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Abstract 

The aim of this study was to explore the protective effect of curcumin on pulmonary arterial hypertension (PAH). A total of 

30 male Sprague-Dawley (SD) rats were randomly divided into the blank control group, the monocrotaline (MCT) group, and 

the MCT + curcumin group. Thirty days after PAH modelling, the pulmonary artery pressures of rats were measured, and the 

ratio of the right ventricle to the weight of rats was calculated. The rats were sacrificed and lung tissues were collected for the 

pathological evaluation with haematoxylin and eosin (HE) staining in order to observe the morphological changes and 

differences of pulmonary arteries. After treatment with different concentrations (0, 5, 10, and 20 μmol/L) of curcumin for 24 

h, the inhibition of cell proliferation was detected, and the cell cycle variations of pulmonary smooth muscle were observed. 

Our results showed that curcumin could effectively reduce the pulmonary artery pressure and the ratio of right 

ventricle/weight in rats, as well as alleviating the thickening of vessel walls of pulmonary arteries and the narrowing of 

vessels cavities. Consequently, the proliferation of cells was significantly inhibited. In conclusion, curcumin may protect the 

pulmonary arteries of MCT-induced PHA in rats and inhibit the proliferation of rat pulmonary artery smooth muscle. 

 

Rezumat 

Scopul acestui studiu a fost de a explora efectul protector al curcuminei asupra hipertensiunii arteriale pulmonare (PAH). Au 

fost incluși în studiu 30 de șobolani Sprague-Dawley (SD) randomizați în grupul martor, grupul monocrotalină (MCT) și grupul 

MCT + curcumină. După treizeci de zile de la inducerea PAH, s-au măsurat presiunile arterei pulmonare și s-a calculat raportul 

ventricul drept/masă corporală. Șobolanii au fost sacrificați și țesuturile pulmonare au fost colectate pentru evaluare histo-

patologică. După tratamentul cu diferite concentrații (0, 5, 10 și 20 μmol/L) de curcumină timp de 24 de ore, s-a detectat inhibarea 

proliferării celulare și s-au observat variații ale ciclului celular ale mușchiului neted pulmonar. Conform rezultatelor noastre, 

curcumina reduce eficient presiunea arterei pulmonare și raportul ventricul drept/masă corporală, atenuează îngroșarea 

pereților vaselor arterelor pulmonare și îngustarea cavităților vaselor. În concluzie, curcumina poate proteja arterele pulmonare 

de PHA indusă de MCT la șobolani și inhibă proliferarea mușchiului neted al arterei pulmonare de șobolan. 
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Introduction 

Pulmonary arterial hypertension (PAH) refers to the 

hemodynamic and pathophysiological state in which 

pulmonary artery pressure rises above a certain threshold, 

being a relatively common type of cardiovascular disease 

[1, 2]. In accordance with the standards issued by the 

United States National Institutes of Health (NIH), PAH 

is identified in accordance with the following criteria: 

if the mean pulmonary artery pressure of the right heart 

catheter is ≥ 25 mmHg, or the average pulmonary artery 

pressure is ≥ 30 mmHg [3]. The clinical manifestations 

of PAH include dyspnoea, fatigue, syncope, haemoptysis, 

hoarseness, angina and chest pain [4]. 

Curcumin is a yellow acidic polyphenolic substance 

extracted from turmeric in traditional Chinese medicine 

(TCM), with broad pharmacological activities, including 

anti-inflammatory, anti-oxidation, lipid regulating, 

anti-viral, anti-infective, anti-tumour, anti-coagulation, 

anti-liver fibrosis, and anti-atherosclerosis effects [5, 

6]. Studies have confirmed that curcumin is an effective 

therapeutic option for a number of diseases, such as 

tumours, Alzheimer’s disease, heart disease, and 

rheumatoid arthritis. Curcumin has the advantages of 

low levels of toxicity and side effects, high safety, and 

stable efficacy comparative with the standard therapy 

[7-9]. 
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The aetiological factors of PAH are complex, and the 

primary feature is pulmonary vascular remodelling 

caused by excessive proliferation of pulmonary vascular 

smooth muscle. Therefore, the inhibition of pulmonary 

vascular smooth muscle proliferation is one of the 

effective methods to control PAH [10-12]. In the 

current study, we attempted to explore the influence of 

curcumin on inhibiting the proliferation of pulmonary 

artery smooth muscle cells and the relief of PHA, 

aiming to provide a scientific basis for clinical treatment 

of PAH. 

 

Materials and Methods 

Animals 

A total of 42 male Sprague-Dawley (SD) rats (Kaixue 

Biotechnology (Shanghai) Co., Ltd., China) (age, 10 

weeks; weight, ~ 200 g) were included in the study. 

The animal experiment was approved by the Ethical 

Committee of Mudanjiang Medical University, China. 

All the procedures regarding animal experiments were 

according to the international laws regarding the use 

of laboratory animals. 

Thirty CD-SD male rats were randomly divided into 

3 groups (n = 10 for each group), including blank 

control group (group A), monocrotaline group (group 

B), and monocrotaline + curcumin group (group C). 

Rats in group A received by gavage 2 mL saline 

solution for 30 days and were allowed free access 

to food and water. Rats in group B received intra-

peritoneally monocrotaline solution (50 mg/kg bw) 

(Chengdu Pulis Biology, China) and the next day, 

stated the administration of 2 mL saline solution by 

gavage for 30 consecutive days at a dosage of 2 mL 

per day and were allowed free access to food and water. 

Rats in group C received intraperitoneally monocrotaline 

solution (50 mg/kg bw) and the next day, started 

the administration of curcumin (200 mg/kg bw/day) 

(Ningbo Pharmaceutical Corporation, China) by gavage 

for 30 consecutive days and were allowed free access 

to food and water. 

The other 12 CD-SD male rats were randomly divided 

into 4 groups (n = 3 for each group), including D, 

E, F, and G groups for obtaining the culture of rat 

smooth muscle cells to be tested for cell viability with 

methyl thiazolyl tetrazolium (MTT) assay and to be 

evaluated immunohistochemistry after the treatment 

with different concentrations of curcumin: group D 

(0 μmol/L), group E (5 μmol/L), group F (10 μmol/L) 

and group G (20 μmol/L). 

Measurement of the proportions of pulmonary artery 

pressure in rats and the right ventricle to the weight 

ratio of the rats 

Rats in groups A, B, and C were anesthetized by intra-

peritoneal injection with a mixture of ketamine (100 

mg/kg bw) (Chengdu SinoStandards Biotechnology, 

China) and xylazine (10 mg/kg bw) (Baoji GK Bio-

Technology, China). The right external jugular veins 

were separated, and the micro-catheters were inserted 

and fixed. Then, the micro-catheters were slowly 

pushed into the right atrium and right ventricle. The 

pulmonary artery pressure of each rat was measured 

and recorded. The rats were sacrificed through the 

cervical dislocation method and then both the left and 

right auricular appendixes of each rat were removed. 

The right ventricle was cut along the interventricular 

septum and weighed for the calculation of the ratio 

of the right ventricle to the weight of the rats. 

Haematoxylin-eosin (H&E) staining for the observation 

of morphological changes of pulmonary arteries in 

rats 

The lungs of the rats from groups A, B, and C were 

washed with iced saline solution and dried with filter 

papers. Then, the lungs were placed into the 10% neutral 

formalin (Wuhan Boster Biotech Corp., Wuhan, China) 

for fixation. The lungs were cut open along with the 

horizontal direction of the left hila of lungs, rinsed 

with running water, and dehydrated by gradient alcohol. 

Then the lungs were embedded into paraffin wax and 

cut into 5 μm sections and stained with H&E. After 

becoming transparent, the sections were sealed with 

neutral resins (Shanghai Yantuo Biotech Corp., 

Shanghai, China) and observed using an optical 

microscope (Leica, Wetzlar, Germany) for the evaluation 

of the morphological changes of pulmonary vessels. 

The percentage of pulmonary artery intima thickness 

was used as an indicator for the evaluation of pulmonary 

artery remodelling. One lung tissue section was collected 

from each rat, and 10 middle pulmonary arteries with 

a relatively narrow cross-section were selected. Using 

an image analysis system for morphometric analysis, 

the outline of the intravascular elastic plate and the 

outer elastic plate was identified and their diameter 

was measured, and the average value was calculated. 

The median thickness of the middle pulmonary artery 

(WT) and the outer diameter of the blood vessel was 

obtained. The percentage of medium thickness (WT%) 

was calculated according to the following equation: 

WT% = 2 × media thickness/vascular diameter × 100. 

The culture of rat smooth muscle cells 

Rats in groups D, E, F, and G were anesthetized by 

intraperitoneal injection with a mixture of ketamine 

(100 mg/kg bw) and xylazine (10 mg/kg bw). Then, 

in bacteria-free conditions, the thoracic cavity of each 

rat was opened and exposed, the phosphate-buffered 

saline (PBS; National Vaccine & Serum Institute, Beijing, 

China) was perfused through the pulmonary artery of 

rats until the buffer was clear or with lighter colour 

of blood and then 10 mL of 0.05% trypsin at 37°C 

was added for 30 s. The pulmonary artery and the left 

ventricle were closed by clipping for 10 min and the 

lung samples were washed with PBS. The tracheal 

intubation was perfused with 1% low-melting-point 

agarose Dulbecco's modified Eagle's medium (DMEM; 

40 mL/kg, Procell Biotech Corp., Shanghai, China) at 
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50°C. The trunks of lungs, tracheas, and pulmonary 

blood vessels were cut and placed in the medium in 

ice for 10 min. Then, the lung lobes of pulmonary 

artery whose diameters were larger than 200 μm were 

cut off and the remaining tissues were cut into a number 

of pieces as small as possible, digested by collagenase 

(Shanghai Yubo Biotech Corp., Shanghai, China) 

for 50 min at 37°C, suspended with 2 mL of 20% 

foetal bovine serum (FBS; Genetimes Technology 

Inc., Shanghai, China) in DMEM, and maintained at 

37°C, 5%CO2 in a humidified incubator (Shanghai 

SANTN Instrument Co., Ltd., Shanghai, China). After 

24 h, 2 mL of 20% FBS was added. 48 h later, the 

culture dish was gently buffered with PBS, and the 

solution was changed every 2 days. After 10 days, 

the cell mass was removed and 4 days later, it was 

fused into a single layer, digested with 0.02% trypsin 

(Shanghai Yaxin Biotechnology Co. Ltd., Shanghai, 

China) at a ratio of 1:3 for passage, and cultured 

with 10% FBS. In accordance with the cell activity, 

it could be passaged for 3 to 5 generations. 

Immunohistochemistry staining for determining the 

smooth muscle cells of rats 

The above pre-treated cells were selected and pre-

cooled with paraformaldehyde (4%, Wuhan Boster 

Biotech Corp., Wuhan, China) for 5 min for fixation. 

Then, the cells were permeabilized for 10 min by pre-

cooled 10% dimethyl sulfoxide (DMSO; Sigma-Aldrich, 

St. Louis, MO, USA), 10% rabbit serum (Beijing 

Solarbio Science & Technology Co., Ltd., Beijing, 

China) was added, and sealed at 4°C for 1 h. The 

blocking solution was blotted and the diluted solution 

of the first antibody (α-actin polyclonal antibody, 

1:100) (Abace Biology, Beijing, China) was added 

at 4°C for 1 h. Then, the cell samples were three times 

rinsed with PBS for 3 min each and the solution of 

the second antibody (rabbit anti-mouse FITC, 1:200) 

(Shanghai Xiyuan Biotechnology Co. Ltd., Shanghai, 

China) was added and incubated at dark for 30 min 

at 4°C. The morphology of primary cultured cells was 

observed using an inverted phase-contrast fluorescence 

microscope (Leica, Wetzlar, Germany) and a transmission 

electron microscope. 

MTT assay for evaluation of cell proliferation  

The MTT assay was applied to assess the inhibition of 

cell proliferation. The cells were seeded at a density 

of 1 × 103 cells/well into a 96-well plate. After being 

attached to the walls, the cells were cultured by serum-

free medium for 24 h and different concentrations of 

curcumin were added: group D (0 μmol/L), group E 

(5 μmol/L), group F (10 μmol/L), and group G (20 

μmol/L). Afterward, the plate was incubated in a 

humidified incubator at 37°C, 5% CO2. After 24 h, 

the supernatant was pipetted and discarded, the MTT 

solution (Shanghai Yuan Mu Biotechnology Co. Ltd., 

Shanghai, China) was added at 0.5 mg/mL under 

slow mixing. The mixture was returned to the incubator 

for another 3 h and then 200 μL/well DMSO (Qingdao 

Qingmei Biotechnology Co. Ltd., Qingmei, China) 

was added and the plate was gently shaken for the 

complete mixing of the mixture. The automatic enzyme 

mark instrument (Molecular Devices, San Jose, CA, 

USA) was applied to measure the absorbance value 

“A” at a wavelength of 570 nm. The inhibition rate 

was calculated through the absorbance value, and 

the equation was as follows: inhibition rate η = 

(“A” value of the control group - “A” value of the 

experiment group) / “A” value of the control group. 

Flow cytometry for the detection of cell cycles 

The cells were seeded at a density of 1 × 103 cells/ 

well into a 96-well plate. The cells were cultured for 

24 h after being attached to the walls and different 

concentrations of curcumin were added (5, 10, and 

20 μmol/L) for 24 h. Then, the cells were rinsed with 

PBS, and digested by 0.1% trypsin to 0.01% ethylene-

diaminetetraacetic acid (EDTA, Hunan Huateng 

Pharmaceutical Co., Ltd., Changsha, China). Next, 

the cells were centrifuged (Beckman Coulter, Brea, 

CA, USA) at 100 rpm for 10 min, fixed by 70% 

ethanol, and stored overnight at -2°C. The next day, 

the cells were processed by adding 20 mg/L RNase A 

and 50 mg/L propidium iodide (PI; Shanghai Jialun 

Biotech Co. Ltd., Shanghai, China) for 30 min. The 

distribution of the cell cycle was analysed by a flow 

cytometry analyser (EPICS XL/XL-MCL, Beckman 

Coulter, Brea, CA, USA), 5 times for each group. 

Statistical analysis 

In this study, SPSS 15.0 software (IBM, Armonk, NY, 

USA) was used for statistical analysis. The normally 

distributed quantitative data were expressed as mean ± 

standard deviation (SD). Intra-group comparisons were 

performed by independent-samples t-test or rank-sum 

test. Inter-group comparisons were carried using the 

Chi-square test. 

 

Results and Discussion 

Effects of curcumin on the rat pulmonary artery pressure 

The pulmonary artery pressure of groups B and C 

were significantly increased compared with group A 

(p < 0.05) (Figure 1A). The pulmonary artery pressure 

in group C was significantly decreased compared to 

the value of group B (p < 0.05). 

Effects of curcumin on the right ventricle/weight ratio 

in rats 

The right ventricle/weight ratio in group B was 

significantly increased compared with that of group A 

(p < 0.05) (Figure 1B). The right ventricle/weight 

ratio in group C was significantly decreased compared 

to the value of group B (p < 0.05). 
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Figure 1. 

Pulmonary artery pressure and the right ventricle/weight ratio in rats 
(A. The effects of curcumin on pulmonary artery pressure in rats; B. The effects of curcumin on right ventricle/weight ratio in rats) 

 

Changes of vessel walls of pulmonary arteries 

As shown in Figure 2, the endothelial cells of the 

pulmonary vascular walls in group A were flat, 

continuous, and evenly distributed, with normal 

thickness of the vessel walls. In group B, the vessel 

walls were significantly thickened compared to group 

A. The pulmonary vascular walls in group C were 

slightly thickened as well. 

The WT% evaluation results of rat pulmonary artery 

were shown in Table I. The WT% of groups B and 

C was significantly increased compared to group A 

(p < 0.05), while the WT% of group C was 

significantly decreased compared to group B (p < 0.05). 

Table I 

WT% of rat pulmonary artery 

Groups WT% 

Group A 10.34 ± 1.12 

Group B 24.15 ± 2.14* 

Group C 15.98 ± 1.76*# 
* p < 0.05 compared with group A; # p < 0.05 compared with 

group B 

 

 
Figure 2. 

Optical microscopic results of HE staining 

 

 
Figure 3. 

Morphology of rat pulmonary smooth muscle cells observed under microscopes: A. indicated the results of an 

inverted trinocular phase contrast fluorescence microscopy; B illustrated the results of immunofluorescence 

staining; C displayed the results under a transmission electron microscope (×40000) 

 

Determinations of pulmonary smooth muscle cells 

Under an inverted trinocular phase contrast fluorescence 

microscope, the primary lung smooth cells showed 

the typical growing characteristics of pulmonary vascular 

smooth muscle cells, which was the “peak-to-valley” 

growth, as illustrated in Figure 3A. The α-actin 

immunofluorescence staining was positive with green 

fluorescence, as shown in Figure 3B and the dense 

bodies and dense spots were observed in the basement 

membrane and cytoplasm under the transmission electron 

microscope, as displayed in Figure 3C. 

MTT assay 

In the MTT assay, after the curcumin treatment, the 

inhibition rates of rat pulmonary smooth muscle cells 
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in groups E, F, and G were increased compared with 

those from group D (0 μmol/L of curcumin) (p < 0.05). 

The inhibitory effect of curcumin on the pulmonary 

smooth muscle cell proliferation was dose-dependent 

and significant when compared with the control group 

(0 μmol/L curcumin) (p < 0.05) (Figure 4). 

Flow cytometry 

Compared with the blank control group (0 μmol/L 

of curcumin) the cells in S phase (synthesis, DNA 

synthesis stage) in the curcumin groups were significantly 

reduced (p < 0.05), while the cells in G0/G1 phase 

(first gap, the early stage of DNA synthesis) increased 

in a dose-dependent manner without reaching the 

statistical significance. As the concentration of curcumin 

increased, the percentage of cells in G0/G1 phase 

increased, and the cell cycle remained in the G0/G1 

phase. The inhibitory effects of curcumin at a concentration 

of 20 μmol/L were the strongest (Table II). 

 

 
Figure 4. 

Effects of different concentrations of curcumin on 

inhibition rates of rat pulmonary smooth muscle cells 

Table II 

Effects of different concentrations of curcumin on the cell cycle variations of rat pulmonary smooth muscle cells 

(x ± s) 

Curcumin (μmol/L) S cycle (%) G0/G1 cycle (%) 

0 40.9065 ± 2.22423 45.0013 ± 4.99042 

5 35.6863 ± 2.41054* 55.3958 ± 5.01320* 

10 30.1702 ± 3.00536* 58.7328 ±5.11247* 

20 23.7994 ± 3.11259* 63.0100 ± 5.20381* 

* p < 0.05 compared with the blank control group (0 μmol/L of curcumin) 

 

Monocrotaline (MCT) is a pyrrolizidine alkaloid 

phytotoxin extracted from leguminous plants that was 

shown to cause irreversible damages to pulmonary 

vascular endothelial cells. The endothelial cells are vital 

in pulmonary vascular remodelling [13, 14]. Based 

on these properties, monocrotaline is frequently used 

to induce PAH in various animal models. The MCT 

injection to the rats determines delayed pulmonary 

vascular injuries accompanied by a series of changes, 

including platelet thrombosis and smooth muscle 

hyperplasia that lead to an increased pulmonary artery 

pressure [15, 16]. In the current study, we used a 

murine model of PAH by injecting MCT to the rats. 

It was observed a significant increase in the pulmonary 

artery pressure in the monocrotaline treated rats compared 

to the blank control group suggesting that the model 

was successful.  

The pulmonary artery pressure and the right ventricle/ 

weight ratio in the curcumin group were significantly 

lower compared to the MCT group. As it could be seen 

from the pathological evaluation, the vascular lesions 

in the curcumin group were alleviated, the tunica media 

was thickened, and the degree of stenosis of the vascular 

cavity was reduced compared with the MCT group 

suggesting the protective effects of curcumin in MCT-

induced PHA in rats. These results are in line with 

other studies that showed the beneficial effect of 

curcumin in improving the degree of PHA and reduce 

vascular lesions [17, 18]. The main factor in PHA 

pathophysiology was pulmonary vascular remodelling 

caused by smooth muscle cell proliferation. Previously, 

it has been reported that curcumin could effectively 

inhibit the proliferation of pulmonary artery smooth 

muscle cells [19], this being one of the mechanism 

through which curcumin could protect against PAH. 

The proliferation of pulmonary smooth muscle cells 

is one of the most important causes of pulmonary 

vascular remodelling, leading to increased pulmonary 

artery resistance and PHA [20]. In this study, we 

analyse the effect of curcumin on rat pulmonary 

smooth muscle cells. It was found that curcumin had 

noticeable inhibitory effects on cell proliferation 

stimulated by 10% FBS, and this effect is dose-

dependent. Flow cytometry analysis showed that 

the proportion of S phase of curcumin-treated cells 

decreased, while the percentage of G0/G1 phase 

increased. In the cell division cycle, the G0/G1 phase 

is the early stage of DNA synthesis, a preparation for 

the S phase, as well as a critical stage for the cell cycles. 

Different concentrations of curcumin could interrupt 

the proliferation of cell cycles and block rat pulmonary 

smooth muscle cells in G0/G1 phase. The number 

of cells in the S cycle could be thereby reduced, and 

cell proliferation might be inhibited. 

 

Conclusions 

In conclusion, curcumin may inhibit the proliferation 

of pulmonary artery smooth muscle cells by blocking 

cell cycle progression, thereby reducing pulmonary 

artery pressure. This study supports further studies 
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aimed to investigate the clinical efficacy of curcumin 

administration for prevention PAH. 
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