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High-mobility group protein 1 (HMGB1) has been identified as a late-acting mediator of inflammation. The
receptor for advanced glycation end products (RAGE) is the main receptor and mediates the cytokine activity
of HMGB1. Since HMGB1 also exhibits heparin-binding activity, we investigated whether heparin interferes
with HMGB1/RAGE interaction and prevents the cytokine activity. We used fluorescence spectrometry,
circular dichroism spectrometry and SPR biosensor technique to evaluate the effect. After treatment of
HMGB1 with different concentrations of heparin (0, 50, 100 and 1000 U/L), the fluorescence peak values of
HMGB1 increased and the emission wavelength showed red shifts; further, the secondary structure of HMGB1
showed a marked change in that the content of β-pleated sheet reduced while that of α-helix increased. The
equilibrium dissociation constants (KD) were determined by SPR technique; KD=4.5×10−9 mol/L for
heparin and HMGB1 and KD=9.77×10−8 mol/L for HMGB1 and RAGE, respectively. Heparin and RAGE had
no interaction. The amount of HMGB1 and RAGE bound forms reduced after treatment with heparin. ELISA
revealed that addition of heparin inhibited the TNF-α and IL-6 released by macrophages RAW264.7 and
HUVEC; 10 U/L and 50 U/L of heparin showed the most marked inhibitory effect in RAW264.7 cells and in
HUVEC, respectively. In conclusion, heparin can combine with HMGB1 and affect the affinity of HMGB1/RAGE
by changing the conformation of HMGB1. And this effect was independent of heparin concentration, so that a
low dose of heparin was sufficient to achieve the best anti-inflammatory effect in our test.

Crown Copyright © 2010 Published by Elsevier B.V. All rights reserved.
1. Introduction

Sepses, diabetes, rheumatic arthritis, sever acute pancreatitis and so
on are common, and are high risk for human health. And the systemic
inflammatory response syndrome (SIRS) occurred during the diseases is
still a problem that disturbs the treatment and the high-mobility group
protein 1 (HMGB1) was found playing a vital role in the progress.

The high-mobility group protein 1 (HMGB1), which is also known
as P30, amphoterin, or HMG-1, is a highly conserved protein and
shows above 99% amino acid homology between HMGB1 of human
beings and that of rodents [1]. This protein has a highly dipolar
structure: it contains a 185-amino acid basic region and a 30-amino
acid cluster of acidic residues at the C-terminus; the band of this
protein migrates to the 30 kDa position on a standard polyacrylamide
electrophoresis gel. The 185-amino acid basic part is subdivided into 2
homologous HMG boxes, namely, box A and box B, each around 75
amino acids in length. Both the boxes have a similar α-helical
structure to allow DNA binding [2,3]. The three-dimensional structure
of the whole HMGB1molecule has not been elucidated to date. The N-
terminus of HMGB1 (residues 6–12) contains a consensus sequence
hunyouwang52@126.com
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that has also been identified in several heparin-binding proteins [4],
which likely contributes to the heparin-binding ability of HMGB1. The
region between the HMG-box B and the acidic tail of HMGB1 (residues
151–183) is the most distinctive feature of HMGB1 in comparison
with the characteristics of the other members of the HMG protein
family. This region of HMGB1 contains a motif that can bind to
receptor for advanced glycation end products (RAGE) [5]. The highly
acidic C-terminus of HMGB1 plays an important role in nuclear
functions [6,7]. The proinflammatory activity of HMGB1 is localized to
the HMG-box B, especially to the residues 89–108 [8].

HMGB1 is a nonhistone DNA-binding protein; it is involved in
stabilizing nucleosome formation, increasing gene transcription, and
modulatingsteroidhormone receptors [9,10]. Recently,HMGB1hasbeen
identified as the late-acting mediator of endotoxin lethality [11]. When
released from cells, HMGB1 can bind to cell-surface receptors [e.g., RAGE,
Toll-like receptor (TLR) (TLR2 and TLR4)] and mediate the chemotactic
cellmovement and the release of proinflammatory cytokines [e.g., tumor
necrosis factor (TNF) and interleukin (IL)-1] [12,13].

RAGE is expressed in endothelial cells, vascular smoothmuscle cells,
neurons, and macrophages/monocytes [14] and it is the main HMGB1
receptor. RAGE is a 50 kDa protein (404 amino acids in the protein
sequence of humans) and belongs to a member of the immunoglobulin
superfamily of cell-surface molecules. This protein is composed of an
extracellular region containing 1 V-type immunoglobulin (Ig) domain
hts reserved.
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and 2 C-type Ig domains; a hydrophobic transmembrane-spanning
domain; and a highly charged short cytoplasmic domain [15]. The
ligand-binding properties of RAGE can be attributed to the distal V-type
domain that contains 2 potential N-glycosylation sites [16].

Heparin, a highly sulfated glycosaminoglycan, has been used as an
anticoagulant for clinical purposes for more than 70 years. It has been
recently discovered that heparin possesses anti-inflammatory activity;
however, the mechanisms of this activity remain to be determined. In
our previous research, we have found that heparin inhibits the
proinflammatory activity of HMGB1. Heparin interferes with the
specific binding of HMGB1 with RAGE by causing conformation
changes in HMGB1. In this study, we evaluated the effect of heparin
on HMGB1 and investigated the underlying mechanisms. Here, we
provided a novel therapeutic method and an evidence for using
heparin and its analogues in treatment of inflammatory reaction.

2. Materials and methods

2.1. Equipment and reagents

2.1.1. Equipment
Fluorescence spectrometer FP-6500 and circular dichroism (CD)

spectropolarimeter J-810 were from JASCO (Tokyo, Japan); surface
plasmon resonance (SPR) measurements were performed on a
BIAcore 3000 system from BiacoreAB (Uppsala, Sweden) by using
the BIAcore evaluation software version 4.0.

2.1.2. Reagents
HMGB1 and heparin were purchased from Sigma-Aldrich (USA);

RAGE (membrane bound derivative) was purchased from R&D systems
(USA). Fluorescence spectrometry and CD spectropolarimetry analysis
were performed using 0.05 M Tris–HCl buffer (pH 7.4) containing
0.10 M NaCl to maintain the ionic strength. The BIAcore research-grade
sensor chip CM5 (composed of carboxymethylated dextran coupled to
gold-coated glass surface and prepared according to procedures
described elsewhere), amine-coupling kit [containing N-ethyl-N-
(dimethyaminopropyl) carbodiimide (EDC), N-hydroxysuccinimide
(NHS), and a solution of 1 M ethanol amine hydrochloride whose pH
was adjusted to 8.5 using sodium hydroxide], and HBS-EP buffer
(10 mM HEPES, 150 mM NaCl, 3 mM EDTA, and 0.005% P20; pH 7.4)
were purchased fromBiocoreAB (Uppsala, Sweden). Medium 1640was
purchased from Hyclone (USA). ECM (endothelial cell medium) was
purchased from Sciencell (USA). All solutions were filtered through
0.22-μm Watman filters and degassed (Milipore sintered glass funnel)
before use. All experiments were conducted at 25 °C.

2.2. Experimental methods

2.2.1. Fluorescence spectroscopy and synchronous fluorescence
spectroscopy analysis of HMGB1

Steady-state fluorescence measurements were obtained using a FP-
6500 spectrophotometer equipped with a 0.1-cm quartz cell. HMGB1
(0.025 g/L) was mixed with different heparin concentrations of 0, 50,
100, and 1000 U/L. The samples were incubated at 25 °C for 15 min
before further analysis. The excitation wavelength was 280 nm, the
width of the excitation and emission slits was 3 nm, and the scanning
speed was 500 nm/min. Synchronous scanning fluorescence spectra
were recorded as described by Rao [17]. The excitation and the emission
wavelengths (λex andλem) for synchronousfluorescencemeasurements
were scanned simultaneously with a constant wavelength interval
(Δλ=15 nmandΔλ=60 nm)betweenλex andλemandwith the speed
of 500 nm/min.

2.2.2. CD spectroscopy of HMGB1
The wavelengths in the CD spectrum (range, 190–250 nm) were

recorded using a quartz cuvette with a path length of 10 mm. The
scanning speed was 1000 nm/min. The samples were prepared
according to the abovementioned method. Each sample was analyzed
3 times, and the conformation of the unit was calculated according to
Chen–Yang's method [18].

2.2.3. Immobilization of HMGB1 and RAGE on CM5 sensor chip surface
Standard BIAcore amine-coupling protocol involving EDC and NHS

was applied. HMGB1was diluted with 10 nM sodium acetate (pH 5.0)
to the concentration of 50 mg/L, and RAGE was diluted with 10 nM
sodium acetate (pH 4.5) to the concentration of 40 mg/L. The
concentrations of stock EDC/NHS solutions were 0.2 M and 0.05 M,
respectively. The flow cells (Fc) 2 and Fc4 contained immobilized
HMGB1 and RAGE, respectively, while Fc1 and Fc3 were used as
negative controls.

2.2.4. Analysis of heparin–HMGB1 and HMGB1–RAGE interactions
Heparin samples of different concentrations were diluted with

HBS-EP and 20-μL aliquots of this solution were injected over Fc2 on
CM5 sensor chip at a flow rate of 30 μL/min. Next, HMGB1 samples of
different concentrations were diluted with HBS-EP and 20-μL aliquots
were injected over Fc4 at a flow rate of 30 μL/min. At the end of
injection, HBS-EP buffer was allowed to flow freely over the sensor
surface to facilitate disassociation. After a 2-min dissociation time, the
sensor surface was regenerated by injecting 10 mM NaOH. Each cycle
included a 2 min break time to allow the monitoring of baseline
stability. All Biacore data were collected at pH 7.4 by using HBS-EP as
the running buffer and a constant flow rate of 30 μL/min.

2.2.5. SPR binding analysis
HMGB1 diluted with 50 mg/L HBS-EP was injected over the chip

surface for 3 min; after a 150-s dissociation period, HMGB1 plus
heparin (50, 100, 1000, and 10,000 U/L) solutions were injected over
the chip surface for 3 min in the given order of concentrations. Then,
the chip surface was regenerated by injecting 10 mM NaOH. All data
were collected with running buffer and at a constant flow rate of
20 μL/min.

2.2.6. SPR data analysis
When performing binding assays for heparin–HMGB1 and

HMGB1–RAGE by using the BIAcore 3000 system, the binding-
response signals were continuously recorded in response units (RU)
and presented graphically as the function of time. The BIAcore 3000
system uses a flow-injection system and allows the running buffer to
flow over the chip surface at a constant flow rate. Hence, it could be
presumed that the concentrations of the samples were constant.
Therefore, we adopted the 1:1 (Langmuir) binding fitting model in
which the association (ka) and dissociation (kd) constants are fitted
simultaneously using Eq. (1) [19]:

dR = dt = ka:C Rmax–Rð Þ–kdR; ð1Þ

where R represents the response unit; C is the concentration of ligand
(heparin or HMGB1); and Rmax stands for the maximal response. The
affinity constant (KA) and the equilibrium dissociation constant (KD)
could be obtained from ka and kd by using the following relations:

KA = ka= kd KD = kd= ka : ð2Þ

2.2.7. Detection of TNF-α and IL-6 in cell supernatant
Intact RAW 264.7 macrophages were added to medium 1640 (10%

fetal calf serum or FCS) and cultured in 24-hole plate at a density of
4×104 in 37 °C and 5% CO2 for 24 h; subsequently, this medium was
replaced by serum-free opti-MEMmediumand the cellswere incubated
for another 24 h. The cells were stimulated with HMGB1 (0.1 μg/mL)
and different concentrations of heparin (0.1 U/L, 1 U/L, and 10 U/L) at



189Y. Ling et al. / International Immunopharmacology 11 (2011) 187–193
different timepoints 0, 1, 2, 3, 6, 9, 12 and 15 h. Finally, the supernatants
were collected, centrifuged, and the resulting supernatantswereused to
determine the presence of TNF-α and IL-6 by ELISA. The tests were
repeated 3 times.

Intact HUVEC were added to medium ECM (5% fetal calf serum) and
cultured as abovementioned. The cells were stimulated with HMGB1
(0.1 μg/mL) and different concentrations of heparin (0.1 U/L, 1 U/L,
10 U/L, 50 U/L, 100 U/L, 1000 U/L and 10,000 U/L) for 24 h. Finally, the
supernatantswere used to determine the presence of TNF-α and IL-6 by
ELISA. The tests were repeated 3 times.
2.2.8. Statistical analysis
The data were expressed as x±s and were compared using

Independent-Samples T test for independent groups. Analysis was
performed by SPSS 13.0 software and considered statistically
significant when P value was less than 0.05.
3. Results

3.1. Fluorescence spectrometry analysis of heparin and HMGB1

Thefluorescence intensity of onlyHMGB1washigh, but the intensity
of themixture of HMGB1 and heparin of concentrations 0 U/L–1000 U/L
(Fig. 1A) was low. After mixing with heparin, an increase was observed
in the intensity peak value. Interestingly, 50 U/L heparin had the most
marked effect on the fluorescence intensity, rather than 1000 U/L
heparin, which was the highest concentration.

Among the amino acids constituting proteins, only tyrosine,
tryptophan, and phenylalanine exhibit fluorescence on excitation.
Phenylalanine transfers its energy by way of resonance transfer to
tryptophan; therefore, phenylalanine does not show a fluorescence
emission peak [20]. In a normal fluorescence spectrum, the emission
peaks of tryptophan and tyrosine are overlapped and they cannot be
discerned. Synchronous fluorescence spectroscopy with an appropri-
ate wavelength (Δλ) can be used to separate the fluorescence peaks
and afford the characteristic peaks of tryptophan and tyrosine.

When Δλ=15 nm was used, the highest fluorescence peak was
obtained at 297 nm (Fig. 1B), and when Δλ 60 nm was used, 2
fluorescence peaks were obtained at 292 nm and 332 nm (Fig. 1C).
Mainly, the microenvironment of the protein contributed to the
fluorescence intensities corresponding to Δλ=15 nm and
Δλ=60 nm [21]. Hence, in our results, the peak obtained at 292 nm
was the characteristic of tyrosine and that obtained at 332 nmwas the
characteristic of tryptophan.

The synchronous fluorescence spectral patternswere similar to the
fluorescence spectral patterns at Δλ=15 nm and Δλ=60 nm. When
Δλ was 15 nm, the wavelength corresponding to the fluorescence
peak did not change, but when Δλ was 60 nm, the wavelength
showed a red shift of 2 nm for the sample containing 50 U/L heparin
(Fig. 2A and B).
Fig. 1. Fluorescence spectra of HMGB1 and heparin mixture and synchronous
fluorescence spectra of HMGB1when Δλ=15 nm and Δλ=60 nm. (A) After incubated
with different concentrations of heparin (0, 50, 100, and 1000 U/L), the fluorescence
intensities of HMGB1 (0.025 g/L) were recorded. (B) Synchronous fluorescence
intensity of HMGB1 (0.025 g/L) was recorded in Δλ=15 nm and got a peak value at
297 nm. (C) Synchronous fluorescence intensity of HMGB1 (0.025 g/L) was recorded in
Δλ=60 nm and got two peak values at 292 nm and 332 nm.
3.2. CD spectroscopy and changes in the secondary structure

CD spectroscopy is a commonly used method to study protein
conformation. Because of the relationship between CD and the
absorption peak, this technique is useful to interpret protein
conformation [22]. Hence, we can use CD spectroscopy to measure
the absorption peaks of the samples (figure not shown); further, in
accordance with Chen–Yang's methods [18], we can calculate the
contents of the conformation units (Table 1).

After the addition of heparin, HMGB1 showed a change in the
secondary structure: the content of α-helix increased while that of β-
pleated sheet reduced. The most remarkable change was observed in
the sample containing 50 U/L heparin (Table 1).
3.3. Immobilization of HMGB1 and RAGE on CM5 sensor chip

At the end of the immobilization, we obtained a 9000 RU increase
in the HMGB1 signal, which represents the amount of immobilized
HMGB1, and a 5000 RU increase in the RAGE signal. Moreover,
Stenberg [23] have reported that 1000 RU corresponds to approxi-
mately 1 ng/mm2 change in protein concentration on the chip surface.
Accordingly, in this experiment, the concentration of immobilized



Fig. 2. Synchronous fluorescence spectrometry of HMGB1 mixed with heparin when
Δλ=15 nm (A) and Δλ=60 nm (B). After incubation with different levels of heparin
(0, 50, 100, and 1000 U/L from 0 to 3), (A) synchronous fluorescence intensities of
HMGB1 (0.025 g/L) were recorded at Δλ=15 nm. The peak values from 0 to 3 were
18.10, 26.17, 26.15 and 25.12 respectively. (B) Synchronous fluorescence intensity of
HMGB1 was scanned at Δλ=60 nm. The peak values from 0 to 3 were 3.39, 5.20, 5.18
and 5.13 respectively. And the emission wavelength showed a red shift of about 2 nm.
The results were expressed as x±s of 3 independent experiments.
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HMGB1 was approximately 9 ng/mm2 and that of immobilized RAGE
was 5 ng/mm2.
Fig. 3. SPR sensor grams of specific binding of serially diluted heparin to immobilized
HMGB1 on the surface of the CM5 sensor chip (A) and of serially diluted HMGB1 to
immobilized RAGE on the sensor chip (B). (A) HMGB1 was covalently immobilized onto
Fc2 of the biosensor chip CM5 as described before. Twenty-microliter aliquots of heparin
of different concentrations (10,000, 1000, 100, 50, and 10 U/L from 1 to 5) were injected
3.4. Analysis of heparin–HMGB1 interaction kinetics

Heparin–HMGB1 interaction was investigated based on the
biosensor chip response after the initiation of heparin injections
(Fig. 3A). The different constants were evaluated using the BIAevalua-
tion 4.0 software assuming the 1:1 interaction (Langmuir model)
between the immobilized ligand (HMGB1) and the soluble analyte
(heparin); kinetic constants were ka=1.78×105 L·mol−1·s−1 and
kd=8.02×10−4 s−1; affinity constant was KA=2.22×108 L·mol−1;
and equilibrium dissociation constant was KD=4.5×10−9 mol·L−1.
These constants indicated that the immobilization of HMGB1 did not
Table 1
Effect of heparin on the circular dichroism spectra of HMGB1.

HMGB1 HMGB1+50 U/L HMGB1+100 U/L HMGB1+1000 U/L

Helix 13.2% 20.2% 17.7% 14.2%
Beta 60.5% 48.6% 53.6% 56.7%
Turn+
Random

26.2% 31.2% 28.7% 29.0%

Helix, alpha helix; Beta, β-pleated sheet; Turn+Random, β-turn and random coil.
destroy heparin-binding sites on HMGB1, and it did not affect the
affinity of heparin toward HMGB1.
3.5. Analysis of HMGB1–RAGE interaction kinetics

HMGB1–RAGE interaction was examined on the basis of the
biosensor chip response after the initiation of HMGB1 injections
(Fig. 3B). Assuming the 1:1 interaction (Langmuir model) between
the immobilized ligand (RAGE) and soluble analyte (HMGB1), we
obtained the kinetic constants ka=1.85×103 L·mol−1·s−1 and
kd=1.81×10−4 s−1; affinity constant, KA=1.02×107 L mol−1; and
equilibrium dissociation constant, KD=9.77×10−8 mol·L−1. These
constants indicated that the immobilization of RAGE did not destroy
on the biosensor surface at a flow rate of 30 μL/min. The running buffer was allowed to
flowover the chip surface at a rate of 30 μl/minwhileheparindissociated fromthe surface.
Then, the surface was regenerated by injecting 10 mMNaOH. This curve was obtained by
subtracting the response signal of Fc2 from that of the reference Fc1 (Fc2–Fc1). Section (a)
indicates the association stage and section (b) indicates the dissociation stage. The
dissociation constant was calculated based on the 1:1 (Langmuir) binding model. The
equilibrium dissociation constant (KD) of heparin and HMB1 was 4.5×10−9 mol·L−1.
(B) RAGE was covalently immobilized onto the Fc4 of biosensor chips. Subsequently,
different concentrations ofHMGB1 (2000, 1000, 500, 250, 125, and0nMfrom1 to6)were
injected on the biosensor surface at a flow rate of 30 μl/min. This sensorgram is obtained
by subtracting the response signal of from Fc4 from that of the referenced Fc3 (Fc4–Fc3).
The KD of HMGB1 and RAGE was 9.77×10−8 mol·L−1.

image of Fig.�2
image of Fig.�3


Fig. 5. Time series test of TNF-α, IL-6 level in supernatant of RAW264.7. The
concentrations of TNF-α (A) and IL-6 (B) were measured at different time points (0,
1, 2, 3, 6, 9, 12 and 15 h) in RAW264.7 which were stimulated with HMGB1 (0.1 μg/mL)
and different concentrations of heparin (0, 0.1, 1, and 10 U/L from 1 to 4). The cells
which were not stimulated with HMGB1 were used as control group (0).
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the RAGE-binding sites on HMGB1, and did not affect the affinity of
HMGB1 toward RAGE.

3.6. Kinetic analysis of heparin–RAGE interaction

We analyzed heparin–RAGE interaction by the experimental
procedure used for analyzing HMGB1–RAGE interaction. We injected
heparin (0, 50, 100, 1000, and 10,000 U/L) through Fc4 on which
RAGE was immobilized and obtained the sensorgrams of Fc4 and Fc3.
The response value was less than 10 RU even for the highest heparin
concentration (10,000 U/L). Hence, in this study, heparin and RAGE
showed no affinity or very low affinity toward each other (figure not
shown).

3.7. Effect of heparin on HMGB1–RAGE affinity

An increase in RU indicated changes in the concentration of
molecules at the surface of the sensor chip resulting from a specific
interaction between analyte (HMGB1 or HMGB1 mixture with
another compound) and ligand (RAGE). The RUs of the mixture of
HMGB1 (50 mg/L) and heparin (10,000, 1000, 100, and 50 U/L) were
markedly different from the RU of 50 mg/L HMGB1 without any
heparin. The changes in the RU values were 55, 62, 50, 48and 2RU
from 10,000 U/L to 0 U/L (Fig. 4).

3.8. ELISA for detecting TNF-α and IL-6 in the supernatant

RAW 264.7 macrophages were stimulated after treatment with
HMGB1 and different concentrations of heparin; TNF-α (Fig. 5A)
concentration reached the peak value in 2 and 12 h and the TNF-α
concentration decreased with increasing heparin concentration. The
IL-6 (Fig. 5B) concentration also decreased in a dose dependent
manner of heparin and the level of 10 U/L reached the most
decreasing effect. These results indicate that heparin could inhibit
the secretion of TNF-α and IL-6 in macrophages.

As revealed in Fig. 6, the levels of IL-6(Fig. 6A) and TNF-α (Fig. 6B)
in supernatant of HUVEC were decreased after incubation with
different concentrations of heparin. And heparin could inhibit about
50% effect of HMGB1 (Pb0.05) at 50 U/L. IL-6 and TNF-α levels
Fig. 4. Sensor grams of specific binding of HMGB1mixed with serially diluted heparin to
immobilized RAGE on the surface of sensor chip. Section (A) indicated the 3 min
injection stage of HMGB1 (50 mg/L) to immobilized RAGE. The RU increased
immediately once injected. Section (B) demonstrated the 150 s injection interval of
running buffer with the RU decreased sharply. Section (C) represented the 3 min
injection stage of HMGB1 (50 mg/L) which were mixed with different concentrations of
heparin (0, 10,000, 1000, 100, and 50 U/L from 0 to 4). The changes in ΔRU values were
2, 55, 62, 50and 48 from 0 to 4. Compared with the values in section A, the RU values
decreased obviously, and it represented that the combination of HMGB1 with
immobilized RAGE had declined.
increased obviously after the HMGB1 stimulation compared with that
without any stimulus (Pb0.01).

4. Discussion

HMGB1 has been identified as a late-acting mediator of endotoxin
lethality [11]. Serum HMGB1 levels are high in patients with
endotoxemia, hemorrhagic shock, acute lung injury, rheumatoid
arthritis, and disseminated intravascular coagulation [24–26].

The cytokine activity of HMGB1 in many cell types has been well-
documented. In cultured human primary macrophages/monocytes,
HMGB1 stimulates the release of various proinflammatory cytokines,
including TNF-α, IL-1α, IL-1β, IL-1RA, IL-6, IL-8, macrophage
inflammatory protein (MIP)-1α, and MIP-1β, but not IL-10 and IL-
12 [27]. In cultured human microvascular endothelial cells, the
addition of HMGB1 induces the expression of adhesion molecules
such as intercellular adhesion molecule (ICAM)-1, vascular cell
adhesion molecule-1 (VCAM-1), and RAGE, as well as the release of
TNF-α and IL-8, macrophage chemoattractant protein (MCP)-1,
plasminogen activator inhibitor (PAI)-1, and tissue plasminogen
activator (tPA). HMGB1 can also activate human neutrophils to
produce proinflammatory mediators such as TNF-α, IL-1β, and IL-8,
and it can also increase the permeability in cultured enterocytes via a
nitric oxide (NO)-dependent pathway [27,28]. Hence, HMGB1 is a
potent molecule that augments inflammatory response. Administra-
tion of anti-HMGB1 antibodies to endotoxemic animals can afford
protection to the animals against endotoxin lethality. The blockade of
HMGB1 activity attenuates the development and related organ
dysfunctions in experimental severe acute pancreatitis (SAP).

image of Fig.�4
image of Fig.�5


Fig. 6. Concentration of IL-6 and TNF-α in HUVEC supernatant. The levels of IL-6 (A) and
TNF-α (B) were measured in HUVEC supernatants which were stimulated with HMGB1
(0.1 μg/mL) and different concentrations of heparin (0, 0.1, 1, 10, 50, 100, 1000 and
10,000 U/L from 1 to 8) for 24 h. Control group was not stimulated with HMGB1 as 9.
*Pb0.05 compared with group 1. τPb0.05 compared with the values in other groups
(2–8). **Pb0.01 compared with control group 9.
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In addition to acting as a receptor of multiple ligands, RAGE also
mediates the cytokine activity of HMGB1 in vascular endothelial cells,
macrophages, and tumor cells [29,30]. The main consequences of the
interaction of HMGB1 with RAGE are as follows: activation of the
CDC42 and Rac guanosine triphosphatases that regulate cell motility
and neurite outgrowth and activation of several mitogen-activated
protein kinases (MAPKs); these events subsequently lead to activa-
tion of nuclear factor (NF)-κB [31]. The HMGB1/RAGE interaction
leads to the phosphorylation of MAPKs (e.g., p38 and p42/44 kinases,
stress-activated protein kinase/c-Jun N-terminal kinase, and ERK1/2)
and the activation of NF-κB signaling pathway in cultured macro-
phages, neutrophils, and Caco-2 epithelial cells [32,33].

Heparin, a highly sulfated glycosaminoglycan, is widely used as an
injectable anticoagulant and has the highest negative charge density
among all biological molecules. Although used principally as an
anticoagulant, heparin can also be used for anti-inflammatory,
antitumor, and antianaphylactic purposes. However, the true phys-
iological role of heparin in vivo remains unclear.

The comparison of fluorescence peaks of tryptophan and tyrosine
between HMGB1 and free status revealed that the emission wave-
length of tyrosine had a blue shift of about 12 nm while the emission
wavelength of tryptophan had a blue shift of 21 nm. According to
Chuang VT [34], the residues corresponding to these peaks could be
assumed to be buried in the hydrophobic microenvironment of the
peptide chain of HMGB1 (Fig. 1B, C). Heparin was mixed with HMGB1
in different concentrations, but these components had complicated
interactions. For example, in the sample containing 50 U/L heparin, the
α-helix content increased and β-pleated sheet content of HMGB1
reduced and the synchronous fluorescence spectrum showed a red
shift. Therefore, tryptophan and tyrosine amino acid residues in the
hydrophobic site were first exposed to the heteropolar environment,
and consequently the fluorescence intensity was elevated. All these
data indicated that heparin had changed the conformation of HMGB1,
thereby causing a change in thefluorescence characteristics ofHMGB1.

In this study, the amine-coupling method did not destroy the
binding site of heparin and HMGB1. Further, it was confirmed that
HMGB1 is a heparin-binding protein with high affinity; the affinity
constant was KA=2.22×108 L·mol−1 and the equilibrium dissocia-
tion constant was KD=4.5×10−9 mol·L−1. Interestingly, when the
concentration of HMGB1was 50 mg/L, even the highest concentration
of heparin (10,000 U/L) did not reach saturation.

Since the changes in protein conformation can affect protein
functions, we also elucidated the effect of changes in HMGB1
conformation on its affinity and its interaction with RAGE.

HMGB1 was considered as the ligand with one of the highest
affinities for RAGE. In our experiment, the kinetic constants of HMGB1
and RAGE were determined to be KA=1.02×107 L·mol−1 and
KD=9.77×10−8 mol·L−1, which showed that HMGB1 and RAGE
did bind with a very high affinity (Fig. 3A, B).

We used binding analysis to investigate the effect of different
concentrations of heparin on the affinity of HMGB1/RAGE. The results
showed that the RUs for HMGB1 and RAGE binding reduced from
about 100 RU to about 50 RU after mixing with heparin. Hence,
heparin could remarkably decrease the affinity of HMGB1/RAGE.

Furthermore, we obtained similar results in experiments on
RAW264.7 cells. TNF-α and IL-6 levels declined after the addition of
different concentrations of heparin. Further, 10 U/L of heparin had the
most marked effect on the inhibition of TNF-α and IL-6 release.

To investigate the ability of heparin neutralizing HMGB1, we
estimated both the levels of IL-6 and TNF-α in the supernatants of
HUVEC. The levels of IL-6 and TNF-α were significantly decreased
after treatment with heparin in different concentrations compared to
control group (Pb0.05). And reach the minimum at the level of 50 U/L
(Pb0.05). But the use of heparin was restricted for its side-effect such
as bleeding, so the safe dose should not exceed 5000 U/L. In our test,
different concentrations of heparin from 0 U/L to 10,000 U/L which
already include the proper dosage in clinic were tested, thenwe found
that, 50 U/L had the best effect of neutralization. so we proposed that
heparin of 50 U/L could not only best inhibit the inflammation effect
induced by HMGB1/RAGE combination, but also reduces the adverse
reactions in the clinical application of heparin, such as bleeding,
thrombocytopenia, osteoporosis and drug resistance and other side-
effects.

Since heparin did not combine with RAGE, as observed in our
study, it can be presumed that heparin had no effect on RAGE. Hence,
the changes in RU values could be attributed to the heparin-induced
conformation changes in HMGB1. It may be assumed that the
conformation changes of HMGB1 occurred in the RAGE-binding site,
which contains 2 tyrosines and is located between the amino acids
150 and 183.

In this study, the effect of heparin on the affinity of HMGB1
(50 mg/L) for RAGE did not show positive correlation with its
concentration. Since heparin did not reach saturation even at a
concentration of 10,000 U/L, its effect on HMGB1 might not be dose
dependent. This result indicates that a low dose of heparin is probably
sufficient to achieve the best anti-inflammatory effect. But whether
heparin interacts with other receptors of HMGB1 still need a further
investigation.
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