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Abstract

Extracellular high-mobility group box-1 (HMGB1) acts as a signalling molecule during inflammation, cell differentiation and angiogenesis.
Increased abundance of HMGB1 is associated with several pathological disorders such as cancer, asthma and chronic obstructive pulmonary
disease (COPD). In this study, we investigated the relevance of HMGB1 in the pathological remodelling present in patients with idiopathic pul-
monary arterial hypertension (IPAH) and pulmonary hypertension (PH) associated with COPD. Remodelled vessels present in COPD with PH
and IPAH lung samples were often surrounded by HMGB1-positive cells. Increased HMGB1 serum levels were detected in both patient popula-
tions compared to control samples. The effects of physiological HMGB1 concentrations were then examined on cellular responses in vitro.
HMGB1 enhanced proliferation of pulmonary arterial smooth muscle cells (PASMC) and primary human arterial endothelial cells (PAEC).
HMGB1 stimulated p38, extracellular signal-regulated kinase (ERK) and c-Jun N-terminal kinase (JNK) phosphorylation. Furthermore, activation
of the downstream AP-1 complex proteins c-Fos and c-Jun was observed. Silencing of c-Jun ablated the HMGB1-induced proliferation in
PASMC. Thus, an inflammatory component such as HMGB1 can contribute to PASMC and PAEC proliferation and therefore potentially to vascu-
lar remodelling and PH pathogenesis.
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Introduction

Alarmins are a diverse family of unrelated molecules that possess
important intracellular roles, however, they can also be released from
cells during necrosis or in response to infection [1]. Known alarmins
include the S100 family, high-mobility group box-1 (HMGB1) and
heat shock proteins. HMGB1 is a non-histone chromosomal protein
that acts to stabilize nucleosome formation and regulate transcription.
HMGB1 has an important role extracellularly in mediating the inflam-
matory response, acting not only as an endogenous danger signal but
also as a chemoattractant [2]. In vivo, HMGB1 has been shown to be

released by damaged or necrotic cells, including endothelial cells and
activated macrophages, as a cytokine mediator of inflammation [3].
When released extracellular HMGB1 binds to its receptors, advanced
glycation end products (RAGE) or toll like receptors (TLR). HMGB1
has been implicated in several pathological conditions including rheu-
matic disease, sepsis and myocardial infarction. Increased levels of
HMGB1 in the sputum or bronchoalveolar lavage fluid of asthma,
chronic obstructive pulmonary disease (COPD), systemic sclerosis
and idiopathic pulmonary fibrosis patients are associated with disease
severity [4–8].

Pulmonary hypertension (PH) is a life-threatening disease charac-
terized by progressive remodelling of the pulmonary arteries and
increased pulmonary arterial pressure. Hallmarks of vascular remod-
elling include thickening of the intima, media and adventitia [9]. PH
can be associated with autoimmune and infectious diseases, e.g. con-
nective tissue diseases [10, 11], HIV [12] and schistosomiasis [13].
The presence of PH in patients with connective tissue diseases
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correlates with poorer prognoses and worse outcome [10, 14, 15].
An inflammatory component is present in interstitial lung diseases,
COPD as well as in idiopathic pulmonary arterial hypertension (IPAH)
[16, 17]. In diseases associated with inflammatory conditions an
increased incidence of PAH has been observed (reviewed in Ref.
[18]). In PAH-affected human lungs, an accumulation of inflammatory
cells including antigen-presenting cells (macrophages, dendritic cells)
and effector cells (T cells) has been described [19, 20]. Recently,
Stacher et al. demonstrated that the increased perivascular inflamma-
tion observed in PAH lungs correlated with intima and media remod-
elling [17]. However, how these cells contribute to disease
pathogenesis is still poorly understood. We aim to investigate the role
of HMGB1 in human vascular disease and its effects on vascular
remodelling processes.

Materials and methods

Patient samples

Lung tissues were obtained from three IPAH patients and three patients

with PH associated with COPD (COPD+PH), who had undergone lung
transplantation at the Division of Thoracic Surgery, Medical University

of Vienna, Austria. Non-transplanted donor lungs (n = 3) that had been

harvested for transplantation, but not implanted because of size-reduced

lung transplantation, served as controls. Samples were fixed in 4% (m/
v) formaldehyde. Human serum from IPAH and COPD+PH patients

(n = 14 per group) was collected during right heart catheterization or at

the time of lung transplantation. In addition, serum was taken from 14

healthy volunteers and stored at �80°C until use. All studies were
approved by the ethical committees for the Medical Universities of Graz

and Vienna, and written informed consent obtained from all study par-

ticipants. Patient data are listed in Table 1 (mean � SD).

Immunostaining

Immunohistochemical (IHC) staining was performed on 3-lm thick
paraffin-embedded lung sections. Sections were deparaffinized in

xylene followed by decreasing concentrations of ethanol before rehy-

dration in PBS. Antigen retrieval was performed with 0.05% trypsin

(Zymed Laboratories, Thermo Fisher Scientific, Waltham, MA, USA) for
10 min. at 37°C. Tissue was blocked for 1 hr with 10% bovine serum

albumin (BSA) followed by double IHC staining against alpha smooth
muscle actin (alpha-SMA; 1:200; Everest Biotech Ltd, Oxford, UK) and

von Willebrand factor (vWF, 1:900; Dako, Glostrup, Denmark) to

detect smooth muscle and endothelial cells respectively. ImmPRESS

a-Goat Ig (peroxidase) Polymer detection kit together with the VEC-
TOR VIP substrate kit and the ImmPRESS a-Rabbit Ig (peroxidase)

with DAB (all from Vector Laboratories, Burlingame, CA, USA); count-

erstaining was performed with methyl green. For CD45 (1:200),
HMGB1 (1:1000), TLR4 (1:50) and RAGE (1:400) staining (all antibod-

ies from Abcam, Cambridge, UK), antigen retrieval sodium citrate buf-

fer (Dako) was used for 20 min. at 95°C. Serum block (Vector

Laboratories) was used for 20 min. Primary antibodies were detected
with ImmPRESS a-Rabbit Ig (peroxidase) together with Nova Red or

DAB substrate kit (Vector Laboratories). Counterstaining was per-

formed with haematoxylin. Control stainings were performed with the

omission of the primary antibody. Whole slide images were made
using an Aperio Scanscope slide scanner (Aperio, Oxford, UK).

ELISA

The concentration of HMGB1 was determined in human serum samples

according to the manufacturer’s instructions (IBL International, Ham-

burg, Germany).

Isolation, culture of human pulmonary artery
smooth muscle cells and pulmonary arterial
endothelial cells

Human primary pulmonary arterial smooth muscle cells (PASMC) were
isolated from resistance arteries less than 1 mm in diameter obtained

from non-utilized human donor lungs (n = 10) and cultured in Vascu-

Life� SMC Medium (LifeLine Technology, Walkersville, MD, USA). The

adventitia and endothelial layers were removed by mechanical separa-
tion. The remaining tissue was cut into small pieces and cultured to

allow the outgrowth of PASMC. The purity of PASMC preparations

was confirmed using immunofluorescence staining against smooth

muscle myosine heavy chain (1:50; Abcam) and alpha-SMA (1:300;
Everest Biotech Ltd); minimum 95% of cells stained positive; Fig-

ure S1. The immunofluorescence staining was performed on 4% PFA-

fixed cells and Alexa 555-labelled secondary antibodies were applied
(Life Technologies, Thermo Fisher Scientific, Waltham, MA, USA).

Human PASMC between passages 3 and 6 were used for the experi-

ments. Primary human arterial endothelial cells (PAEC) were pur-

chased from Lonza (Basel, Switzerland) (n = 6), cultured in
VascuLife� VEGF Medium (LifeLine Technology, Frederick, MD, USA)

and used for experiments until passage 8. Cells were incubated at

37°C in a humidified atmosphere of 5% CO2.

Proliferation assay

To investigate the effect of HMGB1 on PASMC and PAEC proliferation,
the following protocol was applied: 10,000 PAEC or 5000 PASMC were

seeded in 96-well plates. Prior to stimulation, PASMC were kept in qui-

escent medium [VascuLife� basal medium with 1% penicillin/streptomy-

cin (P/S) and 0.1% foetal calf serum (FCS)] for 24 hrs. Cells were then

Table 1 Patient parameters for serum samples (mean � SD)

Controls IPAH COPD+PH

Sex (female:male) 12:2 12:2 7:7

Age (years) 64.5 � 11.2 64.2 � 10.0 61.4 � 8.8

mPAP (mmHg) 42.4 � 11.8 35.7 � 11.0

IPAH, idiopathic pulmonary arterial hypertension; COPD+PH, pulmo-
nary hypertension associated with chronic obstructive pulmonary dis-
ease; mPAP, mean pulmonary arterial pressure.
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treated for 24 hrs with 1 or 100 ng/ml HMGB1 (fully reduced; LPS-free
HMGB1 HMGbiotech, IBL International) or were kept under control

conditions (vehicle/PBS). To investigate the effect of specific MAP kin-

ases on HMGB1-induced PASMC and PAEC proliferation, cells were pre-

incubated after the 24 hrs starvation step either with ERK (50 lM
U0126), JNK (5 lM SP600125), p38 (8 lM SB203580) inhibitors (all

from Sigma-Aldrich, Taufkirchen, Germany) or vehicle control Dimethyl

sulfoxide (DMSO). After 1 hr pre-incubation with inhibitors, media was
removed and replaced with 1 or 100 ng/ml HMGB1 for 24 hrs, or kept

under control conditions (vehicle/PBS). To assess the effect of c-Jun

silencing on HMGB1-induced PASMC proliferation, 150,000 cells were

seeded in six-well plates. The following day, the media was replaced
with basal media 0% FCS for 2 hrs and cells transfected with 100 nM

siRNA against c-Jun (On Target plus Smart pool, Thermo Scientific,

Wilmington, DE, USA) or non-silencing control siRNA (Thermo Scien-

tific). After 6 hrs, medium was changed to full medium. The next day,
5000 cells/well were seeded in 96-well plates and starved overnight in

quiescent media before treatment with 1 or 100 ng/ml HMGB1 for

24 hrs. The proliferation of PASMC and PAEC was determined by [3H]-
thymidine (Biotrend Chemikalien GmbH, Cologne, Germany) incorpora-

tion as an index of DNA synthesis and radioactivity was measured by a

scintillation counter (Wallac 1450 MicroBeta TriLux Liquid Scintillation

Counter & Luminometer, Perkin Elmer, Monza, Italy). Experiments were
performed in quintuplicate and repeated 5–10 times.

Apoptosis

PAEC and PASMC were grown until confluent in six-well dishes and

treated for 24 hrs either with 0, 1 or 100 ng/ml HMGB1. Prior to stim-

ulation, PASMC were kept in quiescent medium for 24 hrs, whereas
PAEC were grown in full medium (VascuLife� VEGF Medium). Apoptotic

cell death was determined by Annexin V–FITC/propidium iodide (PI)

staining (FITC Annexin V Apoptosis Detection Kit I, BD Biosciences,

San Diego, CA, USA) according to the manufacturer’s instructions.
Experiments were performed five times with PAEC and PASMC. Stauro-

sporin 0.05 lM (Cayman Europe, Tallinn, Estonia) was used as a posi-

tive control.

Cell adhesion

Cell culture plates (96-well) were coated overnight with 5 lg/ml fibro-
nectin at 4°C and then blocked with 3% BSA in PBS for 1 hr at room

temperature (RT). Freshly trypsinized PAEC and PASMC were incubated

with 0, 1 or 100 ng/ml HMGB1 for 20 min. at RT in basal medium (0%

FCS). Cells were then seeded at a density of 20,000 cells per well in
basal medium and left to adhere for 45 min. at 37°C. Wells were

washed with PBS and cells fixed with ice-cold methanol–acetone (1:2)

for 20 min. at 4°C, before staining with crystal violet solution (0.5%

crystal violet (w/v), 20% methanol, 80% ddH2O). Cells were washed
with H2O, then dried before destaining with 30% methanol, 10% acetic

acid and 60% ddH2O. Absorbance was measured at 590 nm.

Migration assay

Cell migration assays were performed with transwell chambers (24-

well, 8-lm pore size, Falcon, Corning Life Sciences, Amsterdam, The

Netherlands) in duplicate. Growth medium containing 0.1% FCS
(PASMC) or 1% FCS (PAEC) supplemented with 0, 1 or 100 ng/ml

HMGB1 was added to the lower chamber. PAEC and PASMC were

seeded in same growth medium as above without HMGB1 at a density

of 20,000 in the upper chamber and allowed to migrate for 16 hrs.
Transwells were then washed with PBS, fixed and stained with crystal

violet solution for 20 min., before washing with H2O. Cells on the

lower side of the filter were counted under a microscope.

RNA isolation and real-time PCR

Total cellular RNA from PAEC and PASMC was isolated using the
RNeasy Mini Kit (Qiagen, Hilden, Germany). A Nanodrop 2000c spec-

trophotometer (Thermo Scientific) was used to quantify the concentra-

tion and the purity of the isolated total RNA. Total RNA was reverse

transcribed to cDNA using an iScriptTM cDNA Synthesis Kit (Bio-Rad,
Hercules, CA, USA) and amplified using a Lightcycler 480 (F. Hoffman-

La Roche, Basel, Switzerland). The PCR reactions were set up using

QuantiFast SYBR PCR kit (Qiagen). Cycling conditions were as follow:
5 min. at 95°C (5 sec. at 95°C, 5 sec. at 60°C, and 10 sec. at 72°C)
945. Melting curve analysis and gel electrophoresis were performed to

confirm the specific amplification of the expected PCR product. Gene

expression was calculated using the DCt method using porphobilinogen
deaminase (PBGD) and beta-2-microglobulin (B2M) as reference genes.

Primer sequences are listed in Table 2.

Protein isolation and Western blotting

Primary human arterial endothelial cells and PASMC were lysed in RIPA

buffer (Sigma-Aldrich) and 10 lg of protein were run on a 10% SDS
polyacrylamide gel, followed by electrotransfer to an Amersham Hybond

P 0.45 PVDF Blotting Membrane (GE Healthcare, Wien, Austria). After

blocking with 5% non-fat dry milk in TBS-T buffer (Tris-buffered saline

with 0.1% Tween-20), the membrane was incubated overnight at 4°C
with one of the following antibodies: anti-p38, anti–phospho-p38 (T180/

Y182), anti-c-Jun; anti-phospho c-Jun (S73), anti-phospho Erk1/2

(T202/Y204), anti-Erk1/2, anti-phospho c-Fos (S32) all from Cell Signal-

ing and anti-c-Fos (Novus Biologicals, Cambridge, UK) were used at
dilution of 1:1000; and anti-TLR4 (Abcam), anti-RAGE (1:500; Abcam)

and rabbit anti–alpha-tubulin (1:5000; Cell Signaling, Boston, MA, USA).

After washing, the membranes were incubated with horseradish-peroxi-
dase–labelled secondary antibodies (1:5000, anti-rabbit-HRP, Pierce,

Thermo Fisher Scientific, Waltham, MA, USA) and proteins detected

with Amersham ECL Prime Western Blotting Detection System (GE

Healthcare). Antibodies were removed by incubating the membrane for
15 min. with stripping buffer (RestoreTM PLUS Western Blot Stripping

Buffer; Thermo Scientific). Densitometric analysis was performed with

ImageJ (National Institutes of Health, USA).

Statistical analysis

Graphing and statistical analysis was performed with Graph Pad Prism
5 (La Jolla, CA, USA). Data are expressed as mean � SEM or as mean

and percentiles. Data from multiple groups were compared for statistical

significance using the Kruskal–Wallis test or repeated measures ANOVA

with Dunnett’s multiple-to-one comparison test. Paired t-test was used
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to compare two groups. Statistical significance was referred to as fol-

lows: *P ≤ 0.05, **P ≤ 0.01, ***P ≤ 0.001.

Results

HMGB1 in human pulmonary disease

As a result of the proposed inflammatory component in human PH,
we first examined remodelling and the presence of inflammatory cells
in IPAH patients and also in patients with PH associated with COPD
(COPD+PH). The remodelled vessels of IPAH and COPD+PH patients
were associated with inflammatory cells as shown by CD45 positive
staining (Fig. 1A). Concurrent with the vascular remodelling observed
in IPAH and COPD+PH samples, a number of proliferating cells were
detected in the vessel medial layer (Fig. 1B).

Staining against HMGB1 in healthy donor lung sections demon-
strated moderate immunoreactivity in the bronchial epithelium and
alveolar macrophages. In sections from COPD+PH and IPAH explant
lungs, strong immunoreactivity was visible in inflammatory cells.
Weaker immunoreactivity was observed in the endothelial and
smooth muscle layers. Donor samples exhibited weaker HMGB1
staining compared to diseased tissue (Fig. 2). In contrast, receptors
for HMGB1 (TLR4 and RAGE) were widely expressed throughout the
entire lung tissue in both disease and control lungs (Fig. 2). As the
high nuclear expression of HMGB1 prevents investigating expression
changes by real-time PCR or Western blotting, we analysed extracel-
lular HMGB1 levels in the serum of patient populations. Serum levels
of HMGB1 were significantly elevated in both IPAH and COPD+PH

samples as compared to controls (2.6 � 0.45 ng/ml, n = 14;
4.2 � 0.78 ng/ml, n = 14; versus 1.05 � 0.2 ng/ml, n = 14,
respectively; Fig. 3).

HMGB1 induces proliferation in PASMC and
PAEC

As a result of the strong IHC staining and raised circulatory levels of
HMGB1 in the patient samples (Figs 1 and 3), we sought to investi-
gate the effects of HMGB1 stimulation on vessel cell homoeostasis.
We first confirmed that the HMGB1 receptors, TLR4 and RAGE,
were expressed by both PASMC and PAEC. Real-time PCR and
Western blotting revealed that both TLR4 and RAGE were present in
PASMC and PAEC (Fig. 4). Treatment of PASMC and PAEC with either
1 or 100 ng/ml HMGB1 resulted in enhanced proliferation, as demon-
strated by increased thymidine incorporation (Fig. 5A and E). Analysis
of apoptosis revealed no changes between HMGB1- or control-treated
cells (Fig. 5B and F). HMGB1 at 1 ng/ml caused a slight reduction in
PASMC attachment on fibronectin-coated plates and increased
PASMC cell migration (Fig. 5C–H) without an associated effect on
gene expression of extracellular matrix components (Fig. S2).

HMGB1 induces c-Fos/c-Jun activation in PASMC

We next focused on which intracellular signalling pathways are acti-
vated in response to HMGB1. In PASMC, low concentrations (1 ng/
ml) of HMGB1 caused a time-dependent phosphorylation of the p38
and JNK pathways. At higher concentrations (100 ng/ml), additional

Table 2 Primer sequences used in the study

Gene Accession number Forward primer (50–30) Reverse primer (50–30)

B2M NM_004048.2 CCTGGAGGCTATCCAGCGTACTCC TGTCGGATGGATGAAACCCAGACA

Col1a1 NM_000088.3 ACATGTTCAGCTTTGTGGACC TGTACGCAGGTGATTGGTGG

Col3a1 NM_000090 GGTGTCCCAGGGAAAGATGG CTCTCTCACCAGGGCTACCA

MMP1 NM_002421.3 AGTCCAGAAATACCTGGAAAAATAC TTTTTCAACCACTGGGCCAC

MMP10 NM_002425.2 TCCAGGAGTTGAGCCTAAGGT CGCCTAGCAATGTAACCAGC

MMP19 NM_002429.5 GCCCGTGGACTACCTGTCAC TGTGGCATCATCCAGCTGAC

PBGD NM_000190.3 CCCACGCGAATCACTCTCAT TGTCTGGTAACGGCAATGCG

RAGE NM_001136.4 GCCACTGGTGCTGAAGTGTA TCCGGCCTGTGTTCAGTTTC

TIMP1 NM_003254.2 GCCTTCTGCAATTCCGACCT TTGGAACCCTTTATACATCTTGGT

TIMP2 NM_003255.4 ATGCAGATGTAGTGATCAGGGC TCTATATCCTTCTCAGGCCCTTTG

TIMP3 NM_000362.4 CTCCGACATCGTGATCCGGG TGGATGTACTGCACATGGGG

TLR4 NM_003266.3 AAGAGCTGGCATGAAACCCA ATTAGGAACCACCTCCGTGA

TnC NM_002160 GTCAAGCAACCCAGCCAAAG TCTGTCTGGGAAACACGTCG
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activation of ERK was observed (Fig. 6A and Fig. S3). At both high
and low concentrations, HMGB1 activated the ERK pathway in PAEC,
however, a robust activation of JNK was only observed at 100 ng/ml

and p38 activation at 1 ng/ml (Fig. 6B and Fig. S3). Downstream
from MAPK, both HMGB1 concentrations increased c-Jun and c-Fos
protein phosphorylation at later time-points in PASMC. However, no

A

B

Fig. 1 Vascular remodelling and inflammatory cell localization in IPAH- and COPD-associated PH lung tissue. (A) Representative images of lung

sections from donor, idiopathic pulmonary arterial hypertension (IPAH, n = 3) or PH associated with chronic obstructive pulmonary disease

(COPD+PH, n = 3) patients stained against: (upper panels) smooth muscle actin (SMA, purple) and von Willebrand (vWF, brown) and CD45

(lower panels); (B) Representative images of proliferating cell nuclear antigen (PCNA) staining in IPAH and COPD+PH patients. Higher scale
images (right panels) show boxed area in centre panels. Arrows indicate positive nuclei. SMA staining is shown to visualize the vessel wall,

Scale bars represent 50 lm.
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significant activation of c-Jun was observed in PAEC (Fig. 6 and
Fig. S3).

HMGB1 induced proliferation is dependent on
JNK and c-Jun

As strong MAPK activation was observed in response to HMGB1 stim-
ulation, we examined whether the use of specific MAPK inhibitors
could prevent the pro-proliferative effects of HMGB1 in PASMC. Inhibi-
tion of the JNK (SP600125) and p38 (SB203580) pathways fully atten-
uated the proliferation of PASMC induced by both low and high
HMGB1 concentrations. In contrast, inhibition of ERK1/2 (U0126) only
reduced PASMC proliferation at 100 ng/ml HMGB1 (Fig. 7A). As both

JNK and its downstream transcription factor c-Jun were activated in
PASMC, we investigated whether knockdown of c-Jun could also
reduce HMGB1-driven proliferation. This revealed that silencing of
c-Jun significantly attenuated the HMGB1-induced PASMC proliferation
(Fig. 7B). Silencing efficiency of c-Jun is shown in Figure S4. Cumula-
tively, this data indicate the pro-proliferative effects of HMGB1 are
driven by MAPK activation via c-Jun transcription factor.

Discussion

In this study, we investigated the role of HMGB1 and its intracellular
signalling pathways in regulating vascular remodelling processes. In
IPAH and COPD+PH patients, remodelled pulmonary arteries were

Fig. 2 Localization of HMGB1 and receptors in IPAH- and COPD-associated PH lung tissue. Immunohistochemical staining for HMGB1 (upper pan-

els), TLR4 (middle panels) and RAGE (lower panels) in lung sections from donor, idiopathic pulmonary arterial hypertension (IPAH) or PH associ-

ated with chronic obstructive pulmonary disease (COPD+PH). Scale bars represent 50 lm.
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associated with HMGB1-positive inflammatory cells. Furthermore,
elevated circulating levels of HMGB1 were observed in serum sam-
ples from these patients. In vitro, we demonstrated a pro-proliferative
effect for HMGB1 on human PASMC, an effect that could be blocked
using pharmacological or siRNA intervention. Together, our observa-
tions indicate a paracrine role for HMGB1 in adversely altering pulmo-
nary homoeostasis via activation of c-Jun and consequently vascular
remodelling.

Inflammatory cells and mediators have been increasingly impli-
cated in the development and progression of PH [21]. HMGB1 has
been shown to be elevated in sputum of asthma and COPD patients
[7, 22] and increased serum levels of HMGB1 were measured in IPAH
patients [23]. Accordingly, we have shown elevated HMGB1 serum
levels in IPAH and COPD+PH patients. HMGB1 can stimulate the pro-
duction of several pro-inflammatory factors associated with PH path-
ogenesis, including CCL2, IL-8 and PAI1 [24]. In human and
experimental PH, increased circulatory levels of cytokines such as IL-
1b, IL-6 and IL-8 [25, 26] and chemokines such as CCL2, CCL5 and
CXC3CL1 have been observed [27–30]. These pro-inflammatory
mediators exert direct effects on vascular structural cells, directly
altering vessel microenvironment, and circulating inflammatory cells
by recruiting them to the vessel wall where they can then release
HMGB1. Consistent with this notion, we observed strong immunore-
activity for HMGB1 in inflammatory cells, although other cell types
(such as endothelial or smooth muscle cells) could also release
HMGB1 and thus contribute to increased circulatory levels in patients
with IPAH and COPD+PH. As raised HMGB1 levels were detected in
patients with established PH, we cannot say whether HMGB1 is an ini-
tiating factor or a consequence of the pro-inflammatory milieu that
potentiates the disease phenotype.

Vascular remodelling in IPAH and COPD patients both share some
common features such as intimal thickening and medial hypertrophy
[9, 31], associated with smooth muscle proliferation [32–34]. In our
study, we demonstrated that HMGB1 increased the proliferation of

PAEC as well as migration and proliferation of PASMC in vitro.
HMGB1 has been shown to have a role in angiogenesis, stimulating
the proliferation, chemotaxis and sprouting of murine aortic endothe-
lial cells [35] and also in the proliferation of other cell types, e.g.
smooth muscle cells [36] and endothelial progenitor cells [37]; con-
versely, a recent publication has indicated no effect of HMGB1 on
PAEC proliferation [38]. The reason for these discrepancies could be
due to the different concentrations of HMGB1 applied (ranging from
1 ng/ml to 1 lg/ml), several publications have described the biphasic
proliferation response to HMGB1 [37, 39]. In our experimental set-
up, both 1 and 100 ng/ml demonstrated significant pro-proliferative
properties. Key pathways that regulate proliferation included MAPK
and their downstream signalling molecules. Stimulation of PAEC or
PASMC with HMGB1 activated several intracellular signalling path-
ways (p38, ERK and JNK), although with different kinetics depending
on the HMGB1 concentration. Pharmacological inhibition of these
signalling kinases revealed a crucial role for JNK and p38 in

Fig. 3 Increased serum levels of HMGB1 in IPAH- and COPD-associated
PH patients. Serum levels of HMGB1 in donors, idiopathic pulmonary

arterial hypertension (IPAH) or PH associated with chronic obstructive

pulmonary disease (COPD+PH) patients; *P < 0.05, ***P < 0.001, ns

not significant.

A

B

C

Fig. 4 Human pulmonary arterial endothelial cells and smooth muscle

cells express the HMGB1 receptors TLR4 and RAGE. Relative TLR4 and

RAGE mRNA expression (A and B) and protein (C) expression in human

pulmonary arterial endothelial cells (PAEC) and human pulmonary arte-
rial smooth muscle cells (PASMC); D1–D3 represent samples from

three different donors for PASMC or lots for PAEC.
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HMGB1-induced proliferation of human PASMC. This is consistent
with a previous report showing that JNK inhibition can attenuate the
HMGB1-induced proliferation of hepatic stellate cells [40]. In addition,
we demonstrated downstream activation of both c-Jun and c-Fos,
components of the AP-1 transcription factor complex. The AP-1 com-
plex is an important regulator of both proliferative and inflammatory
responses [41]. Previously, we have shown that silencing of AP-1
components attenuates PDGF-BB–induced PASMC proliferation [42].
Similarly, knockdown of c-Jun prevented the HMGB1-induced prolif-
eration in human PASMC at both 1 and 100 ng/ml concentrations,
further supporting the central role of AP-1 complex in vascular

remodelling. However, stimulation with high levels of HMBG1
(100 ng/ml) could activate additional processes, as demonstrated by
the involvement of ERK, in addition to the p38 and JNK pathways, in
regulating PASMC proliferation. This could possibly provide a mecha-
nistic explanation of the biphasic response to HMGB1 proliferative
effects using different concentrations. Importantly, the lower HMGB1
concentrations used in our study reflect the circulatory levels
observed in IPAH, asthma and COPD patients as measured by us and
others [4, 5].

Here, we investigated the effects of the pro-inflammatory media-
tor HMGB1 on vascular cells and its downstream molecular

A B C D

E F G H

Fig. 5 HMGB1-induced proliferation of pulmonary arterial endothelial cells and smooth muscle cells. Effect of HMGB1 treatment on human pulmo-
nary arterial smooth muscle cells (PASMC, A–D) and human pulmonary arterial endothelial cells (PAEC, E–H) on (A and E) proliferation n = 5–6, (B
and F) apoptosis n = 5, (C and G) attachment n = 5 and (D and H) migration n = 4–6. *P < 0.05, **P < 0.01, ***P < 0.001.

A B

Fig. 6 HMGB1 activates MAPK intracellular signalling pathways. Western blot analysis for MAPK and downstream factor activation in (A) human pul-
monary arterial smooth muscle cells (PASMC) and (B) human pulmonary arterial endothelial cells (PAEC) following stimulation with 1 or 100 ng/ml

HMGB1 for the indicated time-points. Blots are representative of a minimum three independent experiments.
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mechanisms that may trigger remodelling in the pulmonary circula-
tion. We have identified that physiological concentrations of HMGB1
are pro-proliferative and act via c-Jun activation. HMGB1 represents
one common pathway that could contribute to vascular remodelling
in different forms of PH. In keeping with this, recent studies have
demonstrated that the application of HMGB1-neutralizing antibodies
exerted a protective effect in two independent rodent models of PH
[23, 43], which indicates the potential of HMGB1 inhibition as a novel
therapeutic option for PH.
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Supporting information

Additional Supporting Information may be found in the online
version of this article:

Figure S1 Purity of pulmonary arterial smooth muscle cell isolation
as determined by staining against smooth muscle actin (SMA) and
smooth muscle myosin heavy chain (SMMHC). Negative staining rep-
resents control staining with the omission of primary antibody.

A

B

Fig. 7 Silencing of c-Jun attenuates HMGB1-induced proliferation. (A) Effects of MAPK inhibition of HMGB1-induced PASMC proliferation as deter-
mined by relative thymidine incorporation with prior treatment with ERK1/2 (U0126), p38 (SB203580), JNK (SP600125) inhibitors, n = 6. (B) Effects
of siRNA-mediated c-Jun silencing (sicJun) on HMGB1-induced PASMC proliferation, siCTL (control siRNA), n = 6. **P < 0.01, ***P < 0.001.
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Figure S2 Expression of extracellular matrix components in (A) human
pulmonary arterial smooth muscle cells (PASMC) and (B) human pul-
monary arterial endothelial cells (PAEC) as assessed by real-time PCR.

Figure S3 Densitometric analysis of MAPK and downstream factor
activation in (A) human pulmonary arterial smooth muscle cells

(PASMC) and (B) human pulmonary arterial endothelial cells (PAEC)
following stimulation with 1 or 100 ng/ml HMGB1 for the indicated
time-points.

Figure S4 Real-time PCR analysis of c-Jun expression in PASMC fol-
lowing siRNA treatment, line represents mean, **P < 0.01.

References

1. Chan JK, Roth J, Oppenheim JJ, et al. Alar-
mins: awaiting a clinical response. J Clin

Invest. 2012; 122: 2711–9.
2. Yang H, Wang H, Czura CJ, et al. HMGB1

as a cytokine and therapeutic target. J Endo-

toxin Res. 2002; 8: 469–72.
3. Abraham E, Arcaroli J, Carmody A, et al.

HMG-1 as a mediator of acute lung
inflammation. J Immunol. 2000; 165:

2950–4.
4. Hou C, Zhao H, Liu L, et al. High mobility

group protein B1 (HMGB1) in Asthma: com-

parison of patients with chronic obstructive

pulmonary disease and healthy controls. Mol

Med. 2011; 17: 807–15.
5. Yoshizaki A, Komura K, Iwata Y, et al. Clini-

cal significance of serum HMGB-1 and

sRAGE levels in systemic sclerosis: associa-

tion with disease severity. J Clin Immunol.
2009; 29: 180–9.

6. Hamada N, Maeyama T, Kawaguchi T,
et al. The role of high mobility group box1
in pulmonary fibrosis. Am J Respir Cell Mol

Biol. 2008; 39: 440–7.
7. Zhou Y, Jiang YQ, Wang WX, et al.

HMGB1 and RAGE levels in induced spu-
tum correlate with asthma severity and

neutrophil percentage. Hum Immunol.

2012; 73: 1171–4.
8. Ferhani N, Letuve S, Kozhich A, et al.

Expression of high-mobility group box 1 and

of receptor for advanced glycation end prod-

ucts in chronic obstructive pulmonary dis-
ease. Am J Respir Crit Care Med. 2010; 181:

917–27.
9. Rabinovitch M. Molecular pathogenesis of

pulmonary arterial hypertension. J Clin
Invest. 2012; 122: 4306–13.

10. Trad S, Amoura Z, Beigelman C, et al. Pul-
monary arterial hypertension is a major mor-

tality factor in diffuse systemic sclerosis,
independent of interstitial lung disease.

Arthritis Rheum. 2006; 54: 184–91.
11. Proudman SM, Stevens WM, Sahhar J,

et al. Pulmonary arterial hypertension in
systemic sclerosis: the need for early detec-

tion and treatment. Intern Med J. 2007; 37:

485–94.

12. Petitpretz P, Brenot F, Azarian R, et al.
Pulmonary hypertension in patients with

human immunodeficiency virus infection.

Comparison with primary pulmonary hyper-
tension. Circulation. 1994; 89: 2722–7.

13. Bethlem EP, Schettino Gde P, Carvalho CR.
Pulmonary schistosomiasis. Curr Opin Pulm

Med. 1997; 3: 361–5.
14. Hamada K, Nagai S, Tanaka S, et al. Signif-

icance of pulmonary arterial pressure and

diffusion capacity of the lung as prognosti-
cator in patients with idiopathic pulmonary

fibrosis. Chest. 2007; 131: 650–6.
15. Lettieri CJ, Nathan SD, Barnett SD, et al.

Prevalence and outcomes of pulmonary arte-
rial hypertension in advanced idiopathic pul-

monary fibrosis. Chest. 2006; 129: 746–52.
16. Gan WQ, Man SF, Senthilselvan A, et al.

Association between chronic obstructive
pulmonary disease and systemic inflamma-

tion: a systematic review and a meta-analy-

sis. Thorax. 2004; 59: 574–80.
17. Stacher E, Graham BB, Hunt JM, et al.

Modern age pathology of pulmonary arterial

hypertension. Am J Respir Crit Care Med.

2012; 186: 261–72.
18. Price LC, Wort SJ, Perros F, et al. Inflam-

mation in pulmonary arterial hypertension.

Chest. 2012; 141: 210–21.
19. Savai R, Pullamsetti SS, Kolbe J, et al.

Immune and inflammatory cell involvement

in the pathology of idiopathic pulmonary

arterial hypertension. Am J Respir Crit Care
Med. 2012; 186: 897–908.

20. Tuder RM, Groves B, Badesch DB, et al.
Exuberant endothelial cell growth and ele-

ments of inflammation are present in plexi-
form lesions of pulmonary hypertension. Am

J Pathol. 1994; 144: 275–85.
21. Rabinovitch M, Guignabert C, Humbert M,

et al. Inflammation and immunity in the
pathogenesis of pulmonary arterial hyper-

tension. Circ Res. 2014; 115: 165–75.
22. Cheng Z, Kang Y, Wu QG, et al. [Levels of

HMGB1 in induced sputum from patients
with asthma and chronic obstructive pulmo-

nary disease]. Zhonghua Yi Xue Za Zhi.

2011; 91: 2981–4.

23. Bauer EM, Shapiro R, Zheng H, et al.
High mobility group box 1 contributes to the

pathogenesis of experimental pulmonary

hypertension via activation of Toll-like recep-
tor 4. Mol Med. 2012; 18: 1509–18.

24. Fiuza C, Bustin M, Talwar S, et al. Inflam-

mation-promoting activity of HMGB1 on

human microvascular endothelial cells.
Blood. 2003; 101: 2652–60.

25. Humbert M, Monti G, Brenot F, et al.
Increased interleukin-1 and interleukin-6
serum concentrations in severe primary pul-

monary hypertension. Am J Respir Crit Care

Med. 1995; 151: 1628–31.
26. Soon E, Holmes AM, Treacy CM, et al. Ele-

vated levels of inflammatory cytokines pre-

dict survival in idiopathic and familial

pulmonary arterial hypertension. Circulation.

2010; 122: 920–7.
27. Balabanian K, Foussat A, Dorfmuller P,

et al. CX(3)C chemokine fractalkine in pul-

monary arterial hypertension. Am J Respir
Crit Care Med. 2002; 165: 1419–25.

28. Dorfmuller P, Zarka V, Durand-Gasselin I,
et al. Chemokine RANTES in severe pulmo-

nary arterial hypertension. Am J Respir Crit
Care Med. 2002; 165: 534–9.

29. Itoh T, Nagaya N, Ishibashi-Ueda H, et al.
Increased plasma monocyte chemoattrac-

tant protein-1 level in idiopathic pulmonary
arterial hypertension. Respirology. 2006; 11:

158–63.
30. Sanchez O, Marcos E, Perros F, et al. Role

of endothelium-derived CC chemokine ligand

2 in idiopathic pulmonary arterial hyperten-

sion. Am J Respir Crit Care Med. 2007; 176:

1041–7.
31. Hoffmann J, Wilhelm J, Marsh LM, et al.

Distinct differences in gene expression pat-

terns in pulmonary arteries of patients with

chronic obstructive pulmonary disease and
idiopathic pulmonary fibrosis with pulmo-

nary hypertension. Am J Respir Crit Care

Med. 2014; 190: 98–111.
32. Magee F, Wright JL, Wiggs BR, et al. Pul-

monary vascular structure and function in

chronic obstructive pulmonary disease. Tho-

rax. 1988; 43: 183–9.

1160 ª 2015 The Authors.

Journal of Cellular and Molecular Medicine published by John Wiley & Sons Ltd and Foundation for Cellular and Molecular Medicine.



33. Noureddine H, Gary-Bobo G, Alifano M,
et al. Pulmonary artery smooth muscle cell

senescence is a pathogenic mechanism for

pulmonary hypertension in chronic lung dis-

ease. Circ Res. 2011; 109: 543–53.
34. Santos S, Peinado VI, Ramirez J, et al.

Characterization of pulmonary vascular

remodelling in smokers and patients with
mild COPD. Eur Respir J. 2002; 19: 632–8.

35. Mitola S, Belleri M, Urbinati C, et al. Cut-
ting edge: extracellular high mobility group

box-1 protein is a proangiogenic cytokine. J
Immunol. 2006; 176: 12–5.

36. Porto A, Palumbo R, Pieroni M, et al.
Smooth muscle cells in human atheroscle-

rotic plaques secrete and proliferate in
response to high mobility group box 1 pro-

tein. FASEB J. 2006; 20: 2565–6.

37. Hayakawa K, Pham LD, Katusic ZS, et al.
Astrocytic high-mobility group box 1 pro-

motes endothelial progenitor cell-mediated

neurovascular remodeling during stroke

recovery. Proc Natl Acad Sci U S A. 2012;
109: 7505–10.

38. Bauer EM, Shapiro R, Billiar TR, et al. High
mobility group Box 1 inhibits human pulmo-
nary artery endothelial cell migration via a

Toll-like receptor 4- and interferon response

factor 3-dependent mechanism(s). J Biol

Chem. 2013; 288: 1365–73.
39. Degryse B, Bonaldi T, Scaffidi P, et al. The

high mobility group (HMG) boxes of the

nuclear protein HMG1 induce chemotaxis

and cytoskeleton reorganization in rat
smooth muscle cells. J Cell Biol. 2001; 152:

1197–206.

40. Wang FP, Li L, Li J, et al. High mobility
group box-1 promotes the proliferation and

migration of hepatic stellate cells via TLR4-

dependent signal pathways of PI3K/Akt and

JNK. PLoS ONE. 2013; 8: e64373.
41. Wagner EF. Bone development and inflam-

matory disease is regulated by AP-1 (Fos/

Jun). Ann Rheum Dis. 2010; 69(Suppl. 1):
i86–8.

42. Biasin V, Marsh LM, Egemnazarov B,
et al. Meprin beta, a novel mediator of

vascular remodelling underlying pulmonary
hypertension. J Pathol. 2014; 233:

7–17.
43. Sadamura-Takenaka Y, Ito T, Noma S,

et al. HMGB1 promotes the develop-
ment of pulmonary arterial hypertension in

rats. PLoS ONE. 2014; 9: e102482.

ª 2015 The Authors.

Journal of Cellular and Molecular Medicine published by John Wiley & Sons Ltd and Foundation for Cellular and Molecular Medicine.

1161

J. Cell. Mol. Med. Vol 19, No 5, 2015


