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Abstract: 

Pulmonary arterial hypertension (PAH) is a fatal disease characterized by vascular 

remodeling and chronic inflammation. Macrophages are the key orchestrators of 

inflammatory and repair responses, and have been demonstrated to be vital in the 

pathogenesis of PAH. However, specific phenotype of macrophage polarization (M1 

& M2 macrophage) in the development of PAH and the underlying mechanisms how 

they work are still largely unclear. A rat model of monocrotaline (MCT) induced PAH 

was used. Hemodynamic analysis and histopathological experiments were conducted 

at day 3, 7, 14, 21 and 28, respectively. In PAH rat lung tissue, confocal microscopic 

images showed that CD68+NOS2+ M1-like macrophages were remarkably infiltrated 

on early stage, but dramatically decreased in mid-late stage. Meanwhile, 

CD68+CD206+ M2-like macrophages in lung tissue accumulated gradually since day 

7 to day 28, and the relative ratio of M2/M1 macrophage increased over time. Results 

detected by western blot and immunohistochemistry were consistent. Further in vitro 

functional studies revealed the possible mechanism involved in this 

pathophysiological process. By using Transwell co-culture system, it was found that 

M1 macrophages induced endothelial cell apoptosis, while M2 macrophages 

significantly promoted proliferation of both endothelial cell and smooth muscle cell. 

These data preliminarily demonstrated a temporal dynamic change of macrophage 

M1/M2 polarization status in the development of experimental PAH. M1 

macrophages participated in the initial stage of inflammation by accelerating 

apoptosis of endothelial cell, while M2 macrophages predominated in the reparative 
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stage of inflammation and the followed stage of aberrant tissue remodeling. 

 

[Key words] pulmonary arterial hypertension; macrophage polarization; dynamic 

change; endothelial cell; smooth muscle cell. 

 

 

  



 4 / 36 

 

Introduction 

Pulmonary arterial hypertension (PAH) is a progressive, devastating cardiopulmonary 

disease characterized by increased mean pulmonary arterial pressure, pulmonary 

vascular remodeling and right ventricular failure (Thenappan et al. 2018). Currently, 

advances in therapies significantly improve clinical outcomes of PAH patients, but 

have little impact on the progression of pulmonary vascular remodeling. Although 

increased cell proliferation (e.g. endothelial cell, smooth muscle cell) has been 

identified in pulmonary vascular remodeling, a paradoxical increase in endothelial 

apoptosis is important for the initiation and progression of PAH disease (Sakao et al. 

2006; Farkas et al. 2019). However, mechanisms causing endothelial cell apoptosis 

are only partially understood. During last two decades, there is a growing appreciation 

that pulmonary vascular inflammation plays a central role in the development of PAH 

vascular remodeling (Rabinovitch et al. 2014). An expanding body of knowledge has 

related macrophage, which is the major cell type contributing to local lung 

inflammation and tissue repair, to PAH pathogenesis. Emerging data indicated that 

lung macrophages were elevated prominently in experimental and clinical PAH (Savai 

et al. 2012; Frid et al. 2006), and macrophage inactivation prevented PAH in several 

animal models (Tian et al. 2013; Thenappan et al. 2011). More importantly, a recent 

study found that depletion of alveolar macrophages by clodronate-containing 

liposomes attenuated hypoxia-induced pulmonary hypertension (PH) (Zaloudikova et 

al. 2016). 

It is well-established that macrophages can be classified into classically activated 
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macrophage (M1) and alternatively activated macrophage (M2). M1 macrophage is 

characterized by high expression of iNOS (also NOS2) and proinflammatory factors 

including IL-1β, IL-12, which leads to protective immunity against pathogens as well 

as immune-mediated tissue damage in uncontrolled situations. In contrast, M2 

macrophage expresses high levels of CD206 (also known as mannose receptor 1) and 

the anti-inflammatory cytokine IL-10. Usually, M2 macrophage exhibits 

physiologically protective properties due to phagocytosis of debris, promoting tissue 

repair and termination of inflammation by downregulating M1 responses. However, 

under pathological condition, M2 macrophages play essential roles in the promotion 

of aberrant tissue remodeling, vasculogenesis and tumor progression (Murray et al. 

2014).  

Macrophages maintain their plasticity and alter their phenotype depending on 

different environmental conditions. For example, M1 macrophage can repolarize 

toward M2 after the phagocytosis of apoptotic cell (Freire-de-Lima et al. 2006), 

suggesting that reprogramming inflammatory M1 macrophages toward an M2 

phenotype may be involved in the resolution phase of some certain disease, like 

atherosclerosis (Tabas and Bornfeldt 2016), infectious diseases (Davis et al. 2013), 

multiple sclerosis (Herder et al. 2015) and psychiatric disorders (Nakagawa and Chiba 

2014). However, whether there is a temporal change of macrophage M1/M2 

polarization in the pathogenesis of PAH is still unclear. Furthermore, the mechanism 

on how these two different macrophage subtypes participated in the pathogenesis of 

PAH vascular remodeling have not yet been elucidated. 
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In the present study, we aimed to explore these questions by dynamically analyzing 

the changes of macrophage polarization phenotype (M1/M2) in lung tissue in 

monocrotaline-induced PAH (MCT-PAH) rat model, and preliminarily investigating 

the underlying biological function of different activated macrophages on pulmonary 

arterial smooth muscle cells and endothelial cells in vitro. 

 

Materials and Methods 

Animal experiments 

Male Sprague–Dawley rats (180–200g) were used for the monocrotaline-induced 

PAH model as previously described (Gao et al. 2017). Briefly, the animals were 

randomly divided into two groups: MCT-PAH group and Control group by a single 

subcutaneous injection of MCT or saline. After the injection, rats from these two 

groups were sacrificed at five time points: Day 3, 7, 14, 21 and day 28 post-injection 

(n=8 for each subgroup). All procedures were performed according to the protocols 

approved by Animal Research Ethics Committee of Peking University Health Science 

Center (permit number J201527) and the guide for Care and use of laboratory animals 

published by the US National Institutes of Health (NIH Publication Number 85-23, 

revised 1996). 

 

Right heart catheterization (RHC)  

Pulmonary artery pressure was measured by RHC method described previously (Gao 

et al. 2017). Briefly, the animals were initially anesthetized by using pentobarbital 
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sodium via intraperitoneal injection (60 mg·kg-1, Sigma, USA) and a tracheotomy 

performed. A right heart catheter (PE-50 tubing) was inserted through the right jugular 

vein to measure the right ventricular systolic pressure (RVSP) and mean pulmonary 

arterial pressure (mPAP).  

 

Tissue preparation 

After RHC, the chest was opened and the right hilus pulmonis was ligated. The right 

lung of each animal was excised and divided by the upper and lower lobes. Each 

upper lobe was fixed using 10% formaldehyde, embedded in paraffin or frozen 

Optimal Cutting Temperature (OCT) compound, and then sectioned (5μm thickness). 

Sections were stained for hematoxylin and eosin (H&E) staining, as well as 

immunohistochemistry/immunofluorescence staining. Each lower lobe was frozen in 

liquid nitrogen for Western blot analysis. After that, the heart of each rat was isolated. 

The right ventricular (RV) free wall was dissected from the left ventricle plus 

interventricular septum (LV+S) and weighed separately. The degree of right 

ventricular hypertrophy (RVH) was determined by the weight ratio: RV / (LV+S). 

 

Histological analysis and morphometric analysis 

Standard histopathological procedures were used to prepare 5-μm-thick sections. The 

sections were deparaffinized and stained with hematoxylin and eosin (ZSGB-BIO, 

Beijing, China). The lungs were examined with light microscopy for morphological 

alterations by two separate examiners. Morphometric analyses were performed in 
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pulmonary arteries with an external diameter <100 mm. The pulmonary arterial 

medial wall thickness was calculated as % wall thickness (WT %) = (wall thickness 

×2/external diameter) ×100. For quantitative analyses, the average pulmonary arterial 

medial wall thickness of 15 vessels from each rat was calculated. The diameter of 

pulmonary arteries was determined by Image J software (National Institutes of 

Health). 

 

Immunohistochemical and immunofluorescence staining 

For immunohistochemical staining (IHC), 5μm lung sections were deparaffinized, 

hydrated and incubated in 10mM sodium citrate buffer at a microwave oven (a total of 

10 minutes) for antigen retrieval. Sections were incubated overnight at 4°C with a 

primary antibody against CD68 (sc-59103, Santa Cruz Biotechnology), IL-10 (ab9969, 

Abcam) and IL-12p40 (NBP1-20706, Novus Biologics). After extensive washing in 

PBS buffer, sections were incubated with HRP-coupled secondary antibodies for 60 

min, and were visualized using 3,3- diaminobenzidine and counter stained with 

hematoxylin (ZSBG-BIO, Beijing, China). Control experiments included omission of 

the primary antibodies and substitution of the primary antibodies with non-immune 

rabbit or mouse IgG. Immunohistochemical staining was examined by an Olympus 

BX51 microscope (Olympus, Japan) and analyzed by Image Pro-Plus image software. 

For immunofluorescence staining (IF), lungs were fixed with 4% paraformaldehyde 

overnight at 4°C and embedded in OCT. Briefly, NOS2 (ab15323; 1:200; Abcam) and 

CD206 (ab64693; 1:500; Abcam) markers were used to identify M1 and M2 
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macrophages in lung tissue, respectively. CD68 (sc-59103; 1:100; Santa Cruz 

Biotechnology) was used as a pan-macrophage marker. Serial sections were stained 

then incubated with indicated primary antibodies overnight at 4°C and then with a 

1:200 dilution of Alexa Fluor 488 or 594-conjugated IgG (Invitrogen) for 1 h at room 

temperature. Sections were counterstained with Mounting Medium with 4', 6- 

diamidino-2-phenylindole (DAPI, ZSGB-BIO, Beijing, China) and cover slipped. The 

images were captured with a TCS SP5 confocal microscope (Leica, Germany) in the 

Center of Medical and Health Analysis faculty of Peking University Health Science 

Center. 

 

Western blot analyses 

Lung tissues or cells were lysed using radio-immunoprecipitation assay buffer (RIPA) 

with 100μg/mL phenylmethylsul fonylfluoride (PMSF). Then, 20μg of protein from 

cell lysates was electrophoresed on 6-12% SDS-polyacrylamide gels and transferred 

to an immobilon PVDF membrane (Millipore, Billerica, MA, USA). Nonspecific 

antibody binding was blocked using 5% skim milk in TBS-T, and the membranes 

were incubated with primary anti-NOS2, anti-CD206, anti-IL6, anti-IL10 and 

anti-β-actin antibodies overnight at 4 °C. Anti-mouse or anti-rabbit (1: 5000) 

horseradish peroxidase-conjugated secondary antibodies were incubated for 1 h at 

room temperature. Antibodies were visualized using an ECL solution kit (Millipore, 

Billerica, MA, USA) in an imager (Bio-Rad Laboratories, Hercules, CA, USA). 

Quantification of relative changes in protein levels (relative band intensity, expressed 
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as percentage of control protein levels) were performed using the Image J software. 

 

Quantitative real-time polymerase chain reaction (qRT-PCR)  

Total RNA from lung tissue or cells was isolated using Trizol Reagent according to 

the manufacturer’s instructions. cDNA was synthesized using a Reverse Transcriptase 

kit (Invitrogen, USA). qRT-PCR was performed using SYBR Green PCR Master Mix 

with the ABI-prism 7500 system (Applied Biosystems, USA) in triplicate. The 

relative gene expression level was normalized for expression of the β-actin and 

calculated using the comparative Ct method formula 2-∆∆CT method (Livak & 

Schmittgen, 2001). The primer sequences are shown in table 1. 

 

Cell culture and macrophage differentiation 

Pulmonary arterial smooth muscle cells (PASMCs) were obtained from wild-type rat 

intra-pulmonary arteries (the 3rd or 4th division) as previously described (Gao et al. 

2017). Briefly, left rat lungs were removed and transferred to a dish full of cold 

physiological salt solution. Intrapulmonary arteries were gently isolated, and then 

arteries adventitia and endothelium were carefully cleaned under a microscope. The 

resting media tissue were digested by typeⅠ collagenase and papain. Human 

umbilical vein endothelial cells (HUVECs) were purchased from the cell bank of the 

Chinese Academy of Sciences (Beijing, People’s Republic of China, 

http://english.cas.cn) and RAW264.7 macrophage cell line was kindly provided by 

Professor Yuedan Wang (Peking University Health Science Center). PASMCs were 
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identified by α-smooth muscle actin (SMA) via immunofluorescence staining while 

HUVECs were identified by von Willebrand factor (vWF). All these cells were 

cultured in the DMEM medium supplemented with 10% fetal bovine serum (FBS), 

penicillin (100 units/ml), and streptomycin (100 units/ml) in a humidified atmosphere 

with 5% CO2 at 37°C. Culture mediums were changed every 2 to 3 days on average. 

The M1 and M2 macrophages were prepared by stimulating RAW264.7 macrophages 

with LPS (100ng/ml, PeproTech)+IFN-γ (20ng/ml, PeproTech) or IL-4 (20ng/ml, 

PeproTech)+IL-13 (20ng/ml, PeproTech) for 24 hours, respectively. Untreated 

RAW264.7 cells were used as control M0 macrophage. The phenotype of the subsets 

were identified through Western blot and qRT-PCR analysis for gene signatures of 

representative markers. 

 

Cell viability assay 

The cell viability was evaluated by Cell Counting Kit-8 (CCK8) assay (Dojindo 

Molecular Technologies, Inc.). Briefly, PASMCs (or HUVECs) were seeded at 

5×10^3 cells per well in 96-well plates overnight, after placing in serum-starved 

condition for a further 24 hours, various concentration of supernatant from different 

types of macrophages were added and incubated for 72 hours (supernatants were 

diluted 1:0, 1:1 and 1:3 with normal culture medium and daily refreshed). Cell 

stimulated with normal culture medium were set as control. 10ul of CCK8 solution 

was added into the wells and incubated for an additional 2 hours, then the optical 

density (OD) for each well was measured at a wavelength of 450nm. The cell viability 
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(% of control) is expressed as the percentage of (ODtest – ODblank) / (ODcontrol – 

ODblank). 

 

Transwell co-cultures system and analyses of cell cycle and apoptosis 

The different types of macrophages and PASMCs (or HUVECs) were placed in 

Transwell co-culture chambers separated by membrane filter that prevented direct 

cell-to-cell contact. Briefly, the transwell insert was added to the 6-well plates with 

PASMCs (or HUVECs, 2×10^5 per well) in the bottom, and then 5×10^4 

macrophages were added in the upper, meanwhile untreated PASMCs (or HUVECs) 

served as the control group. After 72h of incubation, the PASMCs (or HUVECs) were 

collected and used for the subsequent research. For cell cycle analysis, PASMC (or 

HUVEC) were harvested, washed twice with PBS and fixed with 70% cold ethanol 

for at least 3 hours. Then the fixed cells were washed once with PBS and stained 

using Propidium Iodide for 30 minutes in the dark and analyzed by flow cytometry. 

Similarly, cell apoptosis analysis was detected by staining live cells with 

FITC-conjugated Annexin-V and Propidium Iodide (Keygen, Biotech, Beijing, China) 

and analyzed by flow cytometry as well. All analyses were carried out in three 

replicates. 

 

Statistical analysis 

Data were expressed as means ± standard deviation and analyzed using independent t 

tests (for parametric data) or Mann-Whitney U tests (for nonparametric data). 
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Statistical comparison of multiple groups was performed by one-way ANOVA with 

Bonferroni post-hoc test or Kruskal–Wallis test followed by Dunn’s multiple 

comparisons. A two-tailed p value less than 0.05 was considered to be statistically 

significant. 

 

Results 

Temporal dynamic change of MCT-induced PAH rat model 

To assess dynamic change of hemodynamic parameters, vascular remodeling and 

right ventricle hypertrophy during the development of MCT-induced PAH rat model, 

RHC and HE staining were conducted at day 3, 7, 14, 21, 28 after MCT or saline 

injection. MCT treatment resulted in significantly decreasing body weight just after 1 

week of injection, and suddenly jumping up of RVSP and mPAP compared with the 

control rats after 2 weeks of injection (Figure 1A/C/D). Accompanied with increased 

pressures, right ventricle reconstructed and became hypertrophic as indicated by the 

progressive increase of RV/(LV+S) weight ratio after 2 weeks (Figure 1B). Figure 

1E/F displays the representative HE-stained lung sections to show the histological 

changes. In monocrotaline induced animals, the percentage of pulmonary arterial 

medial wall thickness (diameter <100 mm) was first significantly increase at day 21, 

and further slightly grow up at day 28. There was no evidence of vascular remodeling 

at 1 or 2 weeks post-MCT, which was generally consistent with the hemodynamic 

data. 
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Recruitment of CD68+ macrophages and temporal dynamic change of M1/M2 

macrophages in lung tissue 

To examine the distribution and intensity of macrophages in PAH lung tissue, we first 

did IHC staining on paraffin sections. It was showed that CD68 positive macrophages 

in PAH lung tissue were mainly observed in perivascular space and alveolar space, 

and these cells accumulated gradually from day 7 to the 4th week after exposed to 

MCT (Figure 2A). The mean optical density of CD68 positive cells in lung tissue 

increased by fivefold at 4 weeks post-MCT compared with normal control.  

Then we tried to explore dynamic macrophage polarization phenotype during the 

development of PAH and dual-immunofluorescence staining for M1 and M2 

macrophages were performed. Confocal microscopic images showed that 

CD68+NOS2+ M1-like macrophage were remarkably infiltrated since day 3 after 

MCT injection, remained high until day 7, and dramatically decreased from day 14. 

Meanwhile, CD68+CD206+ M2-like macrophage in PAH rat lung tissue accumulated 

since day 7 post-MCT and increased over time to day 28 (Figure 2B). The ratio of 

M2/M1 macrophage was much more pronounced at the late stage than the early stage 

(Figure 2C/D).  

To further investigate dynamic protein expression of M1- and M2- polarization 

signatures in lung tissue, Western blot analysis and IHC staining were conducted. As 

shown in Figure 3A/B, the M1 marker (NOS2) was highly expressed on day 7 after 

MCT injection and remained detectable on day 14, while M2 marker (CD206) 

expressed slightly higher from day 7 and peaked on day 21. The ratio of M2/M1 was 
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less than 1 at day 7 post-MCT, however, progressively elevated after 3 weeks. 

Immunohistochemistry showed that the M1-associated proinflammatory cytokine 

IL-12 was highly expressed at the early stage (day 7 after MCT injection) of PAH 

compared to that of the late stage (day 21 after MCT injection) as well as normal 

control. Conversely, the expression of the M2-associated anti-inflammatory cytokine 

IL-10 was detected mainly at the late stage rather than early stage (Figure 3C/D). 

Given the above, these data indicated an alteration of M1 and M2 macrophage in the 

development of PAH and an association between M2/M1 ratio with disease severity 

and vascular remodeling. 

 

Differentiation of M1 and M2 macrophages in vitro 

By now we still have little knowledge about the potential function of different 

activated macrophages on vascular remodeling in PAH. In order to shed light on this 

field, we tried to have some vitro functional studies. Firstly, M1 and M2 macrophages 

were induced in vitro by using above-mentioned protocol. The M0, M1 and M2 had 

different morphological characteristics. While M0 macrophage showed a circular 

morphology, M1 macrophages activated by LPS plus IFN-γ were predominantly 

spindle-like and polygon shaped, and M2 macrophages activated by IL4 plus IL13 

had a mixture of round and spindle shape (Figure 4A). Then the Western Blot analysis 

showed NOS2 and IL-6 expression were enhanced in M1 macrophage while IL-10 

decreased. M2 macrophage showed a higher expression of CD206 (Figure 4B). Of the 

genes related to polarized macrophage, TNFα, IL-6 and NOS2 expression were 
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significantly increased in M1 macrophage than M0 macrophage, and CD206, IL-10, 

Arg-1 and Fizz-1 were up-regulated in IL4/IL13 stimulated M2 macrophage (Figure 

4C). These results together indicated that stimulation of RAW264.7 cells with 

LPS+IFN-γ or IL-4+IL-13 is a successful method to acquire M1 and M2 macrophage 

in vitro. 

 

Effects of activated macrophage on vascular smooth muscle cell and endothelial 

cell 

After differentiation of macrophage, we then aim to evaluate the effect of activated 

macrophages on the cell viability of PASMCs and HUVECs. Cell identification 

showed a high purity of PASMCs and HUVECs (figure 5A). After 72 hours of 

treatment, supernatants from M2 macrophages would promote cell proliferation of 

both PASMCs and HUVECs, which was detected by the CCK-8 assay. However, 

supernatants from M1 macrophages exerted a concentration-dependent decrease in the 

cell viability of HUVECs while had no significant effect on PASMC (figure 5B).  

To further explore the reason for the increase/decrease in cell viability, we examined 

the effect of activated macrophages on cell cycle and cell apoptosis of PASMC as well 

as HUVEC. As shown in Figure 6A, an indirect co-culture model using a combination 

of PASMC (or HUVEC) and different activated macrophages was used. Upon long 

term co-culturing, cell cycle analysis showed M1 macrophage blocked HUVEC cell 

cycle in the G0/G1 phase (dramatic accumulation) while had no effect on PASMC cell 

cycle. After co-cultured with M2 macrophage, either PASMC or HUVEC had a 
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significant increased percentage of S and G2/M phases (Figure 6B/C). 

As illustrated in Figure 6D/E, HUVEC co-cultured with M1 macrophage showed a 

significant increasing apoptosis rate when compared with normal control and 

M0-treated macrophage. Meanwhile, HUVEC co-cultured with M2 macrophage 

showed a significant decreased apoptosis rate. That is to say, M1 macrophages 

promote ECs apoptosis while M2 macrophages had the opposite effect. Nevertheless, 

under the stimulation of whatever kind of activated macrophages (M1 and M2 

macrophage), the apoptosis rate of PASMC showed no difference. These different 

biologic effects of macrophages might partially explain the temporal difference of 

polarized macrophages in the pathogenesis of vascular remodelling. 

 

Discussion 

PAH is a devastating cardiopulmonary disease characterized by vascular remodeling 

in pulmonary arteries, leading to eventual right heart failure. Currently, advances of 

therapies significantly improve clinical outcomes of PAH patients, but have little 

impact on the progression of pulmonary vascular remodeling (Thenappan et al. 2018; 

Davenport et al. 2018). Inflammation was acknowledged as an area of emerging 

interest with a notation about ‘the critical contribution of the immune system in terms 

of immune surveillance of the vascular milieu’ (Erzurum et al. 2010). Consequently, 

an increasing number of studies have reported the essential roles of inflammation and 

altered immunity in PAH (Rabinovitch et al. 2014). Macrophages have been widely 

investigated and represented the most abundant perivascular and lung infiltrating 
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inflammatory cells (Savai et al. 2012). Although a variety of preclinical animal 

models were used to study PAH (Group 1 PH) pathogenesis, no model mimics exactly 

all the features of PAH. Among which, monocrotaline (MCT) animal model is most 

commonly used by researchers to investigate PAH pathophysiology due to offering 

some advantages of mimic several key aspects of human PAH, including vascular 

remodeling, proliferation of smooth muscle cells, endothelial dysfunction, 

upregulation of inflammatory cytokines, and right ventricle failure (Maarman et al. 

2013; Nogueira-Ferreira et al. 2015). It was reported that, in several established PAH 

animal models, M2 macrophage has been implicated in the pathogenesis of PAH. 

Immunization with certain antigens evokes pulmonary arterial muscularization along 

with a Th2 response and the subsequent polarization of M2 macrophages (Daley et al. 

2008). At the meanwhile, a study in mice with hypoxia-induced pulmonary 

hypertension (Group 3 PH) suggested that early recruitment of macrophages were 

critical for the development of PH and macrophages acquired an alternatively 

activated phenotype (M2) in response to hypoxia (Vergadi et al. 2011), suggesting a 

role of microenvironment in deciding macrophage phenotype. 

 

In the present study, the results revealed that CD68 positive macrophages in PAH lung 

tissue were significantly elevated and mainly observed in perivascular space and 

alveolar space. These cells accumulated gradually over time. Following that, it was 

found for the first time that the pro-inflammatory CD68+NOS2+ M1-like 

macrophages appeared predominantly in the early stages after MCT injection and 
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were almost absent after 2 weeks. Meanwhile, anti-inflammatory CD68+CD206+ 

M2-like macrophages recruited and accumulated over time in the lung tissue from 

early to late stages (1st–4th week). Besides, we also analyzed protein level of 

macrophage-polarized signatures by Western blot and IHC. The findings were 

generally consistent with the preceding immunofluorescence results, which was M1 

macrophage elevated in the early stage while M2 macrophage accumulated mainly in 

the mid-late stage. This is a very interesting phenomenon and the underlying 

interpretation is poorly elucidated till now. In fact, in our further functional study, we 

preliminarily found that M1 macrophages could significantly promote endothelial cell 

apoptosis. Considering the key role of endothelial injury and followed cell apoptosis 

in the initiation of pulmonary vascular inflammation (Nogueira-Ferreira, Ferreira, and 

Henriques-Coelho 2014), we speculate that M1 macrophage might have an important 

role in the initiation of PAH pathogenesis. Meanwhile, M2 macrophages were found 

to promote the proliferation of both SMC and EC, which are key features of vascular 

remodeling. Previous studies also revealed that M2 macrophage mediated cell 

proliferation and angiogenesis in cancer cells by releasing a number of growth factors 

(Tjiu et al. 2009; Yuan et al. 2015).  

 

Conventionally, many diseases are associated with an altered balance of M1/M2 

macrophage phenotypes. For example, in atherosclerosis, it is well established that 

macrophages play important roles in all stages of this disease, from the initiation of 

lesions and lesion expansion, to the necrosis leading to rupture. A comprehensive 
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review have illustrated that the M1/M2 balance in atherosclerosis plaques to be 

dynamic, with M1 predominating in disease progression and M2 in regression (Peled 

and Fisher 2014). Another example is type 2 diabetes in which chronic tissue 

inflammation is an important pathogenic mediator for disease development. A study 

from Cucak et al revealed that proinflammatory M1-like macrophages invade diabetic 

islets firstly, and then the phenotypes of macrophage changed from an initial 

proinflammatory (M1 macrophage) toward a profibrotic phenotype (M2 macrophage) 

over time (Cucak, Grunnet, and Rosendahl 2014). Similar phenomenon was also 

found in several other diseases such as cancer (Sica and Bronte 2007), infectious 

diseases (Davis et al. 2013), multiple sclerosis (Herder et al. 2015), spinal cord injury 

(Chen et al. 2015) and psychiatric disorders (Nakagawa and Chiba 2014). Blockade of 

macrophage products, or deactivate macrophage polarization have proved to be 

fruitful in treating certain diseases. Therefore, studies focus on elucidating specific 

lung macrophage populations in the pathogenesis of PAH may contribute to provide 

new insights into the development of new technologies, including macrophage 

directed therapeutic targets as well as diagnostic tools. 

 

Of note, there are several limitations in this study. Firstly, a very interesting 

phenomenon was noted that mPAP stays low for the first 2 weeks, while suddenly 

jumps up. Although precise interpretations were still unclear, similar results were 

reported by Meyrick et al that a sufficient increase to drive increased right ventricular 

mass has not occurred until at least 3 weeks after monocrotaline, and muscularized 
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vessels and medial thickness first becomes significant at 3 weeks (Meyrick, Gamble, 

and Reid 1980; West and Hemnes 2011). It was largely speculated that a 

compensatory adjustment may occurred at early stage, and pulmonary arterial 

pressure will not increase before distinct pulmonary vascular remodelling. Secondly, 

in vitro experiments in present study is relatively simple and imperfect. A 

frequently-used murine macrophage cell line, RAW264.7, was chosen for vitro 

functional study, while HUVECs are vein endothelial cells originating from other 

parts of the vasculature. Nevertheless, our data preliminarily give some implications 

and explanations for different polarized macrophage in how they may participate in 

the pathogenesis of PAH vascular remodelling. Basically, more pathophysiologic 

studies in this field are needed. 

 

Conclusions: 

To the best of our knowledge, we present for the first time a temporal dynamic change 

of the pulmonary macrophages polarization status during the development of 

experimental PAH rat model. M1 macrophages participated in the initial stage of 

inflammation by accelerating apoptosis of endothelial cell, while M2 macrophages 

predominated in the reparative stage of inflammation and the followed aberrant tissue 

remodeling stage by promoting proliferation of both smooth muscle cell and 

endothelial cell. It is noteworthy that the contributions of M1 and M2 macrophage for 

pulmonary vascular remodeling in vivo remain largely unclear, and our ex vitro study 

can only partially generate little implications in this field. Future studies need to be 
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designed to examine this hypothesis perhaps by selectively depleting different 

activated macrophages at different stages during the development of PAH. Whether 

macrophages also act as a key player in other types of PH was indeed to be further 

investigated. 
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Table 1 Lists of qRT-PCR primers (mouse) 

Gene Forward primer Reverse primer 

Beta-actin 5’-AGGCCAACCGTGAAAAGATG-3’ 5’-CCAGAGGCATACAGGGACAAC-3’ 

TNF-α 5’-CAGGCGGTGCCTATGTCTC-3’ 5’-CGATCACCCCGAAGTTCAGTAG-3’ 

IL-6 5’-CTGCAAGAGACTTCCATCCAG-3’ 5’-AGTGGTATAGACAGGTCTGTTGG-3’ 

NOS2 5’-GTTCTCAGCCCAACAATACAAGA-3’ 5’-GTGGACGGGTCGATGTCAC-3’ 
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CD206 5’-GGCTGATTACGAGCAGTGGA-3’ 5’-CATCACTCCAGGTGAACCCC-3’ 

IL-10 5’-GCTGCCTGCTCTTACTGACT-3’ 5’-CTGGGAAGTGGGTGCAGTTA-3’ 

Arginase-1 5’-AGCACTGAGGAAAGCTGGTC-3’ 5’-CAGACCGTGGGTTCTTCACA-3’ 

Fizz1 5’-GACTGCTACTGGGTGTGCTT-3’ 5’-GCTGGGTTCTCCACCTCTTC-3’ 

 

 

 

 

 

  



 27 / 36 

 

Figure legends 

Figure 1. Temporal dynamic change of monocrotaline-induced PAH rat model.  

(A) Temporal dynamic change of rat weight in the development of MCT-PAH. It was 

found that MCT treatment resulted in significantly decreasing body weight just after 1 

week. (B) Temporal dynamic change of right ventricular hypertrophy index (RVHI: 

RV/LV+S) in the development of MCT-PAH. Evident right ventricular hypertrophy 

occurred 3 weeks after MCT injection. (C) Temporal dynamic change of right 

ventricular systolic pressure (RVSP) in the development of MCT-PAH. (D) Temporal 

dynamic change of mean pulmonary arterial pressure (mPAP) in the development of 

MCT-PAH. Both RVSP and mPAP were markedly elevated after 3 weeks in MCT 

treated rats. (E) Representative images of H&E-stained lung sections with vessel 

walls shown at 400-fold magnification. Scale bars = 50 μm. (F) Quantitative analysis 

of pulmonary arterial medial wall thickness. There was no apparent pulmonary 

vascular remodelling until day 21 (3 weeks) post-MCT. 15 vessels from each rat were 

counted and the average was calculated. N= 8 rats per subgroup. Data represent mean 

± standard deviation. *P < 0.05 vs. Control (tested by independent t tests). 

 

Figure 2. Pulmonary macrophage in lung tissue. (A) Representative images of 

immunohistochemistry staining showed that CD68+ macrophage were mainly 

observed in perivascular space and alveolar space, and these cells accumulated over 

time from day 7 to day 28 (4 weeks) after exposed to MCT. Scale bars = 100 μm. (B) 

Representative confocal images of triple staining assessed by immunofluorescence 
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staining (DAPI for nuclei, CD68 for pan-macrophage marker, NOS2 for M1 

macrophage marker and CD206 for M2 macrophage marker). White arrow represents 

double positive macrophage. Scale bars = 25 μm. (C) Semiquantitative proportion of 

double-stained positive cells in total cells. The M1 proportion in MCT-PAH group 

increased at the early stage and decreased at the mid-late stage, whereas the M2 

proportion increased over time from early to late stage. *P < 0.05 vs. Control M1 

proportion (tested by independent t tests); &P < 0.05 vs. Control M2 proportion (tested 

by independent t tests). (D) Relative ratio of the M2/M1 macrophage during the 

development of PAH. The ratio of M2/M1 increased over time and was much more 

pronounced at the late stage. 

 

Figure 3. Temporal dynamic expression of M1- and M2- polarization markers in 

lung tissue. (A-B) Representative western blotting and quantitative analysis showing 

the protein levels of NOS2 (M1 marker) and CD206 (M2 marker). The relative band 

intensity ratio of CD206/NOS2 was less than 1 at day 7 post-MCT, however, 

markedly elevated at third and fourth week. (C-D) Representative 

immunohistochemical images and quantitative analysis showing the expression of 

IL12 (M1 marker) and IL10 (M2 marker). M1-associated proinflammatory cytokine 

IL12 was highly expressed at the early stage of PAH while M2-associated 

anti-inflammatory cytokine IL-10 was detected mainly at the late stage. Yellow 

arrows indicate IL-12 or IL-10 positive staining of cells. Scale bars = 200 μm. N=8 

rats per subgroup. Data represent mean ± standard deviation. *P < 0.05 vs. Control 
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group or indicated object (tested by independent t tests). 

 

Figure 4. Differentiation of M1 and M2 macrophages in vitro. (A) Cell 

morphology of different macrophages. M0 macrophage had a circular morphology 

while M1 macrophages were predominantly spindle-like and polygon shaped, and M2 

macrophages showed a mixture of round and spindle shaped cells. Scale bars = 100 

μm. (B) Western Blot analysis of M1 markers (NOS2, IL6) and M2 markers (CD206, 

IL10). NOS2 and IL-6 expression were enhanced in M1 macrophage while IL-10 

decreased. M2 macrophage showed a higher expression of CD206. (C) qRT-PCR 

analysis of M1 markers (TNFα, IL-6 and NOS2) and M2 markers (CD206, IL-10, 

Arg-1 and Fizz-1). The expression of M1 polarization markers (TNFα, IL-6 and 

NOS2) were significantly increased in M1 macrophages while M2 polarization 

markers (CD206, IL-10, Arg-1 and Fizz-1) were highly up-regulated in M2 

macrophages. Data represent mean ± standard deviation. *P < 0.05 vs. M0 

macrophage (tested by independent t tests). 

 

Figure 5. Cell identification and cell viability determined by Cell Counting Kit-8 

(CCK8) assay. (A) Pulmonary arterial smooth muscle cells (PASMCs) and human 

umbilical vein endothelial cells (HUVECs) were identified by α-smooth muscle actin 

(SMA) and von Willebrand factor (vWF), respectively. Immunofluorescence images 

showed there was nearly 100% purity of these cells. Scale bars = 500 μm. (B) 

Evaluation of PASMCs and HUVECs cell viability determined by CCK8 after 
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culturing with different macrophages conditioned medium for 3 days. Supernatants 

were diluted 1:0, 1:1 and 1:3 with normal culture medium to generate 100%, 50% and 

25% supernatants and daily refreshed. Cells stimulated with normal culture medium 

were set as control. Data represent means ± standard deviation. *P < 0.05 vs. Control 

group (tested by independent t tests). 

 

Figure 6. Effect of different activated macrophages on cell apoptosis and cell 

cycle of PASMCs and HUVECs. (A) The transwell co-culture system was 

established in 6-well plate. Macrophages were inserted in the upper chamber while 

HUVEC or PASMC in the lower chamber. (B) Representative figures showing effect 

of different activated macrophages on HUVEC cell cycle. M1 macrophage blocked 

HUVEC cell cycle progression at G0/G1 phase while M2 macrophage promoted 

HUVEC cell cycle (dramatic accumulation of S and G2/M phases). (C) 

Representative figures showing effect of different activated macrophages on PASMC 

cell cycle. M1 macrophage had no effect on PASMC cell cycle while M2 macrophage 

promoted PASMC cell cycle (dramatic accumulation of S and G2/M phases). (D) 

Representative figures showing effect of different activated macrophages on HUVEC 

cell apoptosis. HUVECs co-cultured with M1 macrophage showed a significant 

increasing apoptosis rate while co-cultured with M2 macrophage showed a significant 

decreasing apoptosis rate. (E) Representative figures showing effect of different 

activated macrophages on PASMC cell apoptosis. Both M1 and M2 macrophages had 

little influence on the apoptosis rate of PASMC. Data represent mean ± standard 
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deviation. *P < 0.05 vs. normal control cell (tested by independent t tests). &P < 0.05 

vs. M0 macrophage (tested by independent t tests). 
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