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Abstract

Necrotic cells passively release HMGB1, which can stimulate TLR4 in an autocrine fashion to
potentially initiate “sterile” inflammation that maintains different disease states. We have shown
that prooxidants can induce NF-«xB activation through TLR4 stimulation. We examined whether
prooxidants enhance HMGB1-induced TLR4 signaling through NF-xB activation. We used LPS-
EK as a specific agonist for TLR4, and PPC and SIN-1 as in situ sources for ROS. As model
systems, we used HEK-Blue cells (stably transfected with mouse TLR4), RAW-Blue™ cells
(derived from murine RAW 264.7 macrophages) and primary murine macrophages from TLR4-
KO mice. Both HEK-Blue and RAW-Blue 264.7 cells express optimized secreted embryonic
alkaline phosphatase (SEAP) reporter under the control of a promoter inducible by NF-xB. We
treated cells with HMGB1 alone and/or in conjunction with prooxidants and/or inhibitors using
SEARP release as a measure of TLR4 stimulation. HMGB1 alone and/or in conjunction with
prooxidants increased TNFa and IL-6 released from TLR4-WT, but not from TLR4-KO
macrophages. Pro-oxidants increased HMGBL release, which we quantified by ELISA. We used
both fluorescence microscopy imaging and flow cytometry to quantify the expression of
intracellular ROS. TLR4-neutralizing antibody decreased prooxidant-induced HMGB1 release.
Prooxidants promoted HMGB1-induced NF-kB activation as determined by increased release of
SEAP and TNF-a, and accumulation of iROS. HMGB1 (Box A), anti-HMGB1 and anti-TLR4-
neutralizing pAbs inhibited HMGB1-induced NF-«xB activation, but HMGB1 (Box A) and anti-
HMGB1 pAb had no effect on prooxidant-induced SEAP release. The present results confirm that
prooxidants enhance proinflammatory effects of HMGB1 by activating NF-xB through TLR4
signaling.
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INTRODUCTION

Reactive oxygen species (ROS) [with the term used here to also include reactive nitrogen
species (RNS)] can interact with and cause damage to lipids, DNA, and other cellular
macromolecules [1]. Oxidative nitrosative stress (ONS), induced by ROS, is implicated in
the pathogenesis of many human disorders [2]. Oxidative stress can be a reflection of a
disturbance in the balance between systemic production/catabolism of ROS and antioxidant
defenses against these free radicals [3], which can arise from both normal cellular processes
as well as environmental oxidants. Oxidative stress is an adaptation to changing cellular
milieu, which can cause impaired reversible or irreversible cellular function or pathological
gain of function [3].

Our understanding and appreciation of the link between oxidative stress and inflammatory
pathways are still obscure. It was recently shown that Toll-like receptors (TLRs) could
mediate the inflammatory responses associated with experimental ischemia and reperfusion
injury, a model of oxidative stress [4]. ROS are implicated as key mediators in the
mechanism(s) that may underlie the cross talk between TLRs and interactions between
neutrophils (PMNSs) and alveolar macrophages (AM) as well as endothelial cells (ECs) [5].
TLRs are a family of germ-line encoded receptors designated as pattern recognition
receptors (PRRs), and are expressed on both the cell surface and in endosomes [6]. TLRs
recognize and respond to distinct molecular patterns associated with microbial pathogens
called pathogen-associated molecular patterns (PAMPS) [7]. However, some members of the
TLR, notably TLR2, TLR4 and TLR9, respond to various endogenous damage-associated
molecular patterns (DAMPs), including heat shock proteins and extracellular matrix
components such as heparin sulfate, mammalian DNA and high mobility group box 1
(HMGBL1). These endogenous DAMPs are released in conditions of cellular stress or injury
with the potential to drive “sterile” inflammatory responses [8,9] to a self-perpetuating
condition that can initiate and/or maintain disease states.

HMGBL, a ubiquitous non-histone and highly conserved DNA-binding nuclear protein, is an
archetypal DAMP molecule. It is highly expressed in mammalian cells and is involved in the
stabilization of nucleosomes, and facilitates gene transcription [10]. Recent models of
“sterile” injury and chronic inflammation have shown that HMGBL1 is specifically
recognized by many cell surface receptors including TLR4 and TLR2 [11], the receptors for
advanced glycation end product (RAGE) [12], and most recently by T-cell immunoglobulin
and mucin domain 3 proteins [13]. HMGBL can trigger signal transduction through a range
of receptors, but TLR4 appears to be the primary receptor for HMGBL in defining its
cytokine-like and cytokine-inducing properties [14]. In addition to stimulating cells directly,
HMGB1 can form immunostimulatory complexes with inflammatory mediators [15] and
other endogenous and exogenous factors [16,17].
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Most cells, including monocytes and macrophages, constitutively express HMGB1 mRNA
and its protein under basal conditions. Inflammatory cells including activated monocytes
and macrophages [18], mature dendritic cells [19] actively secrete HMGBL1, whereas
necrotic cells passively secrete it into their extracellular milieu [20]. In contrast, apoptotic
cells retain HMGBL in their nuclei, and thus do not activate inflammation [21]. HMGB1
enhances LPS-induced production of proinflammatory cytokines including interleukin 6
(IL-6) and TNF-a in vitro [22]. In damaged tissue, extracellular HMGBL1 acts as a necrotic
signal, which alerts the surrounding cells and the immune system. HMGB1 acts in synergy
with LPS in vivo in the mouse experimental arthritis model by activating macrophages to
secrete cytokines, which may enhance phosphorylation of mitogen activated protein kinase
(MAPK) p38 that provides the basis for NF-xB activation [22].

Recently, we showed that pro-oxidants induce NF-xB activation through the TLR4 signaling
pathway [23]. Based on these findings, we hypothesized that prooxidants could enhance
HMGB1-induced NF-kB activation through TLR4 signaling, a component of the pathway of
innate immunity against pathogenic bacteria. Thus, we examined in vitro a potential
mechanism of the interactions of reduced recombinant mouse/human HMGB1 [disulfide
HMGBL1] [24] with prooxidants on NF-kB activation through TLR4- coupled stimulation.
One of our primary aims was to define a potential contribution in vivo for interactions
between extracellular HMGB1 (exHMGB1) and oxidants in the mechanism of initiation and
maintenance of “sterile” inflammation that may play a role in many disease states.

We used two distinct agents namely potassium peroxychromate (PPC) and SIN -1, as
primary sources of exogenous reactive oxygen and nitrogen species. We chose to use PPC
and SIN-1 because, in the final analysis, both agents produce functionally and biologically
similar reactive intermediates that can induce oxidative/nitrosative stress (ONS). However,
PPC is more efficient in generating ROS compared with SIN-1 in the same time interval.
Under physiological conditions, PPC can decay to release oxygen-centered free radicals
such as superoxide anion, hydrogen peroxide, and hydroxyl radicals [25] as produced by
activated phagocytes [26]. On the other hand, SIN-1 produces peroxynitrite anions [27],
which decompose to generate hydroxyl radicals and nitrogen dioxide that can oxidize redox-
sensitive protein and non-protein cysteines by orders of magnitude greater than hydrogen
peroxide [28].

A major finding of this manuscript is that exogenous prooxidants can promote extracellular
disulfide HMGB1-induced NF-kB activation through the TLR4 signaling pathway with the
potential to initiate “sterile” inflammatory responses. Our data confirm that HMGB1/
prooxidant-coupled TLR4 stimulation can induce NF-xB activation to increase intracellular
ROS (iROS), which enhances ONS with a consequent release of inflammatory cytokines.
Thus, therapeutic targeting of extracellular HMGB1 has the potential to provide health
benefits that ameliorate ONS-mediated inflammatory disease states, especially in situations
with release of excessive amounts of HMGB1 [29].
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MATERIALS AND METHODS

Chemicals

HEK-Blue selection medium, selection antibiotic Zeocin, Quanti-Blue detection reagent
(alkaline phosphatase detection medium), LPS from Escherichia coli (LPS-EK Ultrapure)
and RAW-Blue™ cells are derived from the murine RAW 264.7 macrophages with
chromosomal integration of a secreted embryonic alkaline phosphatase (SEAP) reporter
construct inducible by NF-xB, were obtained from InvivoGen (San Diego, CA). 3-
Morpholinylsydnoneimine chloride or Linsidomine chloride (SIN-1) was obtained from
Cedarlane Inc (Burlington, NC). Low endotoxin, azide-free (LEAF) affinity purified rat
1gG2a, k-isotype anti-mouse TLR4 (CD284)/MD-2 complex pAb for TLR4 neutralization
and kits for sandwich ELISA of human-specific TNF-a and IL-10 were purchased from
BioLegend (San Diego, CA). CellROX® Deep Red and NucBlue® Live ReadyProbes™
reagents were obtained from Invitrogen. Parameter™ TBARS assay kit was purchased from
R & D Systems Inc (Minneapolis, MN). Recombinant disulfide high mobility group box 1
(HMGB1) [or disulfide HMGB1] (LPS-free) [complete notation: HMGB1C23-C45C106h]
[24], fully reduced HMGBL1 (LPS-ree), Box A portion of HMGB1 (human & mouse, LPS
free), HMGB1 ELISA kit, anti-HMGB1 Chicken 1gY neutralizing pAb and chicken IgY
(polyclonal, isotype control antibody) were obtained from IBL International Corp (Toronto,
ON, Canada). We prepared and characterized PPC as previously published [23,26]. Both
PPC and SIN-1 used in our assays were confirmed to be LPS-free.

Cell lines and culture conditions

We have used three different cell types as model cultures to characterize ROS/HMGB1/
TLR4-coupled activation. We first used cells derived from the human embryonic
kidney-293 (HEK-293) cell line. HEK-Blue Nulll-v and HEK-Blue mTLR4 cells were
purchased from InvivoGen (San Diego, CA). HEK-Blue Nulll-v is the parental cell line of
HEK-Blue mTLR4, which does not express mTLR4, whereas HEK-Blue mTLR4 cells are
stably transfected to express mTLR4 gene at high levels with MD-2 and CD14 co-receptor
genes involved in TLR4 recognition and presentation. In addition, both HEK-Blue cells
stably express an optimized secreted alkaline phosphatase (SEAP) reporter gene under the
control of a promoter inducible by NF-xB transcription factor. The level of SEAP protein
released into the culture media was used as a measure of NF-kB activation through TLR4
stimulation with QUANTI-Blue™ detection reagent.

RAW-Blue™ cells were derived from the murine RAW 264.7 macrophages with
chromosomal integration of a SEAP reporter construct inducible by NF-xB. RAW-Blue™
cells express many pattern-recognition receptors (PRRs), including all toll-like receptors
(TLRs) except for TLR5, but with TLR4 and TLR8 expressed at the highest levels.
However, TLR8 is endosomal and a different ligand activates it from TLR4. Thus, RAW-
Blue™ cells are useful as TLR reporter cells for inducing NF-xB, with subsequent release of
SEAP after treatment with appropriate TLR-specific ligands, including ROS for TLR4 [23].
Therefore, we used RAW-Blue™ cells with the same read-out metric as HEK-Blue mTLR4
cells to affirm that the synergistic/additive effects of oxidants with HMGB1 can also occur
in cells that express multiple TLRs.
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Both HEK and RAW-Blue cells were grown in a 37 °C, 100 % humidified incubator in
Dulbecco’s Modified Eagle’s Medium (DMEM, 4.5 g of glucose/L) without pyruvate but
supplemented with 2 mM L-glutamine, 10 % (v/v) fetal bovine serum (FBS), 50 units/ml
penicillin, 50 pg/ml streptomycin and 100 ug/ml Normocin™. HEK-Blue-Null1-v, HEK-
Blue mTLR4 and RAW-Blue cells were maintained in growth medium supplemented with
Zeocin.

Isolation, characterization and treatment of peritoneal primary macrophages

We also used primary murine macrophages to further clarify and confirm the mechanism of
the proposed signaling pathway in ROS/HMGB1-coupled NFkB activation through TLR4
stimulation. Primary murine peritoneal macrophage cultures were derived from mouse strain
B6.B10ScN-TIr4 Ips-del/JthJ (Jackson Labs) with complete deletion of TLR4 gene (knock
out)[TLR4-KO] [30] with a corresponding heterozygous wild-type (TLR4-WT) control
strain C57BL/10ScSnJ. These mice were cared for and maintained as approved by UMKC-
IACUC in accordance with NIH guidelines. We isolated and characterized primary
peritoneal macrophages from TLR4-WT and TLR4-KO mice strains according to a standard
published method [31].

Macrophages (5x10° cells/well) were seeded in 12-well plates containing DMEM/F-12 (500
ul/plate) with 10 % (v/v) fetal bovine serum (FBS), 10 mM L-glutamine, 100 1U/ml
penicillin and 100ug/ml streptomycin. Cells were preincubated with LPS-free disulfide
HMGBL (1 ug/ml) for 30 min followed by treatment with either [PPC (5 uM) or SIN-1 (500
uUM) in the continued presence of HMGB1 for 16 h. As a positive control for TLR4
activation, we also treated cells with LPS-EK (0.5pug/ml) alone for ~16 h. At the end of the
incubation time, we collected cell supernatants for use to quantify murine TNF-a and IL-6
by ELISA.

Measurement of extracellular HMGB1 (exHMGBL1) levels

HEK-Blue mTLR4 cells were stimulated overnight (~16 h) with varying concentrations of
PPC and SIN-1. We determined the extent by which the inhibition of TLR4 could affect
oxidant-induced HMGB1 release. We preincubated HEK-Blue mTLR4 cells for 2 h with
TLR4 (CD284)/MD2 complex polyclonal antibody (pAb) followed by stimulation overnight
with the highest concentration of each prooxidant used in the present study in the continued
presence of the pAb. Cells were also stimulated overnight with LPS-EK as a positive
control, but with no prior treatment with TLR4 pAb. Levels of HMGBL1 in the conditioned
media were measured using HMGB1 ELISA kit according to the manufacturer’s
instructions.

Quanti-Blue® SEAP reporter assay

HEK-Blue-Null1-v and HEK-Blue mTLR4 cells (2 x104) were plated in 96-well plates and
grown to 70 % confluence. Cells were then pretreated with HMGB1 (BoxA) for 30 min,
anti-HMGB1 neutralizing pAb or TLR4 pAb for 2 h, followed by stimulation with HMGB1,
PPC or SIN-1 for 16 h in the continued presence of the inhibitors. Aliquots of the culture
medium (20 ul) were removed and added to new 96-well plates containing 180 pl of pre-
warmed Quanti-Blue™, a SEAP colorimetric detection medium, as per manufacturer’s
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instructions. Color was allowed to develop for 1 h, and absorbance was read at 650 nm in a
Bio-Tek ® microplate reader (Burlington, VT).

We also determined the extent to which varying concentrations of HMGB1 would affect
SEAP released into the media. In each case, cells were also stimulated overnight with LPS-
EK as a positive control. Furthermore, we verified whether prooxidants would synergize
with HMGBL to enhance the SEAP released into the media. We pretreated cells with
HMGB1 for 30 min followed by further treatment overnight with PPC or SIN-1 alone or in
combination in the continued presence of HMGBL.

Measurement of intracellular ROS (iROS) accumulation by fluorescence microscopy

HEK-Blue mTLR4 cells were treated with culture medium (control), HMGB1, PPC and
SIN-1 alone or in combination in Lab-Tek 11 8-well slides for ~16h. We determined
treatment-mediated accumulation of intracellular ROS (iROS) by staining with CellROX®
Deep Red reagent according to the manufacturer’s instructions. Briefly, cells were incubated
with CellRox® and NucBlue live cell stain (nuclear) for 30 min at 37 °C followed by washes
with PBS and fixation with 4% paraformaldehyde for 15 min. Following subsequent washes
with PBS, images were acquired using fluorescence microscope (Axiovert 200M; Zeiss) at
excitation and emission wavelengths (As) of ~644/655 nm for CelROX® Deep Red reagent
and 405/410-550 nm for NucBlue®. Finally, acquired images were merged and composite
histograms were obtained and analyzed [32] with ImageJ (V1.44, http://rsbweb.nih.gov/ij/)
software.

Quantification of iROS by flow cytometry

To confirm the accuracy of the fluorescence microscopy data, we also used flow cytometer
to determine the fluorescence intensity of iROS with the same dye. HEK-Blue mTLR4 cells
were grown in 6-well dishes to 80 % confluency. Cells were treated with culture medium
(control), HMGBZ1, PPC and SIN-1 alone or in combination for ~16h after which cells were
incubated with CellROX® Deep Red reagent (1 uM) for 30 min at 37 °C followed by
subsequent washes (2X) in PBS. Washed cells were scraped and resuspended in warm PBS
for flow cytometer.

Acquisition and analysis of flow cytometric data were conducted on FACSCanto™ 11 flow
cytometer (BD Biosciences, San Jose, CA). Electronic gating was used to exclude doublets
and subcellular debris with a forward scatter threshold set at 500. The fluorescence intensity
corresponding to iROS-labeled CellROX® Deep Red reagent was determined using
Allophycocyanin (APC) filter at excitation/emission As of ~ 645/660 nm. Unstained cells
were used as negative controls for iROS. For each parameter investigated, at least 10* events
(cells) were analyzed /sample. The fluorescence intensities as logarithmically amplified data
were compared between different treatments.

Thiobarbituric Acid Reactive Substances (TBARS) assay

HEK-Blue mTLR4 cells were plated in 6-well plates at a density of 5x10° cells/well. Cells
were allowed to reach 70% confluence, following which they were pre-incubated alone with
HMBGL1 for 1 h, or treated in combination with either, PPC and SIN-1. After over night
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(~16 h) stimulation in the continued presence of stimulants, cell were scraped and lysed in
150-pl lysis buffer (Mammalian cell-PE-LB™) supplemented with protease inhibitors. The
lysates were frozen at -20° C for 4 h, then thawed once and centrifuged at 10,000-x g for 10
min.

In the absence of oxidative stress, free malonyldialdehyde (MDA), an oxidative degradation
product of lipids, is typically low and not detectable. Thus, sample supernatants require acid
treatment of proteins, and breakdown of peroxides by heat and acid to facilitate color
development in the thiobarbituric acid reactive substances (TBARS) assay. MDA forms a
1:2 adduct with thiobarbituric acid (TBA). The optical density (OD) of MDA-TBA adduct
formed in sample supernatants was quantified colorimetrically using a Bio-Tek® microplate
reader set at 532 nm. The adducts were analyzed with a Parameter™ TBARS assay kit
according to manufacturer’s instructions. The TBARS levels in unknown samples were
determined from MDA equivalence standard carried out simultaneously in the assay with
unknown samples. Total protein concentrations in each sample used for normalization were
determined by BCA protein assay kit (Pierce).

Quantitation of TNF-a,, IL-10 and IL-6 levels

HEK-Blue mTLR4 cells were preincubated with HMGB1 (Box A) fragment or TLR4
(CD284)/MD2 complex pAb for 2h followed by stimulation for 16 h with HMGB1, PPC or
SIN-1 singly, and/or in combination [HMGB1+PPC], or HMGB1+SIN-1]. We also
stimulated cells for 16 h with LPS-EK as a positive control, but without prior treatment with
HMGBL (BoxA) or TLR4 pAb. The levels of TNF-a and IL-10 released into the
conditioned media were measured using human TNF-a and IL-10 ELISA kits as per
manufacturer’s instructions.

In addition, following different treatments for primary peritoneal macrophages derived from
TLR4-WT and TLR4-KO mice, we measured levels of TNF-a and I1L-6 released into the
conditioned media with TNF-a and IL-6 ELISA kits as per manufacturer’s instructions.

Statistical Analysis

RESULTS

We used Statistical Package for the Social Sciences (SPSS) to perform data analysis in all
experiments. Data are presented as mean £ SEM from at least 3 — 7 independent
experiments carried out in duplicate, where applicable, and analyzed by 1- or 2-way analysis
of variance (ANOVA) followed by Tukey’s post hoc tests. Significance was assigned at p <
0.05 %.

PPC and SIN-lincrease HMGBI1 release in HEK-Blue mTLR4 cells

Treatment with 1 ug/ml LPS-EK (a TLR4-specific agonist) overnight increased HMGB1
release by a mean of 16.8-fold over untreated control cells. Similarly, overnight treatment
with 0.1, 1.0 and 5 puM of PPC increased HMGBL1 release by a mean of 2.3- and 4.3-fold,
respectively, over the untreated control cells incubated under the same conditions. Treatment
with 0.1, 0.5 and 1 mM of SIN-1 increased HMGBL release by a mean of 2.3- and 3.6-fold,
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respectively. Furthermore, preincubation of cells for 2 h with TLR4 neutralizing pAb or
HMGB1 neutralizing pAb prior to PPC (5 uM) or SIN-1 (0.5 mM) treatment decreased
HMGB1 release by 47.8 and 53.3 %, respectively. Neither PPC (0.1 pM) nor SIN-1 (0.1
mM) had a discernable effect on HMGBL1 release (Fig. 1).

HMGB1 increases TLR4 signaling in HEK-Blue mTLR4 cells

Overnight treatment with 1 ug/ml of LPSEK for 16 h induced SEAP release by a mean of
10-fold over control cells under the same treatment conditions. However, treatment with
0.001, 0.01, 0.1, or 1 pg/ml of HMGBL1 overnight induced SEAP release by a mean of 1.2-,
1.8-, 2.5- and 3.5-fold over untreated control cells incubated under the same conditions (Fig.
2). The data indicates that SEAP release is HMGB1 concentration dependence.

HMGB1 enhances prooxidant-mediated TLR4 signaling in HEK-Blue mTLR4 cells

Treatment overnight with HMGB1 (1 pg/ml), PPC (1 uM) or SIN-1 (500 pM) increased
SEAP release by a mean of 3.6-, 4.5- and 2.9-fold, respectively, over untreated control cells
(Fig. 3). However, co-treatment of PPC or SIN-1 with HMGB1 (1 pug/ml) increased
prooxidant-induced SEAP release by 66 and 47 %, respectively. The data confirm that
HMGB1 acts additively with prooxidants to increase NFxB activation through TLR4
signaling pathway.

Neither HMGB1 nor any of the pro-oxidants (PPC and SIN-1) alone or in combination had
any significant effect on SEAP release from HEK-Blue nulll-v cells [data not shown]. The
data not only demonstrated the inactivity of the reporter gene insert in the null 1-v cells, but
also confirmed that SEAP release was due to activation of functional TLR4 expressed in
HEK-Blue mTLR4 cells.

Specificity of HMGB1 and prooxidants in NF-xB activation through TLR4 stimulation

We used pharmacological approaches to further clarify that TLR4 stimulation by HMGB1
or prooxidants would play a role in SEAP release through NF-«B activation (Fig. 4).
HMGB1, PPC or SIN-1 treatment alone increased SEAP release by about 3.5-, 4- and 2.7-
fold, respectively. TLR4 neutralizing antibody decreased HMGB1-, PPC- and SIN-1-
induced SEAP release by 42.8, 66.5 and 60.5 %, respectively, which further indicates that
HMGBL acts through TLR4 like the prooxidants. However, HMGB1 neutralizing pAb
decreased HMGB1-mediated SEAP release with no effect on either PPC- or SIN-1-induced
release. The data suggest that even though HMGB1 and prooxidants act through TLR4, but
the mechanism of interactions may be quite different. Chicken isotype-specific 1gY had no
effect (data not shown), which confirmed the specificity of HMGB1 pAb in the treatment.
Thus, only preincubation with TLR4 neutralizing pAb, but not with HMGB1 neutralizing
pAb or with HMGBL1 (BoxA), inhibited PPCand SIN-1-induced SEAP release, which
confirm HMGB1 pAb and HMGBL1 (BoxA) as a specific HMGBL blockers on TLR4 (Fig.
4).

HMGB1 promotes prooxidant-induced intracellular ROS (iROS) accumulation

Treatment of HEK-Blue mTLR4 cells with HMGB1, PPC or SIN-1 increased iROS
accumulation as fluorescence intensity by a mean of 4.7-, 6- and 4.2-fold, respectively, over
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untreated control cells. Co-treatment of these cells with PPC or SIN-1 in continued presence
of HMGB1 increased fluorescence intensity by 93 and 70 %, respectively (Fig. 5). The data
suggest that HMGB1 may act additively with prooxidants to increase intracellular oxidative
stress.

With the flow cytometer, we observed significant differences only in increased iROS in
HMGB1 alone when compared with [HMGB1+ PPC] or [HMGB1+ SIN-1] treatments
(Figs. 6A & 6B). The mean flow cytometric histograms (Fig. 6B) indicate that all treatments
produced enhanced fluorescence intensity when compared with the untreated control group.
Nonetheless, in all treatment groups, only PPC and [HMGBL1 + PPC] treatments produced
the most intense iROS fluorescent intensities.

HMGB1 and prooxidants increase lipid peroxides quantified as TBARS

We also used TBARS assay to evaluate the combinatorial effects of ROS as lipid peroxides
and/or protein carbonyl adducts. Thus TBARS assay cannot accurately dissect out the
effects of treatment-induced iROS levels. However, treatment of HEK-Blue mTLR4 cells
overnight with HMGBL1, PPC and SIN-1 individually increased MDA produced by 2-, 4-
and 3-fold, respectively, compared with untreated control cells under the same conditions
(Fig. 7). The level of MDA produced by [HMGB1 + SIN-1] combination was unchanged
compared to SIN-1 treatment alone. However, [HMGB1 + PPC] combination treatment
increased MDA level by 5-fold compared to untreated control cells, which was only 1-fold
higher compared to PPC-treatment alone.

Effects of HMGB1 and prooxidants on TNF-a and IL-10 release in HEK-Blue-mTLR4 cells

To affirm the biological relevance of ROS/HMGB1 coupling, we measured the effect of
TLR4 activation on TNF-a and IL-10 release in addition to SEAP release. Treatment with
HMGBL induced TNF-a and IL-10 release into the culture media by a mean of 6.3- and 4.9-
fold, respectively, over untreated control cells (Fig. 8A & 8B). Treatment with PPC alone
increased TNF-a and IL-10 release by a mean of 9.9- and 5.8- fold, respectively, whereas
SIN-1 increased TNF-a and IL-10 release by a mean of 5- and 2.8-fold, respectively.

In addition, co-treatment of PPC with HMGBL increased TNF-a and IL-10 release by 108.8
and 57 %, respectively, whereas co-treatment of SIN-1 with HMGBL increased TNF-a and
IL-10 release by 25 and 16.9 %, respectively. However, pretreatment with TLR4
neutralizing pAb and HMGB1 (BoxA) inhibited HMGB1-induced TNF-a release by 56.7
and 55.5 %, respectively, and decreased IL-10 release by 42.4 and 61 %, respectively (Fig.
8A & 8B).

When we expressed the levels of TNF-a and IL-10 released into the media after treatment as
TNF-a/IL-10 ratios (Fig. 8C), a different picture emerged. We first set the TNF-a/IL-10
ratios following treatment with LPS-EK to 1.0 to which all TNF-a/IL-10 ratios after
different treatments could be compared. The ratios are suggestive of the level of
maintenance of proinflammatory compared with antiinflammatory processes post treatment.
We compared the ratios between and within treatments with HMGBL1, PPC, or SIN-1 singly
and /or in combination. [HMGB1 +PPC] increased TNF-a/IL-10 ratio by 33 % compared
with HMGBL treatment alone, whereas [HMGB1 + SIN-1] had a minimal effect (< 5 %).
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However, the ratios were significantly increased in all treatments when compared with the
ratios obtained after LPS-EK treatment alone. The values of these ratios are suggestive of a
mechanistic role for HMGB1/ROS/TLR4 interactions in initiating and maintaining
inflammation through the TLR4 activation pathway.

Combined HMGB1 and prooxidant treatment increases TLR4 signaling in RAW-Blue™

cells

Treatment of RAW-Blue™ cells with HMGB1, PPC or SIN-1 individually increased SEAP
release equally (~ by 2-fold) over cells treated with the control media. Pretreatment of
HMGB1followed by PPC or SIN-1, increased SEAP release by 48 and 37 %, respectively,
compared to PPC or SIN-1 alone (Fig. 9). The data confirmed that ROS/HMGB1-coupled
stimulation of TLR4 through NF-xB activation could selectively occur in cells with multiple
TLR expression. Pretreatment with a pure TLR4 antagonist, LPS-RS, that does not have any
effect on other TLRs including TLR2, followed by stimulation with HMGB1, PPC or SIN-1
reduced SEAP release by 6-fold. Furthermore, pretreatment with anti-TLR4 pAb (10 pg/ml)
followed by PPC (5 uM) also specifically decreased SEAP release by 3-fold) (data not
shown), which further supports specificity of the ROS/HMGB1/TLR4-coupled interaction.

Combined HMGB1 and prooxidant treatment increase TNF-a and IL-6 in primary murine
macrophages derived from wild-type TLR4-WT, but not those from TLR4-KO mice

To gain further insight into a potential functional relevance of ROS/HMGB1-coupled
activation of TLR4, we used primary macrophages from TLR4-KO and TLR4-WT mice in
the presence and absence of prooxidants and/or HMGB1 combination. We analyzed the
production of TNFa (Fig. 10A) and IL-6 (Fig. 10 B) as proinflammatory mediators,
produced by the interactions between HMGB1 and prooxidants through TLR4 stimulation.
Treatment with PPC, SIN-1 or HMGBL1 individually significantly increased both TNFa (by
3-6X) and IL-6 (by 2.5 — 4X) in primary macrophages derived from TLR4-WT compared
to those TLR4-KO. Combined [HMGB1+PPC] or [HMGB1+SIN-1] treatment produced
significantly higher increases in both TNFa (by 5 -7X) and IL-6 (by 3 — 4X) release in
TLR4-WT compared with the same treatments in TLR4-KO macrophages.

We also treated primary macrophages with LPS-EK, a TLR4-specific agonist, to confirm
and delineate the fidelity of macrophages derived from both TLR4-WT and TLR4-KO mice.
As is clearly evident (Figs. 10 A & 10 B), LPS-EK produced very increases in TNFa (by
7X) and IL-6 (by 20X) only in TLR4-WT macrophages compared with TLR4-KO-derived
cells. Overall the data indicate that increased release of both TNFa and 1L-6 was due to an
intact and functional TLR4 expression. There were no significant differences whatsoever in
the basal release of TNFa and IL-6 in macrophages derived from both TLR4-WT and
TLR4-KO animals in the absence of HMGB1 and/or prooxidant treatments. Our data
confirm that synergistic increase in TNFa and IL-6 release was due to prooxidant/HMGB1-
coupled activation of TLR4.
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DISCUSSION

In the present set of studies, we had hypothesized that HMGB1 would promote prooxidant-
induced NF-xB activation through the TLR4 signaling pathway. To test this hypothesis, we
used a culture model of HEK-Blue mTLR4 cells stably transfected with functional TLR4-
CD14-MD2 complex and optimized to express SEAP reporter gene under the control of NF-
kB transcription factor. We treated these cells with ROS/RNS-producing agents alone
and/or in combination with disulfide HMGB1 isoform, followed by measurement of SEAP
release as a marker for NF-xB activation. We also used primary murine macrophages
derived from TLR4-WT and TLR4-KO mice. The novelty of our finding is the confirmation
that extracellular disulfide HMGB1 can promote prooxidant-induced NF-kB activation
through the TLR4 signaling pathway. Interestingly, we also confirmed (data not shown) that
fully reduced HMGB1 isoform [compared with the disulfide HMGB1 isoform] was not
effective either alone or in combination with prooxidants in enhancing the release of TNF-a
and IL-6 from primary peritoneal TLR4-WT macrophages. This is in agreement with a
recently published work in which the extracellular TLR4 adaptor, myeloid differentiation
factor 2 (MD-2), was shown to bind specifically to the cytokineinducing disulfide isoform of
HMGBL to the exclusion of other isoforms [33]. Thus, our findings have broad functional
implications for a mechanistic understanding of the role of HMGB1/ROS/TLR4-coupled
stimulation in initiating, propagating and maintaining oxidative stress-induced disease states
through NF-xB activation. Ample evidence suggests that HMGB1, when actively secreted
by activated immune cells or passively released from dying cells, is a mixture of several
isoforms with distinct posttranslational modifications [34].

The data we have presented here support an essential role for additive and/or synergistic
interactions of prooxidants- and HMGB1-mediated TLR4 stimulation that activates NF-xB.
First, prooxidants and LPS-EK (a specific agonist for TLR4) efficiently induced HMGB1
release, an endogenous TLR4 agonist. HMGB.1 and prooxidants also induced SEAP and
TNF-a release (both markers of NF-xB activation and proinflammatory processes), but
neither TLR4 agonist (LPS-EK), nor HMGBL and prooxidants (PPC and SIN-1) induced
SEAP release in HEK-Blue null cells. Furthermore, TLR4 neutralizing pAb and HMGB1
(Box A) fragment inhibited both HMGB1-induced SEAP and TNF-a release. Neither
HMGB1 nor prooxidants efficiently stimulated TNF-a and IL-6 in murine macrophages
derived from TLR4-KO, but in combination they synergistically stimulated TNF-a and IL-6
release from primary murine macrophages derived from TLR4-WT mice compared with
either HMGBL1 or prooxidants alone. Finally, HMGB1 augmented prooxidant-induced NF-
kB activation and iROS accumulation to contribute to enhanced oxidative/nitrosative.

We had previously shown in vivo and in vitro that PPC could activate NF-xB mainly
through a TLR4-dependent pathway, which was attenuated by prior treatment with
antioxidants [23,32]. Our initial experimental evidence for the involvement of prooxidants in
promoting HMGB1-induced NF-xB activation is based on SEAP and TNF-a release, and
inhibition of their release with TLR4 neutralizing pAb and HMGB1 (BoxA) fragment, a
specific antagonist of HMGBL. In addition, murine macrophages that are devoid of TLR4
expression do not respond to HMGBL1 or prooxidants stimulation, which confirms a level of
specificity for the involvement of both agonists in this model for TLR4 stimulation.
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Our present data clearly support interaction of structurally unrelated and diverse agents,
namely ROS and disulfide HMGB1 with TLR4 for which LPS-EK is the native/specific
agonist. As far as we are aware, LPS-EK/TLR4-coupled activation involves the native
reversible “molecular” specificity that is the basis for complimentary LPS-EK binding to
TLR4. Furthermore, MD-2 is shown to possess a hydrophobic pocket folded by two
antiparallel B-sheets for binding LPS and confers molecular specificity for LPS interaction
and TLR4 signaling [35]. Thus, it may be reasoned that MD-2 can similarly discriminate
different HMGBL1 isoforms to facilitate TLR4-dependent signaling. It appears that only the
disulfide HMGBL1 binds to MD-2, an interaction that is of critical importance for HMGB1-
mediated cytokine/chemokine production and the development of subsequent tissue injury
[34]. On the other hand, ROS/TLR4-coupled activation could be due to a reversible
“atomic” specificity in which specific sulfur atoms on cysteine residues [36, 37] uniquely
expressed in the intracellular domains of TLR4 [38] may play a crucial role.

We used a combination of fluorescent microscopy imaging, flow cytometer and TBARS [39]
to provide insight on the contributory factors that may regulate ROS/HMGB1-coupled
activation of TLR4 in our cell model systems. We used CellROX® Deep Red reagent for
cell labeling in both fluorescence microscopy and flow cytometer. Even though the trend
towards enhanced fluorescence were the same in both imaging microscopy and flow
cytometer, but the fluorescence intensity readouts for imaging microscopy were more robust
compared with those for flow cytometer for the same treatments. The apparent differences
between iROS-readout derived from fluorescence microscopy and flow cytometer could be
due to a loss of or a reduction in cell fluorescence inherent in sample preparation for the
flow cytometric assay. Sample preparation for flow cytometer may introduce errors by
eliminating fragile cells with potentially higher levels of iROS, which may result in lower
fluorescence readout in the dispersed cells. This may be due to the fact that broken
fluorescent cells lose their fluorescence, and thus cannot be counted. These cells are
regarded as “debris” as they pass through the aperture, which reads the fluorescence of intact
cells only.

Thus on one hand fluorescence microscopy would appear to encompass ROS in both extra-
and intra-cellular compartments. On the other hand, flow cytometer measures only iROS by
combining the advantages of microscopy and biochemical assay. However, a major
advantage of flow cytometry remains its inherent use to determine iROS levels on a cell-by-
cell basis in the absence of cell “debris” background. Functionally, prooxidants in
combination with HMGB1 produced synergistic and significant enhancements in TNFa and
IL-6 only in peritoneal macrophages derived from TLR4-WT compared with those from
TLR4-KO mice. However, the robustness of the levels of TNFa and IL-6 released into the
conditioned media after treatment with prooxidants and/or HMGB1 in the murine
macrophages from TLR4-WT corresponds to the fluorescent microscopy data from HEK-
Blue mTLR4 cells.

As a DAMP molecule, HMGBL released extracellularly can function as a signal of tissue
damage [9]. Indeed, during sepsis the serum levels of HMGB1 are markedly elevated [40].
In response to proinflammatory stimuli such as LPS, interferon gamma (INF-v) and nitric
oxide (NO), HMGBL is actively released from a number of different cell types including
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macrophages, pituicytes, dendritic cells, NK cells and fibroblasts [40, 41]. In the present
study, we report for the first time that exogenous prooxidants induced HMGBL release in
HEK-Blue mTLR4 cells. Mechanistically, this is of significance because it confirms that
HMGBL can be released from cells either actively in a regulated process, or passively during
necrosis [41, 42]. Our previous work showed that over 94 % of cells remained viable after
treatment with PPC (5 pM) and SIN-1 (1.0 mM) as used in the present experiments [32].
These results suggest that prooxidant-induced HMGBL release from HEK-Blue mTLR4
cells is not caused by cell death, but is likely due to an active process regulated by the levels
of iROS. Consistent with our data, exogenous hydrogen peroxide was also recently shown to
induce HMGBL release from hepatocytes [43] and macrophages [44]. Indeed, antioxidants
prevented HMGBL1 release in hypoxic hepatocytes in vitro, and in liver ischemia/reperfusion
(I/R) (trauma) model [43].

Structurally, HMGB1 is composed of three domains: two positively charged tandem DNA-
binding HMGBL1 box domains (A and B) linked by a short flexible basic linker that allows
the two domains to behave independently as free protein moieties, and a negatively charged
carboxyl terminus (the acidic tail) [55]. Analysis of the structure-function of HMGB1 has
revealed that the pro-inflammatory properties of HMGBL1 reside in Box B domain of the
molecule, whereas the DNA-binding BoxA acts antagonistically to inhibit the activities
mediated by the full-length HMGBL1 [46]. BoxA is the most highly conserved DNA binding
domain of HMGBL protein, and acts as an antagonist for HMGB1 binding to TLR4, and
inhibits HMGB1 cytokine effects in vivo. HMGB1 (BoxA), when isolated from the rest of
the molecule, acts as a specific antagonist of HMGBL1. Thus, HMGBL itself can act as a
proinflammatory stimulus to activate monocytes and endothelial cells to release
proinflammatory cytokines [47,48]. Stimulation of endothelial cells with HMGB.1 resulted
in the secretion of diverse proinflammatory cytokines, including G-CSF, IL-8, TNF-a and
MCP1 [49], which contributes to inflammatory responses. Furthermore, stimulation by
HMGB1 increased TLR4-mediated NF-xB activation in human neutrophils [50], which is
confirmed here with HEK-Blue mTLR4 cells. Interestingly, anti-TLR4 antibody inhibited
HMGB1-induced IL-8 and TNF-a secretion in several cell lines [51], which is consistent
with our present results. Consistent with this, our results showed that TLR4 neutralizing
antibody inhibited SEAP and TNF-a release, markers of NF-xB activation in TLR4
signaling pathway. HMGB1 signaling appears capable of maintaining either an autocrine or
a paracrine positive feed forward or feedback loops. HMGB1-induced stimulation can lead
to TNF-a secretion [10], which in turn can increase HMGBL1 secretion from macrophages
and endothelial cells [10] by activating TLRA4 that resulted in NF-xB activation (Fig. 11).

Extracellular and cytoplasmic expressions of HMGB1 have been observed in tissue sections
from synovitis in both human arthritis and in experimental arthritic models [51]. After
therapeutic application in collagen-induced arthritis, HMGB1 (BoxA) markedly decreased
arthritic score, reduced synovitis, and decreased IL-1f3 expression, in the synovia [52].
Consistent with this finding, HMGB1 (BoxA) fragment in the present study decreased
HMGB1-induced but not prooxidant-mediated NF-xB activity confirming the specificity of
BoxA in blocking the effects of HMGBL. Results in vitro showed that the neutralizing
antibody effectively blocked rHMGB1-induced TNF-a production in RAW264.7 cells [53].
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Pre-treatment of animals with HMGBL1 neutralizing antibody also significantly reduced the
expression of TNF-a in the kidneys after I/R insult [53]. It has been suggested that a novel
way to therapeutically target HMGB1 could be to induce its nuclear retention in order to
inhibit its extracellular release [54].

Recently, Evankovich et al [55] showed that hepatocytes actively release HMGBL1 in
response to oxidative stress, which suggests that these parenchymal cells can provide danger
signals to neighboring immune cells in the liver to promote inflammation and organ damage.
Although HMGBL1 is passively released following necrosis, the findings demonstrated that
oxidative stress in hepatocytes could lead to early shuttling from the nucleus to cytoplasm,
followed by its subsequent release in the absence of cell death. This suggests that HMGB1
mobilization in hepatocytes is an active, regulated process. The pathways that govern
HMGB1 release from hepatocytes are still not clear; nonetheless, the proximal events appear
to involve TLR4 activation and calcium signaling through calcium/calmodulin-dependent
protein kinases (CaMKs) [56]. In other cell types, downstream events governing HMGB1
release have also been linked to oxidation/reduction [57] and post-translational
modifications that include phosphorylation [58] and acetylation [59]. In the present study,
we have not examined the mechanism of oxidant-induced HMGBL1 release. This is an
ongoing study in the laboratory.

After NF-xB activation, various cytokines including TNF-a and chemokines are produced
[60]. With a correlation of NF-xB activation with inflammatory disease in animal models of
arthritic pain, and allergic airway disease [61], but association of NF-xB activity and
inflammatory disease is not easy to interpret. This is because both pro- and anti-
inflammatory mediators are produced during inflammation, and the balance between these
factors is likely to dictate disease progression and outcome [62]. Consistent with this
hypothesis, stimulation of TLR4 signaling pathway by LPS, HMGB.1 and prooxidants
induced increases in both TNF-a and 1L-10 production, as representative pro- and anti-
inflammatory, respectively. Adib-Conguy et al [63] reported that TLR4 mediates the
production of TNF-a and IL-10 during systemic inflammation. TNF-a not only regulates the
expression of a variety of other pro-inflammatory cytokines including IL-1, IL-6, PDGF,
TGF- but also enhances chemotaxis of macrophages and neutrophils at the site of
inflammation [64,65]. However, IL-10 has multifaceted anti-inflammatory properties,
including inhibition of the prototypic inflammatory transcription factor NF-xB, leading to
suppression of cytokine production [66]. IL-10 may increase during inflammation to
supersede pro-inflammatory cytokine signaling cascade [67]. In an effort to provide a
mechanistic explanation for the prooxidant-induced increases in both TNFa
(proinflammatory) and IL-10 (an antiinflammatory), we determined the ratios of the
expression levels of TNF-a to IL-10. We surmised that the ratios would represent a balance
between the two types of cytokines and their biologically relevant functions. Indeed, the
extent of inflammation could possibly depend on high ratio of TNF-a to 1L-10 [68].
Surprisingly, TNF-a/IL-10 ratio was higher in HMGB1- and PPC-treated cells than cells
treated with LPS-EK. Moreover, co-treatment of PPC and HMGB1 resulted in a higher
TNF-a/IL-10 ratio than either PPC or HMGBL1 alone, which unequivocally confirmed that
prooxidants can promote exHMGB1-induced inflammatory response. This conclusion
directly supports our present data on ROS/HMGB1-induced synergistic release of TNFa and
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IL-6 from primary murine macrophages derived from TLR4-WT compared with those from
TLR4-KO mice.

In conclusion, our data provide a unifying mechanism for initiating and maintaining
nonbacterial systemic inflammatory responses in a wide range of human disease states in
which ONS plays a role. Intriguingly, an evolutionary remnant of the host defense against
exogenous pathogens and/or our microbiota (TLRs as a member of PRR family) is “co-
opted” by molecules produced by the host such as HMGB1 and ROS, which are released
during inflammation and in normal cellular processes. It is also noteworthy that in vitro and
in vivo a member of the TLR family, TLR4, is especially promiscuous with respect to
potential ligands [69,70]. Both the “danger model” and the “oxygen paradox” hypotheses as
proposed by Matzinger [71] and Davies [1], respectively, are in line with our reasoning here.
Thus, the extent of HMGB1/ROS/TLR4-coupled activation of NF-xB signaling pathway has
the potential to serve as a mechanistic link for inflammatory pathophysiology of diverse
disease states in any organ system [72].
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ONS oxidative/nitrosative stress
TLR toll-like receptor

HEK human embryonic kidney
MD myeloid of differentiation
CD cluster of differentiation
pAb polyclonal antibody

LPS-EK (Ultrapure)
TLR4-KO macrophages
TLR4-WT macrophages
PPC

lipopolysaccharide from E. coli K12

macrophages derived from complete TLR4 knockout mice

macrophages derived from wild-type mice

potassium peroxychromate

SEAP secreted embryonic alkaline phosphatase

FBS DMEM, Dulbecco’s modified Eagle’s medium

ANOVA analysis of variance

MTT (3-[4,5-dimethylthiazol-2-yl]-2,5-diphenyltetrazolium
bromide

TBARS thiobarbituric acid reacting substances

MDA malonyldialdehyde

NF-xB nuclear factor kappa B

iROS intracellular reactive oxygen species
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Fig. 1. Effect of pro-oxidants on disulfide HMGBL1 isoform release in HEK-Blue mTLR4 cells
Cells were treated overnight (~16 h) with varying concentrations of PPC or SIN-1. HMGB1

released into the conditioned media was determined using HMGB1 ELISA kit according to
the manufacturer’s instructions. The effect of LPS-EK on HMGBL1 release was used as
positive control. The data represent 3 independent experiments carried out in duplicate, #p <
0.05 and *p < 0.01.
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Fig. 2. Effect of disulfide HMGBL isoform on secreted embryonic alkaline phosphatase (SEAP)

release in HEK-Blue mTLR4 cells

Cells were treated overnight with varying concentrations of HMGB1. SEAP released into
the conditioned medium was determined using Quanti-Blue, and the absorbance was read at
650 nm. The effect of LPS-EK on SEAP release was used as positive control. The data

represent 5 independent experiments carried out in duplicate. #p < 0.05
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Fig. 3. Effect of co-treatment of disulfide HMGB1 and prooxidants on secreted embryonic
alkaline phosphatase (SEAP) release in HEK-Blue mTLRA4 cells

Cells were treated with HMGB1, PPC and SIN-1 alone and/or in combination for 16 h.
SEAP released into the conditioned medium was determined using Quanti-Blue according to
the manufacturer’s instructions, and the absorbance was read at 650 nm. The effect of LPS-
EK on SEAP release was used as positive control. The data represent 5 independent
experiments carried out in duplicate. #p < 0.05 and *p < 0.01
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Fig. 4. Effect of TLR4 neutralizing polyclonal antibody (TLR4 pAb), HMGB1 pAb and HMGB1
(Box A) on SEAP release in HEK-Blue mTLR4

Cells were pre-incubated with TLR4 neutralizing antibody, HMGB pAb or HMGB1 (BoxA)
for 2 h followed by treatment overnight with HMGBL1 (Panel A), PPC (Panel B) or SIN-1
(Panel C) in the continued presence of TLR4 pAb, HMGB1 pAb or HMGBL1 (BoxA).
SEAP released into the conditioned medium was determined using Quanti-Blue™ with
absorbance read at 650 nm. The data represent 3 - 7 independent experiments that were
carried out in duplicate. +p < 0.001
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Fig. 5. Immunofluorescence representation of the levels of intracellular ROS (iROS)
accumulated following stimulation of HEK-Blue mTLR4 cells

Cells were treated overnight with HMGB1, PPC or SIN-1 alone and/or in combination. Cells
were then stained with CellRox® Deep Red Reagent and NucBlue® Live ReadyProbes®
Reagent (to counter stain cellular nuclei) for 30 min at 37 °C followed by subsequent PBS
washes and fixation with 4 % paraformaldehyde for 15 min. After subsequent rinses with
PBS, images were acquired using fluorescence microscope and analyzed using the ImageJ®
software. (Fig. 5A) are merged representative pictures with scale bar = 50 um. (Fig. 5B)
represents semiquantitative histograms generated using ImageJ® software. The data
represent 3 independent experiments carried out in duplicate. #p < 0.05, *p <0.01 and +p <

0.001.
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Fig. 6. Flow cytometric analysis of intracellular ROS (iROS) accumulation in HEK-Blue mTLR4
cells following different treatment

Cells were treated overnight with HMGB1, PPC or SIN-1 alone and/or in combination.
Following the removal of the incubation media, cells were incubated with CellRox® Deep
Red Reagent for 30 min. Cells were rinsed with PBS, then scraped and resuspended into
warm PBS according to the manufacturer’s instructions for flow cytometric analysis.
Representative tracings (Fig 6A) following treatments with media (control), disulfide
HMGB1, PPC or SIN-1 alone or in combination i.e., [HMGB + PPC] or [HMGB1 + SIN-1].
Quantitative analyses of tracings from (Fig. 6A) show changes in fluorescence intensity after
different treatments (Fig. 6B). The data in Fig. 6B represent multiple independent
experiments conducted in duplicate (n = 5-6; #p < 0.05; *p < 0.05).
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Fig. 7. Levels of malonyldialdehyde (MDA) quantified as thiobarbituric acid reactive substances
(TBARS) following stimulation of HEK-Blue mTLR4 cells

Cells were stimulated overnight with HMGBL1, PPC or SIN-1 alone and/or in combination in
continuous presence of the stimulators. At the end of incubation, the conditioned media was
removed and cells rinsed with phosphate buffered saline (PBS). Attached cells were scraped,
lysed, freeze thawed once, and centrifuged. The lysates were used to quantify MDA as
TBARS according to the manufacturer’s instructions. The data represent 3 independent
experiments carried out in duplicate (#p = 0.5, *p < 0.01).
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Fig. 8. Effect of disulfide HMGB1 alone and /or in combination with prooxidants on TNF-a and
IL-10 release in HEK-Blue mTLR4 cells

Cells were pre-incubated with HMGB1 (BoxA) or TLR4 pAb followed by stimulation
overnight with HMGBL in continued presence of the inhibitors. In the same set of
experiments, cells were also incubated overnight with HMGBL1, PPC or SIN-1 alone and/or
in combination. Levels of TNF-a (Fig. 8A) and IL-10 (Fig. 8B) released into the culture
medium were quantified using the ELISA kits of the relevant cytokine according to
manufacturer’s instructions. The ratios of TNF-a to IL-10 (Fig. 8C) were calculated. The
effect of LPS-EK on TNF-a and IL-10 release was used as positive control. The data
represent 3 independent experiments. (#p < 0.05, *p < 0.01 and +p < 0.001).
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Fig. 9. The effect of prooxidants or HMGBL1 alone and /or in combination on SEAP release in
RAW-Blue™ macrophage cells that express multiple TLRs (except TLR5)

RAW-Blue™ cells are useful as TLR reporter cells for induction of NF-«xB, with a
subsequent release of SEAP after treatment with appropriate TLR-specific ligands, including
ROS for TLR4 [23]. The QUANTI-Blue™ detection system was used to provide an easy
and rapid means to quantify SEAP released into the culture media (based on the extent of
TLR4 stimulation). *p < 0.01 and +p < 0.001 with n = 3 independent experiments conducted
in duplicate.
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Fig. 10. Effect of HMGB1 alone and /or in combination with prooxidants on TNF-a and IL-6
release in primary murine macrophages derived from TLR4-WT and TLR4-KO mice

Primary macrophages derived from TLR4-WT and TLR4-KO mice were incubated
overnight with disulfide HMGBL1, PPC or SIN-1 alone and/or in combination as
HMGB1+PPC] and HMGB1+SIN-1]. In all cases of [HMGB1+prooxidant] treatments, cells
were preincubated with HMGBL for 1h followed by overnight stimulation with either PPC
or SIN-1 in the continued presence of HMGBL. The levels of TNF-a (Fig. 10A) and IL-6
(Fig. 10B) released into the culture media were quantified using the ELISA kits of the
relevant murine cytokine according to manufacturer’s instructions. The effect of LPS-EK on
TNF-a and IL-6 release was used as positive control. The data represent 3 - 6 independent
experiments conducted in duplicate with *p < 0.0001; +p < 0.01; #p < 0.001, PPC or
HMGBL in TLR4-WT compared with [HMGB1 + PPC] combination; +p < 0.01, SIN-1 or
HMGBL in TLR4-WT compared with [HMGB1 + SIN-1] combination.
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Fig. 11. A simplified schematic representation of a putative mechanism for injury-induced
exogenous prooxidant-coupled HMGB1 stimulation of TLR4 signaling through NFxB activation

Prooxidants and HMGBL1 act in concert to stimulate TLR4. Extracellularly released HMGB1
due to injury can potentially activate TLR4 in an autocrine or paracrine fashion. TLR4 is
stimulated in response to exogenous oxidants resulting in the activation of c-Src, which
interacts with TLR4 [32]. Increased formation of TLR4/c-Src complex leads to enhanced
recruitment of different cytosolic adaptor proteins including toll-interleukin 1 receptor
adaptor protein (TIRAP) that results in c-Src/NFxB/IxBa coupled activation.
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