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Abstract

Hepatoma‐derived growth factor (HDGF) was previously shown to be asso-

ciated with increased mortality in a small study of idiopathic and connective

tissue disease‐associated pulmonary arterial hypertension (PAH). In this

study, we measured serum HDGF levels in a large multicenter cohort (total

2017 adult PAH‐Biobank enrollees), we analyzed the associations between

HDGF levels and various clinical measures using linear or logistic regression

models. Higher HDGF levels were found to be significantly associated with
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worse pulmonary hemodynamics, prostacyclin treatment; among PAH sub-

types, higher HDGF levels were most associated with portopulmonary hy-

pertension (beta = 0.469, p< 0.0001). Both Kaplan–Meier curve and Cox

proportional hazard regression demonstrated that higher HDGF levels are

associated with a higher risk of mortality (COX hazard ratio 1.31, p< 0.0001).

Further, in the Sugen hypoxia (SuHx) rat model, the highest HDGF levels

were post‐pulmonary circulation, and HDGF levels significantly increased

with the development of PAH. In pulmonary arteries, immunohistochemistry

staining showed that HDGF was highly expressed in pulmonary smooth

muscle cells in both PAH patients and SuHx rats. In conclusion, we found that

higher serum HDGF was linked with increased mortality, and associated with

disease severity in a large multi‐center adult PAH cohort (n= 2017). In the

SuHX PAH models, circulating HDGF levels are pulmonary in origin and

increase with PAH progression. HDGF may be actively involved in vascular

remodeling in PAH.
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INTRODUCTION

Pulmonary hypertension (PAH) is a progressive, fatal
disease characterized by abnormal elevation of pul-
monary arterial pressure.1,2 Sustained exposure of the
right ventricle to high pressure leads to right ven-
tricular failure and remains a predominant cause of
death in PAH patients. The etiology of PAH is complex
and incompletely understood, however, intense micro-
vascular remodeling with an elevation of pulmonary
vascular resistance plays a significant role in PAH
development.3,4

Several growth factors, including fibroblast growth
factor 2,5–7 platelet‐derived growth factor8,9 and in par-
ticular bone morphogenic protein 2 (BMP2) and its re-
ceptor, BMPR2, are causally linked to the development of
PAH.10–13 In a previous single‐center pilot study, we
found that hepatoma‐derived growth factor (HDGF), a
novel circulating angiogenic factor and lung remodeling
modulator, was shown to be significantly increased in
idiopathic and connective tissue disease‐associated PAH
patients, and more importantly, a high serum HDGF
level was associated with worse functional class and in-
creased mortality.14

In the present study, we confirmed the association of
serum HDGF with PAH severity, mortality, and ex-
panded our analysis across PAH subtypes in a large
multicenter PAH‐biobank cohort. In addition, we de-
monstrated that circulating HDGF had pulmonary

vasculature origin, HDGF is associated with pulmonary
vascular remodeling and increases with the development
of PAH.

METHOD

Study cohort

National Biological Sample and Data Repository for
Pulmonary Arterial Hypertension, or PAH Biobank is a
National Heart, Lung, and Blood Institute (NHLBI)
funded resource of WHO Group 1 PAH patient biological
samples, genetic data, and clinical data enrolled from 38
US Centers (www.pahbiobank.org).15 Under a PAH
Biobank‐approved protocol, we analyzed the lab and
clinical data from a total of 2017 PAH Biobank enrollees,
collected during the 2012–2018 period. Their demo-
graphic and clinical characteristics are summarized in
Table 1.

Pulmonary Hypertension Breakthrough Initiative
(PHBI) tissue core at the University of Alabama provided
lung tissue sections from both control and PAH patients.
PHBI was funded by the Cardiovascular Medical Re-
search and Education Fund's (CMREF), the enrollees are
a highly phenotyped cohort of patients with severe PAH;
control lung samples were from discarded tissue prior to
lung transplantation. The demographic and clinical data
were described in Table S1.
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All study cohorts were approved by the Institutional
Review Board of each participating institution, with in-
formed consent obtained from all patients.

Enzyme‐linked immunosorbent assay
(ELISA)

HDGF ELISA was developed and described pre-
viously14 with improvements as described below. We
optimized the previous assay by robotically spotting
the capture antibodies on the 96‐well plate format
(Meso Scale Discovery [MSD]). A bacterial expressed
full‐length human recombinant His‐HDGF calibrator
was used at a concentration range of 40–0.029 ng/ml.
A mixture of the mouse anti‐HDGF monoclonal an-
tibody (Clone 2F12) and MSD SULFO‐TAG labeled
anti‐mouse antibody (R32AC, MSD) were used as
detection reagents. After incubation and washing, the
plate was read in an MSD Sector Imager 2400. Inter‐
assay reliability as measured by the percent coeffi-
cient of variation (CV) was 3.3% across 28 plates over
a period of 4 months.

Statistical analysis

HDGF data were summarized by descriptive statistics.
HDGF concentrations were logarithmically trans-
formed for subsequent analyses due to nonnormal
distribution. The association between serum HDGF
and categorical variables, including subtypes of PAH,
types of drug treatment received were analyzed using
rank‐sum test without adjustment, or logistic regres-
sion adjusted for age and sex. Continuous variables,
included invasive hemodynamics (cardiac index [CI],
cardiac output [CO], pulmonary vascular resistance
[PVR], pulmonary vascular resistance index [PVRi],
mean pulmonary artery pressure [mPAP], mean right
atrial pressure [mRAP], mean pulmonary capillary
wedge pressure [mPCWP]), and 6‐min walk distance
(6MWD); continuous variable associations with
HDGF were analyzed by linear regression adjusted for
age and sex.

Kaplan–Meier survival curve analysis was used to
examine the association of PAH survival and HDGF
levels dichotomized at the median. The association of
HDGF level and mortality was also tested using Cox
proportional hazard regression models adjusted for age
and sex. Statistical analysis was performed using STATA
(version 15; StataCorp LLC) and MedCalc statistical
software version 18.11.3 (2019 version; MedCalc
Software).

TABLE 1 Demographic and characteristics of PAH‐Biobank
cohort

n 2017

Age (years), median (IQR) 56 (45–66)

Female sex, n (%) 1611 (80)

Race (Caucasian), n (%) 1662 (82)

PAH subgroup, n (%)

IPAH 870 (43)

FPAH 81 (4)

APAH 961 (48)

APAH–CTD 623 (31)

APAH–CHD 171 (8)

PoPH 111 (5.5)

APAH–HIV 42 (2)

Other 106 (5)

6MWD (m), median (IQR) 348 (258.5–426)

NYHA functional class, n (%)

I 90 (5)

II 451 (22)

III 789 (39)

IV 118 (6)

Unknown 569 (28)

Laboratory chemistry, median (IQR)

HDGF (ng/ml) 0.86 (0.51–1.37)

NT‐proBNP (pg/ml) 672 (217–2164)

Hemodynamics, median (IQR)

RAP (mmHg) 8 (5–12)

mPAP (mmHg) 49 (40–58)

mPCWP (mmHg) 10 (7–13)

PVR (wood unit) 8.61 (5.61–12.75)

CI (L/min/m2) 2.52 (1.98–3.16)

REVEAL score‐category,
n (%)

1 1251 (62.2)

2 342 (17)

3 217 (10.8)

4 175 (8.7)

5 25 (1.2)

Abbreviations: 6MWD, six‐min walk distance; APAH, PAH associated with
other conditions; CHD, congenital heart disease; CI, cardiac index; CTD,
connective tissue disease; FPAH, familial PAH; HDGF, hepatoma‐derived
growth factor; IPAH, idiopathic PAH; IQR, interquartile range; mPAP,
mean pulmonary artery pressure; mPCWP, mean pulmonary capillary
wedge pressure; mRAP, mean right atrial pressure; NT‐proBNP, N‐terminal
brain natriuretic peptide prohormone; NYHA, New York Heart Association;
PAH, pulmonary arterial hypertension; PoPH; portopulmonary
hypertension; PVR, pulmonary vascular resistance; REVEAL, Registry to
Evaluate Early and Long‐Term PAH Disease Management.
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Sugen hypoxia PAH model (SuHx)

Male Wistar rats (250–275 g) were injected subcutaneously
(sc) with SU5416 (20 mg/kg) (TOCRIS, 3037; Tocris
Bioscience) on Day 1. Rats were then placed in a hypoxia
chamber for 7, 14, and 21 days (n=6 for each group).
SU5416 was dissolved in a mixture of dimethyl sulfoxide and
0.5% (w/v) carboxymethylcellulose sodium, 0.9% (w/v) so-
dium chloride, 0.4% (v/v) polysorbate 80, 0.9% (v/v) benzyl
alcohol in deionized water. The hypoxic chamber was con-
tinuously flushed with a mixture of room air and N2

(10%±0.5% O2) to maintain low CO2 concentrations
(<0.5%). Chamber O2 and CO2 concentrations were con-
tinuously monitored (ProOx 110 oxygen analyzer; Biospherix
and LB‐2 CO2 analyzer; Sensormedics). The rats were ex-
posed to room air for 10min based on protocol twice a week
to clean the cages and refill food and water supplies. Sham
control rats were injected subcutaneously. with only SU5416
vehicle on Day 1 and kept in room air next to the hypoxic
chamber for 7, 14, and 21 days. Thus, all animals were ex-
posed to the same light/dark cycle and ambient tempera-
tures. On Days 7, 14, and 21 rats were anesthetized with an
intraperitoneal (ip) injection of ketamine (50mg/ml/kg) and
xylazine (Rompun) (5mg/ml/kg), ip and sacrificed. Invasive
hemodynamics were assessed at 7, 14, and 21 days. Plasma
samples from the right ventricle (prepulmonary) and left
ventricle (postpulmonary) were collected at the end of each
experimental time points, with lung tissue perfusion, dis-
section, and fixation performed at the end of the experiment.

Immunohistochemistry (IHC)

The IHC procedure and polyclonal HDGF antibody used
for immunostaining were published before.16 Briefing,
lung sections from SuHx rat or human PAH patients
were immunostained for HDGF using the ABC method
(Cat# AK‐5001; Vector Laboratories Inc.) with the Vector
red substrate (Cat# SK‐5100; Vector Laboratories Inc.) for
fluorescent visualization. The sections were mounted
with VECTASHIELD® Antifade Mounting Medium with
DAPI (4′,6‐diamidino‐2‐phenylindole) (Cat# H‐1200‐10;
Vector Laboratories Inc.) as a nuclear counterstain.
Controls without primary HDGF antibody showed no
background immunostaining.

RESULTS

Characteristics of PAH patients

The cohort in this validation study is different from the one
in the original study,14 it composed of a much larger

collection of patients with more diverse etiologies. A total of
2017 patients were included in the analysis (Table 1). The
majority of the cohort were white (n=1662, 82%), women
(n=1611, 80%), with a median age of 56 years (IQR 45–66);
61% had NYHA FC II/III symptoms (n=1240). The majority
of the cohort was PAH associated with other conditions
(APAH) (48%, n=961), the second‐largest disease subtype
was idiopathic PAH (IPAH, 43%, n=870). The APAH sub-
group was composed predominately of connective tissue
disease (APAH‐CTD 31%, n=623), APAH congenital heart
disease (APAH‐CHD 8%, n=171) and portopulmonary hy-
pertension (PoPH 5.5%, n=111). Overall, subjects had
moderate‐to‐severe disease, with a median PAP of 49 (IQR
40–58)mmHg, median PVR of 8.61 (IQR 5.61–12.75) wood
units, and median CI of 2.52 (IQR 1.98–3.16) L/min/m2. The
majority of patients were treated with a phosphodiesterase‐5
inhibitor (n=1546, 77%) or endothelin receptor antagonist
(n=1205, 60%). Subjects were followed for a median of
41 months (IQR 28–55 months) from the time of enrollment
to the time of death or censor. Among 1984 subjects who
had survival data, 324 died (16.3% mortality). The median
HDGF and NT‐proBNP (N‐terminal brain natriuretic peptide
prohormone) levels for all patients were 0.86 ng/ml (IQR
0.51–1.37) and 672 pg/ml (IQR 217–2164), respectively.

HDGF associated with clinical measures
of PAH

Using linear or logistic regression models adjusted for age
and sex, we evaluated the relationship between serum
HDGF level and available clinical measures, including in-
vasive hemodynamics, and 6MWD (Table 2). Worse hemo-
dynamic measures were associated with higher serum
HDGF levels, specifically PVRi (coefficient 0.559, p<0.001),
PVR (coefficient 0.399, p=0.015), and mPAP (coefficient
0.881, p=0.02), transpulmonary gradient (coefficient 0.958,
p=0.012) and diastolic gradient (coefficient 0.721,
p=0.018). In addition, there was a moderate association
with dyspnea at rest (coefficient 0.214, p=0.008). No sig-
nificant relationship was found between 6MWD (coefficient
−7.294, p=0.177) and HDGF.

HDGF level and therapy

To determine if HDGF was associated with therapy, en-
rollees were grouped according to treatment drug class
(Table 3). Enrollees with higher serum HDGF levels were
more likely to receive prostacyclin treatment, without
adjustment (N= 1546, rank‐sum test, p= 0.004), or after
adjustment for age and sex (logistics regression coeffi-
cient 0.148, p= 0.009).
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TABLE 2 Hepatoma‐derived growth factor associated with clinical measures of pulmonary arterial hypertension

Linear regressions adjusted for age and sex

Coefficient Standard error 95% confidence interval p Value

Continuous variables—Adult

6MWD (m) −7.294 5.398 −17.887 3.298 0.177

Heart rate 1.086 0.551 0.004 2.168 0.049

Cardiac output −0.011 0.049 −0.108 0.085 0.817

Cardiac index 0.011 0.033 −0.053 0.075 0.735

PVR 0.399 0.165 0.076 0.723 0.015

PVRI 0.559 0.13 0.305 0.813 <0.001

mPAP 0.881 0.378 0.14 1.623 0.02

mRAP 0.285 0.152 −0.014 0.583 0.062

mPCWP −0.172 0.115 −0.398 0.053 0.135

Shunt −2.946 1.756 −6.415 0.523 0.095

Stroke volume −0.001 0.001 −0.003 0.001 0.392

Pulse pressure 0.481 0.412 −0.326 1.288 0.243

Pulmonary arterial compliance −0.053 0.036 −0.123 0.017 0.141

Transpulmonary gradient 0.958 0.379 0.215 1.702 0.012

Diastolic gradient 0.721 0.305 0.124 1.318 0.018

Categorical variables

Dyspnea at rest 0.214 0.081 0.055 0.372 0.008

Note: Bold values denote statistical significance at the p < 0.05 level.

Abbreviations: 6MWD, 6‐min walk distance; mPAP, mean pulmonary artery pressure; mRAP, mean right atrial pressure; mPCWP, mean pulmonary capillary
wedge pressure; PVR, pulmonary vascular resistance; PVRI, pulmonary vascular resistance index.

TABLE 3 The association between level of hepatoma‐derived growth factor and the types of therapy

Logistic regression adjusted for age and sex Unadjusted rank‐sum test
Coefficient 95% confidence interval p Value p Value (rank‐sum)

PDE5 0.046 −0.078 0.17 0.471 0.156

ERA −0.038 −0.149 0.073 0.502 0.456

PCA 0.148 0.036 0.26 0.009 0.004

CCB −0.034 −0.218 0.151 0.721 0.826

cGMP 0.027 −0.441 0.496 0.909 0.78

Note: Bold values denote statistical significance at the p < 0.05 level.

Abbreviations: CCB, calcium channel blockers; cGMP, cyclic guanosine monophosphate; ERA, endothelin receptor antagonist; PCA, prostacyclin analogs;
PDE5, phosphodiesterase‐5 inhibitor.

HDGF was associated with
PAH‐associated PoPH

As shown in Table 1, the study cohort is composed of dif-
ferent PAH subtypes. HDGF levels were associated with both
IPAH (p=0.001) and APAH (p<0.0001) subtypes by rank‐
sum test, with the associations confirmed by logistics

regression adjusted for age and sex (IPAH coefficient −0.181,
p=0.001; APAH coefficient 0.227, p<0.0001) (Table 4).
When we examined the APAH subtypes, only PoPH was
associated with serum HDGF (coefficient 0.469, p<0.0001).
For each 1‐natural log unit higher HDGF level, the odds of
having PoPH were 1.598‐fold (95% CI: 1.249–2.048, p<0.001)
than any other subtype of PAH.
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HDGF predicting mortality in PAH

The REVEAL registry risk score is a well‐recognized
mortality risk prediction score for PAH.17 Using the
REVEAL registry 2.0 algorithm, we calculated the RE-
VEAL risk score for each subject, and further divided
them into the five REVEAL risk categories. When HDGF
levels were examined by REVEAL risk category
(Figure 1), higher HDGF levels were associated with
more severe REVEAL category (rank‐sum p< 0.0001).

Kaplan–Meier analysis was used to assess the relation-
ship between HDGF level and survivability; enrollees with
higher than median serum HDGF levels had significantly
increased risk of death (log‐rank p=0.001, Figure 2). A Cox
proportional hazard model was constructed to examine the
relationship between HDGF and survival. After adjustment
for age and sex, a higher HDGF level was still significantly
associated with adverse outcomes (HR 1.31, 95% confidence
interval: 1.14–1.50, p<0.0001).

Circulating HDGF level was elevated
post‐pulmonary circulation in PAH model

SuHx was established. As expected, the animals had in-
creased right ventricle pressures and increased Fulton index
assessed at 21 days (Figure S1). After hemodynamic mea-
surements, prepulmonary (right ventricle) and post-
pulmonary (left ventricle) plasma samples were collected
with HDGF levels measured by ELISA. As shown in
Figure 3a, in sham animals at 7 days, circulating HDGF
levels were below the low detection limit in the pre-
pulmonary samples but were readily detectable in the post-
pulmonary samples (p=0.04). As shown in Figure 3b, with

the PAH progression over time in the SuHx rats, the post‐
pulmonary HDGF levels significantly (p=0.027) increased.

HDGF highly expressed in hypertrophic
smooth muscle cells in SuHx rats artery

SuHx rats usually exhibit extensive pulmonary artery
remodeling, with small artery medial hypertrophy and

TABLE 4 The association between level of hepatoma‐derived growth factor and the types of pulmonary arterial hypertension (PAH)

Logistic regression adjusted for age and sex Unadjusted rank‐sum test
Coefficient 95% confidence interval p Value p Value (rank‐sum)

IPAH −0.181 −0.292 −0.071 0.001 0.001

FPAH −0.15 −0.421 0.121 0.277 0.631

APAH 0.227 0.116 0.337 <0.0001 <0.0001

APAH‐CTD 0.086 −0.037 0.208 0.17 0.43

APAH‐CHD 0.187 −0.043 0.416 0.111 0.27

PoPH 0.469 0.222 0.717 <0.0001 <0.0001

APAH‐HIV −0.102 −0.476 0.273 0.595 0.854

PAH‐DrugTox −0.153 −0.408 0.101 0.237 0.296

Note: Bold values denote statistical significance at the p < 0.05 level.

Abbreviations: APAH, PAH associated with other conditions; CHD, congenital heart disease; CI, cardiac index; CTD, connective tissue disease; FPAH, familial
PAH; IPAH, idiopathic PAH; PoPH, portopulmonary hypertension.

FIGURE 1 Plot of HDGF (log‐transformed) level versus
REVEAL category scores. Error bars indicate 25%–75% IQR, black
diamonds indicate median HDGF level. HDGF, hepatoma‐derived
growth factor; IQR, interquartile range; REVEAL, Registry to
Evaluate Early and Long‐Term PAH Disease Management
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lumen narrowing.18 As shown in Figure 4, in a sham
lung small pulmonary artery, HDGF expression was
exclusively endothelial (arrows). In the SuHx lung at
3 weeks, the media of the representative small artery is
hypertrophied and HDGF is now also highly expressed in
the medial smooth muscle cells.

HDGF exhibit similar expression pattern
in human PAH lung vasculature

We also performed HDGF immunohistochemistry using
human lung sections from PAH subgroups and non-
transplanted donor controls (four controls, three IPAH,
three APAH‐shunt, and two APAH‐CTD; Table S1). As
shown in the representative Figure 5, in the control lung,
small arteries were abundant and arterial HDGF was
expressed in the luminal endothelial cells, with little to
no positive medial smooth muscle cells detected. In the
representative lung sections from PAH patients, small
arteries were practically obliterated. In the larger arteries
shown, HDGF was highly expressed in the endothelial
and medial smooth muscle layers of APAH‐shunt and
APAH‐CTD lungs. Although not shown, neointima for-
mation was observed in the PAH lungs with abundant
HDGF expression.

DISCUSSION

In the current study, we validated the association be-
tween HDGF and clinical severity and survival after ad-
justment for clinically relevant variables, using a large
multicenter cohort (PAH‐Biobank, N= 2017). In this
large, multicenter cohort, HDGF was found to be sig-
nificantly associated with worsened invasive pulmonary
hemodynamics, survival, and PoPH.

HDGF is a multifunctional protein functioning in
either an autocrine or paracrine manner. The majority of
the functional studies have focused on its growth‐
promoting effects,19 predominantly in tumorigenesis.
Clinically, it has been correlated with poor prognosis for
patients with a number of types of cancers.20,21 However,
HDGF is highly expressed in the early stage embryo lung,
and re‐expressed in smooth muscle cells of the neointima
after blood vessel injury indicating its role is not only
limited to mitogenesis.16,22,23 In addition, HDGF is highly
expressed in idiopathic pulmonary fibrosis and in animal
models involved in lung remodeling by stimulating the
growth of bronchial and alveolar epithelial cells.24 Pre-
viously we have shown increased HDGF expression in
pulmonary microvascular endothelial cells in patients
with PAH associated with congenital heart disease.14

FIGURE 2 Kaplan–Meier survival curve for hepatoma‐derived
growth factor (HDGF) in pulmonary arterial hypertension (PAH)‐
Biobank cohort. The curve represents survival analysis of PAH‐
Biobank cohort dichotomized by median serum HDGF (n= 2017,
p= 0.001) levels

FIGURE 3 HDGF levels with development of pulmonary
hypertension in the Sugen/hypoxia (SuHx) rat model. (a) Bar and
scatter plot of HDGF levels from prepulmonary (right ventricle)
versus post‐pulmonary circulation (left ventricle) blood samples in
sham rats at 7 days (N= 4). (b) Bar and scatter plot of
postpulmonary HDGF levels weekly in sham (S) and SuHx treated
rats. Box graph is the mean and error bars of the SEM. ANOVA,
analysis of variance; HDGF, hepatoma‐derived growth factor; SEM,
scanning electron microscope. *p= 0.027, ANOVA SuHx group
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Recently, Lin et al.21 demonstrated that in oral cancer
cells, HDGF activated hypoxic (Akt/HIF‐α) and in-
flammatory pathways (NF‐κB) simultaneously, and in-
duced VEGF expression through HIF‐α. In the present
study, HDGF expression shifts from endothelial expres-
sion only to include a pattern of medial layer smooth
muscle cell expression in small pulmonary arteries in
SuHx rats and PAH patients. These animal and human
expression results are in agreement with a previous study
where HDGF was only re‐expressed in neointima smooth
muscle cells after vessel injury.16 Pulmonary vascular
remodeling, inflammation, and hypoxic condition are all
significant contributors to PAH pathogenesis.3,4 Our data
here indicates that HDGF is actively participating in

pulmonary vascular remodeling, but it could also play a
multifunctional role in PAH pathology.

In the SuHx model, we found that HDGF level sig-
nificantly elevated compared to that in sham control; most
importantly, postpulmonary HDGF levels from the left
ventricle were higher than prepulmonary levels (right
ventricle), indicating that a significant proportion of cir-
culating HDGF is from the pulmonary vasculature. This is
supported by the increased expression of HDGF in the
arterial wall of both the SuHx rat model and in PAH
patients. Compared to the current clinical marker NT‐
proBNP, which is cardiac in origin, a biomarker secreted
by the pulmonary vasculature may be an improved in-
dicator for the disease progression and response to therapy.

FIGURE 4 Hepatoma‐derived growth factor (HDGF) is highly expressed in Sugen/hypoxia (SuHx) rat pulmonary artery smooth muscle
cells. The lung tissue architecture is shown in the phase panel and HDGF immunostaining (red florescent) with arrow indicating staining of
the luminal endothelial layer and the bar the smooth muscle medial layer. Nuclei are stained blue (4′,6‐diamidino‐2‐phenylindole
counterstaining) with merged images showing HDGF and nuclear colocalization. A 100 μM scale bar is included for reference

FIGURE 5 HDGF expression in human control and PAH pulmonary arteries. HDGF immunostaining is shown in representative
non‐transplanted control and PAH (APAH‐Shunt and APAH‐CTD) lungs. HDGF positive immunostaining is red. White bar indicates
the arterial smooth muscle medial layer and arrows the endothelial layer. Picture inserts highlight representative pulmonary arteries.
A 100 μM scale bar is included for reference. APAH, PAH associated with other conditions; CTD, connective tissue disease; HDGF,
hepatoma‐derived growth factor; PAH, pulmonary arterial hypertension
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Of interest, in this larger and pathologically more di-
versified cohort, we found HDGF was significantly asso-
ciated with PoPH. Given HDGF is highly expressed in the
liver and functions as an angiogenesis factor,25,26 it is in-
triguing that HDGF may play a direct role in PoPH de-
velopment and disease progression. Portal hypertension
hepatic dysfunction is associated with an altered circula-
tion of vasoreactive mediators which contribute to abnor-
mal vascular remodeling and eventually lead to PAH.27–30

A recent study of bone morphogenetic protein 9 (BMP9)
which is highly associated with PoPH is a good re-
presentation of this model.12,31 BMP9 is a TGF‐b ligand,
predominantly produced in the liver, and selectively binds
to bone morphogenetic protein receptor type 2 (BMPR2)/
activin receptor‐like kinase 1(ALK1) complex, which is
highly expressed in pulmonary endothelium. BMP9 is
significantly reduced in PoPH, but not other forms of PAH,
indicating an abnormal level of liver protein can cause
pulmonary circulation dysfunction. Whether HDGF plays
a role in BMP9 expression is presently unknown.

Although the sample size of the study cohort is very
large, limitations of the study still exist. One, in parti-
cular, is that the registry, specimen collection, and clin-
ical data collection are not contemporaneous. Another
major hurdle is that the time and type of therapy the
enrollees received, can not be controlled. As only a single
blood sample was collected with enrollment, analysis of
the therapeutic response was not possible.

In conclusion, HDGF is actively involved in pulmonary
vascular remodeling, higher serum HDGF levels are asso-
ciated with PAH clinical severity, and predict worse sur-
vival in PAH. Measurement of HDGF provides valuable
clinical information for stratification of PAH in addition to
current diagnostic standards and maybe particularly im-
portant for PoPH. How HDGF is involved in the patho-
physiology of PAH and if it can be used for novel
therapeutic development needs further investigation.
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