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Kiyoshi Teshigawara® and Masahiro Nishibori®

®Department of Pharmacology, Okayama University Graduate School of Medicine, Dentistry, and Pharmaceutical Sciences, Okayama,
Japan; PDepartment of Pharmacology, Shujitsu University School of Pharmacy, Okayama, Japan

ABSTRACT

Sepsis is caused by infections associated with life-threatening multiple organ failure (MOF).
Septic MOF appears to be closely related to circulatory failure due to immunothrombosis. This
process involves the production of reactive oxygen spices (ROS) in inflammatory sites. Therefore,
the detoxification of the systemic excess ROS is important for the improvement of the process in
septic pathogenesis. Histidine-rich glycoprotein (HRG), a plasma glycoprotein, ameliorates a sep-
tic condition through the suppression of both excess ROS production from neutrophils and
immunothrombosis. Hydroxyl radical is known as the most important species among ROS in
pathogenesis; however, the direct influence of HRG on hydroxyl radical formation and ROS activ-
ity is poorly understood. In this study, we showed that HRG, in a concentration-dependent man-
ner, efficiently inhibited the production of hydroxyl radical induced by the Fenton’s reaction
through chelation of the divalent iron. HRG also exhibited antioxidant activity against peroxyl
radical by oxidation of HRG itself as a substrate; however, it did not show superoxide dismutase
and catalase-like activities. Additionally, HRG enhanced glutathione peroxidase, a well-known
antioxidant enzyme, activity. These results suggest that HRG may play a unique role in suppres-
sion of the production of hydroxyl radicals and subsequent tissue damage at inflammatory sites.
Marked reduction in plasma HRG in sepsis might lose such an important protective mechanism.
Thus, the present study provides evidence that inhibition of ROS and ROS-production systems by
HRG may contribute to antiseptic effects in vivo and that HRG could be potential therapy for
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ROS-related diseases.

Introduction

Sepsis is the leading cause of death in the intensive
care unit (ICU), and 20 ~ 30 million people develop sep-
sis annually worldwide [1,2]. Although there have been
several clinical trials to evaluate the novel therapies for
sepsis, including anti-cytokines and anti-innate immune
reactions for decades, all of them have failed to demon-
strate the beneficial effects in patients [3-6]. The lethal-
ity of sepsis remains around 25% even in ICU, and the
sepsis campaign for overcoming the situation continues
worldwide [1,7,8], necessitating a novel approach of
drug designing.

The pathological progress of sepsis includes respira-
tory failure, circulatory shock, immune paralysis, and

disseminated intravascular coagulation induced by the
systemic response to the infection of bacteria, viruses,
or fungi that may lead to the mortality and morbidity
[9,10]. It is considered that the disorder of the inter-
action between blood cells and vascular endothelial
cells occur in septic condition, associated with the pro-
coagulant state and that immunothrombosis may be
important for the pathogenesis of multiple organ failure
[11-13]. Immunothrombosis is the formation of blood
clots triggered by adhesion of activated neutrophils to
vascular endothelial cells stimulated by bacterial infec-
tions [14]. Adherent neutrophils on endothelial cells
produce reactive oxygen spices (ROS) and induce the
generation of ROS by the surrounding cells, such as
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endothelial cells. The neutrophils also release neutro-
phil extracellular traps (NETs) in infectious inflammation
resulting in the inhibition of bacterial diffusion into the
bloodstream [15]. Platelets accumulate and adhere to
the neutrophils and NETSs, followed by aggregatory and
secretory responses. Furthermore, the release of Zn**
from platelets may facilitate the aggregation of erythro-
cytes forming fibrin clots. Although the immunothrom-
bosis has been thought to contribute to the
containment of bacteria and bacterial killing, the
thrombi lead to ischemic/hypoxic condition in multiple
organs and tissue injury caused by ROS once the
thrombus is formed randomly in the whole body due
to impairment in the regulation of immunothrombosis
in systemic septic inflammation [16-18]. Besides, it is
thought that ROS plays a critical role in the systemic
inflammation, the NETs release in thrombi formation
and the tissue peroxidation, and so forth. [11,12,16-18].

Histidine-rich glycoprotein (HRG) is a 75kDa plasma
glycoprotein produced in the liver and exists at around
1uM in human plasma [19,20]. HRG consists of four
domain structures (cystatin-like domain 1, cystatin-like
domain 2, histidine-rich domain, C-terminal domain)
[19,20]. Histidine-rich domain has a unique 12 GHHPH
tandem repeat subsequence [21], and HRG is known to
bind to several ligands that determine its activities.
Through binding to heparin, fibrin, and fibrinogen or
plasmin and plasminogen, HRG exerts an anticoagulant
and anti-fibrinolysis activities, respectively [22-25]. The
binding of HRG to dead cells and toxic substances such
as heme and lipopolysaccharide supports scavenging
and toxin neutralization [26-29]. Moreover, its associ-
ation with in vivo kinetics of divalent metal ions is due
to the binding to zinc, nickel, cobalt, copper, mercury,
and cadmium [30,31].

We previously reported that plasma HRG levels were
significantly decreased in cecal ligation and puncture
(CLP) septic mouse model. The survival rate of CLP mice
was reduced in HRG knock-down mice by RNAi method,
and HRG supplementary therapy in septic conditions
led to ameliorate its survival rate [32]. In a clinical set-
ting, plasma HRG levels in septic patients were also
decreased significantly compared with healthy volun-
teers, as observed in the CLP mouse model [32,33]. The
results suggested that HRG is a useful prognosis predic-
tion marker of sepsis and plays a critical role in the pre-
vention of the pathogenesis of sepsis. Furthermore,
HRG maintains the quiescence of neutrophils through
the regulation of their shapes and spontaneous ROS
production and the easy passage through microcapilla-
ries [32]. These results as a whole revealed that HRG
ameliorates septic pathogenesis due to cellular

regulation of neutrophils and vascular endothelial cells,
resulting in suppression of the immunothrombus forma-
tion and protection of vascular endothelial cell damage
by ROS produced by neutrophils [32]. However, the direct
effects of HRG on cell-free ROS-production system and
ROS scavenging capacity were poorly understood. In this
study, we investigated the effects of HRG on Fenton'’s
reaction and ROS-neutralizing activity in vitro to better
understand the profile of the antiseptic effects of HRG.

Materials and methods
Reagents

Iron (Il) sulfate, Iron (lll) sulfate, Cobalt () sulfate, Zinc
(Il) sulfate, Copper (ll) sulfate, Nickel (Il) sulfate,
GHHPHGHHPH peptide, GAAPAGAAPA peptide, and
Human serum albumin (HSA) were obtained from
Sigma-Aldrich (St. Louis, MO).

Purification of HRG from human plasma

Human HRG was purified from human fresh frozen
plasma (Japanese Red Cross Society, Okayama, Japan)
as described previously [34]. In brief, human plasma
containing protease inhibitors was incubated with
nickel-nitrilotriacetic acid agarose (Qiagen, Hilden,
Germany) for 2h at 4°C with gentle shaking. The gel
was packed into a column and washed with 10 mM
Tris-buffered saline (TBS; pH 8.0) containing 50 mM
imidazole and 10mM Tris-buffer (pH 8.0) containing
2 M NaCl. HRG fraction was eluted by 0.5 M imidazole in
10 mM TBS (pH 8.0). The eluate was further purified by
a Mono Q column (GE Healthcare, Little Chalfont, UK)
with a NaCl gradient. Purified HRG was dialyzed against
phosphate-buffered saline (PBS) and identified by
Western blotting with a rabbit polyclonal antibody
against human HRG (produced in our lab). The contents
of metals in purified HRG (1 uM) were measured by
Atomic Absorption Spectrophotometer Z-9000 (Hitachi,
Tokyo, Japan). We found the very low levels of metals
in the preparation; Fe: 0.97 ppb, Co: 3.6ppb, Zn:
11.7 ppb, Cu: N.D., and Ni: 25 ppb.

Measurement of superoxide antioxidant activity

The superoxide scavenging ability of HRG was deter-
mined using a DetectX superoxide dismutase (SOD) col-
orimetric activity kit (Arbor Assays, Ann Arbor, MI)
according to the manufacturer’s instruction. The SOD
standard or HRG was incubated with the substrate and
the xanthine oxidase solution for 20min at RT
(21-23°C). The absorbance was read at 450 nm.
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Figure 1. Effects of HRG on superoxide, hydrogen peroxide, and hydroxyl radical. (A) HRG's effect on superoxide. HRG (0-1 M),
HSA (1 uM) or SOD standard (0.1 unit/ml) was incubated with the substrate and the xanthine oxidase solution for 20 min at RT. The
absorbance was read at 450 nm. (B) HRG's effect on hydrogen peroxide. HRG (0-1 M), HSA (1 uM) or catalase standard (0.7 unit/
ml) was incubated with Hydrogen Peroxide Working Solution (H,0,) for 1 min at RT followed by incubation with chromogenic work-
ing solution for 60 min at RT. The absorbance was detected at 520 nm. The results shown are the means+SEM of three experi-
ments. *** p < 0.001 vs. PBS (HRG 0 uM). (C-F) HRG's effect on hydrogen peroxide. The quenching curve of the fluorescent probe
in HRG (0-1puM) (C) or in the group treated with PBS, HSA (1 uM), or HRG (1 uM) (E). The antioxidant capacity was calculated on
the basis of the area under the fluorescent decay curve shown in (D) and (F). Gallic acid as positive control. The results shown are
the means + SEM of three experiments. ***p < 0.001 vs. PBS (HRG 0 uM). ## p < 0.01 vs. HSA.

Measurement of hydrogen peroxide
antioxidant activity

The hydrogen peroxide scavenging ability of HRG was
determined using an OxiSelect catalase activity assay
kit (Cell Biolabs, San Diego, CA) according to the manu-
facturer’s instruction. The catalase standard or HRG was
incubated with Hydrogen Peroxide Working Solution
(H,0,) for 1min at RT, followed by incubation with
chromogenic working solution for 60 min at RT. The
absorbance was detected at 520 nm.

Hydroxyl radical antioxidant capacity activity and
oxygen radical antioxidant capacity activity assay

The hydroxyl radical antioxidant capacity (HORAQ)
activity of HRG was determined using an OxiSelect
HORAC activity assay kit (Cell Biolabs), and the oxygen
radical antioxidant capacity (ORAC) activity of HRG was
determined using an OxiSelect ORAC activity assay kit
(Cell Biolabs) according to the manufacturer’s instruc-
tion. The HORAC assay is based on the oxidation-medi-
ated quenching of a fluorescent probe by hydroxyl
radical produced by hydroxyl radical initiator (H,0;)
and Fenton reagent. The ORAC assay is based on the
oxidation-mediated quenching of a fluorescent probe
by peroxyl radicals produced by a free radical initiator
[AAPH: 2,2'-Azobis(2-amidinopropane) dihydrochloride].

Antioxidants delay the quenching of the fluorescent
probe. The antioxidant capacity was calculated on the
basis of the area under the fluorescent decay curve
(Net AUC = AUC (Antioxidant) — AUC (blank)). Gallic acid
(for HORAC) and Trolox (for ORAC) were used as posi-
tive controls.

Isothermal titration calorimetry assay

Isothermal titration calorimetry (ITC) experiments were
performed at 25°C using Microcal iTC200 (GE
Healthcare). On the one hand, an appropriate amount
of HRG (0.033 mM in PBS), HSA (0.033 mM in PBS), or
PBS (buffer control) was loaded in a sample cell.
Eighteen successive 2pl aliquots of FeSO, (10 mM),
Fe5(SO,4); (5 mM), CoSO, (2.5 mM), ZnSO, (5 mM), CuSO,
(2.5 mM), or NiSO4 (2.5 mM) was titrated into the sample
cell.

In contrast, an appropriate amount of 2GHHPH pep-
tide (0.2mM in PBS), 2GAAPA peptide (0.2 mM in PBS)
or PBS (buffer control) was loaded in a sample cell.
Eighteen successive 2l aliquots of FeSO, (7.5 mM),
Fe,(SO,4); (5 mM), CoSO, (0.625 mM), ZnSO, (2.5 mM),
CuS0O, (1.25mM) or NiSO, (1.25mM) was titrated into
the sample cell.

The duration of each injection was 4s, and the inter-
val between injections was 120s. The final data were
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Figure 2. The effect of GHHPH peptide on hydroxyl radicals. (A) The quenching curve of the fluorescent probe in the group
treated with PBS, HRG (1 uM), 2GHHPH (6 uM), and 2GAAPA (6 uM). (B) The curve obtained for the different concentrations of
2GHHPH (0-10 puM). (C) The antioxidant capacity was calculated on the basis of the area under the fluorescent decay curve. The
results shown are the means = SEM of three experiments. ***p < 0.001 vs. PBS (2GHHPH peptide 0 uM).

corrected by subtracting the data of metal ion from  Detection of oxidized HRG
PBS and analyzed by using Origin software 7.0

(GE Healthcare). The protein carbonyls were detected using an OxiSelect

protein carbonyl fluorometric assay kit (Cell Biolabs)
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Figure 3. The binding ability of HRG to divalent metal. ITC experiments were performed at 25 °C using Microcal iTC200 to deter-
mine the binding ability of HRG to - (A) FeSO4 (10 mM), (B) Fe,(S04); (5 mM), (C) CoSO, (2.5mM), (D) ZnSO,4 (5 mM), (E) CuSO,
(2.5mM), and (F) NiSO,4 (2.5 mM). The final data were corrected by subtracting the data of metal ion into PBS.

according to the manufacturer’s instruction. Proteins
were oxidized by peroxyl radicals produced by AAPH,
and the oxidized protein was mixed with protein car-
bonyl fluorophore. The fluorescence was detected at Ex
485/Em 530. Protein concentration was determined
using the Bradford assay, and the results were repre-
sented as nmol of protein carbonyl per mg of protein.
Modification of protein thiols was detected using a
Protein Redox State Monitoring kit (Dojindo,
Kumamoto, Japan) according to the manufacturer’s
instruction. The protein thiols were labeled with
Protein-SHifter (15 kDa), which has a maleimide group.

The protein methionine sulfoxide (MetO) as an oxidized
methionine was detected with a rabbit anti-MetO poly-
clonal antibody (Methionine Sulfoxide Immunoblotting Kit:
Cayman Chemical, Ann Arbor, Ml).

The di-tyrosine (DT) as an oxidized tyrosine was
detected with mouse anti-DT monoclonal antibody
(clone 1C3: Nikken seil, Shizuoka, Japan).

Glutathione peroxidase assay

The glutathione peroxidase (GPx)-like activity of HRG
was measured using Amplite Fluorimetric Glutathione
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Table 1. Analysis data of HRG binding to metal ion.

Model: one sites N Ka

HRG-Fel[ll] 22.1+1.6 sites 6.40E4 +5.70E4 M
HRG-Fellll] - -

HRG-Colll] 4.2+0.07 sites 3.81E4+2.79E3 M™'
HRG-Zn[ll] 16.3£0.3 sites 473E4+8.12E3 M™'
HRG-Cul[ll] 7.7+0.2 sites 7.53E4+1.35E4 M
HRG-Ni[ll] 6.0£0.04 sites 4.26E4+1.40E3 M™'

N: binding stoichiometry; Kx: association constant.

Peroxidase Assay Kit (AAT Bioquest, Sunnyvale, CA)
according to the manufacturer’s instruction. This assay
is based on the oxidation of glutathione (GSH) to oxi-
dized glutathione (GSSG) catalyzed by GPx with hydro-
gen peroxide. The GSSG is recycled to GSH by
glutathione reductase (GR) and NADPH, which leads to
NADP + generation. The generated NADP + is detected
by the NADP sensor. Briefly, PBS, HSA (1 uM) or HRG
(1 uM), or GPx standard (0-40 mU/ml) with PBS, HSA
(1 uM), or HRG (1 uM) was mixed with GPx working
solution and incubated at room temperature for 30 min.
Subsequently, the Quest Fluor NADP probe and NADP
assay solution were added and incubated at room tem-
perature for 20 min, followed by additional incubation
for 20 min with the enhancer solution. The NADP probe
reacted with NADP+ -derived fluorescence was meas-
ured at Ex 420 nm and Em 480 nm. GPx enhancing cap-
acity was represented with Net RFU (Net RFU=RFU
(Sample + GPx) — RFU (Sample)).

Surface plasmon resonance (SPR) assay

SPR experiments were performed at 25 °C using Biacore
T200 (GE Healthcare). HRG was immobilized on CM5
sensor chip (GE Healthcare). Increasing concentrations
of the recombinant GPx proteins (GPx1, GPx3, and
GPx4; abcam, Cambridge, UK) dissolved in HBS-
EP + buffer (GE Healthcare) were injected at a flow rate
of 30 ul/min for 120s. After that, dissociation was eval-
uated by passing the buffer alone over the chip for
120s. The binding kinetics were analyzed using Biacore
T200 Evaluation software (GE Healthcare).

Neutrophil rounding assay

Neutrophils were isolated with density-gradient method
using Polymorphprep (Axis-Shield, Oslo, Norway).
Neutrophils were pre-stained with Hoechst33342
(Nuclei; Thermo Fisher Scientific) and Calcein-AM
(Cytosol) (Thermo Fisher Scientific), aliquoted to 96
wells plate (Corning, Riverfront Plaza, NY) and stimu-
lated by HBSS, HRG (1 uM), and oxidized HRG (1 uM),
which was oxidized by AAPH at RT for 1h and dialyzed
against PBS, at 37°C for 1h. Neutrophil morphology

was observed by an In Cell Analyzer 2000 (GE
Healthcare) and analyzed by In Cell Analyzer
Workstation software (GE Healthcare). Form factor (max
diameter/min diameter) was determined.

Statistical analysis

The statistical analysis across multiple treatment groups
was determined with ANOVA, followed by Tukey test.
All data are presented as the means *standard error
(SEM). p Values < 0.05 were considered statistically
significant.

Results

Effects of HRG on superoxide and
hydrogen peroxide

To investigate the action of HRG on superoxide, we
used a superoxide production system composed of xan-
thine, oxygen, and xanthine oxidase. SOD catalyzed the
dismutation of superoxide to oxygen and hydrogen
peroxide as the positive control. The results revealed
that the HRG had no effect on the superoxide-produc-
tion system and did not show SOD-like activity (Figure
1(A)). HSA, known as possessing antioxidant activity
through self-oxidation, also had no effect on those
(Figure 1(A)). To examine the effect of HRG on hydro-
gen peroxide, we investigated whether HRG has the
catalyzing activity on hydrogen peroxide by incubation
of HRG and hydrogen peroxide. Catalase catalyzed
hydrogen peroxide into water and oxygen as the posi-
tive control; however, we could not detect any catalyz-
ing activity of HRG on hydrogen peroxide (Figure 1(B)).
HSA also did not show catalyzing activity on hydrogen
peroxide (Figure 1(B)).

HORAC activity of HRG

The effects of HRG on hydroxyl radical production were
examined by the HORAC assay. Gallic acid as positive
control exhibited antioxidant activity on hydroxyl rad-
ical production (Figure 1(D) and Supporting
Information Fig. 1). HRG inhibited the fluorescent
quenching by hydroxyl radical in a concentration-
dependent manner (Figure 1(C,D)). Figure 2(A-C) shows
that the GHHPH repeat sequence of HRG inside the his-
tidine-rich domain produced a similar concentration-
dependent inhibitory effect of fluorescent quenching
by hydroxyl radical, whereas 2GAAPA peptide replacing
histidine residues of 2GHHPH peptide with alanine did
not show antioxidant activity (Figure 2(A)). In compari-
son to HSA, HRG have significantly higher antioxidant
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Figure 4. The binding ability of GHHPH peptide to divalent metal. ITC experiments were performed at 25°C using Microcal
iTC200 to determine the binding ability of 2GHHPH peptide to - (A) FeSO,4 (7.5 mM), (B) Fe,(S04); (5 mM), (C) CoSO, (0.625 mM),
(D) ZnS0O4 (2.5 mM), (E) CuSO4 (1.25 mM), and (F) NiSO,4 (1.25 mM). The final data were corrected by subtracting the data of metal

ion into PBS.

Table 2. Analysis data of GHHPH peptide binding to

metal ion.

Model: one sites N

Ka

2GHHPH-Felll] 2.9+0.02 sites
2GHHPH-Fe[lll] -
2GHHPH-Colll] 0.3 +£0.003 sites
2GHHPH-Zn[ll] 1.2+0.01 sites
2GHHPH-Cu[ll] 0.6 +0.006 sites
Model: two sites N
2GHHPH-NI[lI] 1 0.2+ 0.4 sites
2GHHPH-Ni[ll] 2 0.2+0.1 sites

2.00E4+1.13E3 M~

2.73E5+2.63E4 M~

1.08E5 + 1.14E4 M~

3.83E5+4.59E4 M~
Ka

3.70E4 +3.55E4 M~

1.12E5 +3.22E5 M~

N: binding stoichiometry; Ka: association constant.

activity on hydroxyl radical (Figure 1(E,F)). In addition,
the effect of HRG-Fe*" complex on hydroxyl radical pro-
duction was examined by allowing the complex forma-
tion by pre-incubation of HRG with Fe*" for 30 min in
the HORAC assay. We could not observe the difference
in the inhibition level of fluorescence quenching by
hydroxyl radical between pre-incubation group and
non-pre-incubation group (Supporting Information Fig.
2). These data indicated that HRG-Fe*" complex did not
induce Fenton'’s reaction.
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on the basis of the area under the fluorescent decay curve (B and D). Trolox is positive control as antioxidant. The results shown
are the means = SEM of three experiments. ***p < 0.001 vs. PBS (HRG 0 uM). ### p < 0.001 vs. HSA.

The binding ability of HRG and HRG-derived
peptide to metal ions

We performed ITC assay to determine the binding abil-
ity of HRG to metal ions (ex. Fe?" and Co®, the essen-
tial factors in Fenton’s reaction). The results revealed
that HRG could bind to divalent metal ions (Fe?*, Cu®t,
Co®", Zn**, Ni*") with an intermediate affinity (K =
3.81E4 ~ 7.53E4). However, HRG cannot bind to Fe3*.
One molecule of HRG can bind to 4-22 molecules of
divalent metal ions with a higher binding affinity for
divalent iron ion more as compared with the other
divalent metal ions (Figure 3 and Table 1). 2GHHPH
repeat sequence is the core of HRG binding to divalent
metal ions, and histidine residue of GHHPH peptide is
bound to Fe?', whereas 2GAAPA did not, suggesting
an essential role of histidine residues for those binding
(Figure 4, Table 2, and Supporting Information Fig. 3).
HSA, at the same concentration (1 uM) of HRG, did not
bind to metal ions in the tested concentrations
(Supporting Information Fig. 4).

ORAC activity of HRG

To examine the effect of HRG on the action of peroxyl
radical, we performed ORAC assay. Trolox, as a positive
control, showed significant antioxidant activity on per-
oxyl radical (Figure 5(B) and Supporting Information

Fig. 5), whereas HRG inhibited the fluorescent quench-
ing by peroxyl radicals in a concentration-dependent
manner (Figure 5(A,B)). The 2GHHPH peptide had weak
antioxidant activity on this assay system (Figure
6(A-C)). Compared with HRG, HSA showed weaker anti-
oxidant activity on this assay (Figure 5(C,D)).

Oxidation of HRG by peroxyl radical

It is reported that albumin has antioxidant activity due
to efficient self-oxidation. Because HRG also has the
potential for producing antioxidant activity by self-oxi-
dation, we investigated the oxidation of HRG by peroxyl
radicals. The degree of carbonylation on the Pro, Arg,
Lys, and Thr residues in HRG was compared with HSA
as an oxidization indicator. HRG was nearly twice as
easy to be oxidized by peroxyl radical as HSA (Figure
7(A)). We also determined the number of oxidized cyst-
eine residues by detecting free-thiol. HSA has one free-
thiol, and this free-thiol was oxidized by peroxyl radical,
whereas HRG showed no free-thiol (Figure 7(B)).
Moreover, we tried to detect DT as oxidized tyrosine,
and methionine sulfoxide as oxidized methionine in
HSA or HRG treated with peroxyl radical using western
blotting method. We could not detect DT either in HSA
or HRG treated with or without peroxyl radicals (data
not shown). On the contrary, methionine sulfoxide in
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HSA was slightly increased by oxidation, although
methionine sulfoxide was detected before oxidation by
peroxyl radicals (Figure 7(C)). Additionally, oxidized
HRG, which did not show aggregation, exhibited a simi-
lar neutrophil rounding-inducing activity to non-oxi-
dized HRG (Supporting Information Fig. 6). The data
suggested that oxidization of HRG did not influence
neutrophil rounding-inducing activity.

The influence of HRG on GPx reaction system

The GPx assay revealed that HRG has slight GPx-like
activity (Figure 8(A)) and HRG enhanced the GPx activ-
ity significantly compared with PBS or HSA (Figure 8(B)).
Additionally, to elucidate the binding affinity of HRG to
GPxs (GPx1: cytosolic type, GPx3: plasma type and
GPx4: phospholipid hydroperoxidase) which are associ-
ated with septic condition, we performed SPR assay.
HRG binds to GPx1, GPx3, and GPx4 directly with high

affinity (Kp = 6.946 E — 8, 2.662 E - 8, and 3.054 E - 9,
respectively; Figure 8(C-E)).

Discussion

ROS include free radicals (superoxide [0~

1, hydroxyl radicals [HO®], and peroxyl radicals
[ROO®]) and non-free radicals (hydrogen peroxide
[H,0,] and lipid hydroperoxide [LOOH]). Hydroxyl rad-
ical plays a prominent role in the oxidation of protein,
lipid, and nucleic acid in vivo because the oxidization
ability of hydroxyl radicals is the highest among these
ROS. Therefore, hydroxyl radical has been considered
most important for the tissue injuries caused by ROS
[35,36]. Moreover, lipid peroxyl radicals (LOO®) pro-
duced by the oxidation of lipid bilayer of the cell mem-
brane by hydroxyl radical triggers lipid peroxidation
chain reaction and damages cell membranes [35]. In
healthy conditions, the concentration of in vivo ROS is
controlled by SOD and catalase, as well as the
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glutathione-GPx system. For example, SOD catalyzes
the dismutation of excess superoxide produced by
NADPH oxidase or xanthine oxidase to hydrogen perox-
ide and oxygen, and the hydrogen peroxide is catalyzed
and detoxified by catalase [35,36]. Additionally, GPx
reduced hydrogen peroxide to water or LOOH to its
corresponding alcohol. In contrast, there is increasing
evidence that the uncontrolled generation of hydroxyl
radical produced by divalent iron ion and hydrogen
peroxide (Fenton'’s reaction) exacerbates different types
of disease conditions, especially hemolysis, and cell
damage related events such as sepsis [11,12,16-18,37].
In this study, we demonstrated that HRG was more
effectively oxidized by radicals than albumin and

contributed to detoxifying not superoxide and hydro-
gen peroxide but peroxyl radical that have high toxic
activity. It is suggested that the self-oxidation tendency
of HRG in inflammatory sites may protect the surround-
ing tissues from ROS damage. In addition to the antioxi-
dant activity of HRG, we demonstrated that HRG
enhanced the GPx activity, which is involved in detoxi-
fying LOOH, although the detailed mechanism remains
unclear. But, at least, HRG is suggested to modulate the
GPx activity through its direct binding to GPxs. These
results suggested that HRG contributes to antioxidant
by a wide variety of its activities.

As aforementioned, hydroxyl radical is considered to
be produced through Fenton’s reaction in our body.
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Fenton’s reaction requires metal ions, for example, diva-
lent iron ion, monovalent copper ion, and divalent
cobalt ion, especially divalent iron ion is most import-
ant for this reaction [16-18]. Free-divalent iron ion is
rigidly regulated by several proteins such as transferrin,
lactoferrin, and ceruloplasmin in the bloodstream
because its ion induces highly toxic hydroxyl radical
production leading to tissue damage [38-41]. However,
proteins binding to the divalent iron ion directly is not
known in blood. Free divalent iron is generally oxidized
by ceruloplasmin to trivalent iron, which binds to trans-
ferrin or lactoferrin and is metabolized [38,41].
However, direct binding to free divalent iron is thought
to detoxify excess irons produced by tissue injury in

septic conditions, more effectively. Thus, understanding
the underlying mechanism of regulation of high toxic-
free divalent irons is essential.

For the first time, we discovered that HRG binds to 22
molecules of divalent iron ion directly and efficiently.
Also, our results revealed that histidine residues inside
the histidine-rich domain might play a critical role in the
expression of divalent iron-chelating effect. The compari-
son of the chelating potencies between HRG and
2GHHPH peptides showed a six-fold difference, which
could be attributed to the structure of HRG containing
12 repeats of GHHPH inside the histidine-rich domain.

It has been shown that the systemic inflammatory
tissue damage and hemolysis in septic conditions
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releases a huge amount of free divalent iron ions from
the damaged cells [35,42-44], and with the progress in
septic pathogenesis, the plasma HRG level was reduced
due to rapid reduction in HRG gene expression, depos-
ition of HRG on immunothrombi and degradation of
HRG by thrombin [32]. Therefore, it is thought that free
divalent iron ion is not able to be detoxified by HRG
effectively in the reduction phase of plasma HRG levels
in sepsis. Indeed, the reduction of plasma HRG level has
been reported to correlate with an adverse progress of
septic patients [33]. From these reports and our data, it
was speculated that HRG may contribute to preventing
cell damage at least in part via its divalent iron-chelat-
ing effect in sepsis.

In conclusion, the present study suggested that in
septic conditions, HRG can inhibit the production of
hydroxyl radical, enhance GPx activity, and remove per-
oxyl radical and free divalent metal ions efficiently, indi-
cating the potential of HRG to exert the antiseptic
effects in vivo in addition to the cellular regulation of

neutrophils, erythrocytes, and vascular endothelial
cells [45].
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