5416 injection. Statistical analyses were

performed using a one-way ANOVA followed by Tukey's multiple comparisons test

except for body weight. Values are expressed as the means £ SE. * p<0.05 vs. ctrl; T

p<0.05 vs. 1 wk; T p<0.05 vs. 3 wk; 8 p<0.05 vs. 5 wk.

Fig. 3

Time-dependent alterations in the pulmonary arteries.
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A: The mean percentage of grade 0 (GO, no evidence of luminal occlusion), grade 1 (G1,

< 50% occlusion) and grade 2 (G2, > 50% occlusion) in pulmonary arteries with outer

diameters (OD) < 50 um are shown. B: G2 arteries are additionally classified into the

plexiform and non-plexiform types. The mean percentages of plexiform and

non-plexiform types in OD < 50 um arteries for the entire cohort are shown. C: The

mean percentages of GO, G1 and G2 in pulmonary arteries of 50 um < OD < 100 pum

are shown. D: The mean percentages of the plexiform and non-plexiform types in 50

um < OD < 100 um arteries for the entire cohort are shown. Values are expressed as

the means + SE. Statistical analyses were performed using a one-way ANOVA

followed by Tukey's multiple comparisons test. * p<0.05 vs. ctrl; T p<0.05 vs. 1 wk; F

p<0.05 vs. 3 wk; 8§ p<0.05 vs. 5 wk. E-H: Representative photomicrographs of the

pulmonary arteries stained with Elastica van Gieson stain. E, GO; F, G1; G and H, G2.

I-L: Representative photomicrographs of the pulmonary arteries stained with von

Willebrand factor. 1 and J, non-plexiform type; K and L, plexiform type. Scale bars

=50 pum.

Fig. 4

Pulmonary vascular endothelial cell (EC) Kkinetics over the time course in
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Sugen/hypoxia (SuHXx) rats using flow cytometry (FCM) analyses.

A-D: Representative FCM panels. A: Whole lung cells of ctrl at 1 week (wk) stained

with CD31 and CD45 are shown. CD31-positive and CD45-negative cells were

defined as ECs. B: LC3-positive ECs from control (Ctrl) or Sugen/Hypoxia rats (3

wk). C: BrdU-positive ECs from ctrl or Sugen/Hypoxia rats (1 wk). D: Nuclear

staining of ECs by Hoechst. Gates showed an area of Hoechst < 2n (less than diploidy,

defined as apoptotic ECs). E: The mean percentage of LC3-positive ECs. F: The

mean percentage of LC3-positive ECs was compared among Ctrl, Sugen/Hypoxia and

Hypoxia rats at 3 weeks (wk). G: The mean percentage of BrdU-positive ECs. H:

The mean percentage of Hoechst < 2n in ECs. |: The number of ECs/body weight

(BW). Values are expressed as the means + SE.  Statistical analyses were performed

using Student’s t-test or a one-way ANOVA followed by Tukey's multiple comparisons

test. * p<0.05 vs. Ctrl.

Fig. 5

Time-dependent alterations in LC3-positive pulmonary arteries.

A-D: Representative photomicrographs of pulmonary arteries immunostained with LC3.

A and B, LC3-positive; C and D, LC3-negative. Scale bars = 50 um. The mean
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percentage of LC3-positive pulmonary arteries. The evaluation of outer diameter (OD)
< 50 um, 50 um < OD < 100 um or OD > 100 um arteries is shown in Fig. E-G,
respectively. Values are expressed as the means + SE. Statistical analyses were
performed using a one-way ANOVA followed by Tukey's multiple comparisons test. *

p<0.05 vs. ctrl.

Fig. 6

The mean percentage of LC3-positive pulmonary arteries was compared among 3 types
of outer diameter (OD), OD < 50 um, 50 um < OD < 100 um and OD > 100 um arteries
at the same experimental period. A: Comparison at 1 week. B: Comparison at 3
weeks. Values are expressed as the means = SE.  Statistical analyses were performed

using a one-way ANOVA followed by Tukey's multiple comparisons test.

Fig. 7

Effects of rapamycin in the intervention protocol (1).

A-D: Right ventricular systolic pressure (RVSP) (A), heart rate (B), right ventricle/left
ventricle + septum (RV/LV+S) ratio (C) and body weight (BW) (D) were compared

between rapamycin- and vehicle-treated Sugen/Hypoxia rats at 8 weeks. Rap,
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rapamycin-treated Sugen/Hypoxia rats; Veh, vehicle-treated Sugen/Hypoxia rats. E-H:

Flow cytometry analyses. The mean percentage of LC3-positive ECs (E),

BrdU-positive ECs (F) and Hoechst < 2n ECs (G) and the number of ECs/BW (H) are

compared between rapamycin- and vehicle-treated Sugen/Hypoxia rats at 8 weeks.

I-K: The rates of LC3-positive arteries assessed with an immunohistological analysis

were compared between rapamycin- and vehicle-treated Sugen/Hypoxia rats at 8 weeks.

Analyses of OD <50 um, 50 um < OD < 100 um and OD > 100 um arteries are shown

in Fig. I-K, respectively. Values are expressed as the means + SE. Statistical

analyses were performed using Student’s t-test. * p<0.05. L-O: Representative

photomicrographs of pulmonary arteries immunostained with LC3. LC3-negative

pulmonary arteries from vehicle-treated Sugen/Hypoxia rats are shown in Fig. L and M.

LC3-positive pulmonary arteries from rapamycin-treated Sugen/Hypoxia rats are shown

in Fig. Nand O. Scale bars =50 pum.

Fig. 8

Effects of rapamycin in the intervention protocol (2).

A: The mean percentages of grade 0 (G0), grade 1 (G2) and grade 2 (G2) pulmonary

arteries of outer diameters (OD) < 50 um were compared between rapamycin- and
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vehicle-treated Sugen/Hypoxia rats at 8 weeks. Rap, rapamycin-treated

Sugen/Hypoxia rats; Veh, vehicle-treated Sugen/Hypoxia rats. B: In OD < 50 um

arteries, the mean percentages of plexiform type in G2 arteries were compared between

rapamycin- and vehicle-treated Sugen/Hypoxia rats at 8 weeks. C: The mean

percentages of GO, G2 and G2 pulmonary arteries of 50 um < OD < 100 um were

compared between rapamycin- and vehicle-treated Sugen/Hypoxia rats at 8 weeks. D:

In 50 um < OD < 100 um arteries, the mean percentages of plexiform type in G2 were

compared between rapamycin- and vehicle-treated Sugen/Hypoxia rats at 8 weeks.

Values are expressed as the means + SE. Statistical analyses were performed using

Student’s t-test. * p<0.05. E-H: Representative photomicrographs of pulmonary

arteries stained with EVG are shown. Fig. E and F, lungs from vehicle-treated

Sugen/Hypoxia rats; Fig. G and H, lungs from rapamycin-treated Sugen/Hypoxia rats.

Scale bars =50 um.
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Figure 2
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Figure 5
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Figure 6

A B
1 week 3 weeks

404 25
_ — 20
s 309 S
» w
@ 2 159
2 204 2
© © 10
+ +
[y} o
(6] o

104
- .} 5_

0- 0-

< 50 50-100 > 100 < 50 50-100 > 100

OD[um] OD[um]



Figure 7-1
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Figure 7-2
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Figure 8-1
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Figure 8-2
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