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Abstract
Pulmonary arterial hypertension (PAH) is a malignant cardiovascular disease. Eukaryotic initiation factor 2α (eIF2α) plays an 
important role in the proliferation of pulmonary artery smooth muscle cells (PASMCs) in hypoxia-induced pulmonary hyper-
tension (HPH) rats. However, the regulatory mechanism of eIF2α remains poorly understood in PAH rats. Here, we discover 
eIF2α is markedly upregulated in monocrotaline (MCT)-induced PAH rats, eIF2α can be upregulated by mRNA methylation, 
and upregulated eIF2α can promote PASMC proliferation in MCT-PAH rats. GSK2606414, eIF2α inhibitor, can downregulate 
the expression of eIF2α and alleviate PASMC proliferation in MCT-PAH rats. And we further discover the mRNA of eIF2α 
has a common sequence with N 6-methyladenosine  (m6A) modification by bioinformatics analysis, and the expression of 
METTL3, WTAP, and YTHDF1 is upregulated in MCT-PAH rats. These findings suggest a potentially novel mechanism by 
which eIF2α is upregulated by  m6A modification in MCT-PAH rats, which is involved in the pathogenesis of PAH.
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Introduction

Pulmonary arterial hypertension (PAH) is a malignant cardi-
ovascular disease and will eventually lead to right ventricu-
lar failure and even death, the mean survival is 2.8 years, and 
the rate of mortality in the first year is about 15% [1–3]. The 
underlying reason for the high mortality as well as the lack 
of effective therapeutic drugs and tools for PAH is that the 
physiopathologic mechanism is not fully understood in PAH 
[3]. Therefore, it is of great importance to further explore the 
new effective mechanism and potential target for interven-
tion and treatment in PAH.

Studies have shown that the histologic features of PAH are 
complex and variable [3]. However, there are critical patho-
logical features of the disorder that involve the uncontrolled 
growth of PASMCs [4]. Undoubtedly, PASMC proliferation 
is affected by many factors [4]. The eukaryotic initiation fac-
tor 2 alpha (eIF2α), also known as eukaryotic Initiation Fac-
tor 2 alpha, is an essential protein involved in the process 
of translation initiation in eukaryotic cells. eIF2α is part of 
the eIF2 complex, which is responsible for mediating the 
binding of initiator tRNA to the ribosome during translation 
initiation [5]. eIF2α is important in the regulation of protein 
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synthesis, and differential expression of eIF2α can cause cell 
proliferation in many human diseases [6]. Recent studies have 
shown that eIF2α plays a key role in the regulation of certain 
functional proteins to promote cell proliferation in tumor [5, 
7]. Our team has found that eIF2α plays an important role 
in hypoxia-induced pulmonary hypertension (HPH) rats and 
monocrotaline (MCT)-induced PAH rats [8, 9]. However, its 
upstream regulatory mechanism has not been elucidated yet.

RNA from all living organisms can be post-transcriptionally 
modified by a collection of more than 100 distinct chemical 
modifications [10]. Among these modifications, N 6-methyl-
adenosine  (m6A) modification has been identified as the most 
abundant internal modification in eukaryotic mRNA [11–14]. 
 m6A modification directs mRNAs to distinct fates such as cell 
differentiation, embryonic development, and stress responses 
[15]. In molecular mechanism,  m6A modification participates 
in almost all steps of mRNA metabolism, including mRNA 
translation, degradation, splicing, export, and folding [16]. 
In addition,  m6A modification is regulated by RNA meth-
yltransferase (writers) that contain methyltransferase-like 3 
(METTL3), methyltransferase-like 14 (METTL14), and Wilms 
tumor-associated protein (WTAP) in mammalian cells [17]. 
Three classes of  m6A readers have been characterized, based on 
how they bind to  m6A modified RNAs [18]. One major class is 
the YT521-B homology (YTH) domain family of proteins that 
directly bind to  m6A-modified sites (YTHDF1/2/3 and YTH-
DFC1/2) [19]. YTHDF1 has been identified as a translation-
facilitating  m6A reader that recruits translation machinery to its 
target mRNAs in the cytoplasm [20]. The role of  m6A modifica-
tion in cell proliferation has been reported recently [17, 21–23]. 
 m6A levels and the expression of methylation-related enzymes 
were altered in PAH rats, in which FTO and YTHDF1 may 
play a crucial role in  m6A modification [24].  m6A modification-
mediated GRAP regulates vascular remodeling in hypoxic pul-
monary hypertension [25]. SEDT2/METTL14-mediated  m6A 
methylation awakening contributes to hypoxia-induced pulmo-
nary arterial hypertension in mice [26]. Considering the crucial 
role of eIF2α in the proliferation of PASMCs in MCT-PAH rats, 
is the upstream regulatory mechanism of eIF2α related to  m6A 
modification? We further discovered that there are methylation 
modification sites on eIF2α mRNA by bioinformatics analysis. 
Therefore, we hypothesize that eIF2α plays a crucial role in 
the pathogenesis of MCT-PAH rats and that its upstream regu-
latory mechanism involves METTL3, WTAP, and YTHDF1-
mediated  m6A modification.

Methods

Animals

Adult male Sprague–Dawley (SD) rats (weighing 150–200 g) 
were obtained from Hunan SJA Laboratory Animal Co., Ltd 

(Changsha, People’s Republic of China). The experimen-
tal protocol was approved by the medicine animal welfare 
committee of Medicine School, University of South China 
(Hengyang, People’s Republic of China); the animal proto-
col ethics number is 446.

Animals’ Experiments

Adult male Sprague–Dawley (150–200 g in body weight) 
rats were randomly divided into control or MCT/vehicle 
rats. Experimental rats were administered an intraperito-
neal injection of monocrotaline (60 mg/kg, Sigma, 315–22-
0), and their littermates were injected with saline. For 
GSK2606414 treatment, rats that underwent monocrotaline 
treatment were treated either with vehicle or GSK2606414 
(10 mg/kg, Sigma, 1,337,531–89-1) by intraperitoneal injec-
tion per day. GSK2606414 was dissolved in a mixture of 
dimethyl sulfoxide (DMSO): polyethylene glycol (PEG) 400: 
distilled water (1: 4: 5). After 4 weeks, RV systolic blood 
pressure (RVSP) was measured with pressure transducers 
under anesthesia. The RV hypertrophy was analyzed as a 
ratio of RV to left ventricular and septal weight. Left lung 
tissues were fixed in 4% paraformaldehyde solution for the 
following histology staining; right lung tissues and pulmo-
nary arteries were excised and immediately frozen in liquid 
nitrogen for other experiments.

Assessment of PH

At the end of the experiment, the animals were anesthetized 
with ketamine (60 mg/kg IM) and xylazine (3 mg/kg IM), and 
right ventricle systolic pressure (RVSP) and mean pulmonary 
artery pressure (mPAP) were monitored. Briefly, a silicone 
catheter of outer diameter (0.9 mm, TIMON, Chengdu, 
China) was introduced into the pulmonary artery through 
the right vena jugularis externa, passing the right atrium and 
right ventricle in turn. A multichannel physiological recorder 
(BL-410, Chinese) was connected to the other end of the 
catheter to detect pressure. The position of the catheter tip 
was determined by the waveform during pressure measur-
ing. It followed that we could confirm the pressure of RVSP 
and mPAP according to the waveform. Therefore, the right 
ventricular systolic pressure (RVSP) and mean pulmonary 
artery pressure (mPAP) were in turn recorded. After killing 
the animals, the right and left ventricle (RV, LV) and the 
interventricular septum (S) were dissected. The tibia length 
was measured and weighed for calculating the ratio of RV to 
(LV + S) and tibia length to RV, which are the key indexes 
used for evaluating RV hyperplasia. The freshly isolated pul-
monary arterial samples were used for analysis of mRNA and 
protein expression. The left lung was fixed in 4% buffered 
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paraformaldehyde for 48 h and was used for hematoxylin 
and eosin (H&E) staining. The other part was snap-frozen in 
liquid nitrogen and stored at -80 °C for further assays.

HE Staining

The isolated rat lung tissue was stained with HE to assess 
the degree of pulmonary vascular remodeling. Lung tissue 
was removed and fixed in 4% paraformaldehyde solution for 
24 h. Then, the tissues were subsequently dehydrated and 
embedded in paraffin and sliced into 4 µm cross-sections. 
The sections were stained with hematoxylin and eosin, and 
images were obtained using ZEISS LSM 880 Confocal 
Microscope (ZEISS, Jena, Germany).

Western Blot Analysis

Protease inhibitors (beyotime, Jiangsu, China) were used 
during the isolation process. Protein was extracted from pul-
monary artery with RIPA (beyotime, Jiangsu, China) buffer 
(contains 0.1% PMSF). Protein concentration was deter-
mined using Enhanced BCA Protein Assay Kit (beyotime, 
Jiangsu, China). Equal amounts of protein from each sam-
ple (20 mg) were separated by 12% or 6% sodium dodecyl 
sulfate polyacrylamide gel electrophoresis and transferred 
to 0.45-mm polyvinylidine fluoride membranes (Millipore 
Corporation, Bedford, MA, USA). The membranes were 
blocked using 5% nonfat dry milk in tris-buffered saline 
containing 0.1% Tween-20 for 1 h, and then incubated 
with primary antibodies overnight at 4 °C. In the follow-
ing day, the membranes were incubated for 1 h at 37 °C 
with horseradish horseradish peroxidase-coupled goat 
anti-rat secondary antibody (beyotime, A0208, 1:5000,) 
or peroxidase-coupled goat anti-mouse secondary anti-
body (beyotime, A0216, 1:5000,). The chemiluminescence 
signals were detected with the EasySee Western Blot Kit 
(Beijing TransGen Biotech, Beijing, China). The densito-
metric analysis was conducted with Image J 1.43 (National 
Institutes of Health). The following primary antibodies 
were used: Ki-67 (Abcam, ab92742, 1:2000), PCNA rabbit 
mAb (CST, 13,110, 1:1500), eIF2α (CST, 5324, 1:1500), 
WTAP (Abcam, ab195380, 1:2000), METTL3 (Proteintech, 
67,733–1-Ig, 1:5000), YTHDF1 (Proteintech, 66,745–1-Ig, 
1:1000), and β-Actin (BOSTER, BM3873,1:200).

Tissue Harvest, Sectioning, and Staining

All the left lung tissues were harvested and fixed at 4 ℃ 
overnight with fresh 4% paraformaldehyde (PFA). The 
tissues were then rinsed with PBS 4 times (5 min/each) 
and incubated in 30% sucrose in PBS at 4 ℃ overnight. 

Afterwards, the tissues are soaked in Tissue-Tek® O.C.T. 
Compound was then frozen at − 20 ℃ for cryosectioning at 
6 µm thickness; cryosections were permeabilized with 0.1% 
Triton X-100 in PBS, blocked in 1% BSA for 30 min at room 
temperature, incubated with primary antibodies for 1 h at 
room temperature or overnight at 4 ℃, washed, incubated 
with appropriate secondary antibodies diluted in blocking 
buffer for 45 min at room temperature, washed, and coun-
terstained with DAPI.

The following primary antibodies were used: Ki-67 
(Abcam, ab92742, 1:200), eIF2α (CST, 5324, 1:100), and 
WTAP (Abcam, ab195380, 1:100).

All secondary antibodies were Alexa Fluor conjugates 
(488, 594) and used at 1:200 dilution (Life Technologies). 
Images were obtained using ZEISS LSM 880 Confocal 
Microscope (ZEISS, Jena, Germany). To measure fluorescent 
intensity in lung sections after immunofluorescence stain-
ing, three to six random fields of view (20 × objective) were 
captured with the same parameters across different groups. 
And three to six higher magnification images (40 × objec-
tive) focusing on individual pulmonary vessels were taken 
in each lung section. Fluorescent images were analyzed in a 
blinded manner. A threshold of “background” was calculated 
in images from a negative control slide stained by secondary 
antibody only or a nonfluorescent area of the same image. 
After eliminating the background in all images, cells were 
manually counted based on immunofluorescence staining of 
markers for each of the respective cell types [27–29].

Quantitative PCR (qPCR)

Total RNA was extracted from the pulmonary artery using 
Trizol (Invitrogen) and RNeasy Mini RNA extraction kit (Qia-
gen). RT-PCR was then performed to obtain the correspond-
ing cDNA using iScript Select cDNA Synthesis Kit (Bio-Rad). 
qPCR was performed using SYBR Green (Bio-Rad) by CFX 
ConnectTM system (Bio-Rad). At least three technical and 
three biological replicates were performed for each protein if 
not otherwise notated. All primers are listed in Table 1.

Data Acquisition

The  m6A modification sites about eIF2α were obtained 
from RNA Modification Variant Database (RMVar) online 
database (http:// www. rmvar. renlab. org/ browse. html) and 
sequence-based RNA adenosine methylation site predictor 
(SRAMP) online website (http:// www. cuilab. cn/ sramp).

Statistical Analysis

The standard error was calculated from the average of at 
least three independent pulmonary artery samples unless 
otherwise mentioned. All results were presented as the 

http://www.rmvar.renlab.org/browse.html
http://www.cuilab.cn/sramp
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mean ± standard error of the mean (SEM). Statistical anal-
ysis of the differences between groups was performed by 
GraphPad Prism 5.0 and SPSS 19.0 software using one-way 
ANOVA. P < 0.05 was considered significant. The experi-
mental data was analyzed without any pre-set bias, and no 
particular criteria to exclude or include any specific sample 
from the analysis was used.

Results

Vascular Remodeling and eIF2α Markedly Increased 
in MCT‑Induced PAH Rats

To clarify whether the establishment of the MCT-PAH rats 
was successful, we analyzed hemodynamic data in SD rats. In 
MCT-PAH rats, the weight of rats was downgraded (Fig. 1a); 
right ventricular systolic pressure (RVSP), mean pulmonary 
arterial pressure (mPAP), RV/(LV + S) (the ratio of right ven-
tricle to (left ventricle + septum)), and the ratio of right ven-
tricular/tibia length were significantly increased compared 
with that in control rats (Fig. 1b–e). These data suggest that 
the establishment of the MCT-PAH rats was successful.

The pulmonary arteries showed significant thickening, 
and the percentage of the medial thickness of the pulmo-
nary arterioles (WT%) was significantly increased in MCT-
PAH rats compared with that in control rats by HE staining 
(Fig. 1f). The protein expression of PCNA in MCT-PAH 
rats increased in pulmonary artery tissues compared with 
that in control rats by Western blot (Fig. 1g). Furthermore, 
the protein expression of Ki-67 in MCT-PAH rats increased 
in PASMCs compared with that in control rats by immuno-
fluorescence (Fig. 1h, i). These data suggest that vascular 
remodeling was obviously increased in MCT-PAH rats.

Interestingly, the expression of eIF2α mRNA was 
upregulated in pulmonary artery tissues in MCT-PAH rats 
compared with that in control rats (Fig. 2a). The expres-
sion of eIF2α exhibited an increase in pulmonary artery 
tissues by Western blot and in PASMCs by immunofluores-
cence in MCT-PAH rats compared with that in control rats 
(Fig. 2b–d). These results strongly support that eIF2α plays 
an important role in the development of MCT-PAH rats.

GSK2606414, eIF2α Inhibitor, Can Significantly 
Downregulate the Expression of eIF2α 
in MCT‑Induced PAH Rats

To further explore the role of eIF2α in pulmonary vascu-
lar remodeling in MCT-PAH rats, we used GSK2606414, 
eIF2α inhibitor, which is a novel and highly selective inhibi-
tor of protein kinase R-like endoplasmic reticulum kinase 
(PERK). We found the expression of eIF2α was observably 
downregulated in GSK2606414-treated PAH rats in pul-
monary artery tissues by Western blot and in PASMCs by 
immunofluorescence compared with that in MCT-PAH rats 
(Fig. 3a–c). These results strongly support that GSK2606414 
can significantly downregulated the expression of eIF2α in 
MCT-PAH rats.

GSK2606414, eIF2α Inhibitor, Can Alleviate Vascular 
Remodeling in MCT‑Induced PAH Rats

In GSK2606414-treated PAH rats, mPAP, RVSP, the ratios 
of RV/LV + S, and RV/tibial length were evidently down-
regulated compared with that in MCT-PAH rats (Fig. 4a–d). 
These data suggest that targeting inhibition of eIF2α could 
attenuate the progression of MCT-induced PAH rats.

The WT% was significantly decreased in the 
GSK2606414-treated rats compared with that in MCT rats 
by HE staining (Fig. 4e). GSK2606414 evidently down-
regulated the protein expression of PCNA in pulmonary 
artery tissues compared with that in MCT-PAH rats by 
Western blot (Fig. 4f). And we found that GSK2606414 
evidently downregulated the protein expression of Ki-67 
in PASMCs compared with that in MCT-PAH rats by 
immunofluorescence (Fig.  4g, h). These data suggest 
that targeting inhibition of eIF2α can markedly alleviate 
PASMC proliferation and vascular remodeling in MCT-
PAH rats.

The mRNA of eIF2α has a Common Sequence 
with  m6A Modification

Next, we sought to reveal the upstream mechanism of 
eIF2α in MCT-PAH rats.  m6A modification is the most 
abundant internal modification in eukaryotic mRNA, 
recent studies have found that  m6A modification could 
regulate pulmonary vascular remodeling in MCT-induced 
PAH rats [25]. Importantly, we found that the mRNA of 
eIF2α had a common sequence with  m6A modification by 
bioinformatic analysis (Fig. 5a, b). The results support 
that  m6A modification may be the upstream mechanism 
of eIF2α in MCT-PAH rats.

Table 1  qPCR primer list

Gene name Sequence

eIF2α 5′-GGA CAA ATG GAA GTA TGG GATG -3′
5′-CAA GAG AGA GCC AGT GTA ATGC -3′

β-actin 5′-CCC ATC TAT GAG GGT TAC GC-3′
5′-TTT AAT GTC ACG CAC GAT TTC-3′
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The Expression of METT3, YTHDF1, and WTAP are 
Dramatically Upregulated in MCT‑Induced PAH Rats

Since the mRNA of eIF2α had a common sequence with 
 m6A modification by bioinformatic analysis, and recent 
studies have found that  m6A-related regulatory proteins 
are newly identified as important targets for regulating 
cell proliferation [17, 21–23], nextly, we detected the 
expression of  m6A-related regulatory proteins in MCT-
PAH rats. We found that METTL3, WTAP, and YTHDF1 

expression were significantly upregulated in pulmonary 
artery tissues in MCT-PAH rats compared with that in 
control rats by Western blot (Fig. 6 a–c). And the expres-
sion of WTAP was remarkably upregulated in PASMCs 
in MCT-PAH rats compared with that in control rats by 
immunofluorescence staining (Fig. 6 d, e). These results 
suggest that  m6A-related regulatory proteins may play an 
important role in MCT-PAH rats; importantly, eIF2α can 
be regulated by mRNA methylation  (m6A modification) 
in MCT-PAH rats.

Fig. 1  Vascular remodeling in MCT-induced PAH rats. Rats were 
treated with MCT or vehicle. a Weight. b Mean pulmonary arterial 
pressure (mPAP). c Right ventricular systolic pressure (RVSP). d RV 
to left ventricular and septal weight (RV/LV + S). e RV/tibia length. 
f Representative hematoxylin and eosin-stained sections of small 
PAs and arterioles. Scale bars = 200 µm. g Immunoblotting of PCNA 
expressions in pulmonary artery tissue. h, i Representative immu-

nofluorescence staining of lung tissue for Ki-67 (red) and α-SMA 
(α-smooth muscle actin) (green) in groups of rats. Nuclei are stained 
with 4′,6-diamidino-2-phenylindole (DAPI). Scale bar = 200  µm. 
Two-way ANOVA (Šidák’s multiple-comparisons test) in a; one-
way ANOVA (Dunnett t-test) in b–g; Student’s t-test in i. **P < 0.01, 
***P < 0.001; error bars, mean ± SEM. n = 6
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Fig. 2  eIF2α markedly 
increased in MCT-induced PAH 
rats. Rats were treated with 
MCT or vehicle. a qPCR analy-
sis on the eIf2α genes in the 
pulmonary artery tissue of rats. 
b Immunoblotting of PCNA 
expressions in pulmonary artery 
tissue. c, d Representative 
immunofluorescence staining 
of lung tissue for eIf2α (red) 
and α-SMA (α-smooth muscle 
actin) (green) in groups of rats. 
Nuclei are stained with DAPI. 
Scale bar = 200 µm. One-way 
ANOVA (Dunnett t-test) in a, b; 
Student’s t-test in d. **P < 0.01, 
***P < 0.001; error bars, 
mean ± SEM. n = 6

Fig. 3  GSK2606414, eIF2α inhibitor, can significantly downregu-
lated the expression of eIF2α in MCT-induced PAH rats. Rats were 
treated with GSK2606414 or MCT. a Immunoblotting of PCNA 
expressions in pulmonary artery tissue. b, c Representative immu-

nofluorescence staining of lung tissue for eIf2α (red) and α-SMA 
(α-smooth muscle actin) (green) in groups of rats. Nuclei are stained 
with DAPI. Scale bar = 200 µm. One-way ANOVA (Sidak test) in a, 
c. **P < 0.01, ***P < 0.001, ##P < 0.01; error bars, mean ± SEM. n = 6
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Discussion

PAH is a disorder characterized by marked remodeling of 
the pulmonary vasculature and a progressive rise in the pul-
monary vascular load, leading to hypertrophy and remod-
eling of the right ventricle [1]. Previous studies have shown 
that pulmonary vascular remodeling is the most important 
physiopathologic mechanism of PAH, and that the abnor-
mal proliferation, hypertrophy, and secretion of PASMCs 
play an important role in PAH [3]. eIF2α, as a regulatory 
subunit of eIF2, is a key player of translation initiation factor 
[5]. Our previous studies have demonstrated that the expres-
sion of eIF2α is markedly upregulated in MCT-PAH rats 

and HPH rats, and the above two effects can be inhibited 
by eIF2α siRNA. But the upstream regulatory mechanism 
of eIF2α has not been elucidated in PAH rats. Based on 
the above research, we established the model of MCT-PAH 
rats. Firstly, we discover eIF2α is upregulated in MCT-
PAH rats. Additionally, downregulation of the expression 
of eIF2α by using GSK2606414 could alleviate PASMC 
proliferation and pulmonary vascular remodeling in MCT-
PAH. Then, we further discover the mRNA of eIF2α has a 
common sequence with  m6A modification by bioinformatics 
analysis, further research found that METTL3, WTAP, and 
YTHDF1 are significantly upregulated in MCT-PAH rats. 
These results suggest that eIF2α may play an important role 

Fig. 4  eIF2α inhibitor can alleviate vascular remodeling in MCT-
induced PAH rats. Rats were treated with GSK2606414 or MCT. a 
mPAP. b RVSP. c RV/LV + S. d RV/tibia length. e Representative 
hematoxylin and eosin-stained sections of small PAs and arterioles. 
Scale bars = 200 µm. f Immunoblotting of PCNA expressions in pul-

monary artery tissue. g, h Representative immunofluorescence stain-
ing of lung tissue for Ki-67 (red) and α-SMA (α-smooth muscle 
actin) (green) in groups of rats. Nuclei are stained with DAPI. Scale 
bar = 200 µm. One-way ANOVA (Sidak test) in a–d, f, h. **P < 0.01, 
***P < 0.001, ##P < 0.01, ###P < 0.001; error bars, mean ± SEM. n = 6
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in promoting PASMC proliferation in MCT-PAH rats, that 
its upstream regulatory mechanism can involve METTL3, 
WTAP, and YTHDF1-mediated  m6A modification.

We have confirmed that eIF2α plays an important role in 
pulmonary vascular remodeling, but the upstream regulation 
mechanism has not been elucidated.  m6A modification is the 
most prevalent internal modification existing on eukaryotic 
mRNA, and it impacts a variety of physiological events [11]. 
As an epigenetics,  m6A modification has been shown to play 
an important role in cardiovascular diseases in recent years 
[23, 30]. Both METTL3 and WTAP, as  m6A-modified meth-
yltransferase, and YTHDF1, as  m6A-modified reading protein, 
play important roles in a variety of cardiovascular diseases 

[19, 31–33]. Recent studies have shown that  m6A-modified 
regulatory proteins, such as METTL3, WTAP, and YTHDF1, 
are crucial in regulating cell proliferation [34, 35]. METTL3 
facilitates glycolysis and cardiac fibroblast proliferation, lead-
ing to cardiac fibrosis [36]. WTAP could promote the pro-
liferation of mTORC1-activated cancer cells [30]. YTHDF1 
regulates cardiomyocyte proliferation and heart regeneration 
by demethylating the mRNA [34]. Thus, we reasoned that the 
proliferation of PASMCs in MCT-induced PAH rats might 
also be regulated by the upregulation of eIF2α by METTL3, 
WTAP, and YTHDF1-mediated  m6A modification.

Based on the critical role of eIF2α in MCT-induced 
PAH rats and on the basis that  m6A modification can 

Fig. 5  The mRNA of eIF2α has a common sequence with  m6A modi-
fication. a Bioinformatic analysis of SRAMP websites showed that 
the mRNA of eIF2α had a common sequence with  m6A modification. 

b Bioinformatic analysis of RMVar websites showed that the mRNA 
of eIF2α had a common sequence with  m6A modification
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modulate pulmonary vascular remodeling in PAH, we use 
SRAMP and RMVAR database to make  m6A locus pre-
diction, further, to confirm our hypothesis. First, SRAMP 
result showed that there was a high-confidence  m6A site on 
eIF2α mRNA. Second, the RMVAR database also showed 
that, based on the results of  m6A-REF-seq and MICILP 
data sequencing, multiple sites of high confidence for  m6A 
were present on the mRNA of eIF2α, particularly pos-
sibly regulated by YTHDF1. These results suggest that 
eIF2α mRNA have multiple sites of  m6A modification, 
upregulated of eIF2α by  m6A modification can acceler-
ate the proliferation of PASMCs in MCT-PAH rats. And 
then we find that the expression of METT3, YTHDF1, and 
WTAP are dramatically upregulated in MCT-PAH rats; 
these results suggest that  m6A modification is involved in 
MCT-PAH rats. The limitation of this study is that we lack 
direct evidence to directly demonstrate a clear relationship 
between m6A modification and eIF2α expression, and the 
individual contributions of METT3, YTHDF1, and WTAP 
to PAH development were not further investigated. And 

although PAH rat model partly captured key characteris-
tics of PAH patients, there are remaining human patients 
features that cannot be reliably detected and rigorously 
investigated in rats; documented physiological differences 
between human and rats should be taken into considera-
tion when interpreting physiological data from rats. Col-
lectively, these data further supported that the pivotal and 
novel pathogenic role of eIF2α in MCT-PAH rats, and its 
upstream regulatory mechanism can involve METTL3, 
WTAP, and YTHDF1-mediated  m6A modification, which 
suggests that upregulation of eIF2α by METTL3, WTAP, 
and YTHDF1-mediated  m6A modification can be a poten-
tial target in PAH.

PAH is a rare but lethal disease. Increased pulmonary vas-
cular resistance in PAH is driven by vasoconstriction, inflam-
mation, and proliferative remodeling of the intima and media 
of precapillary arteries. This study provides new insight that 
upregulation of eIF2α by METTL3, WTAP, and YTHDF1-
mediated  m6A modification can be a key physiopathologic 
mechanism in pulmonary vascular remodeling in PAH rats. In 

Fig. 6  The expression of METT3, YTHDF1, and WTAP are dra-
matically upregulated in MCT-induced PAH rats. Rats were treated 
with MCT or vehicle. a Immunoblotting of METTL3 expressions in 
pulmonary artery tissue. b Immunoblotting of YTHDF1 expressions 
in pulmonary artery tissue. c Immunoblotting of WTAP expressions 

in pulmonary artery tissue. d, e Representative immunofluorescence 
staining of lung tissue for WTAP (red) and α-SMA (α-smooth muscle 
actin) (green) in groups of rats. Nuclei are stained with DAPI. Scale 
bar = 200  µm. One-way ANOVA (Dunnett t-test) in a–c; Student’s 
t-test in e. **P < 0.01, ***P < 0.001; error bars, mean ± SEM. n = 6
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particular, we discuss the vital role of eIF2α in MCT-PAH rats. 
GSK2606414, eIF2α inhibitor, can alleviate PASMCS prolif-
eration and pulmonary vascular remodeling in MCT-PAH rats. 
Furthermore, we discuss the new regulatory pathway of eIF2α 
in PASMCs proliferation and pulmonary vascular remodeling 
by METTL3, WTAP, and YTHDF1-mediated  m6A modifi-
cation pathway. These results emphasize the important role 
played by eIF2α in MCT-PAH rats; the upregulation of eIF2α 
by METTL3, WTAP, and YTHDF1-mediated  m6A modifica-
tion can be a new regulatory pathway in MCT-PAH rats.
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