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Abstract
Due to the lack of typical clinical symptoms, the average delay time for diagnosis of pulmonary hypertension (PH) is longer than 2 
years.  It is urgent to find biomarkers for PH diagnosis.  In this study we investigated whether plasma microRNAs (miRNAs) can be used 
as biomarkers for PH diagnosis.  We used microarray to identify dynamic miRNAs between PH and non-PH patients.  The candidate 
miRNAs were verified using qRT-PCR in a mouse model of PH, which was induced by monocrotaline (MCT) injection.  We observed 
that miR-21, miR-126, miR-145, miR-191 and miR-150 had no differences between control mice and MCT-treated mice; but plasma 
miR-451 was significantly decreased in the 2 wk-MCT group, with no further decrease in the 4 wk-MCT group.  Plasma miR-451 was 
also markedly decreased in PH patients, whereas miR-21, miR-126, miR-150 and miR-320 did not show differences between 53 PH 
patients and 54 non-PH patients.  Receiver operating characteristic curves (ROCs) were constructed from the patient data to assess 
the clinical diagnostic values of circulating miR-451 and Doppler echocardiography (D-ECHO).  The areas under the curve (AUCs) of 
ROCs for miR-451 and D-ECHO were 0.710 and 0.766, respectively.  Combination of miR-451 and D-ECHO with AUC of 0.825 was 
superior to the use of either miR-451 or D-ECHO alone for PH diagnosis.  In conclusion, plasma miR-451 has a moderate diagnostic 
value in PH comparable to that of D-ECHO, and the combination of miR-451 with D-ECHO has better diagnostic value than either 
method alone, which may have implications for PH diagnosis.
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Introduction
Pulmonary hypertension (PH) is characterized by progressive 
blood vessel remodeling and increasingly pulmonary vascular 
resistance[1].  Long-standing PH leads to right heart failure or 
even sudden death.  Long-term functional prognosis of PH is 
significantly better in patients with grade I or II heart dysfunc-
tion than that in patients with grade III or IV[2], indicating that 
early diagnosis and intervention of PH are very important for 
improving PH therapeutic outcomes.  However, the average 
delay time from symptoms to diagnosis of PH is longer than 
two years due to a lack of typical clinical symptoms and low 
morbidity[3].  Therefore, it is urgent to seek methods or bio-
markers for early screening of high-risk patients with PH.

Currently, the best-known method for the diagnosis of PH 
is right heart catheterization (RHC), with which pulmonary 

hemodynamic parameters can be directly obtained.  It has 
been proposed that a mean pulmonary artery pressure (mPAP) 
greater than 25 mmHg can serve as a standard for diagnosis 
of PH[4].  Though RHC is generally safe, it still poses a low 
risk of complications[5], such as bleeding and vascular injury.  
Additionally, it requires special equipment and well-trained 
doctors.  These limitations prohibit it from being a routine 
means of large-scale diagnosis for PH.  D-ECHO is another 
effective tool for early screening of PH.  It reveals the direction 
and speed of blood flow, cardiac chamber size, wall thickness 
and valve movement.  The velocity of tricuspid regurgitation 
(VTR) is a common parameter that can be practically used to 
assess pulmonary artery pressure (PAP).  Per recommenda-
tions, PH should be considered if VTR revealed by D-ECHO is 
≥2.9 m/s, which accounts for pulmonary artery systolic pres-
sure ≥37 mmHg[6].  However, the pulmonary artery pressure 
estimated by D-ECHO is often different from values measured 
by right heart catheterization, leading to misdiagnosis of PH[7].  
Therefore, it is urgent to search for other efficient tools to assist 
in PH diagnosis.
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MicroRNAs (miRNAs) are a class of endogenous small 
non-coding RNAs at 19–25 nucleotides that can regulate gene 
expression post-transcriptionally[8, 9].  Recent studies have 
shown that miRNAs can exist in the circulating blood as stable 
forms[10-12], whose levels are closely related to diseases, indicat-
ing that plasma miRNAs can serve as biomarkers for disease 
diagnosis[13].  For example, we have found that miR-208a, a 
cardiac-specific miRNA, is significantly increased and has 
high sensitivity and specificity for the diagnosis of acute myo-
cardial infarction[14].  However, only scant evidence has shown 
that plasma miRNA levels are closely associated with PH 
pathological processes[15, 16].  Therefore, in this study, we per-
formed studies in experimental (monocrotaline-induced) and 
human pulmonary arterial hypertension to search for plasma 
miRNAs that can be used as a biomarker for PH diagnosis.

Materials and methods
Establishment of a PH mouse model
All animal experimental protocols complied with the guide-
lines of the Animal Care and Use Committee of the Second 
Military Medical University (Shanghai, China).  The PH mouse 
model was established by single intraperitoneally injection of 
monocrotaline (MCT) at 60 mg/kg body weight[17].  Thirty-
eight C57 male mice were randomly divided into a control 
group (n=10) and an MCT-induced PH group (n=28).  The PH 
group was then subdivided into 2wk-MCT (n=11) and 4wk-
MCT (n=17) according to the time course of MCT injection.

Histological analysis
After anesthesia, sham or MCT-injected mice were sacrificed.  
The lungs and hearts were removed, fixed with 4% parafor-
maldehyde overnight and then embedded in paraffin.  Paraf-
fin sections (4 μm) were stained with hematoxylin and eosin 
(H&E).

Plasma collection and storage
Venous blood samples from mice or patients were collected 
before surgery and anti-coagulated with EDTA.  Within 0.5 h 
of collection, the blood samples were processed by centrifu-
gation at 1500×g for 10 min, followed by 12 000×g for 10 min 
to remove cell debris.  The supernatant was transferred to 
RNase/DNase-free tubes and stored at -80 °C.

RNA preparation and quantitative reverse transcriptase 
polymerase chain reaction (qRT-PCR)
Total RNA from plasma was isolated by TRI Reagent BD 
(MRC, TR126) according to the instructions of the manufac-
turer with modifications.  MiRNAs were reverse transcribed 
by M-MLV reverse transcriptase with special stem-loop prim-
ers for miRNAs.  Real-time quantitative PCR was performed 
using SYBR Green Master Mix (TOYOBO Co).  The amount of 
target miRNA in PH samples relative to that in control sam-
ples was analyzed and given by 2-∆∆Ct.

Patient population
The protocol of this project was performed according to the 

principles of the Declaration of Helsinki and approved by the 
Medical Ethics Committee in Shanghai Changhai Hospital.  
Written informed consent was obtained from all participants 
before enrollment.  We assessed hospitalized patients who 
underwent right heart catheterization in the Department of 
Cardiology, Shanghai Changhai Hospital, from June 2013 to 
September 2014.  Individuals with suspected PH were clini-
cally diagnosed with symptoms, chest X-ray, electrocardio-
graph (ECG), and other suspected diagnosis.  PH was deter-
mined by right heart catheterization.  Individuals with pul-
monary artery pressure ≤20 mmHg were categorized into the 
control group.  Patients were excluded if they had malignancy, 
infections, coronary heart disease, diabetes and abnormal 
liver or renal function.  One-hundred and seven patients were 
included to analyze miRNA expression, including 53 PH cases 
and 54 controls.  All experimental data reflecting the general 
clinical condition of subjects were collected, including name, 
age, sex, height, weight, D-ECHO, right heart catheterization 
data, brain natriuretic peptide, serum glucose and lipids, and 
liver and kidney function.

Statistical analysis
All statistical analysis was performed using SPSS18.0 soft-
ware.  Quantitative data were evaluated to determine whether 
they followed a normal distribution and were expressed as the 
mean±standard deviation.  For the normal distribution data, 
the differences between two groups were compared using Stu-
dent’s t-test and among groups were analyzed using one-way 
ANOVA.  Receiver operating characteristic curves (ROCs) 
were established for discriminating PH patients from the con-
trol group, and the area under the curve (AUC) was used to 
determine the diagnostic value of the biological indicators of 
PH.  All P-values are two-sided, and a value less than 0.05 was 
considered a statistically significant difference.

Results
MiRNAs were dynamically altered in healthy and PH human 
plasma according to microarray analysis
To gain insight into the profile of miRNAs in the plasma of PH 
and non-PH individuals, microarray-based analysis was per-
formed with total RNA extracted from two plasma pools col-
lected from 4 PH patients or 4 non-PH controls.  Of all detected 
miRNAs, miR-451 was the top-ranked miRNA in the plasma 
of both groups.  Based on 2-fold or greater changes, 189 miR-
NAs could be detected as being different between PH indi-
viduals and controls, including 162 decreased miRNAs and 
37 increased miRNAs.  These miRNAs were selected to show 
their relative enrichment in the plasma in Figure 1.  The top 10 
highest miRNAs in the controls were all decreased miRNAs, 
including miR-150-3p, miR-4327, miR-4534, miR-1229-5p, miR-
4530, miR-5100, miR-6124, mir-320d, miR-1273g-3p and miR-
126-3p.  Among them, miR-150 was the most significantly 
decreased miRNA.  The top 14 ranked miRNAs in the PH 
group were all increased miRNAs.  As displayed in Figure 
1B, miR-3162 was the most markedly increased miRNA in the 
plasma of the PH patient population.
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Detection of miRNAs in the plasma of PH and control mice using 
qRT-PCR
To test whether the miRNAs indicated above were dynami-
cally regulated in the plasma of PH and control groups, a PH 
mouse model was established by single intraperitoneal injec-
tion of MCT at 60 mg/kg body weight.  Animals subjected to 
saline were used as controls.  After 2 weeks of MCT admin-
istration, the mice began to show tachypnea.  The mice in the 
control group did not show any tachypnea.  The mice were 
sacrificed 2 or 4 weeks after MCT injection (2wk-MCT or 4wk-
MCT).  Two mice died in the 2wk-MCT group, while 4 mice 
died in the 4wk-MCT group.  No mice in the control group 
died at these two time points.  Using H&E staining analysis, 
we observed that compared to controls, the pulmonary artery 
walls of lung tissues from PH mice were more thickened and 
infiltrated with more inflammatory cells (Figure 2A).  The 
composition of the infiltrates may be inflammatory cells, 
thrombosis, and proliferative smooth muscle cells, similar to 
previous observations[18-20].  Additionally, the right ventricles 
of hearts from PH mice displayed more hypertrophy than the 
control group (Figure 2B).  Furthermore, the expression of car-
diac hypertrophic markers was detected using qRT-PCR.  As 
expected, the expression levels of Nppa and myh7 were signifi-
cantly up-regulated, and myh6 was markedly down-regulated 
in right ventricles from the 4wk-MCT-injected mice compared 

to the control (Figure 2C).
After establishment and verification of the PH mouse 

model, we selected a collection of miRNAs from our present 
and previous microarray, as well as microarrays from other 
groups[15], for verification using qRT-PCR.  These miRNAs are 
miR-21, miR-23b, miR-26a, miR-126, miR-145, miR-150, miR-
191, miR-204, miR-320, miR-451, miR-1246, and miR-3162.  As 
reported, miR-16 was used as an endogenous control for data 
normalization.  Those miRNAs whose Ct value was above 40 
were defined as hard to detect with routine qRT-PCR, includ-
ing miR-23b, miR-26a, miR-204, miR-320, miR-1246 and miR-
3162.  Of the detectable candidate miRNAs, miR-126, miR-145, 
miR-191, miR-21 and miR-150 were found to have no differ-
ence between the control and PH mice (Figure 3).  The rela-
tive qualities of individual mice are demonstrated in Figure 3.  
Interestingly, compared with the control, an early decreased 
level of plasma miR-451 can be observed in the 2wk-MCT 
group, but no further decrease was detected in the 4wk-MCT 
group compared to the 2wk-MCT group (Figure 3).

MiR-451 was significantly decreased in the plasma of PH 
patients
To determine the plasma level of miRNAs in PH patients, 
5 mL blood was collected from individuals with suspected 
PH that underwent right heart catheterization.  According to 
the RHC results, individuals were divided into two groups: 
the control group (mPAP ≤20 mmHg) and PH group (mPAP 
≥25 mmHg).  Clinical data of these enrolled patients were 
collected.  In this case-control experiment, one-hundred and 
seven individuals were included to analyze miRNA expres-
sion, including 53 PH cases and 54 controls.  The relative clini-
cal data reflecting the general clinical condition were collected 
and are shown in Table 1.  Several statistical indexes were not 
different between the control and PH patients, including age, 
sex, height, weight, SBP, DBP, MBP, HR, LVEF, FBG, sCR, 
WBC, NEAU and sUA.  NT-proBNP, SPAP, DPAP and mPAP 
were significantly up-regulated, consistent with previous 
reports.  Then, the 12 candidate miRNAs indicated above were 
detected using qRT-PCR.  In the RNA samples of the control 
and patient group, the plasma levels of miR-145, miR-191, 
miR-26a, miR-23b, miR-204, miR-3162, and miR-1246 were 
either not detected or displayed CT values that were too large.  
Additionally, there was no difference in the circulating levels 
of miR-126, miR-21, miR-320 and miR-150 between the PH 
and control groups (Figure 4).  Interestingly, consistent with 
the animal results, the plasma level of miR-451 was markedly 
decreased in the PH patient population compared to the con-
trol group, indicating that circulating miR-451 might be able to 
serve as a biomarker for PH (Figure 4).

Comparison of the diagnostic value of circulating miR-451 with 
D-ECHO for PH using the ROC 
To assess the clinical diagnostic value of circulating miR-
451 as a biomarker of PH, ROC analysis was performed on 
data from 107 individuals, including 54 PH and 53 controls.  
The ROC of miR-451 with AUC=0.710 reflected a moderate 

Figure 1.  Altered miRNAs in plasma from healthy and PH patient 
populations using microarray analysis.  A total of 189 miRNAs were 
detected as being different between healthy and PH patient populations 
by a 2-fold change, including 162 decreased miRNAs and 37 increased 
miRNAs.  The top 10 decreased miRNAs (A) and top 14 increased 
miRNAs (B) in the PH patient population were revealed.  MiR-150 was the 
most significantly decreased miRNA and miR-3162 the most markedly 
increased miRNA in the plasma of the PH patient population.
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diagnostic value between PH and control groups, indicating 
that circulating miR-451 could be used as a diagnostic refer-
ence for PH (Figure 5A).  These values are consistent with the 
current clinical status of noninvasive diagnosis for PH.  As 
D-ECHO is a commonly used diagnostic indicator for PH, we 
therefore analyzed the clinical diagnostic value of D-ECHO in 
these individuals.  The AUC of the ROC for D-ECHO is 0.766 
for PH diagnosis, indicating that D-ECHO is similar to miR-
451, with a moderate diagnostic value (Figure 5B).  Further-
more, we assessed the value of combining circulating miR-451 
with D-ECHO for PH diagnosis using a stepwise regression 
method.  The combination of miR-451 with D-ECHO, with 
AUC=0.825 (Figure 5C), had a better diagnostic value than 
either miR-451 or D-ECHO alone.

Discussion
In the present study, we showed that circulating miR-451 was 
significantly decreased in PH model mice vs control mice and 
in patients suffering from PH vs control patients, indicating 
that plasma miR-451 has a diagnostic value for PH and is a 
potential biomarker of PH.  Our results provide important 

insights into PH diagnosis.
Currently, right heart catheterization is the best method 

and gold standard for PH diagnosis.  The inclusion criteria for 
patients with PH were based on pulmonary artery pressure 
≥25 mmHg, while for controls, the pulmonary artery pressure 
was ≤20 mmHg.  Individuals who had a pulmonary artery 
pressure between 20 and 25 mmHg were not enrolled in the 
present study.  D-ECHO is another commonly used diagnostic 
indicator for early screening of PH.  As recommended[6], here, 
we grouped the individuals with VTR ≥2.9 m/s, accounting 
for pulmonary artery systolic pressure ≥37 mmHg, into the 
PH group, while those with VTR <2.9 m/s were placed in the 
control group.  Compared with right heart catheterization, 
the clinical diagnostic value of D-ECHO in these patients, 
indicated by the AUC of the ROC, is 0.766.  As commonly rec-
ognized, an AUC value of 0.7–0.9 indicates a moderate diag-
nostic value, and >0.9 is high.  The AUC of the ROC is 0.766, 
indicating that D-ECHO could serve as a moderate marker for 
PH.  These results was consistent with previous reports indi-
cating that approximately 60% of the ultrasound estimation 
of pulmonary artery pressure was at least 10 mmHg lower 
than that measured by right heart catheterization[7].  There 
are many missed examinations and a significant misdiagnosis 
rate for D-ECHO[21, 22].  In the present study, we also assessed 
the clinical diagnostic value of circulating miR-451 as a bio-
marker of PH.  The AUC of the ROC is 0.710 for circulating 
miR-451 in PH diagnosis, which is slightly less than the value 
for D-ECHO, but also reflects a moderate diagnostic value.  In 
the current clinical status of PH, there are no gold-standard 
non-invasive diagnostic methods for PH.  For this reason, 
we supposed that both D-ECHO and miR-451 could serve as 
diagnostic references for PH.  As expected, the combination of 
circulating miR-451 with D-ECHO for PH diagnosis was supe-
rior, with AUC=0.825, to either miR-451 or D-ECHO.

In previous studies, three categories of PH biomarkers have 
been proposed and explored.  The first category is biomarkers 
from hearts, such as cTnT, BNP and NT-proBNP[23-26].  How-
ever, cTnT can only be detected at the late stage of PH when 
the heart is severely injured.  BNP and NT-proBNP have been 
shown to be independent predictors for PH prognosis.  A nor-
mal level of BNP or NT-proBNP may help to rule out PH, but 
due to their fast degradation, neither can serve as biomark-
ers.  The second category is inflammation-related biomarkers, 
such as CRP and IL-6, whose specificity for biomarkers of PH 
diagnosis is not sufficient[27, 28].  It remains to be investigated 
whether the combination of CRP or IL6 with D-ECHO or miR-
451 could serve as a diagnostic reference for PH.  The third 
category is metabolism-related molecules, such as 5-HT[29, 30], 
whose potential as a biomarker for PH suffers from a lack of 
evidence.  To date, there is still a lack of efficient and specific 
biomarkers for PH.  In this study, we showed that circulat-
ing miR-451 could be used as a moderate reference for PH.  
Further testing is required to determine whether miR-451 can 
serve as a serum biomarker to evaluate the progress of PH.  
Good biomarkers should ideally fulfill the following criteria: 
high sensitivity, high specificity and sufficiently closely corre-

Figure 2.  Establishment of PH mouse model.  A PH mouse model was 
established by single intraperitoneal injection of MCT at 60 mg/kg body 
weight.  Animals subjected to saline were used as controls.  Mice were 
sacrificed at 2 or 4 weeks after administration.  Compared to controls, 
lung tissue from the PH model group was detected as having a more 
thickened pulmonary artery wall, more inflammatory cell infiltration and 
more micro-thrombosis at both 2 and 4 weeks after MCT administration (A).  
Myocardial hypertrophy of the right heart ventricle was also observed in 
the PH model group (B).  Hypertrophic markers were detected by qRT-PCR.  
Expression of β-myosin heavy chain (myh7) and atria natriuretic peptide 
(Nppa) was significantly up-regulated, while expression of α-myosin heavy 
chain (α-MHC, myh6) was markedly down-regulated in the right heart 
ventricle from MCT-administered mice compared to control mice (C).  
*P<0.05, **P<0.01.
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Figure 3.  Analysis of candidate miRNAs in the plasma of WT and PH mice using qRT-PCR.  Two miRNAs closely related to PH, i.e., miR-145 and miR-191, 
4 miRNAs from the microarray results and 1 miRNA most enriched in the plasma were selected for detection by qRT-PCR.  MiR-320d was not detected in 
both WT and PH mice.  The plasma levels of miR-126, miR-145, miR-191, miR-21 and miR-150 were not significantly altered, while that of miR-451 was 
significantly lower in the 2 wk-MCT group and 4 wk-MCT group compared to the control group.  The miR-451 level was not different between the 2 wk-MCT 
and 4 wk-MCT groups.

Table1.  General characteristics of the two groups of patients.

 Control group (n=54) PAH group (n=53)

Age, year 33.83±15.24 46.46±15.33
Male, n (%) 22 (40.74%) 19 (35.85%)
Height, cm 161.87±12.56 162.24±8.88
Weight, kg 56.45±13.95 60.60±16.52
SBP, mmHg 115.83±10.68 120.92±15.46
DBP, mmHg 73.20±8.73 76.55±10.22
MBP, mmHg 88.85±7.94 90.04±12.27
HR, bpm 75.57±8.19 72.78±9.50
SPAP, mmHg 29.23±5.40 53.27±18.36**

DPAP, mmHg 9.92±3.09 24. 43±13.93**

mPAP, mmHg 16.81±2.57 35.12±14.24**

LVEF, % 65.58±4.11 63.38±5.87
FBG, mmol/L 5.10±0.95 5.22±0.87
sCR, mmol/L 63.72±15.30 63.90±12.30
WBC, x109/L 5.86±1.42 6.13±2.07
NEAU, % 57.53±9.58 66.57±10.65
ALT, U/L 16.24±11.99 20.72±10.68
sUA, mmol/L 0.31±0.09 0.36±0.11
NT-proBNP▲, pg/mL 56 (5~293) 194 (5~5252)**

**P<0.01, ▲Mann-Whitney test.

lated to or able to reflect the progress of disease.  Regrettably, 
none of the biomarkers for PH can totally meet these 3 criteria.  
Due to the limited number of patients enrolled in the present 
study, we cannot conclude that miR-451 is a serum biomarker 

able to evaluate the progress of PH.  Therefore, it remains to 
be investigated whether miR-451 can meet these 3 criteria in a 
large population.

Three strategies were used to choose candidate plasma 
miRNAs for qRT-PCR analysis in the animal model and large-
scale PH patient studies.  First, a microarray was used to 
screen miRNAs with different levels in the plasma between 
the control and PH patient populations, among which a col-
lection of miRNAs was further selected for verification in 
animal models or large PH patient populations, such as miR-
21, miR-150, miR-320d, miR-1246 and miR-3162.  Several of 
these candidate miRNAs could not be detected, such as miR-
204, miR-1246 and miR-3162.  Although miR-21 and miR-150 
could be detected in the plasma of animal models, these two 
miRNAs were not observed to differ between control and PH 
patients, possibly due to different detection sensitivities and 
false positive rates between the microarray and qRT-PCR.  In 
our opinion, based on previous reports, we think that qRT-
PCR is more reliable.  It has been reported that miR-21 was 
increased in the plasma of PH patients[15].  However, in our 
qRT-PCR results, no up-regulation was detected, possibly 
due to different patient populations and different examina-
tion methods.  Another principle was used to select candidate 
miRNAs.  Tissue-specific expressed miRNAs may serve as a 
biomarker for PH with high specificity, such as miR-126 and 
miR-145.  MiR-126, an endothelial cell-specific miRNA[31], 
might be released into the blood upon endothelial cell injury.  
However, unexpectedly, miR-126 was decreased in our micro-
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array results and did not differ between the controls and PH 
patient population or the control and experimental animal 
models.  Another miRNA, miR-145, was reported to be spe-
cifically expressed in smooth muscle cells and involved in 
vascular endothelium injury[32].  Unfortunately, no alteration 
of it was detected in the plasma of animal models by qRT-

PCR or in PH patients by microarray.  Lastly, we examined 
plasma-enriched miRNAs as objects of investigation, among 
which miR-451 was the most enriched miRNA in both con-
trol and PH patient populations.  Unexpectedly, in our ani-
mal model system, we found that miR-451 was significantly 
decreased in both the 2wk-MCT and 4wk-MCT groups after 

Figure 5.  Compared to the normal control group, the relative blood level of miR-451 in PH diagnosis had a moderate diagnostic value.  The area under 
the ROC (AUC) is 0.710, with a standard error of 0.076 for the diagnosis of PH (P=0.004).  The area of the 95% confidence interval (0.625 to 0.922) 
does not include 0.5, indicating that the diagnostic value of circulating miR-451 has significance (A).  It was comparable with D-ECHO (AUC=0.766), 
which is used in clinics for PH diagnosis (B).  The values of the combination of circulating miR-451 and D-ECHO for PH diagnosis were determined using 
a stepwise regression method.  The combination of miR-451 with D-ECHO had a better diagnostic value than either miR-451 or D-ECHO alone, with 
AUC=0.825 (C).

Figure 4.  Assessment of the diagnostic value of circulating miR-451 with D-ECHO for PH.  According to RHC results, patients were divided into a control 
group (mPAP≤20 mmHg) and a PH group (mPAP≥25 mmHg).  In samples of serum from patients and controls, miR-145 and miR-191 were either not 
detected or displayed CT values that were too large.  The plasma levels of miR-126, miR-21 miR-150, miR-451 and miR-320d were verified using qRT-
PCR.  The levels of miR-126, miR-21 and miR-150 were not significantly different between PH patients and the control group.  However, the level of miR-
451 decreased in the PH group compared to the control population.
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MCT administration, suggesting that miR-451 might decline 
in early stage modeling, but with no further decrease later.  
Therefore, down-regulation of miR-451 in both the 2wk-MCT 
and 4wk-MCT groups after MCT administration might have 
some prognostic value for PH.  More interestingly, miR-451 
was also significantly decreased in the plasma of PH patient 
populations.  This was highly consistent between the studies 
of animal models and PH patient populations.  The difference 
in the miR-451 plasma level between our qRT-PCR results and 
microarray results might be due to its enriched level, which 
was several folds higher than that of other miRNAs in plasma, 
possibly saturating the detection signals of the microarray to 
prohibit determination of the difference between the control 
and PH patient populations.  However, using qRT-PCR, we 
observed that plasma miR-451 is different in animals and 
patient populations with normal and high pulmonary artery 
pressure.  Future studies should determine when miR-451 
begins to decrease during PH progress to determine whether 
miR-451 could be used as biomarker even before pulmonary 
artery remodeling.

In a comparison of our results with other reports, we noted 
that there were only a few studies showing that the levels 
of plasma miRNAs were closely associated with the patho-
logical processes of PH.  A survey of miRNA analysis using 
microarrays showed that miR-1246 decreased, while miR-
23, miR-130, and miR-191 increased in the plasma of PH 
patients[15].  Here, consistent with these results, we also found 
that miR-1246 declined, while miR-23 increased in our micro-
array.  However, in contrast with these results, miR-130 and 
miR-191 were markedly decreased, possibly due to the differ-
ent backgrounds of patients and controls.  To further evalu-
ate the results for miR-191, we determined its level in the PH 
model using qRT-PCR, showing that miR-191 was not altered 
in the animal model.  It remains to be investigated whether 
miR-191 could potentially serve as a biomarker for PH.  
Another small-sized patient population analysis showed that 
plasma miR-204 significantly declined in PH[16].  In contrast, 
we did not observe any alteration of miR-204 in the plasma of 
PH individuals in our microarray results.  Thus, we did not 
choose miR-204 as a potential target to validate its potential as 
a biomarker for PH in animal models and the patient popula-
tion study using qRT-PCR.

It has been revealed that several miRNAs are involved in 
the pathogenesis of PH, miR-150[33, 34], miR-21[35, 36], miR-126[37], 
miR-145[38] and miR-424[39].  These miRNAs might have impli-
cations in the pathophysiology or therapeutics of PH.  For 
example, miR-424 has been shown to correlate with markers 
of PH disease severity and can be taken up by cardiomyocytes 
to sustain the bone morphogenetic protein receptor 2 signal-
ing pathway[39].  As miR-451 is the most enriched miRNA in 
the plasma, where and how miR-451 arise and whether miR-
451 is just an indicator for PH or is involved in regulating PH 
progress are all topics that warrant further investigation.  In 
our PH mouse model, we observed that the pulmonary artery 
walls of PH mice were infiltrated with cellular compositions.  
Identifying the cell profile and gene expression in the lesions 

of the MCT model might provide information about where 
miR-451 was released and whether serum miR-451 functions 
in PH progress.  It was previously reported that the compo-
sition of these infiltrates induced by MCT was thrombosis, 
inflammatory cells, and proliferative smooth muscle cells[18-20].  
miRNAs have been reported to exist as microparticles, apop-
tosis bodies and other forms and can shuttle between differ-
ent cell types[10-12, 40].  We posit that a decreased level of serum 
miR-451 might affect the functions of endothelial cells or 
smooth muscle cells.  The endothelial cells or smooth muscle 
cells might absorb serum miR-451 to fulfill their physiological 
or pathological functions, such as apoptosis and proliferation.  
It has been reported that transient, but not genetic, loss of 
miR-451 is protective in the development of PH[41].  Therefore, 
more research is warranted to validate whether circulating 
miR-451 promotes infiltrates in the pulmonary artery walls 
during PH processes and to determine how serum miR-451 
interferes with the degradation or translational repression of 
target mRNA in endothelial or smooth muscle cells.

Taken together, circulating miR-451 might be able to serve as 
a biomarker for PH.  It has moderate diagnostic value compa-
rable to D-ECHO.  The combination of miR-451 with D-ECHO 
might have implications for PH therapeutic outcomes.
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