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Original Article 
HMGB1 enhances smooth muscle cell proliferation and 
migration in pulmonary artery remodeling
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Abstract: HMGB1 is a necessary and critical mediator of acute lung injury and can act as a chemoattractant and 
anti-apoptosis factor in injury or repair in diseases. In this study we sought to determine whether HMGB1 is involved 
in the remodeling of pulmonary artery and investigate the mechanism. A rat model of pulmonary artery remodeling 
was successful induced with LPS infusion and the increasing of pulmonary arteries media was obviously inhibited 
in rats treated with thrice inject of HMGB1 neutralizing antibody. The percent of areas of tunica media to total ar-
tery wall was (0.53±0.15), (0.81±0.10) and (0.59±0.11) in control, LPS and antibody group respectively (p<0.05). 
Meanwhile, treatment with HMGB1 neutralizing antibody not only decreased the level of HMGB1 mRNA and protein 
significantly, but inhibited the expression of PCAN and Bcl-2 as well. On the contrary, Bax, a gen which represented 
the apoptosis, revealed an absolutely reversed trend to Bcl-2 in pulmonary arteries. Experiments in vitro showed 
that HMGB1 could stimulate the proliferation of hPASMC in MTT test and increase the number of migrated cells 
in a concentration-dependent manner in chemotaxis assay using modified Boyden chambers. In conclusion, data 
from this study support the concept that HMGB1 is involved in the remodeling of pulmonary artery by enhancing 
proliferation and migration of smooth muscle cell. Inhibiting HMGB1 may be a new target to deal with the remodel-
ing of pulmonary artery.
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Introduction 

High mobility group box 1 (HMGB1) which pre- 
sent in nuclei of all mammalians cells has origi-
nally been discovered as a chromatin-binding 
protein that participates in maintaining nucleo-
some structure and regulating gene transcrip-
tion, it is currently thought to be a cytokine-like 
molecule when it is released from necrotic 
cells, or actively secreted from activated mac-
rophages, dendritic cells, and natural killer 
cells [1]. Accumulated evidences indicate that 
HMGB1 is a necessary and critical mediator of 
various acute lung injury (ALI) [2-4] and chronic 
pulmonary diseases (CPD) [5, 6] in mice and in 
patients. 

Pulmonary artery remodeling (PAR) is one of 
the base pathogenesis of various forms pulmo-
nary hypertension resulting from CPD. The 
present and progress of PAR are the main 
cause leading PH to irreversible and resulting in 

poor survival [7]. It has long been known that 
most CPD result from ALI and PAR begin even in 
the early stage of ALI [8]. Although HMGB1 is 
well known to be an important molecule in the 
pathogenesis of ALI and CPD, its role in PAR is 
still to be explored especially in the early stage 
as ALI. 

The remodeling of pulmonary artery is through 
to be the result of increased proliferation and 
resistance to apoptosis of endothelial cells and 
smooth muscle cells (SMCs) [7]. Studies 
showed that HMGB1 could act as a chemoat-
tractant factor not only for immunity cells [9], 
but for SMCs [10] and stem cells [11], and give 
raise to injury or repair in many diseases. In 
addition, HMGB1 could protect yeast [12] and 
mammalian cells [13] against Bax-induced 
apoptosis. So we hypothesized that HMGB1 
may contribute PAR by its chemoattractant and 
anti-apoptosis function to pulmonary vascular 
SMC. 
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nol series, cleared in 2 changes of xylene, and 
mounted with neutral gum, then stained with 
hematoxylin and feosin. 4 μm sections were 
examined and photographed by an Olympus 
BX51 microscope (Olympus Philippines inc., 
Greenhills, Philippines).

Immunohistochemistry

Paraffin sections were dried for 2 h, de-waxed 
in 2 changes of xylene, and antigen retrieval in 
citric acid buffer. After treated in 3% hydrogen 
peroxide and sealed with 10% goat serum, sec-
tions were incubated with polyclonal rabbit 
anti-rat PCNA, bax or bcl-2 (1:300, 1:50, 1:200; 
Abcam, Cambridge, UK) 4°C overnight. Washed 
sections then incubated with secondary anti-
bodies (Rabbit two stage method kit, BIO-LAB, 
Beijing, China) at 37°C for 60 min. Sections 
were made visible by adding 3,3’-diaminobenzi-
dine, counterstained with Harris-hematoxylin 
and mounted with neutral gum. The sections 
were examined and photographed with light 
microscope at 400×. An image analysis system 
(Imagre-Pro Plus Versoin 5.1, Media cybernet-
ics, Inc., Bethesda, MD, USA) was used to mea-
sure the thickness of the media in the pulmo-
nary arterioles accompanying respiratory 
bronchi with outside diameters between 50 to 
100 µm in each section according to [8]. 

Real-time polymerase chain reaction analysis 
(PCR) 

Total RNA was extracted from pulmonary arter-
ies (ID from 50 to 100 μm) by the TRIzon 
Reagent kit (invitrogen Life Technologies, Grand 
Island, NY, USA). RNA was reverse-transcribed 
using the PrimeScript RT reagent Kit (TOYOBO 
Bio Inc, Osaka, Japan). Relative expression lev-
els of mRNA were determined using a Roche 
Diagnostics Light Cycler 2.0 Real-Time PCR 
System (Roche Diagnostics, Shanghai, China) 
with a SYBR® Premix Ex TaqTM (TaKaRa Bio 
Inc, Shiga, Japan) and gene-specific primers 
(β-actin for, GTCGTACCACTGGCATTGTG, β-actin 
rev CTCTCAGCTGTGGTGGTGAA; Bcl-2 for CTGGT- 
GGACAACATCGCTCTG, Bcl-2 rev GGTCTGCT- 
GACCTCACTTGTG; Bax for CTGCAGAGGATGATT- 
GCTGA, Bax rev GATCAGCTCGGGCACTTTAG. 
HMGB1 for, GCTCAGAGAGGTGGAAGACCA; HM- 
GB1 rev, GGGGCATTGGGGTCCTTGAA.) A total 
volume of 20 μl reaction system liquid was sub-
jected to the following PCR program: 30 s at 
95°C (initial denaturation) and then a 20°C/s 

Thus, the present study sought to determine 
whether HMGB1 neutralizing antibody treat-
ment could reduce the thickening of pulmonary 
arteries tunica media induced with lipopolysac-
charide (LPS), and explore that weather HMGB1 
could induce the proliferation, migration, and 
anti-apoptosis of human pulmonary SMC 
(hPASMC).

Materials and methods

Animal 

Adult male Wistar rats weighing 220~250 g 
were obtained from the Experimental Animals 
Centre of Shandong University. All experimental 
protocols were approved by the Experiments 
Animal Ethics Committee of Shandong Unive- 
rsity. 

The rats were housed five per cage in the regu-
lar animal room and given standard laboratory 
food and tap water ad libitum. All rats were 
anesthetized by intraperitoneal injection of 1% 
sodium pentobarbital 50 mg/kg and kept under 
anesthesia during the entire surgical proce-
dures. A set of 30 rats were randomly assigned 
into three groups: control group (C, n=10), LPS 
group (L, n=10), and anti-HMGB1 treated group 
(A, n=10). The PAR rat model was induced with 
LPS according to [8]. In briefly, LPS (0111: B4, 
Sigma-Aldrich, St. Louis, MO, USA) 1 mg/kg 
was dissolved in 2 ml normal saline (NS) and 
was infused using a micro pump in 30 min after 
3 ml of NS administrated in 1 h. The successful 
model preparation was observed for signs of 
ALI including: gray and violet lips, followed by 
listlessness and erect hair after reviving from 
anesthesia. In control group, 5 ml of NS was 
pump in 1.5 h. In anti-body group, neutralizing 
antibody of HMGB1 (2 mg/kg dissolved in NS 
2.0 ml) was injected at 12, 24, 48 h separately 
following the LPS infusion. 

Sample 

Lungs were taken from anesthetized animal 72 
h after treated with NS or LPS. The arteries 
from right lungs were frozen and stored under 
-80 for PCR and western blotting experiments. 
While, the left one were fixed in 30×4% parafor-
maldehyde for 48 h and used for histopatholo-
gy and immunohistochemistry test.

Histopathology

Fixed lungs were washed with running water at 
least for 2 h, dehydrated by a descending etha-
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Figure 1. Changes of pulmonary arteries media thickness. (A) Representative pulmonary arterioles sections of HE 
staining (media thickness marked with arrow), and (B) percent of media areas to total artery in different groups. 
ap<0.05 vs control; bp<0.05 vs LPS.

temperature transition rate up to 95°C for 5 s, 
60°C for 20 s (HMGB1: 57°C for 20s), 72°C for 
15 s and repeated 40 times. All protocols were 
performed according to the instructions from 
manufacturer.

Western blotting

Cell lysates from pulmonary arteries were sep-
arated by sodium dodecyl sulfate-polyacryl-
amide gel electrophoresis (SDS-PAGE) and 

transferred onto polyvinylidene difluoride mem-
branes (PVDF). Subsequently, the membranes 
were probed with antibodies to mouse Bax, Bcl-
2, HMGB1 and β-actin (Abcam, Cambridge, UK). 
Signals were visualized by the ECL detection 
system (GE Healthcare Bio-Sciences, Pitts- 
burgh, PA, USA).

Cell and culture 

hPASMC purchased from Sciencell (Carlsbad, 
CA, US) were cultivated in DMEM medium con-
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Figure 2. Expression of PCNA, Bcl-2, Bax and HMGB1 in different groups. A. Representative immunohistochemistry sections of PCNA, Bcl-2 and Bax. B. Relative ex-
pression of HMGB1 mRNA, Bcl-2 mRNA, Bax mRNA. C. Relative protein levels of HMGB1, Bcl-2 and Bax detected with western blotting. ap<0.05 vs control; bp<0.05 
vs LPS.
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(positive control) were placed in the lower 
chambers. 

hPASMC were grown in DMEM plus 10% FBS, 
starved overnight, washed twice with PBS to 
eliminate any floating cells, and harvested with 
trypsin. hPASMC 5×105 resuspended in 100 μl 
DMEM were placed in the upper chambers and 
incubated at 37°C in 5% CO2 for 20 h. Cells 
remaining on the upper surface of the filters 
were mechanically removed, and those which 
had migrated to the lower surface were fixed 
with methanol, stained with crystal violet stain 
(Sigma-Aldrich, St. Louis, MO, USA), and count-
ed at 400× in 5 random fields per filter with 
OLYMPUS CKX41 (Olympus Philippines inc., 
Greenhills, Philippines). 

TUNEL assay 

A terminal deoxynucleotidyl transferase biotin-
dUTP nick end labelling (TUNEL) assay was per-
formed to determine the degree of apoptosis. 
Starved hPASMC (2×106 cells in 1ml /well) were 
plated into 6-well plates with slides for 24 h, 
and then the medium was replaced with DMEM 
containing 8% FBS only or 1, 10, 100 or 1000 
ng/ml HMGB1 and treated for 48 h. Cells fixed 
with 4% polyformaldehyde were permeabilized 
in 0.1% triton X-100 solution and marked with 
biotin. 3’-diaminobenzidine tetrahydrochloride 
(DAB) mix in an equilibration buffer (0.5 ml) was 
added to cover the slides. Then the sections 
were counterstained with hematoxylin, dehy-
drated by a descending ethanol series, made 
visible by adding 3,3’-diaminobenzidine, and 
mounted with neutral gum. Sections were 
examined using light microscope and the cells 
colored brown were identified the apoptosis 
cells. The percentage of apoptosis was defined 
as apoptosis/all cells in view of one high magni-
fication ×100%. The assay was repeated in five 
independent experiments.

Statistical analysis

The statistical analysis was employed by SPSS 
17.0 for Windows (SPSS Inc., Chicago, IL, USA). 
One-way analysis of variance (ANOVA) was used 
to compare mean values across multiple treat-
ment groups, least significant difference (LSD) 
test to pairwise comparison, and Chi-Square 
test to assess rates form groups. A value of 
p<0.05 was considered significant.

Figure 3. Effect of HMGB1 on the proliferation of 
hPASMC. Optical density (OD) value under 490 nm 
was detected with MTT assay. ap<0.05 vs control (0 
ng/ml); bp<0.05 vs 24h.

taining 100 U/ml of penicillin, 100 ug/ml of 
streptomycin, and 10% FBS at 37°C and 5% 
CO2. Medium was changed every other day, and 
cells passaged to five to eight generations were 
used for the following experiments.

Proliferation assay

Cells were seeded in 96-well plates (2×105 

cells/well) and grown in DMEM supplemented 
with 10% FBS for 16 h, and then the medium 
was replaced with serum-free DMEM for 24 h. 
Subsequently, the cells were grown with medi-
um alone, or medium with the addition of 10% 
FBS or HMGB1 at the concentration of 1, 10, 
100, and 1000 ng/ml for 24 h or 48 h. 
3-(4,5-dimethylthiazol-2-yl)-2, 5-diphenyltetraz-
lium bromide (MTT, Sigma-Aldrich, St. Louis, 
MO, USA) 20 μl were added into the medium 
and incubated for 4 h and then dimethyl sulfox-
ide 150 μl for 15 min before cells were tested. 
The absorbance value of colored solution was 
quantified by measuring at 490 nm wavelength 
with a multimode microplate readers (TECAN, 
infinite M200, Männedorf, Switzerland). All 
experiments were performed in five times.

Chemotaxis assay

Cell migration was assayed using transwell 
Boyden chambers (corning, Tewksbury, MA, 
USA). In brief, PVP-free polycarbonate filters 
with 8 μm pores (Costar) were coated with 0.1% 
poly-L-lysine (wt/vol). Serum-free DMEM (nega-
tive control), DMEM containing 1, 10, 100 or 
1000 ng/ml HMGB1, and RPMI with 20% FBS 
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Figure 4. Effect of HMGB1 on the migration of hPASMC. A. Representative photos of hPASMC migrated to the lower 
surface stained with crystal violet stain. B. Number of hPASMC counted in one field of light microscope (400×). 
ap<0.05 vs. control (0 ng/ml).

Figure 5. Effect of HMGB1 on apoptosis of hPASMC. 
Percent of the apoptotic cell.

Results

HMGB1 neutralizing antibody treatment re-
duced LPS-induced pulmonary arteries media 
thickening 

The increased thickness of pulmonary arteri-
oles media are the mark of PAR. A PAR rat 
model was successful induced with LPS infu-
sion as shown in Figure 1A and signs of ALI. 
Compared to the control group, the media of 
pulmonary arteries (ID from 50 to 100 μm) 
increased obviously in LPS group (Figure 1A). 
However, they were thinner in rats of anti-
HMGB1 group than those in LPS group (Figure 
1A). The areas percent of tunica media to  
total artery was (0.53±0.15), (0.81±0.10), 
(0.59±0.11) in control, LPS and antibody group 
respectively, and there was a significantly dif-
ferent in statistics (Figure 1B). 

HMGB1 neutralizing antibody treatment 
inhibited LPS-induced expression of PCNA and 
Bcl-2 of pulmonary arteries 

To gain insight into the mechanism of HMGB1 
involving in the progress of PAR, we tested the 
effect of HMGB1 on the expression of PCNA, 
Bcl-2 and Bax which are thought to be respon-
sible for the proliferation and apoptosis in many 
kind of cell. HMGB1, PCNA and Bcl-2 had a high 
expression in LPS group detected with immuno-
histochemistry (Figure 2A), real-time PCR 
(Figure 2B), or western blotting (Figure 2C). 
Treatment with HMGB1 neutralizing antibody 
decreased not only the level of HMGB1 mRNA 
and protein significantly, but the level of PCAN 
and Bcl-2 as well. On the contrary, Bax, a gen 
which represented the apoptosis, revealed an 
absolutely reversed trend to Bcl-2 (Figure 2). 

HMGB1 stimulated the proliferation of 
hPASMC

To gain further insight into the mechanism of 
HMGB1 in the remodeling of pulmonary artery, 
we next tested the effect of HMGB1 on the pro-
liferation, chemotaxis and apoptosis of hPASMC 
in vitro. Figure 3 showed that there was a con-
centration-dependent increase in the absor-
bance value of hPASMC after stimulation with 
grade HMGB1 and a time-dependent increase 
with up to 48 h, whereas only slight prolifera-
tion occurred between 100 ng/ml and 1000 
ng/ml tested at 24 and 48 h. It suggested that 
HMGB1 could promote the proliferation of 
hPASMC at indicated concentration at least 
lasting up to 48 h. 
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HMGB1 induced hPAMSC migration

The chemotactic effect of HMGB1 was deter-
mined with a chemotaxis assay using modified 
Boyden chambers. Compared to the control 
group, there was a concentration-dependent 
increase in the number of hPASMC migrated to 
the lower surface of filters with HMGB1 concen-
tration up to 100 ng/ml, whereas the increase 
ceased when the concentration of HMGB1 in 
media reached 1000 ug/ml (Figure 4). 

HMGB1 didn’t impacted the apoptosis of 
hPASMC

To detect the apoptotic cells, hPASMC were 
incubated with graded concentration of HMGB1 
(0, 1, 10, 100, 1000 ng/ml) for 48 h. TUNEL 
staining was performed and TUNEL-positive 
cells were counted with light microscope. A pro-
spective increasing tread of apoptosis was not 
shown in Figure 5. On the contrary, a clearly 
decreasing was revealed even though a signifi-
cantly different was not detected in statistics 
(p>0.05). 

Discussion 

HMGB1 can be released into intravascular 
spaces by cells of the innate immune system, 
damaged tissues and necrotic cells in response 
to bacterial endotoxin and/or hypoxia [14-16], 
and its plasma levels correlate well with poor 
prognosis and high mortality in patients with 
ALI [3, 4]. Previous studies have documented 
that administration of anti-HMGB1 antibodies 
or inhibitors can protect mice from various ALI 
significantly [2-4]. In the present study, we 
showed that HMGB1 neutralizing antibody 
treatment could reduce the thickening of pul-
monary arteries tunica media and inhibit the 
expression of PCNA and Bcl-2 induced with LPS 
infusion in vivo. We also showed that the nucle-
ar protein HMGB1, when presented in the medi-
um, could promote hPASMC proliferation and 
chemotaxis in vitro. In other word, HMGB1 is 
involved in the development of PAR by enhanc-
ing proliferation and migration of SMC. 

Endotoxin, an intrinsic component of the outer 
membrane of gram-negative bacteria, is com-
posed of LPS and is known to cause acute lung 
injury (ALI) [3, 8]. The study of Wang et al [8] 
has documented that there is remodeling of the 
pulmonary arteries in ALI induced with a small 

dose LPS constant infusion. In our present 
study, rats in model group revealed appreciable 
signs of ALI accompanied with thickening of 
pulmonary arteries tunica media at 72 h after 
LPS infusion just like those in Wang’s experi-
ment. This indicated that the PAR model of 
acute lung injury was induced successfully. As 
a late cytokine mediator of lethal systemic 
inflammation, HMGB1 is time-dependently 
released from endotoxin-stimulated ALI, with 
serum concentrations of HMGB1 rising within 8 
to 32 hours after the administration of LPS [3, 
14]. Based on the kinetics of HMGB1 accumu-
lation in serum, and the relatively short biologi-
cal half-life of antibodies of HMGB1 [17, 18], we 
reasoned that repeated dose of antibodies 
might be required to neutralize HMGB1 com-
pletely. Results indicated that administration of 
anti-HMGB1 in three doses at 12, 24, 48 h 
after LPS infusion could decrease the media 
thickness in the pulmonary arterioles 
significantly.

Studies have demonstrated HMGB1 can act as 
a chemoattractant factor and promote the pro-
liferation for many kinds of cell including SMC 
from thoracic aorta [10]. The results in vivo of 
us in the present study from PCNA detected 
with immunohistochemistry suggest that 
HMGB1 promoting the progress of PAR may be 
result from its effect of accelerating prolifera-
tion and facilitating migration of SMC, and this 
was further demonstrated with our experi-
ments in vitro. 

Previous studies have also demonstrated that 
HMGB1 can inhibit the expression of pro-apop-
tosis protein Bax and promote the expression 
of anti-apoptosis protein Bcl-2 in yeast [12], 
cancer cell [19] and PMN [20] against apopto-
sis. Our experiments in vivo revealed that the 
Bax protein, a proapoptotic gene product, was 
strongly expressed in medial media of pulmo-
nary arteries in group C and A, whereas it was 
weakly expressed in group L. In contrast, the 
expression of bcl-2 protein, an antiapoptotic 
gene product, was rarely observed in medial 
media of pulmonary arteries in group C and A, 
whereas it was strongly expressed in group L. 
Thus, HMGB1 promoting the progress of PAR 
may be results from its regulating apoptosis 
gene expressions. But, TUNEL test of hHPASMC 
can’t provide further evidence supporting our 
results in vivo. Literatures have indicated that 
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HMGB1 can also trigger apoptosis of T lympho-
cytes [21], cardiomyocytes [22], and hepato-
cytes [23] after a certain stimulus or injury in 
vitro or in vivo. So if the apoptosis of hPASMC 
involving in the pathology of PAR are still to be 
explored in the future.

There are other limitations in this study. First, 
PAR model was successfully induced with LPS 
and treatment with HMGB1 neutralizing anti-
body certainly did reverse the PAR partly in the 
present study, but it will be more well-grounded 
and reliable if a PAR model induced with 
HMGB1 used. Second, even though the previ-
ous findings have demonstrated that the recep-
tor of advanced glycation end products and the 
mitogen-activated protein kinase contributed 
to the HMG1-induced cell migration [10] and 
proliferation [24], the precise mechanism of 
HMGB1 promoting the PAR are need to be 
elicited. 

In conclusion, data from this study may give us 
the impression that HMGB1 is involved in the 
progress of pulmonary artery remodeling by 
enhancing proliferation and migration of SMC. 
Inhibiting HMGB1 may be a new target to deal 
with the remodeling of pulmonary artery. 
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