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HMGB1 translocation and release mediate 
cigarette smoke–induced pulmonary 
inflammation in mice through a TLR4/MyD88-
dependent signaling pathway

ABSTRACT We performed studies to determine the role of high-mobility group box 1 (HMGB1) 
in cigarette smoke (CS)–induced pulmonary inflammation. After mice were exposed to five 
cigarettes four times a day for 3 d, toll-like receptor 4 (TLR4) expression and TLR4-mediated 
signaling were significantly up-regulated, and HMGB1 had translocated from the nucleus to the 
cytoplasm in lung epithelial cells and then been released into the extracellular lung space. On CS 
exposure, inflammatory cell recruitment and proinflammatory cytokine production were signifi-
cantly increased in lung tissue and bronchoalveolar lavage, and these effects depended on the 
TLR4 signaling pathway. HMGB1 inhibition decreased the CS-induced inflammatory response, 
whereas treatment with exogenous HMGB1 aggravated the damage and increased the phos-
phorylation of JNK, p38, and IκBα in the lungs of wild-type mice but not in TLR4-knockout mice. 
Blockade of TLR4 action or TLR4 knockout significantly inhibited HMGB1-induced proinflamma-
tory cytokine production in mouse tracheal epithelial (MTE) cells and lung tissues. In addition, a 
MyD88 deficiency inhibited JNK, p38, and IκBα phosphorylation, and this effect was associated 
with the suppressed production of TNF-α and IL-1β in MTE cells and lung tissues in response to 
CS stimulation. Thus HMGB1 activates the NF-κB and JNK/p38 pathways through TLR4/MyD88-
dependent signaling and induces an inflammatory response in lungs exposed to CS.

INTRODUCTION
Chronic obstructive pulmonary disease (COPD) accounts for an 
overwhelming proportion of the morbidity and mortality suffered by 
patients exposed to chronic cigarette smoke (CS; Sopori, 2002). 
CS-induced pulmonary inflammation, which is characterized by the 
activation of resident cells and the recruitment of inflammatory cells 
that release proinflammatory cytokines, chemokines, oxygen 
radicals, and proteases into the lungs, substantially promotes the 
abnormalities observed in COPD and plays a critical role in its devel-
opment (Sopori, 2002; D’hulst et al., 2005; Karimi et al., 2006). 
Therefore clarification of the mechanisms responsible for CS-
induced pulmonary inflammation in COPD and the identification of 
therapeutic interventions that may inhibit pulmonary inflammation 
hold great potential for reducing morbidity and mortality in patients 
with COPD.
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plastic syndromes (Velegraki et al., 2013), and ischemia-reperfu-
sion (I-R) injuries of the liver (Tsung et al., 2005), heart (Andrassy 
et al., 2008), and kidney (Wu et al., 2007).

The biological effects of extracellular HMGB1 may be mediated 
by the activation of signaling pathways coupled to toll-like receptors 
(TLRs; Tian et al., 2007; Mazarati et al., 2011; Yang et al., 2012). TLRs 
comprise a family of pattern recognition receptors that, upon ligand 
engagement, activate signaling pathways that stimulate the produc-
tion of numerous cytokines and inflammatory mediators (Aderem 
and Ulevitch, 2000; Akira et al., 2001). TLR2 and TLR4 trigger MyD88-
dependent intracellular signaling cascades involving the activation of 
nuclear factor-κB (NF-κB), mitogen-activated protein kinase (MAPK) 
p38, extracellular signal-regulated kinase (ERK), and c-Jun NH(2)-
terminal kinase (JNK; Park et al., 2004; Andrassy et al., 2008; 
Mogensen, 2009). This signaling leads to the release of proinflamma-
tory cytokines, including TNF-α and IL-1β (Chen et al., 2012). Based 
on strong evidence from numerous clinical studies, TLR4 activation 
may contribute to CS-induced pulmonary inflammation in patients 
exposed to CS (Maes et al., 2006; Doz et al., 2008), resulting in the 
up-regulation of adhesion molecules and inflammatory mediators, 

such as cytokines and chemokines, through 
the activation of NF-κB (Medzhitov and 
Janeway et al., 2000; Takeda et al., 2003).

Little information is available regarding 
the potential receptors and signaling mech-
anisms of HMGB1 that underlie its immuno-
logical functions in CS-induced pulmonary 
inflammation. In the present study, we 
probed the roles of HMGB1 in proinflamma-
tory cytokine production and pulmonary in-
flammation after CS exposure. Specifically, 
we studied the potential receptors and sig-
naling pathways of HMGB1 and the degree 
of activation of TLR4-related signal trans-
duction pathways in the lungs of mice with 
CS-induced pulmonary inflammation.

RESULTS
CS increases TLR4 expression and 
up-regulates TLR4-mediated signaling 
in the lungs
We first examined whether CS exposure 
induces changes in TLR2, TLR4, and TLR9 
expression in the lungs. After C57BL/6J 
mice were exposed to five cigarettes four 
times a day for various time periods (0, 1, 2, 
3, and 4 d), real-time PCR revealed that CS 
exposure increased the expression levels of 
the TLR4 and TLR2 mRNAs in a time-depen-
dent manner. The levels of the TLR4 mRNA 
peaked after 3 d, but CS did not affect the 
expression of the TLR9 mRNA (Figure 1A). 
Consistent with the real-time PCR study, 
Western blot analysis showed the same 
changes in TLR4 expression in the lungs, but 
changes in the expression of the TLR2 and 
TLR9 proteins were not observed (Figure 1B). 
Immunofluorescence studies revealed a 
high level of TLR4 expression in epithelial 
cells and inflammatory cells in the lungs af-
ter 3 d of CS exposure (Figure 1C), whereas 
TLR2 and TLR9 were expressed at low levels 

High-mobility group box 1 (HMGB1), a highly conserved 
nonhistone chromosomal protein, was originally identified as a 
DNA-binding protein involved in the maintenance of nucleosome 
structure and the regulation of gene transcription (Huang et al., 
2010). The translocation of HMGB1 from the intracellular environ-
ment to the extracellular environment is a critical event in host 
defense and inflammatory responses (Schierbeck et al., 2011). 
HMGB1 was shown to act as a potent proinflammatory cytokine 
and as an early driver of inflammation that participates in the de-
velopment of the systemic inflammatory response (Zhu et al., 
2011). The addition of purified recombinant HMGB1 to human 
monocyte cultures significantly stimulated the release of cytokines, 
including tumor necrosis factor α (TNF-α), interleukin 1α (IL-1α), 
IL-1β, IL-6, and IL-8 (Andersson et al., 2000). HMGB1 is either 
actively released by activated immune cells or passively released 
from damaged/necrotic cells (Scaffidi et al., 2002; Dumitriu et al., 
2005). HMGB1 triggers inflammatory responses and tissue injury 
pathology in various organ systems, including enteritis (Maeda 
et al., 2007; Davé et al., 2009; Nadatani et al., 2012), pancreatitis 
(Sawa et al., 2006), atherosclerosis (Qin et al., 2015), myelodys-

FIGURE 1: CS exposure induced the expression of genes and protein involved in TLR signaling. 
(A) After C57BL/6J mice (n = 5) were exposed to five cigarettes four times a day for various 
times (0, 1, 2, 3, and 4 d), the expression levels of the TLR2, TLR4, and TLR9 mRNAs were 
determined by real-time PCR. Values are expressed as the means ± SD from three independent 
experiments. *p < 0.05 vs. 0-d treatment. In addition, the expression of the TLR2, TLR4, and 
TLR9 proteins in the lungs of mice exposed to CS for 3 d was determined by (B) Western and 
(C) immunofluorescence analyses. The gels were run under the same experimental conditions. 
(D) Fold increase in the expression of genes involved in TLR signaling in the lungs of mice that 
had been exposed to CS for 3 d compared with the sham controls using a real-time PCR array. 
Genes exhibiting at least a fourfold increase in expression in the lungs in response to CS 
exposure compared with normal samples. (E) The relative expression of the MYD88 mRNA in 
lungs exposed to CS for 3 d and sham controls was assessed by individual real-time PCR assays 
to validate the array data. Values are expressed as means ± SD from three independent 
experiments. *p < 0.05
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of the MyD88 mRNA, a key adaptor molecule for TLR4/MyD88-de-
pendent signaling, using quantitative real-time PCR. The relative 
expression of the MyD88 mRNA in lung tissues was significantly in-
creased in CS-exposed mice compared with the controls (Figure 1E). 
Thus CS increased TLR4 expression and up-regulated TLR4-medi-
ated signaling in the lungs.

CS exposure induces TLR4-dependent cellular inflammation 
and proinflammatory cytokine production in the lungs
C57BL/6 mice that were exposed to CS for 3 d developed marked 
pulmonary inflammation and alveolar destruction (Figure 2A). 
Moreover, bronchoalveolar lavage (BAL) analysis (Figure 2A) also 
showed a significant increase in the number of inflammatory cells, 
consisting of neutrophils and, to a lesser extent, macrophages and 

lymphocytes, in the BAL of C57BL/6 mice 
that had been exposed to CS for 3 d. In 
contrast, CS-exposed TLR4-deficient mice 
displayed a reduction in inflammatory cell 
recruitment into the airways (Figure 2B) and 
lung parenchyma (Figure 2A), suggesting 
that the cellular inflammation observed in 
mice in response to smoke exposure de-
pended on TLR4. Investigations of the pro-
inflammatory cytokines and chemokines 
confirmed the presence of cellular inflam-
mation in the lungs of mice exposed to CS, 
which was less pronounced in the TLR4-de-
ficient mice. The production of the inflam-
matory cytokines IL-1β and TNF-α was sig-
nificantly elevated in the BAL fluids (Figure 
2C) and the lung tissue homogenates 
(Figure 2D) after 3 d of smoke exposure, but 
their levels were reduced in TLR4-deficient 
mice. In an attempt to identify a mechanis-
tic explanation for the TLR4-dependent in-
flammatory response, we searched for 
known selective TLR4 signal transduction 
inhibitors, such as TAK-242. When adminis-
tered to C57BL/6J mice, TAK-242 signifi-
cantly decreased the recruitment of inflam-
matory cells (Figure 2E) and the production 
of proinflammatory cytokines (Figure 2F) in 
BAL fluid in response to CS exposure in a 
dose-dependent manner. Therefore CS-in-
duced cellular inflammation and proinflam-
matory cytokine production depended on 
TLR4 signaling pathways.

CS exposure induces HMGB1 
translocation and release
Based on recent evidence, HMGB1 is re-
leased extracellularly and may induce proin-
flammatory cytokine production upon bind-
ing to TLR4 by activating the NF-κB and 
JNK/p38 pathways, in addition to its intracel-
lular actions of stabilizing nucleosomes and 
facilitating transcription (Chen et al., 2012; 
Nadatani et al., 2012). As a nuclear protein, 
the translocation of HMGB1 from the intra-
cellular environment to the extracellular en-
vironment plays a critical role in the inflam-
matory response (Andersson et al., 2000; 

in the lungs. Based on these data, the lungs of CS-exposed mice 
displayed a degree of TLR up-regulation, with a prominent increase 
in TLR4 expression.

We screened 78 TLR-associated genes in mice that had been 
exposed to CS for 3 d to determine whether the increased TLR4 
expression in the lungs of CS-exposed mice was associated with up-
regulation of TLR4-mediated signaling. As shown in Figure 1D, 21 of 
the 78 TLR-related genes displayed an at least fourfold increase in 
mRNA expression in CS-exposed mice compared with the controls. 
Of interest, a number of genes related to NF-κB signaling and the 
JNK/p38 pathway were up-regulated in CS-exposed mice, suggest-
ing that the increased TLR4 expression in the lungs of CS-exposed 
mice was associated with the downstream activation of the NF-κB 
and JNK/p38 pathways. Furthermore, we evaluated the expression 

FIGURE 2: Cellular inflammation and proinflammatory cytokine production are induced by CS 
exposure and depend on the TLR4 signaling pathway. Wild-type mice (n = 7) and TLR4-KO mice 
(n = 7) received an acute (3 d) exposure to CS or air (sham group, n = 6). Three days later, the 
lungs and BAL fluid were obtained and used to (A) perform hematoxylin and eosin staining, 
(B) perform differential cell counts, or (C, D) measure the differences in cytokine or chemokine 
concentrations. C57BL/6 mice received 0, 1, or 3 mg/kg TAK-242 (n = 5 for each group) during 
the acute (3 d) exposure to CS or air (sham group, n = 5). Three days later, BAL fluid was 
obtained and used to measure (E) the differential cell counts and (F) the differences in the 
proinflammatory cytokine concentrations. The numbers of monocytes/macrophages, 
neutrophils, and lymphocytes were determined based on morphological criteria (cytospin). The 
levels of IL-1β, IL-6, IL-8, IFN-γ, TNF-α, and MCP-1 in the BAL fluid and lungs were measured 
using a multiplex cytokine assay. The results are displayed as means ± SD. from three 
independent experiments. *p < 0.05.



204 | Y. Cheng, D. Wang, B. Wang, H. Li, et al. Molecular Biology of the Cell

cells were exposed to medium containing 
CS, HMGB1 expression in the culture super-
natant and cells was assessed by ELISA and 
immunofluorescence, respectively. As ex-
pected, almost no HMGB1 was released 
from cells exposed to normal medium, 
whereas CS-containing medium significantly 
increased the concentration of HMGB1 in the 
supernatant (Figure 3E). HMGB1 was mainly 
located in the nuclei of cells exposed to nor-
mal medium but translocated to the cyto-
plasm in cells treated with CS-containing me-
dium (Figure 3F). In addition, CS-containing 
medium altered MTE cell viability in the MTT 
(3-[4,5-dimethyl-2-thiazolyl]-2,5-diphenyl-2H-
tetrazolium bromide) assay (Figure 3G). Thus 
CS exposure induced HMGB1 translocation 
and release.

HMGB1 controls the CS-induced 
inflammatory response
C57BL/6 mice were treated with 200 μg/kg 
rHMGB1, neutralizing antibodies to HMGB1, 
or vehicle, and the response to CS exposure 
was assessed to confirm our hypothesis that 
CS induces inflammatory responses via 
HMGB1. Three days of CS exposure induced 
inflammatory cell infiltration (Figure 2, A and 
B) and the production of proinflammatory cy-
tokines (Figure 2, D and E). In the rHMGB1-
treated group, CS exposure caused more 
severe injuries, with more inflammatory 
cell infiltration (Figure 4A) in lung tissues 
compared with the vehicle-treated group, 
whereas it caused less inflammation in 
the anti-HMGB1 antibody–treated group 
(Figure 4A). Similarly, the BAL analysis re-
vealed that the recruitment of inflammatory 
cells (Figure 4B) and the release of proinflam-
matory cytokines (Figure 4C) were signifi-
cantly higher in the rHMGB1-treated group 
after CS exposure. In contrast, CS exposure 
for three consecutive days induced less in-
flammatory cell recruitment (Figure 4B) and 
proinflammatory cytokine release (Figure 4C) 
in the BAL fluid of the anti-HMGB1 antibody–
treated group. Furthermore, the administra-
tion of ethyl pyruvate, which is an inhibitor of 

HMGB1 release (Figure 4D), markedly inhibited CS-induced pulmo-
nary inflammation (Figure 4, E and F). Based on these results, HMGB1 
controls the CS-induced inflammatory response.

HMGB1 induces TLR4-mediated proinflammatory cytokine 
production
The production of proinflammatory cytokines (TNF-α and IL-1β) in 
the BAL fluid (Figure 4B) of CS-exposed mice was significantly in-
creased after rHMGB1 stimulation. Therefore subsequent analyses 
of the mechanisms of proinflammatory cytokine production were 
performed with HMGB1-stimulated MTE cells harvested from 
C57BL/6 mice. We first investigated whether TLR4 signaling was 
involved in the rHMGB1-induced expression of TNF-α and IL-1β in 
MTE cells. MTE cells were treated with anti-TLR4 antibodies 2 h 

Huang et al., 2010; Nadatani et al., 2012). After C57BL/6 mice were 
exposed to CS for 3 d, HMGB1 expression in the lung tissues and the 
BAL fluids was assessed by real-time PCR, enzyme-linked immuno-
sorbent assay (ELISA), and immunofluorescence. The levels of the 
HMGB1 mRNA in the lung tissues peaked after 3 d of CS exposure 
(Figure 3A), and similar dynamics of the HMGB1 levels was observed 
in the BAL fluids (Figure 3B). As shown in the immunofluorescence 
analysis, HMGB1 was limited to the nuclei of epithelial cells and inter-
stitial cells in normal lung tissue (Figure 3C). However, CS exposure 
induced prominent cytoplasmic staining of HMGB1 by day 3 (Figure 
3C). Of interest, inflammatory cells did not show significant HMGB1 
translocation; in contrast, the lung epithelial cells showed marked 
HMGB1 translocation after CS exposure (Figure 3D). We then con-
firmed these results in vitro. After mouse tracheal epithelial (MTE) 

FIGURE 3: HMGB1 translocation and release in the lung after CS exposure. The lungs and BAL 
fluid were obtained from C57BL/6J mice that had been exposed to the smoke from five 
cigarettes four times per day for various times (0, 1, 2, 3, and 4 d). (A) HMGB1 mRNA expression 
levels were determined by quantitative real-time PCR. (B) The concentrations of HMGB1 in the 
BAL fluid were determined by ELISA. Values are expressed as means ± SD from three 
independent experiments. *p < 0.05. (C) Double immunohistochemical staining for HMGB1 and 
TLR4 in the lung tissue after a 3-d CS exposure. (D) Double immunohistochemical staining for 
HMGB1 and CD14 (a marker of inflammatory cells) or E-cadherin (a marker of epithelial cells) in 
the lung tissue after a 3-d CS exposure. After MTE cells were stimulated with the CS-containing 
medium for 24 h, the HMGB1 content in the supernatant and HMGB1 translocation were 
determined by (E) ELISA and (F) immunofluorescence, respectively. (G) Cell viability was 
determined as a percentage of the levels in the nontreated control cells using the MTT assay. 
The results are displayed as means ± SD. from three independent experiments. *p < 0.05.
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exposed to CS for 3 d were treated with 
200 μg/kg rHMGB1 to assess whether TLR4 
signaling was responsible for HMBG1-in-
duced proinflammatory cytokine produc-
tion in the lung tissues of CS-exposed mice. 
Exogenous HMGB1 increased proinflam-
matory cytokine production in wild-type 
mice but did not affect proinflammatory 
cytokine production in TLR4-KO mice after 
CS exposure (Figure 5, D and E). Therefore 
TLR4 signaling is responsible for HMGB1-
induced proinflammatory cytokine produc-
tion in the lung tissue after CS exposure.

HMGB1 activates the NF-κB and JNK/
p38 pathways through TLR4/MyD88 
signaling
We then compared the mRNA levels of 
TLR4 signaling molecules associated with 
specific downstream pathways, such as the 
NF-κB pathway, the JNK/p38 pathway, the 
JAK/STAT pathway, and cytokine-mediated 
pathways, in the lung tissue of CS-exposed 
C57BL/6 mice treated with 200 μg/kg 
rHMGB1 or vehicle. CS-exposed mice 
treated with rHMGB1 displayed increased 
expression of mRNAs related to the JNK, 
p38, and NF-κB pathways compared with 
CS-exposed mice treated with vehicle 
(Figure 6A). Because NF-κB and MAPK play 
pivotal roles in intracellular TLR4 signaling 
events and NF-κB is involved in regulating 
the expression of genes that encode inflam-
matory cytokines such as TNF-α and IL-1β 
(Park et al., 2004; Chen et al., 2012; Nadatani 
et al., 2012), we further investigated the ef-
fects of HMGB1 on the activation of the p38, 
JNK, and NF-κB pathways in MTE cells har-
vested from TLR4-KO mice, MyD88-KO 
mice, and wild-type mice. After MTE cells 
were treated with HMGB1 (100 ng/ml, 24 h), 
the levels of phosphorylated p38, JNK, and 
IκBα were detected by Western blot assays 
(Figure 6B). The levels of phosphorylated 
JNK, p38, and IκBα were significantly in-
creased in HMGB1-stimulated cells com-
pared with control MTE cells harvested from 
wild-type mice, with increases of up to 283, 
321, and 388%, respectively (Figure 6, C–E). 
There was no significant difference in the 
levels of phosphorylated JNK, p38, and 

IκBα between the HMGB1-stimulated and control groups of MTE 
cells harvested from TLR4-KO mice or MyD88-KO mice. Based on 
these results, HMGB1 activates the p38, JNK, and NF-κB pathways 
through TLR4/MyD88 signaling in the lungs of CS-exposed mice. 
We evaluated the levels of phosphorylated JNK, p38, and IκBα in 
the lung tissues of CS-exposed mice treated with 200 μg/kg rHMGB1 
or vehicle to confirm these results. Exogenous HMGB1 aggravated 
the increased phosphorylation of JNK, p38, and IκBα in lung tissues 
of CS-exposed wild-type mice, whereas TLR4 or MyD88 deficiency 
resulted in inhibition of JNK, p38, and IκBα phosphorylation in 
lung tissues of TLR4-KO or MyD88-KO mice after CS exposure 

before rHMGB1 (100 ng/ml, 24 h) stimulation. As shown in the 
real-time PCR analysis, the TNF-α and IL-1β mRNA levels were sig-
nificantly increased by the 24-h stimulation with rHMGB1 com-
pared with the unstimulated controls (Figure 5, A and B). However, 
preincubation with the anti-TLR4 antibody significantly inhibited 
the HMGB1-induced expression of the TNF-α and IL-1β mRNAs in 
MTE cells (Figure 5, A and B) compared with cells that had been 
preincubated with an isotype control antibody. In addition, the 
anti-TLR4 antibody dramatically inhibited rHMGB1-induced TNF-α 
and IL-1β production in the supernatant of MTE cells (Figure 5C). 
TLR4-knockout (KO) mice and wild-type mice that had been 

FIGURE 4: HMGB1 controls the CS-induced inflammatory response in the lungs. C57BL/6 mice 
received an intravenous injection of 200 μg/kg rHMGB1, a neutralizing anti-HMGB1 antibody 
(10 mg/kg), or vehicle (PBS) via the tail vein each day (n = 6 for each group) during acute (3 d) 
exposure to CS. (A) The lungs were collected for hematoxylin and eosin staining, and the BAL 
fluid was obtained and used to measure (B) differential cell counts and (C) the differences in the 
proinflammatory cytokine concentrations. C57BL/6 mice were intravenously administered ethyl 
pyruvate (20 mg/kg; an inhibitor of HMGB1 release) or vehicle (PBS) during acute (3 d) exposure 
to CS (n = 5 for each group). Three days later, the BAL fluid was obtained and used to measure 
(D) HMGB1 release in the BAL, (E) differential cell counts, and (F) differences in the 
proinflammatory cytokine concentrations. The results are displayed as means ± SD from three 
independent experiments. *p < 0.05.
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Smoking induces the activation of resi-
dent cells and the recruitment of inflamma-
tory cells into the lungs, which leads to the 
release of proinflammatory cytokines, che-
motactic factors, oxygen radicals, and prote-
ases. As reported in previous studies, CS 
plays a critical role in the pathogenesis of 
COPD (Sopori, 2002; D’hulst et al., 2005; 
Karimi et al., 2006). CS components may be 
recognized by molecular pattern recognition 
receptors of the innate immune system, such 
as the TLRs (Karimi et al., 2006; Maes et al., 
2006; Doz et al., 2008). We initially deter-
mined whether CS exposure changes the 
expression of TLR2, TLR4, and TLR9 in the 
lungs. Only TLR4 expression and TLR4-me-
diated signaling were significantly up-regu-
lated in the lungs after 3 d of CS exposure. In 
contrast, the expression of TLR2, TLR4, and 
TLR9 was significantly increased in the lungs 
after endotoxin exposure (Supplemental 
Figure S1), suggesting that CS exposure in-
duces TLR-dependent lung inflammation in 
a manner different from endotoxin expo-
sure. On acute CS exposure, the lung tissues 
develop inflammation resulting from the ac-
tivation of TLR4 and subsequent signaling 
leading to macrophage differentiation, the 
mobilization of neutrophils, and the stimula-
tion of lymphocytes. TLR4 activation also in-
creases the levels of the inflammatory cyto-
kines TNF-α, IL-6, IL-8, IFN-γ, IL-1β, and 
MCP-1 and the chemokine RANTES (Yang et 
al., 2006; Gaschler et al., 2008).

Reactive oxygen species produced in re-
sponse to inhaling CS cause cell necrosis 
and apoptosis of both the parenchyma and 
alveolar septae (Dekhuijzen, 2004). Dying 
cells produce danger signals, such as 
HMGB1 protein (Lotze and Tracey, 2005), 
which may activate TLR2 and TLR4 and/or 
the receptor for advanced glycation end 
products (Park et al., 2006) and induce 
apoptosis (Nadatani et al., 2012; Velegraki 
et al., 2013). HMGB1 is a nonhistone DNA-
binding protein that acts as a cytokine when 
released into the extracellular milieu (Mitola 
et al., 2006). Extracellular HMGB1 is consid-
ered a signaling molecule that induces 

tissue injury and a mediator of inflammation (Sims et al., 2010). 
HMGB1 was believed to be primarily secreted by immune cells, in-
cluding macrophages. A recent study reported the effects of to-
bacco smoke on HMGB1 translocation and release in macrophages 
(Chen et al., 2016). In this study, CS exposure was shown to induce 
inflammatory cell infiltration in the lungs. However, we did not ob-
serve HMGB1 translocation in inflammatory cells. Instead, CS expo-
sure induced the translocation of HMGB1 from the nucleus to cyto-
plasm in epithelial cells, leading to extracellular release and the 
accompanying inflammatory response. HMGB1 inhibition with neu-
tralizing antibodies or ethyl pyruvate decreased the CS-induced 
inflammatory response, including the infiltration of inflammatory 
cells and the production of proinflammatory cytokines in the lung 

(Figure 6F). These findings further support the hypothesis that 
HMGB1 activates the p38, JNK, and NF-κB pathways through TLR4/
MyD88 signaling in lungs exposed to the inflammatory milieu of CS.

DISCUSSION
In the present study, CS increased the expression of TLR4, up-reg-
ulated TLR4-mediated signaling in the lungs, and induced the 
translocation of HMGB1 from the nucleus to the cytoplasm, fol-
lowed by its extracellular release. HMGB1 activates the p38, JNK, 
and NF-κB pathways through TLR4/MyD88-dependent signaling 
pathways and induces cellular inflammation and proinflammatory 
cytokine production in lungs exposed to the inflammatory milieu of 
CS (Figure 6G).

FIGURE 5: HMGB1 induces TLR4-mediated TNF-α and IL-1β production. MTE cells were 
preincubated (2 h at 37°C) with an anti-TLR4 monoclonal antibody (20 mg/ml) or an isotype 
control antibody and then stimulated with human rHMGB1 (100 ng/ml) for 24 h. After 
stimulation, the culture supernatant and cells were collected. (A, B) TNF-α and IL-1β mRNA 
expression levels were determined by quantitative real-time PCR, and (C) concentrations of 
TNF-α and IL-1β in the supernatant were determined using a multiplex cytokine assay. Wild-type 
mice and TLR4-KO mice received an intravenous injection of 200 μg/kg rHMGB1 or vehicle (PBS) 
via the tail vein each day (n = 5 for each group) during acute (3 d) exposure to CS. (D) The BAL 
fluid was obtained and used to measure the differences in the proinflammatory cytokine 
concentrations. (E) Double immunohistochemical staining for TLR4 and TNF-α or IL-1β in the 
lung tissues from wild-type mice and TLR4-KO mice. The results are displayed as means ± SD 
from three independent experiments. *p < 0.05.
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plemental Figure S2). Increased extracellu-
lar HMGB1 levels have been described in a 
number of inflammatory and malignant dis-
eases (Sims et al., 2010; Nadatani et al., 
2012; Velegraki et al., 2013); however, an 
association with CS-induced pulmonary in-
flammation has not been recognized. In this 
study, we provide the first evidence that 
HMGB1 translocation and release in the 
lungs in response to CS exposure strongly 
enhances the inflammatory response.

Once HMGB1 is released into the extra-
cellular environment, it acts as an inflamma-
tory cytokine (an alarmin; Wang et al., 1999). 
HMGB1 exerts these proinflammatory ef-
fects through TLR2, which is a receptor for 
components of the Gram-positive bacterial 
cell wall, and through TLR4, which is a multi-
ligand receptor belonging to the immuno-
globulin superfamily (Yu et al., 2006). TLR4 
was one of the few receptors for HMGB1 
that was up-regulated in the lungs of CS-
exposed mice, suggesting that TLR4 might 
be activated by HMGB1. Consistent with 
the up-regulation of TLR4, similar dynamics 
in HMGB1 levels was observed in the lungs 
in response to CS exposure, indicating a 
possible association between HMGB1 and 
TLR4 activation in CS-exposed mice.

Regarding TLR4 ligands, TLR4 is acti-
vated by both microorganism-associated 
molecular patterns and endogenous ligands, 
such as the HMGB1 protein (Lotze and 
Tracey, 2005; Park et al., 2006). Therefore we 
infer that HMGB1 triggers TLR4-mediated 
signaling in the lungs of CS-exposed mice. 
MTE cells harvested from C57BL/6 mice 
treated with HMGB1 (100 ng/ml, 24 h) ex-
hibited increased TNF-α and IL-1β produc-
tion, whereas preincubation with anti-TLR4 
antibodies significantly inhibited this effect. 
On the basis of the aforementioned results 
on the release and action of HMGB1, one 
could hypothesize that the HMGB1-induced 
TNF-α and IL-1β production in lung tissues 
and MTE cells exposed to CS might result 
from the active release of HMGB1 from 
necrotic cells, which then exerts these proin-
flammatory effects by triggering TLR4. Exog-
enous HMGB1 administration aggravated 
proinflammatory cytokine production in the 
lungs of CS-exposed mice but failed to 
affect proinflammatory cytokine production 
in TLR4-KO mice in response to CS expo-
sure. These results validate our hypothesis.

Although in the present study, HMGB1 
was shown to exert its proinflammatory ef-
fects by triggering the TLR4 receptor in re-

sponse to CS exposure, similar to its effects in other organs, including 
the intestine, pancreas, blood vessels, marrow, liver, heart, and kid-
neys, during inflammation and injury (Tsung et al., 2005; Sawa et al., 
2006; Maeda et al., 2007; Wu et al., 2007; Andrassy et al., 2008; 

tissues and BAL fluid, whereas exogenous HMGB1 aggravated the 
inflammatory response. These results suggest a critical role for 
HMGB1 in CS-induced pulmonary inflammation. In addition, CS 
does not require TLR4 to induce HMGB1 release in MTE cells (Sup-

FIGURE 6: Signal transduction is activated in lungs exposed to the inflammatory CS milieu. 
C57BL/6 mice received an intravenous injection of 200 μg/kg rHMGB1 or vehicle (PBS) via the 
tail vein each day (n = 5 for each group) during acute (3 d) exposure to CS. Three days later, the 
lungs were collected for the real-time PCR assay. (A) Genes involved in TLR4 signaling and 
molecules associated with specific downstream pathways that exhibited an at least fourfold 
increase in expression in the lungs from the rHMGB1-treated group compared with the vehicle 
group. MTE cells harvested from wild-type mice, TLR4-KO mice, or MyD88-KO mice were 
stimulated with human rHMGB1 (100 ng/ml) or vehicle (PBS) for 24 h. After stimulation, the cells 
were collected. (B) The levels of phosphorylated MAPKs p38, JNK, and IκBα were evaluated by 
Western blotting. The gels were run under the same experimental conditions. The expression 
levels of (C) phospho-p38, (D) phospho-JNK (D), and (E) phospho-IκBα were normalized to 
the levels of total p38, total JNK, and total IκBα, respectively. Wild-type mice, TLR4-KO mice, 
and MyD88-KO mice received an intravenous injection of 200 μg/kg rHMGB1 or control 
(PBS) via the tail vein each day during acute (3 d) exposure to CS (n = 5 for each group). 
(F) Immunohistochemical staining for phospho-p38, phospho-JNK, and phospho-IκBα in the 
lung tissue. (G) Diagram summarizing the mechanism by which HMGB1 mediates CS-induced 
pulmonary inflammation in the mouse. The results are displayed as means ± SD. from three 
independent experiments. *p < 0.05.
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reduction in the cigarettes) per exposure in four exposures per day 
with 30-min smoke-free intervals for 3 d. During the CS exposure, 
mice (five to seven in each group) received an intravenous injection of 
1.0 or 3.0 mg/kg TAK-242, 200 μg/kg human recombinant HMGB1 
(reduced rHMGB1; Sigma-Aldrich, St. Louis, MO), or vehicle (phos-
phate-buffered saline [PBS]) via the tail vein per day. In addition, mice 
(five to seven in each group) were intravenously injected with a neu-
tralizing chicken anti-HMGB1 polyclonal antibody (10 mg/kg; Shino-
Test, Tokyo, Japan), normal chicken immunoglobulin Y (10 mg/kg; 
Sigma-Aldrich), or ethyl pyruvate (20 mg/kg; Sigma-Aldrich), an in-
hibitor of HMGB1 release, during the CS exposure.

Mouse tracheal epithelial cell stimulation in vitro
See Supplemental Extended Experimental Procedures. Primary MTE 
cells were obtained from naive TLR4-deficient mice, MyD88-deficient 
mice, and C57BL/6 mice as previously described (You et al., 2002). 
MTE cells were plated in 96-well microculture plates (at 105 cells/
well) and stimulated with CS condensate (20 μg/ml) for 24 h. The 
isolated MTE cells were preincubated (2 h at 37°C) with the anti-TLR4 
monoclonal antibody (20 mg/ml; InvivoGen, San Diego, CA) or 
isotype control antibody and then stimulated with human HMGB1 
(100 ng/ml; Sigma-Aldrich) for 24 h to examine the effects of HMGB1 
on the secretion of proinflammatory cytokines from MTE cells. After 
stimulation, the culture supernatant and cells were collected.

Statistical analysis
All of the treatments were performed in triplicate, and the results are 
displayed as means ± SD. The data were subjected to one-way anal-
ysis of variance. Probabilities of ≤0.05 were considered statistically 
significant.

Davé et al., 2009; Nadatani et al., 2012; Velegraki et al., 2013; Qin 
et al., 2015), the mechanisms underlying these actions remain un-
known, limiting our understanding of the potential therapies for CS-
induced pulmonary inflammation. Based on substantial experimental 
evidence, binding of HMGB1 to TLR4 activates NF-κB and stimulates 
the phosphorylation of p38, ERK, and JNK in inflammatory cells 
through MyD88-dependent signaling pathways (Park et al., 2004; 
Andrassy et al., 2008; Mogensen, 2009). The activation of MAPKs 
through the HMGB1-TLR4 signaling pathway has been reported in 
several models of tissue injury. HMGB1 stimulates p38 and JNK 
phosphorylation in I-R liver injury (Tsung et al., 2005) and ERK phos-
phorylation in I-R myocardial injury (Andrassy et al., 2008). Activated 
NF-κB regulates the expression of the mRNAs encoding the proin-
flammatory cytokines that recruit monocytes, drive monocyte differ-
entiation into macrophages, and stimulate T lymphocytes, resulting 
in inflammatory cell proliferation and the release of additional cyto-
kines (Yang et al., 2006). These cytokines include IFN-γ, IL-6, and 
TNF-α, all of which further activate the NF-κB pathway, thus estab-
lishing a positive autoregulatory loop that can amplify the inflamma-
tory response and increase the duration of chronic inflammation 
(Yamamoto and Gaynor, 2001).

Gene expression microarray technology has been used to 
identify the genes/molecular pathways regulated by TLR4 that are 
associated with specific downstream pathways activated as the in-
flammatory response evolves. A number of genes associated with 
the NF-κB pathway and the JNK/p38 pathway exhibit increased 
expression in the lung tissue of CS-exposed mice treated with rH-
MGB1 compared with CS-exposed control mice. The HMGB1 
treatment increased the levels of phosphorylated JNK, p38, and 
IκBα in TBE cells and lung tissues in response to CS stimulation, 
whereas TLR4 or MyD88 deficiency significantly inhibited this phos-
phorylation and reduced the expression of inflammatory cytokines 
in CS-induced lung injury. Thus HMGB1 exerts its proinflammatory 
effects by triggering TLR4/MyD88 to activate the p38, JNK, and 
NF-κB pathways in the lungs in response to CS exposure. TLR4 can 
also signal through toll-interleukin 1 receptor domain-containing 
adapter-inducing interferon-β (TRIF); therefore we explored the role 
of TRIF in the inflammatory responses measured in response to CS. 
However, CS and HMGB1 induce TNF-α and IL-1β production in a 
TRIF-independent manner (Supplemental Figure S3).

In conclusion, HMGB1 activates NF-κB and MAPKs through 
TLR4/MyD88-dependent signaling pathways, leading to the pro-
duction of proinflammatory cytokines and the aggravation of dam-
age in CS-induced pulmonary inflammation. Because HMGB1 is a 
major endogenous ligand of TLR4, as well as a complicating factor 
mediating inflammation in response to tissue damage induced by 
pollution and smoke, blocking TLR4 or inhibiting MyD88-depen-
dent signaling pathways may be useful therapeutic options for CS-
induced pulmonary inflammation.

MATERIALS AND METHODS
Animals
This study was performed in strict accordance with the recommen-
dations in the Guide for the Care and Use of Laboratory Animals 
from the National Institutes of Health. The protocol was approved 
by the Committee on the Ethics of Animal Experiments of West 
China Hospital, Sichuan University.

CS exposure and experimental treatment
See Suplemental Extended Experimental Procedures. The animals 
(including wild-type mice, TLR4-KO, mice and MyD88-KO mice) re-
ceived the smoke from five cigarettes (harmful components and tar 
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