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Abstract

Aims: High mobility group box 1 (HMGB1) is a DNA-binding protein secreted into

extracellular space from necrotic cells and acts as a cytokine. We examined the role of

HMGBI in angiogenesis from bone marrow-derived cells in the heart, using transgenic

mice with cardiac-specific overexpression of HMGB1 (HMGBI1-TG).

Methods and Results: HMGBI1-TG mice and wild-type littermate (WT) mice were

lethally irradiated and injected with bone marrow cells from green fluorescent protein

mice through the tail vein. After bone marrow transplantation, the left anterior

descending artery was ligated to create myocardial infarction (MI). Flow cytometry

analysis revealed that circulating endothelial progenitor cells (EPCs) mobilized from

bone marrow increased after MI in HMGB-TG mice compared with WT mice. The size

of MI was smaller in HMGB1-TG mice than in WT mice. Immunofluorescence staining

demonstrated that the numbers of engrafted vascular endothelial cells derived from bone

marrow in the border zone of MI were increased in HMGB1-TG mice rather than in WT

mice. Moreover, the levels of the cardiac vascular endothelial growth factor after MI

were higher in HMGB1-TG mice than in WT mice.

Conclusions: The present study demonstrated that HMGB1 promoted angiogenesis and



reduced MI size by enhancing mobilization and differentiation of bone marrow cells to

EPC, migration to the border zone of MI, and engraftment as vascular endothelial cells

of new capillaries or arterioles in the infarcted heart.
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Introduction

Myocardial infarction (MI), which is caused by occlusion of the coronary artery, is the

leading cause of heart failure and cardiac death [1]. Angiogenesis plays an important

role in the repair of injured tissues, including MI[2]. Endothelial cells originating from

bone marrow have been reported to participate in angiogenesis, and the mechanisms of

angiogenesis after MI have been extensively studied [3-6].

High mobility group box 1 (HMGBI1) is a DNA-binding protein located in the

nucleus of almost all types of cells. It is a 215 amino acid protein and has important

functions in stabilizing nucleosomes and facilitating DNA transcription, replication and

repair [7-10]. HMGBI1 is important for maintaining correct transcriptional control

through specific transcription factors. A previous study has reported that HMGBI1

knockout mice show hypoglycemia and die within a short time after birth as a result of

impairing their glucocorticoid receptor; therefore, HMGBI is essential for their survival

[11]. HMGBI is also known to be secreted into extracellular space from necrotic, but

not apoptotic, cells and activated inflammatory cells, and to act as a cytokine [12].

Extracellular HMGB1 mediates inflammation and enhances regeneration of damaged



tissues [8, 13—15]. We have recently demonstrated that HMGBI1 attenuates cardiac

damage and restores cardiac function by enhancing angiogenesis after MI [16].

Moreover, HMGBI1 induces myocardial regeneration by enhancing the proliferation of

cardiac C-kit+ progenitor cells after MI [17].

In this study, we examined the role of HMGBI in angiogenesis from bone marrow-

derived cells in the heart after MI, using transgenic mice with cardiac-specific

overexpression of HMGB1 (HMGBI1-TG).



Methods

Animals and ethics statement

HMGBI1-TG mice [16] and wild-type littermate (WT) mice (C57BL/6, male), 10 to 12

weeks old, were used for experiments. The investigations conformed to the Guide for

the Care and Use of Laboratory Animals published by the US National Institutes of

Health (NIH publication, 8th Edition, 2011). Our research protocol was approved by the

Fukushima Medical University Animal Research Committee, and all animal

experiments were conducted in accordance with the guidelines of the Fukushima

Medical University Animal Research Committee. All efforts were made to minimize

suffering animals.

Bone marrow transplantation (BMT)

Green fluorescent protein (GFP) mice (C57BL/6, male), 6 to 12 weeks old (CLEA

Japan, Inc., Tokyo, Japan), were lightly anesthetized by titrating isoflurane (0.5-1.5%)

and sacrificed by cervical dislocation. Whole bone marrow cells from GFP mice were

harvested by flushing their femurs with PBS as previously reported [18]. Briefly, the



cells were washed 2 times with PBS and diluted in 5.0 x 10° cell/200 ul with saline. The

recipient mice (WT mice and HMGBI-TG mice, 8 to 10 weeks old) were lethally

irradiated with a total dose of 9 Gy and injected with bone marrow cells through the tail

velin.

Ligation of left anterior descending coronary artery

Induction of MI was performed as described previously [19]. Briefly, 2 weeks after

bone marrow transplantation (BMT), WT and HMGBI1-TG mice were anesthetized by

intraperitoneal injection with a tribromoethanol (0.25 mg/g of body weight). The mice

were intubated with a 20-gauge polyethylene catheter and were ventilated with a rodent

ventilator (Shinano Manufacturing, Tokyo, Japan). An incision was made along the left

sternal border, and the fourth rib was cut proximal to the sternum. The left anterior

descending coronary artery was identified, and an 80 proline suture was passed around

the artery and subsequently tied off. Successful ligation of the coronary artery was

verified visually by the discoloration of the left ventricular myocardium. In

sham-operated animals, the same procedure was performed except for the coronary



artery ligation. Finally, the heart was repositioned in the chest, and the chest wall was

closed. The animals remained in a supervised setting until becoming fully conscious.

Flow cytometry analysis

Peripheral blood samples were collected from the mice at 2 weeks after BMT and 1

week after MI operation. Circulating cells were identified using a nucleated fraction

determined by forward and side scatters.

EPCs are a subpopulation of the non-neutrophil cell lineage. First, we gated these

cell lineages using anti-granulocyte differentiation antigen-1 (GR1). EPCs exhibit

nonspecific hematopoietic stem cell and/or progenitor cell markers (CD34, CD117, or

AC133), as well as specific endothelial markers (CD144, or CD146). CD34 is a marker

for hematopoietic progenitor cells that give rise to all blood cells [20], and CD144

(VE-cadherin) is expressed on endothelial cells [21]. For that reason, we used CD34 and

CD144 surface markers to identify EPCs in the flow cytometric analyses [22]. The cells,

which were labeled with pacific blue-conjugated anti-CD34 (eBioscience, Inc., San

Diego, CA, USA), R-phycoerythrin-conjugated anti-CD144 (eBioscience, Inc.), and



allophycocyanin-conjugated anti-GR1 (eBioscience, Inc.), were examined by a flow

cytometer (BD FACSCanto II, BD Biosciences, San Jose, CA, USA) and analyzed with

Flow Jo software version 7.6.2 (Tomy Digital Biology, Co., Ltd., Tokyo, Japan) to

identify EPCs in GFP-positive donor bone marrow-derived cells.

Enzyme-linked immunosorbent assay (ELISA)

Plasma concentrations of HMGBI1 at 4 days after MI operation in WT and HMGBI1-TG

mice were measured by ELISA kit (Shino-Test Corporation, Tokyo, Japan) according to

the manufacturer’s instructions, as previously reported [16].

Histological examinations

To assess morphological changes, the mice were weighed and sacrificed by cervical

dislocation 4 weeks after MI operation. Their hearts were excised and weighed, and

each heart was embedded in paraffin or optimal cutting temperature compounds. The

tissues were sliced serially at the papillary muscle level of the mitral valve. These slices

in paraffin were stained with hematoxylin-eosin stain and Masson—trichrome stain. In



each left ventricular transverse section, the infarct length was calculated by measuring

the endo- and epi-cardial surface length delimiting the infarcted region. The percentage

of the infarct size was calculated as the infarct length divided by the total left ventricular

circumference, as previously reported [16, 23]. We took the digital photomicrographs

and determined the left ventricular area using Image J software (version 1.38, National

Institutes of Health). Frozen tissue sections 7 pm in thickness were cut on a cryostat and

air-dried, and immunohistological staining was performed. We used anti-platelet

endothelial cell adhesion molecule (PECAMI, Santa Cruz Biotechnology, Inc., Santa

Cruz, CA, USA) to identify endothelial cells. The sections were stained with

horseradish peroxidase-conjugated secondary antibody (Histofine Simple Stain Mouse

MAX PO, Nichirei Biosciences, Inc., Tokyo, Japan) and diaminobenzidine

etrahydrochloride, and counterstained with haematoxylin. We also used anti-o smooth

muscle actin (aSMA) antibody (Santa Cruz Biotechnology, Inc., Santa Cruz, CA, USA)

to identify aSMA-positive vessels. The sections were stained with Histofine Simple

Stain Mouse MAX PO and diaminobenzidine etrahydrochloride, and with haematoxylin.

To assess the numbers of PECAMI and aSMA-positive cells, we took digital



photomicrographs from the border zone (1-2 mm from the edge of the infarction zone)

at 4 weeks after MI. Ten random microscopic fields in the border zone were examined,

the numbers of PECAMI-positive cells/high power field (HPF, x 400) and

aSMA-positive cells’/HPF were counted, and the data from 10 fields were averaged

[16].

We used anti-GFP (Abcam, plc., Cambridge, UK) antibody as a primary

antibody, and goat anti-chicken IgY antibodies conjugated with Alexa Fluor488 (Abcam,

plc.) as a secondary antibody. Furthermore, we used anti-PECAMI1 (Santa Cruz

Biotechnology, Inc.) and goat anti-rabbit IgG conjugated with Alexa Fluor594 (Santa

Cruz Biotechnology, Inc.). Samples were observed by fluorescence microscopy with

nuclear counter staining with 4’ 6-diamidino-2-phenylindole (DAPI). We took the

digital photomicrographs of whole sections at 200x magnification. We calculated the

ratio of GFP and PECAMI1 double-positive cells, which were bone marrow-derived

cells differentiated into vascular endothelial cells within the myocardial tissue, to total

nuclei numbers. We also assessed the ratio of GFP/PECAMI1 double-positive cells per

PECAMI positive cells.
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Proteins in the left ventricle after myocardial infarction

The mice were sacrificed by cervical dislocation and their hearts were rapidly excised

for the analyses at 1 week after MI operation. Proteins were extracted from the

snap-flozen left ventricle in the remote and border zone of the MI with ice-cold lysis

buffer, as previously reported [19, 23, 24]. The protein concentration of myocardial

samples was carefully determined by the protein assay (Bio-Rad Laboratories, Inc.,

Hercules, CA, USA). Equal concentrations of the protein solution (10 pg/pl) were

analyzed using HMGB-1 ELISA kit (Shino-Test Corporation), vascular endothelial

growth factor (VEGF) ELISA kit (Immuno-Biological Laboratories Co., Ltd., Fujioka,

Japan), and angiopoietin-1 ELISA kit (Cloud-Clone Corp., Houston, TX, USA)

according to the manufacturer’s instructions.

Extraction of total RNA and polymerase chain reaction (PCR)

The mRNA expression of VEGF receptor 2 in mouse hearts was determined by reverse

transcription-PCR. Total RNA was extracted from mouse hearts using RNeasy Mini Kit
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(Qiagen, Venlo, Netherlands) according to the manufacturer’s instructions. The

concentrations of all RNA samples were determined spectrophotometrically. The cDNA

was produced from total RNA using ReverTra Ace qPCR RT Master Mix (ToYoBo Co.,

Ltd., Osaka, Japan) according to the manufacturer’s instructions, and PCR was

performed using GeneAmpr PCR System 9700 (Applied Biosystems, Santa Clara, CA.).

The expression level of VEGF receptor 2 was normalized to that of glyceraldehyde-3-

phosphate dehydrogenase (GAPDH) and expressed as fold increase over the levels in

the sham-operated WT mice. Primers were designed on the basis of GenBank sequences

(VEGF receptor 2, NM0106122 and GAPDH, NM001001303).

Statistical analysis

All results are expressed as mean + standard error (S.E.). Statistical significance was

evaluated with the unpaired #-test for comparisons between 2 groups. EPC and proteins

in the left ventricle were analyzed by one-way analysis of variance (ANOVA), followed

by multiple comparisons with Bonferroni test. A p value less than 0.05 was considered

12



statistically significant. These analyses were performed using a statistical software

package (SPSS ver. 21.0, IBM, Armonk, NY, USA).
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Results

Circulating EPCs counts

Flow cytometry showed that peripheral leukocytes steadily consisted of more than 90%

of the GFP-positive cells at 2 weeks after BMT in both WT mice and HMGBI1-TG mice.

GFP-positive cells were identified as donor bone marrow cell-derived EPCs if they

were positive for both CD34 and CD144 in the GR1-negative fraction. No significant

difference was observed in the ratio of EPCs to GR1-negative cells between WT mice

and HMGBI1-TG mice before MI operation (Figs. 1A, 1B, and 1E). The ratio of EPCs to

GR1-negative cells significantly increased in WT and HMGB1-TG mice at 1 week after

MI operation (p < 0.05 and p < 0.01, respectively, Figs. 1A-1E). However, this increase

was significantly higher in HMGB1-TG mice than in WT mice (p < 0.01), as shown in

Fig. 1E.

Plasma and cardiac concentrations of HUGB1

We measured plasma concentrations of HMGB1 4 days after MI operation (Fig. 2A).

The plasma HMGBI1 level was not different between WT and HMGBI-TG
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sham-operated mice, however, it was higher in HMGB1-TG MI mice than in WT MI

mice (p < 0.05).

In contrast, the cardiac protein level of HMGB1 was much lower in the border

zone of MI of the HMGB1-TG mice than in the remote zone of the HMGB1-TG mice

and the sham-operated HMGB-TG mice (14.3 + 2.9, 31.3 = 5.0 and 30.1% 1.8 ng/ug

protein, p < 0.05 and p < 0.01, respectively) as shown in Fig. 2B. These data suggest

that HMGB1 was released into circulation from necrotic cardiomyocytes after coronary

artery ligation.

Gravimetric data and left ventricular remodeling after M1

The body weight at 4 weeks after MI operation was not different between the WT and

HMGBI1 TG mice (23.8 £ 0.66 g vs. 24.6 £ 0.79 g). The ratio of heart weight to body

weight at 4 weeks after MI operation was lower in HMGBI1-TG mice than in WT mice

(7.56 £ 0.30 mg/g vs. 8.65 = 0.38 mg/g, p <0.05).

We calculated the percentage of infarct size 4 weeks after coronary ligation (Fig.

3). The infarct size was significantly smaller in the HMGB1-TG than in the WT mice (p
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<0.05).

We also examined the numbers of PECAM1 and aSMA-positive cells from the

border zone at 4 weeks after MI to measure capillary and arteriole densities (Fig. 3C

and 3E). Numbers of PECAMI1-positive cells were greater in the HMGB1-TG mice

than in the WT mice (54.4 + 2.8 vs. 38.3 + 3.2, p < 0.01) as shown 3D. Numbers of

aSMA-positive cells were greater in the HMGB1-TG mice than in the WT mice (10.2 +

0.8 vs. 7.4 £ 1.1, p <0.05) as shown 3F.

Mpyocardial immunofluorescence staining

Bone marrow-derived cells were confirmed by staining with GFP-specific antibody

(Figs. 4A and 4F), and endothelial cells were confirmed by staining with

PECAMI1-specific antibody (Figs. 4B and 4G). Nuclei were confirmed by staining with

DAPI (Figs. 4C and 4H). GFP and PECAMI1 double-positive cells were bone

marrow-derived cells engrafted within myocardial tissue as vascular endothelial cells of

new capillaries or arterioles (Figs. 4D and 4I). The ratio of GFP and PECAM1-double

positive cells to all cardiac cells was significantly higher in the HMGB1-TG mice than

16



in the WT mice (p < 0.01), as shown in Fig. 4K. The ratio of GFP/PECAMI1 double

positive cells per PECAMI positive cells was higher in the HMGBI1-TG mice than in

the WT mice (42.2% vs. 31.6%, p < 0.05) as shown in Fig. 4L.

Cardiac levels of VEGF and angiopoietin after M1

As shown in Fig. 5A, levels of myocardial VEGF in the MI-operated mice were higher

than those in the sham-operated mice in both WT and HMGB1-TG mice (p < 0.05 and p

< 0.01, respectively). Furthermore, cardiac levels of VEGF in the HMGB1-TG MI mice

were significantly higher than in the WT MI mice both in the border and remote zones

of MI (p < 0.05, respectively), as shown in Fig. 5A. In contrast, cardiac angiopoietin

levels were higher in the border zone of MI than in the remote zone in both

HMGBI1-TG and WT mice, and there was no difference between HMGB1-TG and WT

mice (Fig. 5B). These data suggest that HMGB1 enhanced angiogenesis through

increasing the myocardial VEGF level.

Expression of VEGF receptor 2 gene after M1
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We examined the mRNA expression of VEGF receptor 2 (Fig. 6). The expression levels

of VEGF receptor 2 were higher in the MI mice (border and remote zones) than in the

sham-operated mice. Furthermore, the mRNA expression levels of VEGF receptor 2 in

border and remote zones were higher in the HMGBI1-TG mice than those in the WT

mice (p <0.05 and p < 0.01, respectively).
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Discussion

The present study showed direct in vivo evidence that HMGBI1 supported bone

marrow-derived cells engrafted within myocardial tissue as vascular endothelial cells of

new capillaries or arterioles, enhanced angiogenesis, and subsequently reduced MI size

after coronary artery ligation.

HMGBI1 was identified as a chromatin-binding protein with important structural

functions for stabilizing chromatin organization [8—10]. Also, extracellular HMGBI

secreted from activated inflammatory cells responded to tissue damage by acting as a

cytokine [12]. Increase of the extracellular HMGBI level is reported in the subacute

phase after cell injury [25]. Extracellular HMGBI1 binds to receptor for advanced

glycation end products (RAGE), toll-like receptors (TLR)-2, TLR-4 and TLR-9 [26].

These signals lead to activation of nuclear factor-xB and mitogen-activated protein

kinase, [27-29] and enhance angiogenesis and regeneration of injury tissues so as to

activate cell migration and cytokine secretion [26, 28, 29]. Chavakis et al. have reported

that HMGBI1 stimulates EPC migration and promotes the homing to ischemic tissues

[30]. Rossini et al. have reported that HMGBI1 significantly enhances growth factors
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including VEGF in cultured cardiac fibroblasts [31].

RAGE is a multi-ligand receptor for advanced glycation end products constituting a

major group of ligands. Mitola et al. suggested that HMGB1 and RAGE on endothelial

cells might contribute to angiogenic activity [32]. RAGE mediates endothelial cell

activation and smooth muscle cell migration. Schlueter et al. indicated that HMGB1

activated macrophage, following release of VEGF via nuclear factor-kB signaling [33].

Moreover, resident endothelial cells proliferate and migrate in response to stress or

inflammation [34]. These responses might be enhanced in the heart with higher levels of

HMGBI1 and VEGF. VEGF reportedly stimulates the release of stromal cell-derived

factor-1a, whose expression in infarcted hearts results in mobilization and homing of

bone marrow stem cells [35]. These reports generally support our finding of an

increased number of EPCs in peripheral circulation, and the high number of vascular

endothelial cells derived from bone marrow cells in the border zone of MI in the

HMGBI1-TG mouse heart. HMGBI released from the infarcted myocardial area might

mobilize bone marrow-derived cells to damaged cardiac tissue and promote

proliferation and differentiation into EPC and vascular endothelial cells.
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It has also been reported that HMGB1 has beneficial effects in low doses but deleterious

effects in high doses [36]. Since HMGBI levels in our HMGBI1-TG mice might be

relatively low level, HMGB1 showed beneficial angiogenic effects to enhance recovery

from cardiac injury. For these reasons, HMGBI may have an important role for

improving angiogenesis after MI. Consequently, the size of MI and the ratio of heart

weight to body weight were reduced in HMGBI1-TG mice compared with WT mice.

HMGBI enhances angiogenesis by the intermediation of bone marrow-derived cells,

and prevents cardiac remodeling after MI.

Conclusions

The present study demonstrated in in vivo mouse hearts that HMGB1 promoted

angiogenesis through enhancing the mobilization and differentiation of bone marrow

cells to EPC, migration of EPC to the ischemic border zone, and engraftment as the

vascular endothelial cells in the infarcted myocardium.
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FIGURE LEGENDS

Fig. 1 Flow cytometric gating to identify endothelial progenitor cells (EPCs). (A-D)

Cells in the granulocyte-differentiation antigen-1 (GR1)-negative and green fluorescent

protein (GFP)-positive fraction were examined for the expression of CD34 and CD144.

Cells positive for both of these antigens (double positive cells) were EPCs. (E) The ratio

of EPC to GR1-negative cells. # p < 0.05 and ## p < 0.01 vs. pre-myocardial infarction

(M) in the same strain, ** p < 0.01 vs. wild-type (WT) mice post-MI (n = 10 for each

groups)

Fig. 2 Plasma concentrations of HMGBI1 4 days after MI (A) and HMGBI levels in

heart tissue (B). Plasma HMGBI levels in the MI-operated mice were higher than those

in the sham-operated mice in both WT and HMGB1-TG mice. Plasma HMGB-1 levels

increased significantly in the HMGBI-TG mice compared to WT mice after MI.

Cardiac HMGBI levels in the WT mice did not significantly differ in the border zone

and remote zone of MI. In the HMGBI1-TG mice, levels of HMGBI1 in the border zone
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of MI were significantly lower than in the remoter zone of MI. ¥ p < 0.05, % p < 0.01

vs. sham-operated mice, * p < 0.05, ** p < 0.01 vs. WT mice, T p < 0.05 vs. remote

zone of MI in HMGBI-TG mice (r = 10 for each group)

Fig. 3 Infarct size of the WT and HMGBI1-TG mice. (A) Representative histology of

Masson—trichrome-stained heart cross-sections 4 weeks after coronary ligation. Scale

bars show 1.0 mm. (B) Percentage of infarct size 4 weeks after coronary ligation was

significantly smaller in the HMGBI1-TG mice than in the WT mice. (C)

Immunohistochemical staining with anti-PECAMI antibody in the border zone of the

MI. Scale bars show 50 um. (D) The number of PECAMI-positive cells was

significantly higher in the HMGBI-TG mice than in the WT mice. (E)

Immunohistochemical staining with anti-aSMA antibody in the border zone of the MI.

Scale bars show 50 um. (F) The number of aSMA-positive cells was significantly

higher in the HMGBI-TG mice than in the WT mice. * p < 0.05, ** p < 0.01 vs. WT

mice (n = 10 for each group)
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Fig. 4 Myocardial immunofluorescence staining of border zone 4 weeks after

myocardial infarction. (A) green fluorescent protein (GFP), (B) platelet endothelial cell

adhesion molecule-1 (PECAM]1), (C) 4’ 6-diamidino-2-phenylindole (DAPI) merged

with GFP and PECAMI, (D) merged image with GFP and PECAMI, and (E)

hematoxylin-eosin (HE) stain in WT mice. (F) GFP, (G) PECAMI1, (H) DAPI merged

with GFP and PECAMI, (I) merged image with GFP and PECAM1, and (J) HE stain in

HMGBI-TG mice. Scale bars represent 50 um. (K) The ratio of GFP and PECAM1

double-positive cells to all cardiac cells was significantly higher in the HMGBI1-TG

mice than in the WT mice. (n = 10 in each group) (L) The ratio of GFP and PECAMI1

double-positive cells to PECAMI1 positive cells was significantly higher in the

HMGBI1-TG mice than in the WT mice. * p < 0.05, ** p <0.01 vs. WT mice (n = 10 in

each group)

Fig. 5 Protein levels of VEGF (A) and angiopoietin (B) in heart tissue 1 week after MI.

Cardiac levels of VEGF in the HMGB1-TG MI mice were significantly higher than

those in the WT-MI mice and sham-operated mice, both in the border zone of infarction
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and the remote zone. In contrast, cardiac angiopoietin levels were higher in border zone

than in the remote zone in both the HMGBI-TG MI and WT MI mice, with no

difference between HMGB1-TG-MI and WT-MI mice. £ p < 0.05, £ p < 0.01 vs.

sham-operated mice, * p < 0.05 vs. WT mice and # p < 0.05 vs. remote zone (n = 10 in

each group)

Fig.6 VEGF receptor 2 gene expression levels by reverse transcriptase-polymerase

chain reaction. Expression levels were normalized to the GAPDH levels and expressed

as fold increase over the level in the sham-operated WT mice. The expression levels of

VEGF receptor 2 were higher in the MI-operated mice than in sham-operated mice in

both WT and HMGBI1 mice. Furthermore, the mRNA expression levels of VEGF

receptor 2 in both border and remote zone in the HMGB1-TG mice were higher than

those in the WT mice. ¥ p <0.05, 1 p <0.01 vs. sham-operated mice, * p < 0.05, ** p

<0.01 vs. WT mice, (n = 8 in each group).
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