
EXPERIMENTAL AND THERAPEUTIC MEDICINE  20:  149,  2020

Abstract. Pulmonary hypertension (PH) is a disease with 
poor prognosis, and it is characterized by the progressive 
elevation of pulmonary vascular resistance and pressure. 
Various factors are associated with the pathology of PH, 
including AMP‑activated protein kinase (AMPK) deficiency. 
The present study aimed to evaluate the therapeutic effect 
of metformin, an AMPK activator, in a monocrotaline 
(MCT)‑induced PH rat model. Rats were randomly divided 
into the following three groups: i) Saline‑injected group (sham 
group); ii) monocrotaline (MCT)‑injected group (PH group); 
iii) MCT‑injected and metformin‑treated group (MT group). 
Four weeks following MCT injection, cardiac ultrasonog‑
raphy, invasive hemodynamic measurements, measurement of 
serum levels of big endothelin‑1 (big ET‑1) and histological 
analysis were performed to evaluate the effect of metformin 
treatment in PH. Pulmonary arterial pressure and serum big 
ET‑1 concentrations were reduced in the MT group compared 
with the PH group. Medial wall thickness and wall area of 
the pulmonary arterioles in the MT group were decreased 
compared with the PH group. Comparing the right heart func‑
tional parameters among groups revealed that the acceleration 
time/ejection time ratio improved in the MT group compared 
with the PH group. Thus, the present study demonstrated the 
efficacy of metformin in an MCT‑induced PH rat model and 
suggested that metformin may be a valuable, potential novel 
therapeutic for the treatment of PH.

Introduction

Pulmonary hypertension (PH) is a rare disease that is char‑
acterized by the progressive elevation of pulmonary vascular 
resistance and pressure (1). PH is associated with poor 
prognosis, with a 5‑year survival rate of 30% and estimated 
prevalence in different registries of between 15 and 26 cases 
per million population >14 years (2,3). The progression of PH 
leads to right ventricular dysfunction and right‑sided heart 
failure, which culminates in heart palpitations, dyspnea, 
syncope and ascites (4‑7). The methods used to diagnose 
PH and evaluate the pathological conditions of patients 
with PH have dramatically improved due to development 
of new imaging equipment, including echocardiography, 
X‑ray, CT and MRI, in addition to the identification of novel 
biomarkers (8). In particular, prostacyclin analogues, phos‑
phodiesterase‑5 inhibitors, guanylate cyclase stimulators, 
prostacyclin receptor agonists and endothelin receptor antago‑
nists, coupled with novel diagnostic and prognostic advances, 
have revolutionized treatment of PH (4). Although exercise 
tolerance, New York Heart Association (NYHA) functional 
class, hemodynamic parameters such as mean right atrial pres‑
sure (RAP) and cardiac index are all currently associated with 
PH prognosis, other factors are proposed to be involved (4). Of 
the number of factors that are hypothesized to contribute to 
PH pathology, pulmonary arterial endothelial cell dysfunction 
serves an important role. Endothelial cell dysfunction results 
from the overproduction of vasoconstrictors and proliferative 
factors, such as endothelin‑1 (ET‑1), and the reduced expres‑
sion of vasodilators and antiproliferative factors, such as 
prostacyclin and nitric oxide (9‑12). ET‑1 is a vasoconstrictor 
peptide produced by vascular endothelial cells, which has 
been previously found to correlate positively with the severity 
PH (13‑17). Therefore, ET‑1 antagonists are frequently applied 
as a therapeutic agent for pulmonary hypertension (16). It has 
been reported that AMP‑activated protein kinase (AMPK) 
deficiency promotes vascular endothelial cell dysfunction 
in association with ET‑1 (18). AMPK is a serine/threonine 
kinase expressed in various tissues, and consists of a catalytic 
subunit, α, and two regulatory subunits, β and γ; it contrib‑
utes to the maintenance of intracellular energy homeostasis, 
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and it exhibits antiapoptotic effects in endothelial cells and 
anti‑remodeling effects in vascular smooth muscle cells (19,20). 
The anti‑remodeling and antiapoptotic effects of AMPK are 
thought to attenuate the onset and progression of PH (18,21). 
Ibe et al (18) demonstrated that AMPKα1 and AMPKα2 had 
differential roles in the survival of pulmonary arterial smooth 
muscle cells under hypoxia and hypoxia‑induced PH. In addi‑
tion, Omura et al (22) demonstrated that long‑term treatment 
of endothelial‑specific AMPK‑knockout mice with the AMPK 
activator, metformin, significantly attenuated hypoxia‑induced 
PH. Thus, metformin may represent a novel therapeutic agent 
for PH. The present study aimed to evaluate the therapeutic 
effects of metformin treatment in rats with monocrotaline 
(MCT)‑induced PH using echocardiography and invasive 
pulmonary artery pressure (PAP) measurements, as well as 
evaluating biomarkers and histopathology.

Materials and methods

Animal studies. This study was approved by the Animal 
Experimental Subcommittee of Tokyo University of 
Agriculture and Technology (Tokyo, Japan). All animal exper‑
iments were conducted in accordance with the Regulations 
on Animal Experiments of Tokyo University of Agriculture 
and Technology, and with the Guide for the Care and Use of 
Laboratory Animals (23). A total of 36 male Wistar rats (age, 
12 weeks; weight, 370‑550 g; Oriental yeast, Co., Ltd.) were 
housed at 22˚C, 40‑70% relative humidity in a 21% O2 room 
with a 12‑h light/dark cycle and provided with free access to 
standard laboratory rat chow and water. Rats were randomly 
divided into the following three groups: i)Saline‑injected 
group (sham; n=9); ii) MCT‑injected group (PH; n=19); 
iii) MCT‑injected and metformin‑treated group (MT; n=8). 
Nine rats from the PH group died between the second and 
third weeks of drug administration due to drug‑related 
complications: From the results of autopsy, the rats died from 
acute lung injury due to severe pulmonary arteritis (24,25). 
MCT is an 11‑member macrocyclic pyrrolizidine alkaloid 
that induces pulmonary arteritis in rats, which gradually 
progresses into PH (26‑28). Previous studies have reported 
that the progression to PH occurs ~4 weeks following MCT 
administration (26‑32). Rats in all groups, except for the 
sham group, were subjected to an intraperitoneal injection 
of 60 mg/kg MCT (Wako Pure Chemical Industries, Ltd.) to 
induce PH. MCT was dissolved in 1 M HCl, and the pH was 
adjusted to 7.4 with 1 M NaOH.

Metformin (Metformin hydrochloride; Pfizer, Inc.) was 
delivered orally (100 mg/kg/day) to the MT group through the 
drinking water, starting the day after MCT injection (15,16). 
This solution was changed every day for 28 days. Four 
weeks after MCT injection, cardiac ultrasonography, inva‑
sive hemodynamic measurements and blood extraction were 
performed to evaluate the effects of the treatment. Rats were 
euthanized by exsanguination under anesthesia (the method of 
anesthesia was the same method as described for anesthesia 
for echocardiography) in accordance with the Regulations 
on Animal Experiments of Tokyo University of Agriculture 
and Technology and with the Guide for the Care and Use of 
Laboratory Animals. Following euthanasia, the lungs and 
hearts of all rats were excised for histopathological evaluation.

Right‑sided heart functional evaluation by echocardiography. 
Echocardiography was performed under isoflurane anesthesia 
after 2.5 mg/kg butorphanol and 2.5 mg/kg midazolam were 
injected intramuscularly (33‑36). The isoflurane concentration 
was adjusted between 1.0 and 1.5% to maintain the heart rate 
within the range of 300‑350 beats/min (33). The thoraxes of the 
rats were shaved, and the rats were positioned in right and left 
lateral recumbency. Echocardiography was performed using 
a ProSound F75 PremierCV (Hitachi Aloka Medical, Ltd.), 
with a 7.5‑MHz transducer at a sweep speed of 300 mm/sec 
and a sample gate of 1 mm. The following echocardiographic 
parameters associated with PH were measured: From the 
parasternal short axis view at the mid‑papillary muscle level, 
distance 1 (D1) was measured as the left ventricular minor axis 
diameter perpendicular to the septum, and distance 2 (D2) 
was measured as the left ventricular minor axis diameter 
parallel to the septum. The eccentricity index (EI) was 
defined as the ratio between D1 and D2 (EI=D1/D2). The 
tricuspid annular plane systolic excursion (TAPSE) was 
measured using M‑mode across the tricuspid valve annulus 
at the right ventricle (RV) by positioning the echo cursor on 
the junction between the tricuspid valve plane and the RV‑free 
wall (Fw) using the apical four‑chamber view. In the short‑axis 
view at the aorta level, the ratio between the main pulmonary 
artery (MPA) diameter and the aortic diameter (Ao), MPA/Ao, 
and the ratio between the acceleration time (AT) and ejection 
time (ET), AT/ET, of the pulmonary artery (PA) flow velocity 
were measured (25,27,30,37). The RV Tei index was calcu‑
lated as the sum of the isovolumetric contraction time (ICT), 
and the isovolumetric relaxation time (IRT), divided by the 
ET, (ICT + IRT)/ET, using the right parasternal RV outflow 
view (13,14). Peak transtricuspid early diastolic wave velocity 
(E wave) was measured using the Doppler signals for the 
tricuspid inflow in the apical four‑chamber view. The peak 
tissue Doppler tricuspid annular velocities at systole (Sm) 
and early diastole (Ea) in the apical four‑chamber view were 
measured by focusing the sample volume of the tissue Doppler 
imaging on the Fw and the septal wall (Mv), respectively, 
of the tricuspid valve annulus, and E wave/Ea was calcu‑
lated (25,38). Representative echocardiographic images of 
these measurements are presented in Fig. 1.

Hemodynamic measurements. Following the echocardio‑
graphic measurements, the rats were reoriented into a supine 
position to directly measure PAP under thoracotomy. The 
trachea of each rat was incised for tracheal tube insertion. 
Following intubation, the respiration mode was switched 
from spontaneous respiration to artificial respiration using 
an artificial ventilator (Harvard Apparatus). A catheter was 
inserted into the left carotid artery to monitor the invasive 
arterial pressure to measure heart rates, systolic blood pres‑
sure, mean blood pressure and diastolic blood pressure. The 
isoflurane concentration was carefully adjusted to maintain a 
mean blood pressure (MBP) >60 mmHg, according to a pres‑
sure transducer. To measure the mean PAP (MPAP), the chest 
was opened at the fourth intercostal space and a catheter was 
directly inserted into the PA. The catheter was connected to a 
physiological pressure transducer and amplifier system (Life 
Scope BSM‑5192; Nihon Kohden Co., Ltd.) to record pres‑
sure oscillations. PAP was recorded following the calibration 
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and stabilization of the cardiac rhythm after anesthesia, as 
monitored using electrocardiogram leads and pulse oximetry.

Histological analysis. Lung tissue was fixed overnight in 
10% buffered formalin at room temperature. Paraffin sections 
(5 µm) were generated from each lobe, stained with hema‑
toxylin & eosin. All slide samples were washed with xylene for 
5 min three times for deparaffinization before being dripped 
into methanol three times and washed in water for 1 min. 
The slides were then shaken and stained with hematoxylin 
for 10 min at room temperature and eosin for 6 min at room 
temperature. All sections were analyzed with a light micro‑
scope to assess lung vascular pathology. Pulmonary arteries 
of 50‑200 µm in diameter were evaluated by measuring arte‑
rial wall thickness at x400 magnification. For each rat, ≥10 
randomly selected circular or oval‑shaped blood vessels were 
measured. The percentage medial wall thickness (MWT) 
of the arteries was calculated using the following formula: 
MWT=[(external diameter‑internal diameter)/external 
diameter] x100. The internal diameter was measured as the 
luminal diameter of the vessel, and the external diameter was 
measured as the total diameter of the vessel. The vessel area 
was also measured; wall area (WA)=[(total vessel area‑luminal 

area)/total vessel area] x100 (26,31,37,39). Total vessel area and 
luminal area were measured using PCD software version 1.7 
(FLOVEL Co., Ltd.).

Big ET‑1 ELISA assay. Big ET‑1 is a pre‑cleavage pro‑peptide 
of ET‑1, which has a longer half‑life compared with ET‑1 
and is therefore less likely to be inactivated than ET‑1 (17). 
Blood samples (4 ml) from the rats were collected from the 
carotid artery in tubes containing aprotinin. Serum was 
obtained following centrifugation (1,200 x g; 10 min; 4˚C), and 
it was stored at ‑80˚C until required. At the time of experimen‑
tation, frozen samples were thawed at room temperature and 
the extraction and concentration of Big ET‑1 was performed 
using Sep Pak C18 cartridges (Waters Corporation). The 
samples were eluted through the Sep Pak C18 cartridges using 
2 ml 0.1% trifluoroacetic Acid + 60% acetonitrile (Wako Pure 
Chemical Industries, Ltd.). Serum big ET‑1 concentrations 
were measured using a commercial rat big ET‑1 ELISA kit 
(cat. no. 27168; Immuno‑Biological Laboratories Co., Ltd.), 
according to the manufacturer's protocol. Because the primary 
antibody was immobilized on the plate, samples and exogenous 
standards were added to the plate to perform the primary reac‑
tion. After washing, horseradish peroxidase‑labeled secondary 

Figure 1. Representative echocardiogram images of right heart functional evaluation. (A‑D) Representative images of the (A) eccentricity index from the 
parasternal short axis view, (B) MPA/Ao in the short‑axis view at the aorta level, (C) TAPSE in the apical four‑chamber view and (D) RV Tei index using 
the Dual Doppler system in the right parasternal RV outflow view. (E) Peak transtricuspid early diastolic wave velocity and tissue Doppler tricuspid annular 
velocities at systole and at early diastole were measured using the Dual Doppler system in the apical four‑chamber view. Ao, aortic diameter; ET, ejection 
time; ICT, isovolumetric contraction time; IRT, isovolumetric relaxation time; LA, left atrium; LV, left ventricle; MPA, main pulmonary artery; PA, pulmonary 
artery; RA, right atrium; RV, right ventricle; TAPSE, tricuspid annular plane systolic excursion by M‑mode imaging; TV, tricuspid valve. 
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antibody was added to the plate to perform the secondary 
reaction. After the reaction, excess secondary antibody was 
washed away and 3,3',5'5'‑tetramethylbenzidine was added 
to the wells. The resulting coloration was proportional to the 
concentration of rat big ET‑1 in the sample, as measured using 
a microplate absorbance reader (Bio‑Rad Laboratories, Inc.).

Statistical analysis. Data analysis was performed using 
Microsoft Excel 2016 (Microsoft Corporation), GraphPad 
Prism version 5.0a and InStat version 3.05 software (GraphPad 
Software, Inc.). All data are presented as mean ± SD. 
Normality of all data was analyzed using a Bartlett's test. For 
normally distributed parameters, differences between groups 
were analyzed using a one‑way ANOVA followed by post 
hoc analysis with Bonferroni correction. For non‑parametric 
parameters, differences between groups were evaluated using 
a non‑parametric Kruskal‑Wallis test followed by post hoc 
analysis with Dunn's multiple comparison test. P<0.05 was 
considered to indicate a statistically significant difference.

Results

Hemodynamic analysis of blood pressure and PAP. No signif‑
icant differences were observed in the heart rates, systolic 
blood pressure, mean blood pressure, diastolic blood pressure, 
between the sham, PH and MT groups (Fig. 2A‑C; Table I). 
Rats in the PH group developed severe PH compared with rats 
in the sham group, indicating the successful establishment 
of the PH model. Systolic PAP, mean PAP and diastolic PAP 
values in the PH group were significantly higher compared 
with the sham group, which were in turn reduced in the 

MT group compared with the PH group. Therefore, metformin 
treatment could reduce PAP to levels comparable with that in 
the sham group (Fig. 2D‑F).

Histopathological analysis of pulmonary arteries. Pulmonary 
vascular remodeling is central to the pathology of PH, and the 
MWT and WA of PAs is an indicator of pulmonary vascular 
remodeling (26,31,37,39). Histopathological analysis of the 
lung tissue demonstrated that rats in the PH group exhibited 
markedly thickened vascular walls within the pulmonary 
arterioles and increased proliferation of lung stromal cells 
(Fig. 3A and B). The pulmonary arteriole MWT (53.11±8.25%) 
and WA (75.62±7.40) were significantly increased in the 
PH group compared with the sham group (MWT, 20.26±2.67%; 
WA, 37.00±5.43) (Fig. 3C and D). Metformin treatment 
prevented PH‑induced PA thickening in the MT group, 
with the pulmonary arteriolar MWT (27.33±3.40%) and 
WA (49.28±6.10) in the MT group being significantly reduced 
compared with the PH group. These results indicated that 
metformin treatment significantly inhibited the pathological 
pulmonary vascular remodeling induced by PH.

Echocardiographic right heart functional evaluation. 
Comparisons of the right heart functional parameters between 
the groups are presented in Table I. No significant differ‑
ences were identified between groups in EI, E wave, Ea Fw, 
Ea Mv, Sm, E/Ea Fw or E/Ea Mv values (Table I). The 
AT/ET ratio of both the PH and MT groups were significantly 
reduced compared with that in the sham group. Although the 
AT/ET ratio improved in the MT group compared with the 
PH group, it did not reach that of the sham group (Fig. 4A‑C; 

Figure 2. Blood pressure and pulmonary arterial pressure measurements in vivo. Measurements of (A) SBP, (B) MBP, (C) DBP, (D) SPAP, (E) MPAP and 
(F) DPAP in the sham group (n=9), MT group (n=8) and PH group (n=10). Horizontal lines represent the median for each group. *P<0.05. DBP, diastolic 
blood pressure; DPAP, diastolic pulmonary artery pressure; MBP, mean blood pressure; MPAP, mean pulmonary artery pressure; MT, metformin treatment; 
PH, pulmonary hypertension; SBP, systolic blood pressure; SPAP, systolic pulmonary artery pressure.
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Table I). There were significant differences in the MPA/Ao and 
TAPSE values between the sham and PH groups, but no signif‑
icant differences were observed for these variables between 
the MT and PH groups (Table I). The RV Tei index, which is 
indicative of overall RV function (13,14), presented significant 
differences between the sham and PH group, and significantly 
improved in the MT group relative to the PH group (Table I). 
This observation suggests that metformin treatment could 
improve echocardiographic parameters in patients with PH.

Serum big ET‑1 levels are upregulated in PH and decreased 
by metformin treatment. Big ET‑1 concentrations were signifi‑
cantly increased in the PH group (3.59±0.74 pg/ml) compared 
with the sham group (2.70±0.64 pg/ml) (Fig. 5), but were 

reduced upon metformin treatment (2.82±0.33 pg/ml), with 
the MT group demonstrating significantly decreased serum 
levels of big ET‑1 compared with the PH group. There was no 
significant difference reported between the MT group and the 
sham group (Fig. 5). These data suggest that blood big ET‑1 
levels were elevated in patients with P, which were alleviated 
following metformin treatment.

Discussion

Although pulmonary vascular endothelial dysfunction and 
vascular remodeling are central to the pathology of PH, the 
pathology of PH remains relatively unknown (40,41). The 
present study focused on the AMPK activator, metformin, as 

Figure 3. Histopathological analysis of pulmonary arterial remodeling four week after MCT injection. Hematoxylin & eosin staining of the (A) small pulmo‑
nary artery (50‑200 µm in diameter; magnification, x400) and (B) lung stroma cells (magnification, x400) in the sham group (n=9), MT group (n=8) and 
PH group (n=10). (C) Quantification of MWT and WA of pulmonary arteries from (A) and (B). Data are presented as mean ± SD; *P<0.05. MT, metformin 
treatment; MWT, medial wall thickness; PH, pulmonary hypertension; WA, wall area.

Table I. Comparisons of the right heart functional parameters.

Variables Sham group MT group PH group

Heart rate (beats/min) 313.00±34.00 301.00±34.00 317.00±31.00
Eccentricity index 1.01±0.03 1.04±0.09 1.19±0.22
Main pulmonary artery/aortic artery 0.95±0.12 0.97±0.05 1.16±0.22a

Accelerator time/ejection time 0.43±0.05 0.34±0.06a 0.19±0.05a,b 
Right ventricle Tei index 0.36±0.03 0.35±0.05 0.47±0.07a,b

Peak transtricuspid early diastolic wave velocity (m/sec) 0.69±0.16 0.63±0.22 0.62±0.16
Early systole free wall (cm/sec) 6.56±1.54 6.86±1.78 7.03±1.45
Early systole septal wall (cm/sec) 6.62±1.23 5.53±1.13 5.52±1.12
Systole (cm/sec) 5.65±0.89 5.51±1.22 5.71±1.38
E wave/Ea free wall 10.69±1.32 9.41±3.43 8.86±1.89
E wave/Ea septal wall  10.42±1.17 11.42±4.00 11.35±2.67
Tricuspid annular plane systolic excursion (mm) 3.02±0.20 2.81±0.57 2.27±0.51a

aP<0.05 vs. sham group; bP<0.05 vs. MT group. Sham group (n=9), MT group (n=8) and PH group (n=10). E, Peak transtricuspid early diastolic 
wave velocity; Ea, peak tissue Doppler tricuspid annular velocities at early diastole; MT, metformin; PH, pulmonary hypertension.
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AMPK is important for the maintenance of pulmonary vascular 
endothelial function (22,42‑44). Utilizing an MCT‑induced PH 
rat model to evaluate the therapeutic effects of metformin in 
PH, a relationship between metformin and serum ET‑1, which 
is elevated in PH, was determined.

Although the mechanism by which MCT causes PH 
remains unclear, pulmonary vascular remodeling, which 
progresses to cause pulmonary arterial vasculitis, is one of the 
possible mechanisms (45,46). In the present study, histopatho‑
logical analysis confirmed that MCT promoted pulmonary 
blood vessel remodeling and induced PH. In addition to the 
MT group exhibiting significant decreases in MWT and 
WA values relative to the PH group, PAP was significantly 
reduced by metformin treatment; the mechanism by which 
metformin reduces PAP may be associated with its ability to 

inhibit vascular remodeling. In the context of PH, metformin 
most likely maintains pulmonary vascular homeostasis by 
improving vascular endothelial cell function, as well as 
suppressing pulmonary vascular endothelial cell apoptosis and 
vascular smooth muscle cell remodeling (22).

In addition, metformin treatment decreased serum big 
ET‑1 levels in PH. Big ET‑1 is a vasoconstrictive and vaso‑
proliferative factor produced by endothelial cells, and it is 
thought to potentiate pulmonary arterial vasoconstriction 
and remodeling in the context of PH (14,17,47,48). These 
results suggested that the therapeutic effects of metformin 
in PH may be related to decreased peripheral big ET‑1 
concentrations. AMPK contributes to the maintenance of 
intracellular energy homeostasis, and it has been demon‑
strated to have antiapoptotic effects in endothelial cells 
and anti‑remodeling effects in vascular smooth muscle 
cells (20‑22). Tang et al (49) revealed that increased 
AMPK activity reduced ET‑1 levels, by suppressing the 
NF‑κB/NF‑κB inhibitor (IκB)α axis. NF‑κB forms part of 
a protein complex that regulates the immune response and 
cellular proliferation by controlling the expression of proin‑
flammatory and pro‑survival genes (50). AMPK suppresses 
NF‑κB activity in a number of ways; thus, the therapeutic 
effects of metformin in the context of PH may be associ‑
ated with the NF‑κB/IκBα axis. The study by Tang et al (49) 
suggested that dipeptidyl peptidase 4 inhibitor reduced 
ET‑1 expression in the vascular endothelium by suppressing 
NF‑κB/IκBα signaling through AMPK activation in diabetic 
rats. Therefore, reduced expression levels of big ET‑1 in the 
serum of PH model rats following metformin treatment may 
be due to suppressed NF‑κB/IκBα signaling.

In the present study, AT/ET was considered to be the most 
sensitive echocardiographic parameter for estimating the 
therapeutic effects of metformin on PH. Numerous previous 
studies have reported that AT/ET is decreased in patients 
with PH (25,27,30,37). Similarly, the results obtained in this 

Figure 5. ELISA measured serum big ET‑1 levels. Big ET‑1 levels were deter‑
mined in the sham (n=9), MT (n=8) and PH group (n=10). Data are presented 
as mean ± SD; *P<0.05. ET‑1, endothelin‑1; MT, metformin treatment; 
PH, pulmonary hypertension.

Figure 4. Evaluation of pulmonary artery flow. (A) Echocardiograph images of AT/ET in the sham group (n=9), MT group (n=8) and PH group (n=10). 
(B) Traces of the above images presented in (A). The images demonstrate the short flow AT in the MT and PH groups, and the flow reversal in the deceleration 
phase of pulmonary artery flow in the PH group (yellow arrow head). (C) AT/ET of pulmonary artery flow in each group. Each point represents an individual 
and the horizontal lines represent the median for each group; *P<0.05. AT, acceleration time; ET, ejection time; MT, metformin treatment; PH, pulmonary 
hypertension.
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study demonstrated that AT/ET was significantly reduced in 
the PH model rats compared with the other groups. In addi‑
tion, AT/ET reflected the therapeutic effect of metformin 
between MT group and PH group. The RV Tei index is an 
echocardiographic parameter that reflects the severity of 
PH (51,52). The RV Tei index was significantly higher in the 
PH group compared to the other groups; however, because no 
significant difference was observed between the MT group 
and the sham group, it indicated that the RV Tei index may 
not be as sensitive as AT/ET in evaluating PH severity. Both 
AT/ET and RV Tei index are considered to be more useful 
compared with TAPSE and MPA/PA values for the evalu‑
ation of PH severity in the present study. Although clear 
evidence remains to be lacking, AT/ET and RV Tei index 
appear to be sensitive because they can capture changes in 
blood flow with higher degrees of sensitivity in the present 
study.

Nonetheless, there are limitations to this study and the 
results should be interpreted with caution. Metformin was 
administered prophylactically prior to MCT induction of 
PH; therefore, the therapeutic effects of metformin following 
the onset of PH remain unclear. Further studies regarding 
the anti‑remodeling effects of metformin are also neces‑
sary, and the detailed mechanisms underlying these effects 
must be investigated at the molecular level. Furthermore, big 
ET‑1 concentrations and expression of preproET‑1 mRNA, 
which encodes the precursor protein of big ET‑1 in tissues, in 
pulmonary vascular endothelial tissue should be examined to 
identify the origin of serum big ET‑1, in addition to measuring 
other biomarkers associated with PH. Additionally, it remains 
unclear whether the dose of metformin used in this study 
was within the physiological range permitted for humans; as 
such, the dose of metformin should also be investigated in 
further studies.

To the best of our knowledge, this is the first study to report 
that metformin prevented the development of MCT‑induced 
PH by decreasing the serum ET‑1 concentration. The possi‑
bility of this finding being associated with the AMPK pathway 
warrants further future study. Multiple previous studies 
have reported that the homeostatic improvement of vascular 
endothelial cells by AMPK was effective for the treatment 
of PH (20,22,43). However, in addition to this mechanism, it 
can be hypothesized that the increased expression of ET‑1, 
produced in vascular endothelial cells, is suppressed by 
improved homeostasis of vascular endothelial cells following 
AMPK activation.

In conclusion, the present study demonstrated that 
early‑stage metformin treatment significantly attenuated the 
development of MCT‑induced PH, hemodynamically and 
histopathologically, which may have been related to suppres‑
sion of serum big ET‑1. These results suggested that metformin 
may be a putative therapeutic strategy for PH, but further 
studies are required to understand the detailed mechanisms 
underlying these effects.
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