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Original Article

Introduction

Pulmonary hypertension (PH) is a growing public health-
care problem that seriously threatens human physical and 
mental health (Galie et al., 2016; Hansmann et al., 2019). 
PH is mainly characterized by increased pulmonary vas-
cular resistance (PVR) and narrowing of vascular lumen 
due to an imbalance in the proliferation and death of vas-
cular and inflammatory cells (Thenappan et  al., 2018). 
With the onset of pulmonary vascular remodeling, the 
right ventricular structure will be remodeled, thereby 
making right ventricular function an important prognos-
tic factor (Wang et al., 2019). A variety of pathophysio-
logical conditions such as hypoxia, oxidation stress, and 

inflammation, in addition to mitochondrial metabolic, 
genetic, and epigenetic factors can lead to changes in 
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Abstract
There have been no studies as to whether parthanatos, a poly (adenosine diphosphate-ribose) polymerase-1 (PARP-
1)-dependent and apoptosis-inducing factor (AIF)-mediated caspase-independent programmed cell death, is present 
in pulmonary hypertension (PH). Basic studies have, however, been conducted on several of the key molecules in 
parthanatos, such as PARP-1, AIF, and macrophage migration inhibitory factor (MIF). For this study, we collected 
blood samples from 88 incident male patients with PH and 50 healthy controls at the Shanghai Pulmonary Hospital. 
We measured the key factors of parthanatos (PARP-1, PAR, AIF, and MIF) by enzyme-linked immunosorbent assay and 
performed a logistic regression, Cox proportional hazards analysis, and Kaplan–Meier test to assess the prognostic 
value of the key molecules in diagnosing and predicting survival. The patients who ultimately died had a significantly 
poorer clinical status during the study than those who survived. The PARP-1, PAR, AIF, and MIF levels were significantly 
higher in the patients than in the controls (all p < .0001), and the PARP-1, PAR, and AIF levels were higher in the 
nonsurvivors than in the survivors (all p < .0001). PARP-1 and AIF levels served as independent predictors of disease 
onset and mortality in these patients (all p < .005). Patients with PARP-1 levels <11.24 ng/mL or AIF levels <1.459 
pg/mL had significantly better survival than those with higher PARP-1 or AIF levels (p < .0001). Circulating levels of 
PARP-1 and AIF were independent predictors for PH onset and mortality, which indicated that parthanatos might be 
associated with the pathogenesis of PH.
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pulmonary vascular and myocardial cell phenotypes 
(Thenappan et al., 2018). The changes in cell phenotype 
constitute a complex phenomenon that involves the acti-
vation of numerous secondary pathways (Singh et  al., 
2019). Numerous studies have analyzed the abnormal 
proliferation and apoptotic mechanisms of vascular and 
myocardial cells; however, there have been no reports on 
the mechanisms behind the non-apoptotic programmed 
cell death known as parthanatos in vascular and myocar-
dial cells during PH (Ma et al., 2020).

Parthanatos is a form of regulated cell death initiated 
by poly (adenosine diphosphate-ribose) (PAR) poly-
merase 1 (PARP-1) hyperactivation and precipitated by 
the consequent bioenergetic catastrophe coupled with 
apoptosis-inducing factor (AIF)-dependent and macro-
phage migration inhibitory factor (MIF)-dependent DNA 
degradation (Wang et al., 2016). Parthanatos appears to 
occur not only as a consequence of severe/prolonged 
alkylating DNA damage but also in response to oxidative 
stress, hypoxia, hypoglycemia, and inflammatory cues 
(David et al., 2009; Lipton et al., 1993). Previous studies 
have suggested that monocrotaline and Sugen/hypoxia 
(SuHx) induce PH in rats by increasing the apoptosis of 
the right ventricular myocardium via numerous pathways 
(Neto-Neves et al., 2017). The main mechanisms of par-
thanatos are overactivation of PARP-1/PAR in the nucleus 
and transfer to the mitochondria, as well as mitochondrial 
AIF nuclear translocation and the transfer of macrophage 
MIF by AIF to the nucleus, resulting in DNA cleavage 
thereby creating large fragments (Tarayrah-Ibraheim 
et al., 2021; Wang et al., 2011, 2016; Zhou et al., 2021). 
PARP-1, PAR, AIF, and MIF are therefore key factors in 
parthanatos. Previous studies have indicated that PARP-1 
and MIF induce overproliferation and apoptosis in PH 
(Le Hiress et al., 2018, p. 1); however, there have been no 
studies on the effects of these key factors on the onset and 
mortality of PH.

The present study was therefore designed to investi-
gate the expression of the key factors of parthanatos in 
PH and to analyze the potential association with the onset 
of PH and its outcomes.

Method

Study Sample

From August 2015 to September 2020, the study enrolled 88 
patients with PH and 50 healthy controls aged 18 or older 
from the Department of Cardiopulmonary Circulation of 
Shanghai Pulmonary Hospital, China. The patients included 
those with idiopathic pulmonary arterial hypertension (IPAH; 
55 patients), chronic obstructive pulmonary disease-related 
pulmonary hypertension (COPD-PH; 21 patients), and 
chronic thromboembolic pulmonary hypertension (CTEPH; 

12 patients). The PH diagnosis was based on the European 
Society of Cardiology/European Respiratory Society criteria 
(Galie et al., 2016) and was determined according to the lat-
est guidelines on PH. The exclusion criteria were as follows: 
anorexigen-associated PH, connective tissue disease, con-
genital heart disease, portal hypertension, HIV infection, 
other chronic respiratory diseases, acute or chronic diseases 
that might affect the hormone metabolism, and undergoing 
treatment with hormones or drugs that significantly inhibit 
hormone production. The study complied with the 
Declaration of Helsinki and was approved by the Medical 
Ethics Committee of Shanghai Pulmonary Hospital 
(Study#K19-070Y). The research procedure was approved 
by the local ethics committee, and written informed consent 
from all participants was obtained.

Clinical Assessment

Demographic information, including age, body mass 
index (BMI), 6-min walk distance (6MWD), N-terminal 
pro-brain natriuretic peptide (NT-proBNP) levels, and 
World Health Organization functional class (WHO-FC) 
were obtained at admission. The hemodynamic parame-
ters were collected by right heart catheterization (RHC) 
at baseline. An 8F catheter sheath was placed in the right 
or left internal jugular vein, and a Swan-Ganz thermodi-
lution catheter was inserted into the sheath (Edwards Life 
Sciences Company, Irving City, CA, USA). The patients’ 
mean pulmonary arterial pressure (mPAP), mean right 
atrial pressure (mRAP), mean pulmonary artery wedge 
pressure (mPAWP), PVR, and cardiac index (CI) were 
then evaluated.

Samples were collected in ethylenediamine tetraacetic 
acid (EDTA) anticoagulant under fasting conditions for 
preliminary evaluation. The plasma was immediately sepa-
rated and frozen at −20 °C and stored at −80 °C until all 
samples were ready for the experiment. The plasma con-
centrations of PARP-1, PAR, AIF, and MIF were deter-
mined by enzyme-linked immunosorbent assay in the 
biochemical laboratory of Shanghai Pulmonary Hospital.

Statistical Analysis

The continuous variables conforming to normal distribu-
tion are expressed as means ± standard deviation. We 
employed an independent sample T test to compare the 
groups. The measurement data that did not conform to a 
normal distribution are expressed as medians and inter-
quartile distances. We employed a Mann–Whitney U test 
to compare the groups (Yuan et al., 2020). The classifica-
tion variables are expressed by the composition ratio. We 
employed a chi-squared test to compare the groups and 
Pearson’s or Spearman’s correlation test in the single fac-
tor correlation analysis. We employed single factor and 
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multiple logistic and Cox regression to analyze the inde-
pendent predictors for the onset and mortality of PH. We 
analyzed the receiver-operating characteristic (ROC) 
curves for the independent parameters. We measured the 
areas under the curves, cut-off values, sensitivity, and 
specificity of the independent parameters using an ROC 
analysis and estimated the survival using the Kaplan–
Meier method and analyzed it using the log-rank test after 
grouping the patients using the cut-off value for each 
independent predictor. A p < .05 was considered a statis-
tically significant difference. For the statistical analysis, 
we employed SPSS (Statistical Package for Social 
Science, Chicago, IL) version 22.0 and GraphPad Prism 
(San Diego, ca, USA) version 9.0 software.

Results

Characteristics of the Study Sample

A total of 88 patients with PH who met the inclusion cri-
teria and 50 healthy controls were recruited for the 

present study. The mean follow-up duration was 34.7 ± 
15.8 months, during which 15 (13%) patients died. None 
of the patients were lost to follow-up, resulting in a 100% 
follow-up rate. The mean ages were 57 ± 19 years for the 
nonsurvivors and 57 ± 16 years for the survivors. Table 1 
presents the clinical features and hemodynamic data at 
baseline.

The nonsurvivors had significantly lower 6MWDs and 
higher NT-proBNP levels than the survivors (p = .017 
and p = .005, respectively; Table 1). The nonsurvivors 
had significantly higher mRAPs, mPAPs, mPAWPs, and 
PVRs, and lower CIs at baseline than the survivors (p = 
.026, p = .001, p = .007, p < .001, and p < .001, respec-
tively; Table 1).

The targeted PH drugs included inhaled iloprost, intra-
venous iloprost, oral beraprost, oral bosentan, oral 
ambrisentan, oral sildenafil, oral vardenafil, and oral 
tadalafil (Table 1). There were no significant differences 
in the intake of these drugs between the nonsurvivors and 
survivors (Table 1).

Table 1.  Baseline Characteristics of Controls and Patients With PH.

Control

PH patients

p value

  Nonsurvivor Survivor

  (n = 50) (n = 15) (n = 73)

Age, y 54 ± 12 57 ± 19 57 ± 16 .134
HR, bpm 78.3 ± 10.6 87.1 ± 15.9 79.8 ± 13.4 .064
Diagnosis .008
IPAH, n 7 48  
COPD-PH, n 8 13  
CTEPH, n 0 12  
WHO-FC, n .136
Ⅰ-Ⅱ/Ⅲ/Ⅳ 2005/6/4 28/40/5  
6MWD, m 291.2 ± 151.5 366.2 ± 98.7 .017
NT-proBNP, pg/mL 2225.5 (209.0, 2948.5) 359 (136.5, 1032.5) .005
Hemodynamics
mRAP, mmHg 7.4 ± 5.5 3.9 ± 2.2 .026
mPAP, mmHg 58.9 ± 18.5 45.3 ± 13.2 .001
mPAWP, mmHg 11.2 ± 5.4 7.3 ± 4.9 .007
PVR, Wood units 14.7 ± 4.4 8.5 ± 4.3 <.001
CI, L/min/m2 2.3 ± 0.8 3.1 ± 0.7 <.001
Specific medications .672
PDE-5 inhibitors, % 7 (46.7) 21 (28.8)  
ERAs, % 1 (6.7) 10 (13.7)  
Prostacyclin analogs, % 0 (0.0) 1 (1.3)  
Combination, % 1 (6.7) 5 (6.8)  
Nonspecific medication, % 6 (40.0) 36 (49.3)  

Note. Data are presented as n (%); mean ± SD, and interquartile range. 6MWD = 6-minute walk distance, CI = cardiac index, ERA = endothelial 
receptor antagonist, HR = heart rate, mPAP = mean pulmonary arterial pressure, mPAWP = mean pulmonary capillary wedge pressure, 
mRAP = mean right atrial pressure, PDE-5 = phosphodiesterase type 5, PVR = pulmonary vascular resistance, WHO-FC = World Health 
Organization Functional Class.
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Expression of PARP-1, PAR, AIF, and MIF in 
the Controls and Patients

The levels were similarly upregulated in all patients  
(p < .0001, p = .0002, p < .0001, and p = .0002 for 
PARP-1, PAR, AIF, and MIF, respectively; Figure 1). 
The plasma PARP-1, PAR, and AIF levels were signifi-
cantly lower in the survivors than in the nonsurvivors 
(p < .0001, p < .0001, and p < .0001, respectively; 
Figure 1), but there were no significant differences in 
MIF levels between the survivors and nonsurvivors  
(p < .5397; Figure 1).

PARP-1 levels were significantly upregulated in the 
patients with IPAH, COPD-PH, and CTEPH compared 
with the controls (p < .0001, p < .0001, and p < .0001, 
respectively; Figure 2A). The increased PAR levels were 
consistent with the PARP-1 levels (p < .0001, p < .0001, 
and p = .044 for IPAH, COPDPH, and CTEPH, respec-
tively; Figure 2B) and with the MIF levels (p < .0001,  
p = .029, and p = .031, respectively; Figure 2D). AIF 
levels were significantly upregulated in the patients with 
IPAH and COPD-PH compared with the controls (p < 
.0001 and p = .011; Figure 2C) but not in the patients 
with CTEPH (p > .05; Figure 2C).

Figure 1.  Expression of PARP-1, PAR, AIF and MIF in controls and patients with PH.
A. Expression of PARP-1 in controls and patients with PH. B. Expression of PAR in controls and patients with PH. C. Expression of AIF in 
controls and patients with PH. D. Expression of MIF in controls and patients with PH. Note. PH = pulmonary hypertension, PARP-1 = poly 
(adenosine diphosphate-ribose) polymerase-1, PAR = poly adenosine diphosphate-ribose, AIF = apoptosis inducing factor, MIF = migration 
inhibition factor.
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PARP-1 levels were lower in the patients with IPAH 
than in the patients with COPD-PH (p = .002; Figure 
2A). PAR levels were higher in the patients with IPAH 
than in the patients with CTEPH (p = .048; Figure 2B). 
However, there were no significant differences in plasma 
AIF and MIF levels among the various PH subgroups.

Correlations Between Plasma Levels of the 
PARP-1, PAR, AIF, and MIF and Clinical 
Parameters

We found mild to moderate negative correlations between 
the plasma PARP-1, PAR, and MIF levels and 6MWD in 

all patients (p = .002, p = .008, and p < .0001, respec-
tively; Figure 3). We also observed moderate positive 
correlations between PARP-1, PAR, AIF, and MIF and 
NT-proBNP levels in the patients (p = .001, p = .0001,  
p < .0001, and p < .0001, respectively; Figure 3) and a 
moderate positive correlation between plasma MIF levels 
and WHO-FC in the patients (p = .005; Figure 3). There 
were no significant correlations in the plasma AIF levels 
for 6MWD and WHO-FC in these patients (Figure 3).

There were mild to moderate positive and negative 
correlations between the PAR, AIF, MIF and PVR or and 
CI levels (but not PARP-1) in the patients (p = .0001,  
p < .0001, p = .032, and p = .944; p = .008, p < .0001, 

Figure 2.  Expression of PARP-1, PAR, AIF and MIF in controls and different subgroups with PH.
A. PARP-1 levels in controls and different subgroups with PH. B. PAR levels in controls and different subgroups with PH. C. AIF levels in 
controls and different subgroups with PH. D. MIF levels in controls and different subgroups with PH. Note. IPAH = idiopathic pulmonary arterial 
hypertension, COPD-PH = chronic obstructive pulmonary disease-related pulmonary hypertension, CTEPH = chronic thromboembolic 
pulmonary hypertension.
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p < .0001, and p = .052, respectively; Figure 3). There 
were also mild positive correlations between the plasma 
PARP-1, AIF, and MIF levels and mRAP in these patients 
(p = .001, p < .0001, and p = .005, respectively; Figure 
3). There were similar mild positive correlations between 
the plasma PARP-1 and MIF levels and mPAP (p = .005 
and p = .006, respectively; Figure 3). There were no sig-
nificant correlations between the PAR or AIF levels and 
mPAP in the patients (Figure 3).

Factors Influencing Onset and Mortality of 
Pulmonary Hypertension

In the univariate logistic regression analysis, PARP-1, 
PAR, AIF, and MIF levels were significantly related to the 
onset of PH in all patients (p < .0001, p < .0001, p < 
.0001, and p < .0001, respectively; Figure 4). The multi-
variate forward stepwise logistic regression analysis 
revealed that PARP-1 and AIF levels were independent 

predictors of the onset of PH in all patients after adjusting 
for age and BMI (p < .0001 and p = .001, respectively; 
Figure 4). In the univariate Cox proportional hazards anal-
ysis, PARP-1, PAR, and AIF levels were significantly 
related to mortality for all patients (p < .0001, p = .001, 
and p = .001, respectively; Figure 4). The multivariate for-
ward stepwise Cox proportional hazards analysis revealed 
that PARP-1 and AIF levels were independent predictors 
of survival for all patients after adjusting for age and BMI 
(p < .014 and p = .001, respectively; Figure 4). PARP-1 
and AIF therefore play a significant role in predicting the 
onset and outcome of PH in this cohort.

Receiver-Operating Characteristic Analysis

We performed ROC analyses to assess the sensitivity 
and specificity of PARP-1 and AIF as predictors for the 
onset and mortality of PH (Figure 5). Specifically, 
PARP-1 showed an area under the curve of 0.961 as a 

Figure 3.  Correlations between plasma levels of the PARP-1, PAR, AIF, and MIF and clinical parameters in patients with PH.
Note. PH = pulmonary hypertension, PARP-1 = poly (adenosine diphosphate-ribose) polymerase-1, PAR = poly adenosine diphosphate-ribose, 
AIF = apoptosis inducing factor, MIF = migration inhibition factor.
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predictor of the onset of PH (p < .0001; Figure 5). The 
ROC-optimal PARP-1 cut-off value was 11.24 ng/mL, 
with a sensitivity and specificity of 90.9% and 90.0%, 
respectively. AIF could also be a predictor of the onset 
of PH, with an initial cut-off value of 0.436 for predict-
ing the onset and a sensitivity and specificity of 96.6% 
and 74.0%, respectively (area under the curve, 0.854;  
p < .0001; Figure 5). In a further analysis, PARP-1 
showed an area under the curve of 0.852 as a predictor 
of mortality (p < .0001; Figure 5). The ROC-optimal 
PARP-1 cut-off value was 11.24 ng/mL, with a sensi-
tivity and specificity of 80.0% and 86.7%, respec-
tively. AIF could also be a predictor of mortality, with 
an initial cut-off value of 1.459 for predicting 

mortality and a sensitivity and specificity of 86.7% 
and 69.9%, respectively (area under the curve, 0.785;  
p = .001; Figure 5).

Kaplan–Meier Survival Analysis

We grouped the patients by cut-off value. The Kaplan–
Meier analysis indicated that the prognosis was signifi-
cantly better for the patients with PARP-1 levels <11.24 
ng/mL than for the patients with PARP-1 levels ≥11.24 
ng/mL (p < .0001; Figure 6), and the prognosis was sig-
nificantly better for the patients with AIF levels <1.459 
pg/ mL than for the patients with AIF levels ≥1.459  
pg/mL (p < .0001; Figure 6).

Figure 4.  Factors influencing onset and mortality of PH.
A. Univariate and multivariate cox proportional hazards analysis relating OR to selected PARP-1, PAR, AIF and MIF levels. B. Univariate and 
multivariate cox proportional hazards analysis relating survival to selected PARP-1, PAR, AIF and MIF levels. Note. Multivariate analysis adjusted 
by age, sex, and BMI. BMI = body mass index, PARP-1 = poly (adenosine diphosphate-ribose) polymerase-1, PAR = poly adenosine diphosphate-
ribose, AIF = apoptosis inducing factor, MIF = migration inhibition factor.
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Figure 5.  Receiver operating characteristics of PARP-1 and AIF in PH.
Note. PH = pulmonary hypertension, PARP-1 = poly (adenosine diphosphate-ribose) polymerase-1, AIF = apoptosis inducing factor.

Figure 6.  Kaplan–Meier estimates of survival in patients with PH. Note. PH = pulmonary hypertension.
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Discussion

The present study found that circulating levels of PARP-
1, PAR, AIF, and MIF in the nonsurvivors were higher 
than in the survivors. There were significant correlations 
between plasma levels of PARP-1, PAR, AIF, MIF and 
mPAP, mRAP, PVR, and CI. Higher circulating levels of 
PARP-1 and AIF might influence the onset and mortality 
of PH, which indicates that parthanatos could be a power-
ful predictor of increased cardiopulmonary vascular risk.

The nonsurvivors in the present study had more severe 
PH, reduced 6MWDs, higher NT-proBNP levels, and 
more prominent hemodynamic parameters, suggesting 
that the nonsurvivors might have greater pulmonary arte-
rial remodeling and vascular calcification, which contrib-
ute to pulmonary arterial complications and mortality 
independent of the classical cardiopulmonary vascular 
risk factors for PH. Our data indicated that PARP-1 levels 
were higher in the patients, especially in the nonsurvi-
vors, results that are consistent with a previous study 
(Meloche et al., 2014) that reported that PARP-1 overac-
tivation caused by DNA damage plays an important role 
in the development of PH. Another study demonstrated 
that PARP-1 played an essential role in arteriosclerotic 
calcification (Li et al., 2020), which suggests that PARP-1 
might contribute to vascular cell and cardiomyocyte cal-
cification in PH. The increased PARP-1 levels in the non-
survivors, which were associated with higher mPAP, 
PVR, and CI in this cohort, therefore indicates that 
PARP-1 might be associated with cardiopulmonary vas-
cular calcification and remodeling in PH.

Plasma AIF levels were also upregulated in the patients 
and were more expressed in the nonsurvivors. AIF was 
similarly correlated with NT-proBNP, PVR, mRAP, and CI 
levels. The data also demonstrated that AIF might play a 
role in the development of pulmonary arterial and right ven-
tricular remodeling in PH, which could partly be explained 
by the fact that AIF is an important component of the apop-
tosis pathway under hyperoxia (Kondrikov et  al., 2015; 
Madungwe et al., 2018). PARP-1 and AIF-dependent par-
thanatos might also play an important role in the right ven-
tricular remodeling of PH. AIF levels were not significantly 
upregulated in patients with CTEPH. There were two pos-
sible reasons for this result. One is the pathogenesis of 
CTEPH maybe different from IPAH and COPD-PH. 
Another reason maybe that the sample size of the CTEPH 
group was the relatively small, which leads to no significant 
difference. However, it can also present an upward trend in 
CTEPH group compared with control group. Perhaps 
increasing the sample size in our further study will also 
have significant differences in CTEPH patients.

As a pleiotropic upstream proinflammatory mediator, 
MIF is a promising molecular target for PH therapy 
because MIF contributes to perivascular inflammation 

and pulmonary artery remodeling (Jalce & Guignabert, 
2020). In addition, the increase in MIF levels in the pul-
monary artery of PH will induce the proliferation of pul-
monary vascular smooth muscle cells, leading to 
pulmonary artery remodeling (Li et al., 2017). Our data 
also showed that MIF levels were increased in the 
patients, with a similar correlation between MIF levels 
and clinical parameters, especially WHO-FC, mPAP, and 
CI. The increase in PARP-1, PAR, AIF, and MIF levels 
might be related to cell proliferation or apoptosis; how-
ever, when the factors work in conjunction, the new type 
of cell death (parthanatos) can occur. At present, there 
have been no reports on parthanatos in PH, but there have 
been various indications that parthanatos might be pres-
ent in the onset and development of PH.

Among the noninvasive variables measured in the 
present study, plasma PARP-1 and AIF levels can inde-
pendently predict the onset and mortality of PH in the 
regression analysis. Patients with higher plasma PARP-1 
and AIF levels have a higher risk of PH onset and mortal-
ity. However, we did not find that PAR and MIF were 
independent predictors for the onset and mortality of PH 
in this cohort, which might be due to the limited sample 
size of our study. Whether this result is related to the dif-
ferent mechanisms of PAR and MIF in the process of par-
thanatos requires further study.

There are a number of limitations to the present study. 
First, the number of male patients included for analysis 
was relatively small. Other factors, such as sex, ethnicity, 
and genetic predisposition, which could influence the 
metabolic and exercise capacity, were not considered in 
the present study. Further study is needed to explore the 
mechanisms of parthanatos in contributing to the patho-
genesis of PH.

Conclusion

Plasma PARP-1 and AIF levels are positively correlated 
with the severity of PH, and high plasma PARP-1 and 
AIF levels were independently associated with an 
increased risk for the diagnosis and mortality of PH. 
Future studies with larger sample sizes are needed to con-
firm our findings.
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