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Abstract
Angiogenesis involves complex processes mediated by several factors and is associated with
inflammation and wound healing. High mobility group box 1 (HMGB1) is released from necrotic
cells as well as macrophages and plays proinflammatory roles. In the present study, we examined
whether HMGB1 would exhibit angiogenic activity in a matrigel plug assay in mice. HMGB1
in combination with heparin strongly induced angiogenesis, whereas neither HMGB1 nor heparin alone showed such angiogenic activity. The heparin-dependent induction of angiogenesis by
HMGB1 was accompanied by increases in the expression of tumor necrosis factor-alpha (TNFalpha) and vascular endothelial growth factor-A120 (VEGF-A120). It is likely that the dependence of the angiogenic activity of HMGB1 on heparin was due to the efficiency of the diffusion
of the HMGB1-heparin complex from matrigel to the surrounding areas. VEGF-A165 possessing
a heparin-binding domain showed a pattern of heparin-dependent angiogenic activity similar to
that of HMGB1. The presence of heparin also inhibited the degradation of HMGB1 by plasmin
in vitro. Taken together, these results suggested that HMGB1 in complex with heparin possesses
remarkable angiogenic activity, probably through the induction of TNF-alpha and VEGF-A120.
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High Mobility Group Box 1 Complexed with Heparin Induced
Angiogenesis in a Matrigel Plug Assay
Hidenori Wakea, Shuji Morib, Keyue Liua,
Hideo K. Takahashia, and Masahiro Nishiboria＊
a
b

‑

‑

Angiogenesis involves complex processes mediated by several factors and is associated with inﬂammation and wound healing. High mobility group box 1 (HMGB1) is released from necrotic cells as well as
macrophages and plays proinﬂammatory roles. In the present study, we examined whether HMGB1
would exhibit angiogenic activity in a matrigel plug assay in mice. HMGB1 in combination with heparin strongly induced angiogenesis, whereas neither HMGB1 nor heparin alone showed such angiogenic
activity. The heparin-dependent induction of angiogenesis by HMGB1 was accompanied by increases
in the expression of tumor necrosis factor-α (TNF-α) and vascular endothelial growth factor-A120
(VEGF-A120). It is likely that the dependence of the angiogenic activity of HMGB1 on heparin was due
to the eﬃciency of the diﬀusion of the HMGB1-heparin complex from matrigel to the surrounding
areas. VEGF-A165 possessing a heparin-binding domain showed a pattern of heparin-dependent angiogenic activity similar to that of HMGB1. The presence of heparin also inhibited the degradation of
HMGB1 by plasmin
. Taken together, these results suggested that HMGB1 in complex with
heparin possesses remarkable angiogenic activity, probably through the induction of TNF-α and
VEGF-A120.
Key words: angiogenesis, HMGB1, heparin

A

ngiogenesis is an essential process by which new
blood vessels are formed and accompanies
embryonic development, inﬂammation and wound healing. Angiogenesis may also be involved in several
disease conditions, including cancers, rheumatic
arthritis, diabetic retinopathy and atherosclerosis.
The process of angiogenesis appears to be under the
control of a complex system consisting of proangiogenic and antiangiogenic factors. From the cellular
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perspective, angiogenesis is a series of processes that
induce the proliferation and migration of vascular
endothelial cells (ECs), in association with the activation of macrophages. These cells together with
stromal cells produce active substances such as matrix
metalloproteinases (MMPs), a variety of cytokines
and growth factors [1‑3].
High mobility group box 1 (HMGB1), a non-histone
nuclear protein involved in maintaining the architectural structure of DNA and the regulation of transcription, is secreted from necrotic cells and activated
macrophages. Once released into the extracellular
space, HMGB1 acts as a cytokine [4‑8]. HMGB1 is
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widely distributed in all types of cells and is highly
conserved throughout species [9]. HMGB1 has a
unique structure consisting of 3 domains. The A-box
and B-box domains are rich in basic amino acids and
bind to DNA, while the C-terminal domain is composed of acidic amino acid clusters [10]. It has been
suggested that amino acids 6‑12 bind to heparin, and
that amino acids 150‑183 bind to the receptor for
advanced glycation end products (RAGE) [11, 12].
The expression of HMGB1 is increased in inﬂammatory conditions such as sepsis [13], atherosclerosis
[14] and rheumatic arthritis [15]. HMGB1 is also
secreted from several tumor cells [16‑20]. Secreted
HMGB1 may bind to RAGE, toll-like receptor 2
(TLR2) and toll-like receptor 4 (TLR4) expressed on
the surfaces of monocytes/macrohpages, and such
bindings activate NF-κB [21‑23], thereby facilitating
the inﬂammatory response through the expression and
secretion of inﬂammatory cytokines (tumor necrosis
factor-α (TNF-α), IL-1α, IL-1β, IL-6, IL-8,
.)
[24]. In addition, HMGB1 may be closely related to
angiogenesis during inﬂammation, since recent studies
revealed that HMGB1 induces sprouting and chemotaxis of ECs and promotes angiogenesis in the chick
embryo chorioallantoic membrane [25, 26]. However,
there have been few studies on the eﬀects of HMGB1
on angiogenesis in
mammalian models.
In this study, we examined the eﬀect of HMGB1 on
angiogenesis
using a matrigel system and demonstrated that HMGB1 induced angiogenesis in a
heparin-dependent manner. This angiogenesis may
occur through the expression of TNF-α and vascular
endothelial growth factor-A120 (VEGF-A120) in the surrounding areas of the matrigel.

Materials and Methods
Matrigel is a mixture of basement
membrane components extracted from EngelbrethHolm-Swarm (EHS) tumors inoculated in C57BL/6J
mice. The matrigel was prepared as previously
described [27], and was not supplemented with any
growth factors. Matrigel mainly contains laminin,
collagen IV, heparan sulfate proteoglycan and entactin. Since matrigel is a liquid at 4℃ and turns into a
gel at 22‑35℃, we injected ice-cold matrigel solution
into the backs of mice to allow the gel to form subcutaneously, as shown in Fig. 1. Anti-rat IgG goat
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polyclonal IgG-HRP was obtained from Santa Cruz
Biotechnology (Santa Cruz, CA, USA). Rat monoclonal anti-bovine HMGB1 antibody (#10‑22) was
produced as described previously [28].
Male C57BL/6J mice (24‑26g,
7‑8wk) were obtained from the Department of Animal
Resources of Okayama University. All animal experiments were performed according to the guidelines of
Okayama University on animal experiments, were
approved by the Universityʼs committee on animal
experimentation and conformed to the Guide for the
Care and Use of Laboratory Animals published by the
US National Institutes of Health (NIH Publication No.
85‑23, revised 1996). Mice were housed with a 12-h
light-dark cycle at 22℃
℃ with water and food ad libitum.
1. Expression and puriﬁcation of HMGB1.
Full-length human HMGB1 DNA was ampliﬁed by
PCR using Cap Site cDNA dT from human microvascular endothelial cells (Nippon Gene, Tokyo, Japan)
and primers (forward 5ʼ-GCA GAA TTC ATG GGC
AAA GGA GAT CCT A-3ʼ, reverse 5ʼ-CAT CTC
GAG TCA TTA TTC ATC ATC ATC ATC-3ʼ). The
full-length HMGB1 DNA fragment and pGEX-6p-1
vector (GE Healthcare, Little Chalfont, England)
were digested with EcoRI and XhoI (New England
Biolabs, Ipswich, UK) restriction enzymes. The DNA
fragment was subcloned into the vector. The recombinant plasmids were transformed into
strain
BL21 (DE3) (Merck, San Diego, CA, USA). The
transformants were incubated overnight at 37℃ to
express the recombinant GST-HMGB1 in Overnight
Express Instant TB medium (Merck).
extract
containing GST-HMGB1 fusion proteins was applied
to glutathione-Sepharose 4B and incubated for 1h at
room temperature. After extensive washing, the gel
bed was incubated with PreScission Protease for 3h
at 4℃. After brief centrifugation, the supernatant
containing GST-tag-deleted HMGB1 was collected and
puriﬁed by gel ﬁltration chromatography using TSKgel 3000SWXL (Tosoh, Tokyo, Japan) [29]. Puriﬁed
recombinant human HMGB1 protein was identiﬁed by
SDS-PAGE [30] and Western blotting [31] with
anti-HMGB1 monoclonal antibody (#10‑22). The ﬁnal
HMGB1 preparation contained lipopolysaccharide
(LPS) of less than 2.0pg/ g protein.
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Fig. 1
In vivo matrigel angiogenesis plug assay method. (A) The injection point of matrigel into the mouse back is indicated. For the
PBS control, matrigel was inoculated on the left side and for the other groups, it was inoculated on the right side. (B) The protocols of
matrigel injection and sampling are shown. (C) The sampling area of mouse skin for RT-PCR or real-time PCR is shown.

2.

matrigel plug assay.
At 4℃,
℃,, 500 l of matrigel solution (8.4mg protein/ml) was mixed with PBS, HMGB1 (2.5 g/ml,
100nM), heparin (320 g/ml, 64units/ml) (Sigma, St.
Louis, MO, USA), heparin ＋ HMGB1, human
VEGF-A121 (185ng/ml, 6.5nM or 1.85 g/ml, 65nM)
(Peprotech, Rocky Hill, CT, USA), human
VEGF-A165 (250ng/ml, 6.5nM) (Peprotech), human
VEGF-A121 ＋ heparin, or human VEGF-A165 ＋ heparin. Male C57BL/6J mice were anesthetized with
50ｵ N2O ＋ 50ｵ O2 and the liquid matrigel mixture
was injected subcutaneously into the back using a 25G
needle. The liquid matrigel mixture was solidiﬁed
5‑10min after injection (Fig. 1A). Mice were sacriﬁced at the indicated time points by cervical dislocation and the matrigel plugs were recovered for analysis of angiogenesis (Fig. 1B).
3. Quantiﬁcation of hemoglobin in matrigel.
The removed matrigel plugs were homogenized in
10mM PBS (pH7.4) and centrifuged at 8,000 × g for
10min. The hemoglobin contents in the supernatant
were determined using a Hemoglobin B test kit (Wako,
Osaka, Japan) according to the manufacturerʼs instruc
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tions.
4. Immunohistochemistry.
Matrigel plugs were ﬁxed with 10ｵ formalin-0.1 M
phosphate buﬀer and embedded in paraﬃn for HE and
immunohistochemical stainings. Immunohistochemical
staining of CD31 was performed on 5 m matrigel
sections with rabbit polyclonal anti-mouse CD31 antibody (Abcam, Cambridge, UK) followed by a secondary antibody, anti-rabbit IgG goat IgG-HRP (Abcam).
Immunoreactivity was visualized with 0.05ｵ
3, 3ʼ-diaminobenzidine (Sigma) and 0.03ｵ H2O2.
Counterstaining of nuclei was performed with Mayerʼs
hematoxylin. A negative control for immunohistochemical staining was established by using the same
concentration of normal rabbit IgG. CD31-positive
vessels were counted in 5 ﬁelds of a matrigel plug
section at 400 × magniﬁcation under a microscope.
Microvessel density (MVD) was expressed as the
number of microvessels per square millimeter.
5. HMGB1-heparin binding assay.
Heparin-Sepharose CL-6B (GE Healthcare) equilibrated with PBS (10 l gel bed) was added to 200 l of
HMGB1 (400 g/ml in PBS) solution and incubated
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for 16h at 4℃ with gentle shaking. The reaction
mixture was centrifuged at 8,000 × g for 10min at
4℃. The supernatant was collected, and the Sepharose was washed with PBS three times. The
supernatant and the resultant Sepharose gel samples
were analyzed by SDS-PAGE to examine the binding
of HMGB1 to heparin.
6. HMGB1 digestion assay.
Ten l of HMGB1 (500 g/ml in PBS) was mixed
with 2.5 l of heparin (32 or 320 g/ml) or PBS and
incubated for 16h at 4℃. Additionally, the mixtures
were mixed with 2.5 l of plasmin (20 g/ml) (Merck)
and incubated for 1h at 25℃. The reaction mixtures
were analyzed by SDS-PAGE.
7. Determination of HMGB1 levels in matrigel
using Western blotting.
A matrigel mixture containing PBS, HMGB1
(2.5 g/ml, 100nM) or heparin (320 g/ml, 64units/
ml) ＋ HMGB1 was injected subcutaneously into the
backs of mice. After 1, 3 or 10 days, the matrigel
plugs were recovered. Matrigel homogenate corresponding to 2.5mg wet weight was electrophoresed on
polyacrylamide gel (12.5ｵ). The samples were electrophoretically blotted on polyvinylidine diﬂoride
membrane (Bio-rad, Hercules, CA, USA) at 45 V for
Table 1

Primer sequences, annealing temperatures, ampliﬁcation cycles and product sizes for RT-PCR

Primer
GAPDH
TNF-α
iNOS
eNOS
MMP-2
MMP-9
VEGFR-1
VEGFR-2
bFGF
VEGF-A

2h by a transblot apparatus. After the membrane was
stained by ponceau S, it was incubated with 10ｵ skim
milk for 1h and was incubated overnight at 4℃ with
mouse monoclonal anti-human HMGB1 antibody (R&D
Systems, Minneapolis, MN, USA). After washing,
the membrane was incubated with anti-mouse IgG goat
polyclonal IgG-HRP (MBL, Nagoya, Japan) for 1h.
The signals were ﬁnally visualized using an enhanced
chemiluminescence system (Pierce Biotechnology,
Rockford, IL, USA).
8. RT-PCR.
Total RNA was isolated from the mouse skin surrounding the matrigel plug using an RNeasy ﬁbrous
tissue mini kit (Qiagen, Hilden, Germany) (Fig. 1C).
Complementary DNA was synthesized with a Takara
RNA PCR kit Ver. 3.0 (Takara Bio, Nagahama,
Japan) according to the manufacturerʼs instructions.
The PCR reaction was performed in a PCR Thermal
Cycler (Takara Bio) using Ex Taq DNA polymerase
HS (Takara Bio), and sequence-speciﬁc primers
(Table 1) according to the following program: after
the initial denaturation at 94℃
℃ for 3min, ampliﬁ
ampliﬁcacation was done using X cycles of 94℃ for 30 sec, Y℃
for 30 sec, and 72℃ for 60 sec, followed by a ﬁnal
extension at 72℃ for 7min (X and Y are deﬁned in

Sequence 5ʼ-3ʼ
forward
reverse
forward
reverse
forward
reverse
forward
reverse
forward
reverse
forward
reverse
forward
reverse
forward
reverse
forward
reverse
forward
reverse

ACCACAGTCCATGCCATCAC
TCCACCACCCTGTTGCTGTA
TTCTGTCTACTGAACTTCGG
GTATGAGATAGCAAATCGG
GCTTAGAGAACTCAACCAC
GCTGCCCTCGAAGGTGAGC
CTGGACACCAGGACAACC
GCTGCTGTGCGTAGCTCT
CCGTGGATGATGCTTTTGC
CTGTATTCCCGACCGTTGA
TGCGCCACCACAGCCAAC
GCCACGACCATACAGATAC
TGTGGAGAAACTTGGTGACCT
TGGAGAACAGCAGGACTCCTT
AAGTGATTGAGGCAGACGCT
TGATGCCAAGAACTCCAT
GACCCCAAGCGGCTCTACTGC
GTGCCACATACCAACTGGAGT
GCGGGCTGCCTCGCAGT
TCACCGCCTTGGCTTGTCA

http://escholarship.lib.okayama-u.ac.jp/amo/vol63/iss5/5

Ampliﬁcation
cycles (X)

Annealing
temperature (Y)

Product size

27

55°
C

452 bp

37

55°
C

354 bp

37

55°
C

454 bp

37

55°
C

460 bp

30

55°
C

319 bp

35

60°
C

399 bp

35

55°
C

505 bp

37

55°
C

524 bp

35

55°
C

298 bp

37

55°
C

VEGF-A120 275 bp
VEGF-A164 407 bp
VEGF-A188 479 bp
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Table 1). The PCR product was analyzed by electrophoresis on 2ｵ agarose gel.
9. Real-time quantitative PCR.
Real-time PCR was performed with a Light Cycler
(Roche, Basel, Switzerland) according to the manufacturerʼs instructions. Reaction mixtures contained
cDNA template, SYBR premix Ex Taq (Takara Bio,
Shiga, Japan), and sequence-speciﬁc primers (Table
2).
10. Statistical analysis.
All data are presented as the means ± SEM.
Diﬀerences between 2 groups were determined by
ANOVA followed by Studentʼs -test. values ＜ 0.05
were considered statistically signiﬁcant.

Results
The matrigel
mixture was injected subcutaneously into the backs of
mice as shown in Fig. 1. After 10 days, the matrigel
plugs were recovered as shown in Fig. 2. It has been
Table 2

TNF-α
iNOS
eNOS
MMP-2
MMP-9
VEGFR-1
VEGFR-2
bFGF
VEGF-A120
VEGF-A164
VEGF-A188

reported that 50 nuclei in the muscle tissue contain ～
25pg HMGB1 [32] and that LPS (100ng/ml)-stimulated RAW264.7 cells (5 × 106 cells) release 10 g
HMGB1 into the culture medium [6]. Given that an
individual cell has a volume of 10 m3 and 10ｵ of the
reported HMGB1 values represent extracellular
release, the estimated concentration of HMGB1 in the
tissues will be 0.05 (muscle tissue) and 0.2 (RAW264.7
cells) mg/ml, respectively. The concentrations of
HMGB1 used in the present matrigel assay (2.5 g/
ml, 100nM) corresponded to 5ｵ and 1.25ｵ of these
estimated values, which would be readily attainable
percentages under
conditions in an inﬂammation
area. The concentration of heparin (320 g/ml,
64units/ml) was determined according to the reports
of Passaniti
. [33] and Isaji
. [34], who
used FGF and VEGF as angiogenic growth factors,
respectively. In the present study, angiogenesis did
not appear to be induced in the phosphate-buﬀered
saline (PBS) control group. Also in the groups
treated with HMGB1 alone, the matrigel did not show
any change compared with the PBS control. In the

Primer sequences, annealing temperatures and product sizes for real-time PCR

Primer
GAPDH

253

Sequence 5ʼ-3ʼ
forward
reverse
forward
reverse
forward
reverse
forward
reverse
forward
reverse
forward
reverse
forward
reverse
forward
reverse
forward
reverse
forward
reverse
forward
reverse
forward
reverse
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TGACGTGCCGCCTGGAGAAA
AGTGTAGCCCAAGATGCCCTTCAG
GACCCTCACACTCAGATCATCCTTCT
GCGCTGGCTCAGCCACTC
GGCAGCCTGTGAGACCTTTG
GCATTGGAAGTGAAGCGTTTC
CAACGCTACCACGAGGACATT
CTCCTGCAAAGAAAAGCTCTGG
CCCCGATGCTGATACTGA
CTGTCCGCCAAATAAACC
GCCCTGGAACTCACACGACA
TTGGAAACTCACACGCCAGAAG
GGCAGACCAATACAATCCTAGATG
ACCAGGGTAATTCCAGCTCATTT
CGACATAGCCTCCACTGTTTATG
TTTGTTCTTGTTCTCGGTGATGT
CCCACCAGGCCACTTCAA
GATGGATGCGCAGGAAGAA
GCCAGCACATAGAGAGAATGAGC
CGGCTTGTCACATTTTTCTGG
GCCAGCACATAGAGAGAATGAGC
CAAGGCTCACAGTGATTTTCTGG
GCCAGCACATAGAGAGAATGAGC
AACAAGGCTCACAGTGAACGCT

Annealing
temperature

Product size

55°
C

98 bp

55°
C

106 bp

55°
C

72 bp

55°
C

90 bp

55°
C

152 bp

55°
C

85 bp

55°
C

140 bp

55°
C

109 bp

55°
C

71 bp

55°
C

104 bp

55°
C

97 bp

55°
C

171 bp
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heparin-treated group, there was a low level of angiogenesis, judging from the macroscopic color change.
In the group treated with the combination of HMGB1
and heparin, the whole gel had red color heavily, and
a lot of the blood vessels seemed to be elongated into
the center of the matrigel (Fig. 2A). Next, we determined the hemoglobin contents in the matrigel isolated
from the back. We obtained consistent results that
reﬂected the color changes described above. In the
PBS or HMGB1 group, little hemoglobin was
detected in the matrigel. In the heparin group, there
was a small amount of hemoglobin detected in the gel.
In the group treated with the combination of HMGB1
and heparin, the hemoglobin content was signiﬁcantly
increased (Fig. 2B). Taken together, these results
indicate that angiogenesis was induced by the combination of HMGB1 and heparin in the matrigel plug assay.
Ten days after inoculation, a thin section of the
matrigel was stained with hematoxylin-eosin (HE)
(Fig. 3). In the group treated with the combination of
HMGB1 and heparin, many inﬁltrating cells, including
leukocytes, were observed in the gel (Fig. 3A, panel
d). However, few cells were observed in the gel sections from other groups (Fig. 3A, panels a-c).
Secondly, immunostaining was performed with an
antibody against CD31 that is a marker antigen of
vascular endothelial cells. Many cells with strong
positively for CD31 were seen to be forming luminal
structures in the sections from matrigels treated with
the combination of HMGB1 and heparin (Fig. 3A,
panel h). The staining with anti-CD31 antibody was
speciﬁc, because staining with the control antibody did
not reveal any structures in the same section. In other
groups, few CD31-positive structures were observed
(Fig. 3A, panels e-g). The number of CD31-positive
luminal structures was counted in ﬁve random ﬁelds.
In the group treated with HMGB1 and heparin, the
number of CD31-positive luminal structures was signiﬁcantly increased in comparison with the number by
treatment with HMGB1 or heparin alone (Fig. 3B).
Taken together, these results showed that the combination of HMGB1 and heparin induced the migration
of vascular endothelial cells, leading to the formation
of new vessels in the matrigel.
SDS-PAGE
analysis following the incubation of HMGB1 with
heparin-Sepharose gel revealed that HMGB1 was
present in the heparin-Sepharose gel fraction but not
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in the supernatant fraction, indicating that HMGB1
formed a complex with heparin (Fig. 4A).
It has been
reported that HMGB1 is a good substrate for plasmin
[35]. Therefore, we examined whether the complex
formation between HMGB1 and heparin aﬀected the
digestion eﬃciency by plasmin. As shown in Fig. 4B,
HMGB1 was resistant to plasmin digestion in the
presence of heparin. Even at a lower concentration
(32 g/ml: 1/10 the concentration of heparin used in
the matrigel assay), the presence of heparin inhibited
the degradation of HMGB1 by plasmin.
A matrigel mixture containing PBS,
HMGB1 or heparin ＋ HMGB1 was injected subcutaneously into the backs of mice. After 1, 3 or 10 days,
the mice were sacriﬁced and the matrigel plugs were
recovered. HMGB1 was detected by Western blotting
with anti-HMGB1 monoclonal antibody. An equivalent
amount of matrigel homogenate, corresponding to
2.5mg wet weight, was loaded on each lane (Fig. 5A).
In the group treated with HMGB1 and heparin,
HMGB1 disappeared completely from the matrigels 3
days after inoculation, whereas there was no marked
change in HMGB1 level in the group treated with
HMGB1 alone throughout the 10-day measurement
period (Fig. 5B).
Total RNA was extracted from
mouse skin surrounding the matrigel plug. Ten days
after the inoculation of matrigel, RT-PCR for TNFα, inducible nitric oxide synthase (iNOS), endothelial
nitric oxide synthase (eNOS), MMP-2, MMP-9,
VEGF receptor-1 (VEGFR-1), VEGFR-2, basic
ﬁbroblast growth factor (bFGF) and VEGF-A was
performed with extracted RNA, and the band density
of each group was compared after agarose gel electrophoresis. The TNF-α mRNA level was higher in the
HMGB1 group than the PBS group. The TNF-α
mRNA level was signiﬁcantly higher in the group
treated with HMGB1 and heparin than in that treated
with HMGB1 alone. The expression of TNF-α mRNA
in the other groups was minimal under the same PCR
conditions. There were no signiﬁcant diﬀerences in
iNOS, eNOS, MMP-2, MMP-9, VEGFR-1,
VEGFR-2 or bFGF mRNA levels among the groups.
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Fig. 2
Eﬀect of HMGB1 and heparin on angiogenesis in the matrigel assay. (A) A matrigel mixture containing HMGB1 and heparin
alone or in combination was injected subcutaneously into the backs of mice. After 10 days, the matrigel plugs were recovered. Each
group consisted of 6 mice. Three representative cases are shown. (B) The concentrations of hemoglobin in the matrigel plugs were determined. The results are the means ± SEM of 6 matrigels. ＊＊P＜0.01 compared with the PBS control group without any treatment. ##P＜
0.01 compared with the group treated with heparin alone.
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Fig. 3
Histological study of matrigel plugs. (A) The matrigels were removed from the mouse back 10 days after inoculation and ﬁxed in
10% formalin. Paraﬃn-embedded sections of matrigel plug were stained by hematoxylin-eosin (a-d) and by anti-CD31 antibody (e-h). The
matrigels contained PBS (a, e), HMGB1 alone (b, f), heparin alone (c, g), or a combination of HMGB1 and heparin (d, h). Arrowheads
indicate CD31-positive blood vessels. The scale bar represents 100 µm. (B) CD31-positive vessels were counted in 5 ﬁelds of the matrigel
plug section at 400 × magniﬁcation under a microscope. The microvessel density (MVD) was expressed as the number of microvessels per
square millimeter. The results are the means ± SEM of 5 ﬁelds. ＊＊P＜0.01 compared with the PBS control group.
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HMGB1
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M
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M
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Fig. 4
HMGB1 binding to heparin and its eﬀect on digestion by plasmin. (A) HMGB1 was mixed with heparin-Sepharose and incubated
for 16 h at 4°
C. After incubation, the supernatant (Sup) and the protein from the heparin-Sepharose gel (Gel) were electrophoresed on
12% SDS-PAGE gel under a reducing condition, followed by staining with Coomassie-blue. (M) is a molecular weight marker. (Con) represents the HMGB1 control. (B) HMGB1 was preincubated with or without heparin for 16 h at 4°
C. After preincubation, the mixtures were
subjected to plasmin digestion for 1 h at 25°
C. The resultant mixtures were electrophoresed and the gels were stained as mentioned above.
(Hep1) is HMGB1 incubated with 32 µg/ml heparin and plasmin. (Hep2) is HMGB1 incubated with 320 µg/ml heparin and plasmin.

(A)

Day 1
(−)

(B)

Day 3
(＋)

(−)

(−)

HMGB1

Day 10
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(−)

HMGB1
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(＋)
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Day 1
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Day 10
Fig. 5
Determination of HMGB1 levels in matrigel using Western blotting. A Matrigel mixture containing PBS, HMGB1 (2.5 µg/ml,
100 nM) or heparin (320 µg/ml, 64 units/ml) ＋ HMGB1 was injected subcutaneously into the backs of mice. After 1, 3 and 10 days, the
matrigel plugs were recovered. The matrigel plugs were homogenized and an amount of homogenate corresponding to 2.5 mg wet weight of
matrigel was loaded on each lane. (A) Ponseau S staining of the PVDF membrane. (B) Detection of HMGB1 in matrigel. (−) negative
control; matrigel contains PBS alone. (＋) positive control; recombinant human HMGB1.
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We also examined the mRNA levels of 3 kinds of
VEGF isoform (VEGF-A 120 , VEGF-A 164 ,
VEGF-A188). There were no signiﬁcant diﬀerences in
the mRNA levels of VEGF-A164 or VEGF-A188 among
the groups. However, the VEGF-A120 mRNA expression level was signiﬁcantly higher in the group treated
with HMGB1 and heparin than in the PBS control and
heparin-alone groups (Fig. 6). Consequently, it was
revealed that the combination of HMGB1 and heparin
selectively increased the expressions of the mRNAs of
TNF-α and VEGF-A120.
The mRNA expression levels of
cytokines, MMPs and growth factors were quantiﬁed
by real-time PCR using the RNA extracted from
mouse skin surrounding the matrigel plug (Figs. 7A
and B). The expression of TNF-α mRNA was signiﬁ-

TNF-ｸ
iNOS
eNOS
MMP-9
MMP-2
VGEFR-1

cantly higher in the group treated with HMGB1 alone
than in that treated with PBS alone. In addition, the
TNF-α mRNA expression was signiﬁcantly higher in
the group treated with the combination of HMGB1 and
heparin than in that treated with HMGB1 alone (Fig.
7A). In regard to the expressions of iNOS, eNOS,
MMP-2, MMP-9, VEGFR-1, VEGFR-2 and bFGF,
there were no diﬀerences among the groups, in agreement with the RT-PCR ﬁndings. In regard to the
VEGF-A mRNA expression level, VEGF-A120 mRNA
was signiﬁcantly higher in the group treated with the
combination of HMGB1 and heparin than in the other
groups, whereas the expression of mRNAs for
VEGF-A164 and VEGF-A188 was not diﬀerent among
the groups (Fig. 7B). Collectively, these ﬁndings
demonstrated that the combination treatment with
HMGB1 and heparin increased the mRNA expression
levels of TNF-α and VEGF-A120 signiﬁcantly.
It was
apparent that the combination of VEGF-A165 (250ng/
ml, 6.5nM) and heparin also induced angiogenesis 10
days after inoculation of matrigel (Fig. 8). The combination of VEGF-A121 (185ng/ml, 6.5nM) and heparin did not induce angiogenesis significantly.
VEGF-A165 alone also did not induce angiogenesis. A
tenfold higher concentration (1.85 g/ml, 65nM) of
VEGF-A121 alone did not induce angiogenesis in the
matrigel plug, but induced a low level of angiogenesis
in the skin surrounding it (Fig. 9).

Discussion

VEGFR-2
bFGF
VEGF-A188
VEGF-A164

VEGF-A

VEGF-A120

GAPDH
Heparin
HMGB1

257

−

−

＋

＋

−

＋

−

＋

Fig. 6
Expression of mRNAs in mouse skin surrounding the
matrigel plug. (A) Total RNA was isolated from the skin above the
matrigel plug at 10 days after matrigel injection into the backs of
mice. RT-PCR was performed using the primers indicated in Table
1. Representative results from 3 mice are shown.
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In the present study, it was clearly demonstrated
that the combination of HMGB1 and heparin induced
marked angiogenesis in the matrigel plug assay,
accompanied with many CD31-positive blood vessels in
the gel, whereas HMGB1 or heparin alone did not.
Since matrigel, the basement membrane components
puriﬁed from murine EHS tumors, mainly contains
laminin, collagen IV, heparan sulfate proteoglycan
and entactin [27] and HMGB1 has been repeatedly
reported to bind to heparin and heparan sulfate proteoglycan [36‑38], HMGB1 is assumed to bind to
heparan sulfate proteoglycan in the matrigel plug in
the absence of heparin. For this reason, we expected
that the diﬀusion of HMGB1 to the surrounding tissue
would be suppressed and HMGB1 would fail to leave
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Fig. 7
Quantiﬁcation of mRNA expression in mouse skin surrounding matrigel plug. Total RNA was isolated from mouse the skin above
the matrigel plug at 10 days after matrigel injection into the backs of mice. Real-time PCR was performed using the primers indicated in
Table 2. The expression of GAPDH was used to normalize cDNA levels. (A) The columns represent the following: , TNF-α; ,
iNOS; , eNOS; , MMP-2; , MMP-9. (B) The columns represent the followings; , VEGF-A120 ; , VEGF-A164 ; , VEGF-A188 ;
, bFGF; , VEGFR-1; , VEGFR-2. The results are the means ± SEM for 3 animals. ＊P＜0.05, ＊＊P＜0.01 compared with the control
group in the absence of HMGB1 and heparin. #P＜0.05 compared with the group treated with HMGB1 alone. †P＜0.05 compared with the
group treated with heparin alone.

the matrigel and stimulate the tissue surrounding the
matrigel plug. And in fact, this notion was supported
by the results showing the presence of initial levels of
HMGB1 in the matrigel up to 10 days after inoculation. In contrast, HMGB1 completely disappeared
from the matrigel in the presence of heparin 3 days
after inoculation. Thus, the addition of heparin to
HMGB1 probably allows the HMGB1 to diﬀuse to the
surrounding tissue through its complexation with
heparin. The HMGB1-heparin complex probably does
not bind to the heparan sulfate proteoglycan in matrigel or on cell surface, and thus it can bind to the
receptors of HMGB1 ( ., RAGE, TLR-2 and TLR4) [11] on the surface of macrophages and vascular
endothelial cells. Since VEGF, a well-known angiogenic factor, has been reported to become resistant to
degradation by proteinases upon complexation with
heparin [1] and HMGB1 is known to be degraded by
plasmin eﬃciently [35], we examined whether
HMGB1 degradation by plasmin may be changed after
the complex formation with heparin. As shown in Fig.
4B, the degradation of HMGB1 by plasmin was signiﬁcantly retarded in the presence of heparin, suggesting the acquirement of resistance to enzymatic
digestion. Together, these results show that complex
formation with heparin enabled HMGB1 to acquire
resistance to proteolytic degradation and to diﬀuse to
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the surrounding tissues, thus leading to angiogenenic
activity.
We observed that HMGB1 in combination with
heparin increased the expression of TNF-α and
VEGF-A120 signiﬁcantly. TNF-α has been reported to
induce IL-8, VEGF and bFGF expression in human
microvascular endothelial cells. Also, TNF-α facilitates tube formation in HMVEC
and angiogenesis on chick chorioallantoic membranes and rat corneas
. Thus, TNF-α may have a direct
angiogenic action as well as an indirect action through
IL-8, VEGF and bFGF [39‑41]. In the present
study, HMGB1 alone also induced the expression of
TNF-α mRNA but did not induce angiogenesis. The
TNF-α expression level induced by HMGB1 alone may
not be suﬃcient to induce angiogenesis. However, the
high expression level of TNF-α mRNA induced by the
combination of HMGB1 and heparin is thought to be
suﬃcient to induce angiogenesis. Moreover, in the
matrigel plug assay, TNF-α has been reported to
induce angiogenesis in a heparin-dependent manner
[42]. Taken together, these results suggest that
TNF-α induced by HMGB1 in complex with heparin
may contribute to angiogenesis to some degree. Five
kinds of isoforms of VEGF-A are presently known to
exist: VEGF-A 120/121, 144/145, 164/165, 188/
189, and 205/206 (murine/human). VEGF-A120/121,
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Fig. 8
Eﬀect of VEGF on the angiogenesis in the presence or absence of heparin in the matrigel assay. (A) A matrigel mixture containing VEGF (VEGF-A121 185 ng/ml, 6.5 nM; VEGF-A165 250 ng/ml, 6.5 nM) and heparin alone or in combination was injected subcutaneously
into the backs of mice. After 10 days, the matrigel plugs were recovered. Each group consisted of 6 mice. (B) The concentrations of
hemoglobin in the matrigel plugs were determined. The results are the means ± SEM of 6 matrigels. ＊＊P＜0.01 compared with the PBS
control group without any addition. ##P＜0.01 compared with the group treated with heparin alone. ††P＜0.01 compared with the group
treated with VEGF-A165 alone.

VEGF-A144/145 and VEGF-A188/189 have been reported
to be expressed widely in many kinds of tissue. Among
these three isoforms, VEGF-A120/121 and VEGF-A164/165
are known to induce angiogenesis [3]. VEGF-A120/121
is the only isoform lacking heparin-binding ability,
because it does not have exon 6 and 7 [3]. Taken
together, these ﬁndings suggest that HMGB1 in complex with heparin induces angiogenesis through the
expression of TNF-α and VEGF-A120.
Interestingly, VEGF-A165 with a heparin-binding
domain showed a pattern of activities similar to
HMGB1; that is, both showed heparin-dependent
angiogenic activity. This implies that the heparinbinding of VEGF-A165 may also be important for diﬀusion of VEGF-A165 from matrigel and protection from
proteolytic digestion [1] in this model. Although
VEGF-A121 lacking heparin-binding ability did not
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show any angiogenic activity even in the presence of
heparin, a high concentration of VEGF-A121 (1.85 g/
ml, 65nM) induced a low level of angiogenesis in the
skin surrounding the matrigel plug. The low angiogenic activity of VEGF-A121 might be ascribed to
degradation by proteases during diﬀusion. Thus it is
likely that the VEGF-A120 produced in the tissue surrounding the matrigel plug by the combination of
HMGB1 and heparin works on vascular endothelial
cells and macrophages in an autocrine and a paracrine
manner at relatively higher concentrations. This may
limit the proteolytic inactivation of VEGF-A120
induced by HMGB1 and heparin. Further studies will
be needed to investigate this point.
In inﬂammation and tissue injury, HMGB1 is
released from the nuclei of necrotic or damaged cells.
The released HMGB1 functions as a proinﬂammatory
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Fig. 9
Eﬀect of high concentration VEGF-A121 alone on the angiogenesis. (A) A matrigel mixture containing a high concentration of
VEGF-A121 (1.85 µg/ml, 65 nM) was injected subcutaneously into the backs of mice. After 10 days, the matrigel plugs were recovered.
Each group consisted of 6 mice. (B) The concentrations of hemoglobin in the matrigel plugs were determined. The results are the means
± SEM of 6 matrigels. (C) A skin sample from the region surrounding the matrigel plug containing PBS or a high concentration of
VEGF-A121 is shown.

cytokine through plural pathways [11]. However,
HMGB1 trapped by heparan sulfate in the extracellular matrix cannot diﬀuse to surrounding areas. Mast
cells secrete heparin [43], and this heparin can compete for heparan sulfate followed by the de-anchoring
of HMGB1 from the extracellular matrix. On the
other hand, macrophages and mast cells secrete heparanase [44, 45] and can degrade the heparan sulfate
on which HMGB1 is anchored. HMGB1 bound to
heparin or cleaved heparan sulfate can diﬀuse to
larger surrounding areas and cannot be degraded easily by proteinase, allowing HMGB1 to bind to its
receptors on macrophages and ECs. These events may
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play a role in tumor growth. It has been demonstrated
that many types of cancer cells produce HMGB1 and
release it extracellularly [16‑20], and that mast cells
and macrophages are abundant in the invasive front of
tumors [46, 47]. Accumulating evidence indicates
that VEGF production is involved in the angiogenesis
of several cancers. Therefore, it is speculated that
HMGB1 released from tumor cells may contribute to
the angiogenic activity through the production of
VEGF-A120 in the areas surrounding tumor tissues.
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