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Lipopolysaccharide (LPS) triggers innate immunity mainly via TLR4 signaling. ATF3 is a negative regulator of TLR4 signaling.
HMGB1 plays a critical role in the �nal step of sepsis. However, the mechanisms of ATF3 and the role of HMGB1 in regulating
innate immunity-induced sepsis are incompletely understood. In this study, we found that serumHMGB1 levels were 10-fold higher
in patients with sepsis than normal controls. We further demonstrated that ATF3 gene knockout in mice subjected to LPS-induced
endotoxemia correlates with an increase in the mortality rate and the elevated expression of IL-6, TNF-�, NO,MCP-1, and HMGB1
in the lung tissues or serum. �e biochemical eects of ATF3 were observed in in vitromacrophages and blocked by ATF3 siRNA
treatment. We have also shown that adeno-associated virus-mediated ATF3 gene transfer protected ATF3 knockout mice from
LPS-induced mortality. In addition, ATF3 knockdown increased LPS-induced release of HMGB1. In conclusion, upregulation of
ATF3 contributes to the reduced release of in�ammatory molecules, especially HMGB1, which induced lung injury and increased
the survival rate of mice a�er LPS challenge. �erefore, suppressing LPS-induced in�ammation with ATF3 induction or ATF3
mimetics may be an important strategy for sepsis therapy.

1. Introduction

Sepsis, a major cause of morbidity and mortality worldwide
[1], occurs in 18 to 42% of patients with Gram-negative
bacterial infection [2]. Lipopolysaccharides (LPS) are endo-
toxins derived from the outer membranes of Gram-negative

bacteria and are main triggers of innate immunity and acute
in�ammation that are vital for antimicrobial defense reac-
tions [3]. LPS binds to Toll-like receptor 4 (TLR4) to activate
a crucial proin�ammatory transcription factor NF-�B that
elicits expressions of several proin�ammatory cytokines and
chemokines such as TNF-�, IL-6 [4], and MCP-1 [5].
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Table 1: Primers used.

Target gene Sense primer Antisense primer

TNF-� CCCTCACACTCAGATCATCTTCT GCTACGACGTGGGCTACAG

IL-6 TAGTCCTTCCTACCCCAATTTCC TTGGTCCTTAGCCACTCCTTC

Actin GGCTGTATTCCCCTCCATCG CCAGTTGGTAACAATGCCATGT

Analyses of endotoxin-stimulated macrophages revealed
that ATF3 is a rapidly induced transcription factor that
represses IL-6 transcription [6, 7]. ATF3, a member of the
ATF/cyclic adenosine monophosphate (cAMP) responsive
element-binding protein (ATF/CREB) family of transcription
factors, is a stress-inducible transcription factor. �e ATF3
promoter comprises several TLR-responsive elements such
as AP-1 and NF-�B sites; hence, the early phase of ATF3
induction is a foremost response to TLR signaling [8]. In
addition, ATF3 induction during sepsis augments suscepti-
bility to secondary infections [9]. ATF3 has been implicated
as a strong target for prophylactic or therapeutic agent in
endotoxic shock or bacterial sepsis [9].

High mobility group box 1 (HMGB1), a damage-associat-
ed molecular pattern (DAMP) [10], serves as a transcription
factor in the nucleus and also as a proin�ammatory cytokine
when released into the extracellular �uids [11, 12]. HMGB1
is involved in the activation of innate immune mechanisms
in the context of viral and bacterial infections [13]. Clinical
reports reveal that its levels are increased signi�cantly in
critically ill patients with sepsis [14, 15]. Protective eects of
activated protein C in severe sepsis may partially bemediated
through the inhibition of HMGB1 signaling [16]. Receptor
for advanced glycation end products (RAGE) and certain
TLRs serve as the major signaling receptors for HMGB1 at
the cell surface and inside the cell. Further, HMGB1 interacts
speci�cally with TLR4/MD2 and activates macrophages and
monocytes to release proin�ammatory cytokines such as
TNF� [17, 18].

�e role of ATF3 and HMGB1 in immune regulation
and their connections to in�ammatory diseases have been
reported, and they both function in TLR-related pathways.
However, it is unclear whether ATF3 plays a role in the
HMGB1 regulation of LPS-induced endotoxemia. �e pur-
pose of this study is to characterize the relation between
ATF3 and HMGB1. We found that ATF3 protects against
LPS-induced endotoxemia inmice through reducingHMGB1
expression.

2. Methods and Materials

2.1. Animal Source. �eATF3-KOmice were kindly provided
by Dr. Tsonwin Hai (Ohio State University, Columbus, USA).
�e ATF3-KO mice allele was backcrossed into C57BL/6J
(B6) mice for at least seven generations before LPS-induced
endotoxemic experiments. Male mice (8 to 10 weeks old and
weighing 25–35 g) maintained under standard conditions at
Tzu Chi University’s Animal Center were used. All experi-
mental procedures were approved by the Animal Care and
Use Committee of Tzu Chi University.

2.2. Experimental Procedures. LPS serotype 0127:B8 (Sigma-
Aldrich Chemical, St. Louis, USA) was dissolved in ster-
ile physiological saline immediately before use. Mice were
divided randomly into 4 groups, administered LPS (5 or
50mg/kg, ip), and sacri�ced at 0, 3, 6, and 24 hrs a�er LPS
challenge under anesthesia (pentobarbital, 50mg/kg, ip), and
the lung tissues were removed for subsequent experiments.
Supernatants of blood samples also were collected and frozen
at −80∘C for subsequent assays. In another study, mice were
injected intraperitoneally with recombinant AAV (adeno-
associated virus)-PGK (phosphoglycerate kinase) or AAV-

ATF3 vectors (2 × 108 viruses). Two weeks later, mice were
treated with LPS (5mg/kg, ip) for 24 hrs, and the lungs were
removed for further studies.

2.3. Culture of RAW 264.7 Macrophage Cell Line. RAW
264.7 cells were obtained from the Bioresource Collection
and Research Center (Hsinchu, Taiwan). Cells were cul-
tured in a high-glucose DMEM medium containing 10%
heat-inactivated fetal bovine serum (FBS, Hyclone Lab-
oratories, Logan, USA), antibiotics (100U/mL penicillin,
0.1mg/mL streptomycin, and 0.25 �g/mL amphotericin, Bio-
logical Industries, Beit Haemek, Israel) and maintained at
37∘C in a humidi�ed incubator containing 5% CO2. Cells
were cotransfected with plasmids using lipofectamine 2000
(Invitrogen, Carlsbad, USA). �ree days a�er transfection,
cells were treated with LPS (200 ng/mL) for 24 hrs.

2.4. Plasma TNF-� and IL-6 Measurement. Plasma TNF-�,
IL-6, andHMGB1 concentrations weremeasured by enzyme-
linked immunosorbent assay (TNF-� and IL-6: from Enzo
Life Science,USA;HMGB1: fromUscn Life Science,Houston,
USA) according to manufacturer’s instructions.

2.5. IL-6 and TNF-� mRNA Measurement. IL-6 and TNF-
� mRNA were measured by RT-PCR using a Super Script
kit (Invitrogen) according to manufacturer’s instructions.
Total RNA was extracted from the lung tissue using trizol
(Invitrogen) according to our previous report [19]. mRNA
samples were quanti�ed by spectrophotometer, and equal
amounts of mRNA were reversely transcribed into �rst-
strand cDNA. PCR ampli�cations were performed in tripli-
cate using mixture of Master SYBR Green supermix (Roche,
Switzerland). cDNA and speci�c primers for TNF-� and IL-6
were listed in Table 1. �e real-time PCR was performed for
45 cycles of 95∘C for 15 s and 60∘C for one minute using an
ABI Prism 7300 (Life Technologies, USA).

2.6. Plasma and Medium NO Measurement. Plasma and
mediumNOweremeasured by conventional Griess reaction.
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Standard procedures were used for the preparation of plasma
and medium samples for NO assay. Plasma and medium
NO concentrations were calculated from the standard nitrite
curve.

2.7. Immuno�uorescence (IF). Standard IF techniques were
used. Brie�y, 2 �m para�n-embedded tissue sections from
the lungs were processed through antigen retrieval, perme-
abilized with Triton X-100, blocking nonspeci�c interaction
with normal serum (Biogenx, Fremont, USA), followed by
washing and reaction with goat MCP-1 polyclonal anti-
body (1 : 50, Santa Cruz Biotechnology, Santa Cruz, USA)
and mouse HMGB1 monoclonal antibody (1 : 100, ABCAM,
Cambridge, UK). �e secondary antibodies were rhodamine
red-linked anti-mouse IgG (1 : 200, KPL,Washington, USA)
and FITC-conjugated anti-goat IgG antibody (1 : 200, KPL).
Cell nuclei were counter-stained with DAPI (1 : 200, KPL).
All sections were mounted with a water-soluble mounting
medium and examined under a �uorescence microscope
(Leica, Leica Microsystems,Wetzlar, Germany).

2.8. Isolation of Nuclear and Cytosolic HMGB1 and NF-�B
Proteins. Frozen lung tissues were homogenized in a buer
containing PBS and phosphatase inhibitors (Nuclear extract
kit, Active Motif, Carlsbad, USA) and centrifuged at 500 rpm
for 5min. �e resulting pellets were resuspended in 500 �L
hypotonic buer and incubated for 15min. Nuclei were
isolated by centrifugation at 10,000 rpm for 1min.�e super-
natants containing cytoplasmic andmembrane proteins were
collected and stored at −80∘C. �e pellets were resuspended
in 50 �L complete lysis buer and centrifuged at 10,000 rpm
for 10min. �e supernatants containing the nuclear extracts
were collected and stored at −80∘C for immunoblotting.

2.9.Western Blotting. Protein concentrations were quanti�ed
by bicinchoninic acid (BCA) protein assay reagent (Pierce
Chemicals, Rockford, USA). Standard techniques for SDS
polyacrylamide gel electrophoresis and immunoblottingwere
followed. �e antibodies used were mouse iNOS mono-
clonal IgG (1 : 500, BD Pharmagen, California, USA), mouse
HMGB1monoclonal IgG (1 : 1000, Abcam), rabbit ATF3 poly-
clonal IgG (1 : 1000, Santa Cruz Biotechnology), rabbit NF-�B
monoclonal antibodies (1 : 500, Santa Cruz Biotechnology),
mouse antiactin antibody (1 : 4000, Chemicon, IL, USA), and
rabbit histone H2A polyclonal antibody (1 : 2000, Cell Signal-
ing Technology, Beverly, CA, USA). �e immunoreactivities
were visualized and scanned into a computer. Individual
bands were analyzed by Image J so�ware (National Institute
of Mental Health, NIH, Bethesda, USA).

2.10. Histopathology. Standard protocols were followed [20].
Brie�y, lung specimens were �xed in 4% paraformaldehyde,
dehydrated through a graded series of ethanol, and embed-
ded in para�n, sectioned at 2�m. Sections on slides were
depara�nized in nonxylene solution, rehydrated, and stained
with hematoxylin and eosin. �e specimens were examined
under a light microscope (Leica Microsystems).

2.11. Lung Injury Assessment. �e lung injury scores were
estimated based on histological examination, including the
hemorrhage of intraalveolar septa, cell in�ltration, and lung
wet-to-dry ratio.�e scores were determined as 0 (no injury),
1 (10–20% severity), 2 (20–40% severity), 3 (40–50% severity),
or 4 (greater than 50% severity) [21]. �e degree of intra-
alveolar septa hemorrhagewas scored as 0 (no hemorrhage), 1
(mild hemorrhage), or 2 (severe hemorrhage). �e thickness
of intraalveolar septa was quanti�ed by measuring all septae
along a crosshair placed on each image (20 septae for each
animal) using Image J so�ware. Lung wet-to-dry ratio that
determines pulmonary edema was scored as 0 (no edema),
1 (mild edema), or 2 (severe edema) as compared with the
control group.

2.12. Measurement of the Survival Rate in Mice. C57BL/6J
(B6) and ATF3-KO mice were used to evaluate the survival
rate [22]. Mice were given lethal dose of LPS (50mg/kg, ip) to
induce endotoxemia and were divided randomly into several
groups and examined at dierent intervals for 24 hrs.

2.13. Adeno-Associated Virus Preparation and Gene Transfer.
�eprocedure was similar to those described previously [23].
We constructed in the replication-defective recombinant
adenoviral vector a human phosphoglycerate kinase (PGK)
promoter to drive ATF3 expression (AAV-ATF3) and a GFP
promoter alone to serve as a control (AAV-GFP). Replication-
defective recombinant adenoviral vectors were ampli�ed and
titrated in HEK-293 cells as described previously [22]. For
adenovirus-mediated gene transfer, cells were exposed to
adenoviral vectors at the indicated multiplicity of infection.

2.14. Statistical Analysis. �e experimental data were pre-
sented as means ± SEM. �e one-way and two-way ANOVA
were used to determine the dierence. Measurements at
single time point were compared by the Student’s unpaired
t-test. A � value of less than 0.05 was considered statistically
signi�cant. �e survival rate was analyzed by Kaplan-Meyer
survival curves.

3. Results

3.1. ATF3 Expression Was Upregulated in Mice aer LPS
Injection. �e level of ATF3 in the lung tissues of a mouse
sepsis model was measured to identify the role of ATF3 in
LPS-induced sepsis. Immunoblot analysis revealed increased
level of ATF3 protein in the wild-type (WT) animals as early
as 3 hrs a�er LPS (5mg/kg, ip) treatment and maintained at
the elevated level for up to 24 hrs. However, low level of ATF3
was detected in the lung tissues from the ATF3-knockout
(KO) mice (Figure 1).

3.2. �e Survival Rate of Mice under LPS-Induced Endotox-
emia Was Reduced aer ATF3 Knockout. Sepsis and septic
shock are thorny problems, which cause high mortality from
severe in�ammatory response resulting in multiple organs
dysfunction [24]. To con�rm the pathological involvement of
ATF3 in LPS-induced endotoxemia, WT and ATF3-KOmice
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Figure 1: Expression level of ATF3 in the lung tissues of WT
(wild type) and KO (ATF3 knockout) mice challenged with LPS.
Representative immunoblots of ATF3 protein in the lung tissue
lysates from WT and KO mice at 0, 3, 6, and 24 hrs a�er LPS
administration (5mg/kg, ip) were shown. �e intensity of ATF3
protein was normalized to actin which was served as the internal
control. �e relative intensity at 24 hrs from WT mice was set at
100%. Data represent mean ± SEM. � = 8 in each group.

were administered a lethal dose of LPS (50mg/kg, ip), and
the survival rate was examined. Figure 2 shows that less than
20% of the LPS-treated ATF3-KOmice survived for 24 hrs. In
contrast, greater than 80% of WT mice survived a�er 24 hrs.
�ese observations suggested that enhanced expression of
ATF3 may protect mice from LPS-induced shock.

3.3. ATF3 Knockout Increased MCP-1 Expression and In�am-
mation-Induced Lung Injury in Mice Induced by LPS. It has
been shown that the secretion of chemokine, MCP-1, by
LPS-activated endothelial cells contributes substantially to
the pathogenesis of sepsis [25]. However, the mechanism
involved in LPS-inducedMCP-1 production in the lung is not
well understood. We examined the expression of MCP-1 in

the lungs of WT and ATF3−/− mice under LPS treatment. As

shown in Figure 3, ATF3−/− mice showed marked elevated
level of MCP-1 compared with WT controls (Figure 3(a)),
andMCP-1 predominately was expressedwithin the cytoplas-
mic region of MCP-1-positive cells (Figure 3(a) and insets).
Furthermore, we compared the lung injury score in mice
a�er LPS injection, and histological analysis of the lung
tissues from LPS-treated mice showed that ATF3 knockout
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Figure 2:�eKaplan-Meyer survival rate ofWT (wild type) andKO
(ATF3 knockout)mice at 0, 3, 6, and 24 hrs following administration
of a lethal dosage of LPS (50mg/kg, ip). Data represent three
independent experiments (21–24 animals used). #, � < 0.05, WT
versus KO mice.

further increased the accumulation of activated alveolar
macrophages (Figure 4(a)) and the thickness of intra-alveolar

septa (Figure 4(b)). Similarly, ATF3−/− mice revealed aug-
mented lung injury score caused by LPS (Figure 4(c)).
Together, these results indicate that ATF3 can reduce MCP-1
expression and decrease lung injury a�er sepsis occurrence
in mice.

Recent studies have indicated the involvement of NF-
�B in MCP-1 induced IL-6 activation in epithelial cell or in
allergic airways disease [26, 27]. �erefore, we hypothesized
that ATF3maymodulate the expression of IL-6 and TNF-� in
the early and later stages of endotoxemia. Figure 5(a) shows
that the mRNA and protein level of TNF-� or IL-6 in the
lung tissues or in the serum were signi�cantly higher at 3 or

6 hrs, respectively, in ATF3−/− mice compared to WT mice
following LPS administration.

It has been reported that MCP-1(−/−) mice showed
reduced macrophage in�ltration and expression of tumor-
necrosis factor-alpha (TNF)-� and iNOS [28]. �erefore,
we examined the plasma nitrite concentration, a derived
metabolite of NO, and iNOS expression in the lung tissues of

WT and ATF3−/− mice. ATF3 knockout increased the LPS-
induced plasma nitrite elevation, which was continuously
increased up to 24 hrs examined.�e concentration of plasma
nitrite at 24 hrs in ATF3-KO mice was about 2-fold of that
inWTmice (Figure 5(b)), and iNOS protein expression level

was signi�cantly increased inATF3−/−mice compared toWT
mice a�er LPS treatment (Figure 5(c)).

Following LPS treatment, NF-�B is translocated into the
nucleus to drive the expression of various in�ammatory
genes, which are implicated in the pathogenesis of sep-
sis [25]. Because IL-6, TNF�, and MCP-1 gene promoters
contain functional NF-�B binding sites essential for their
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Figure 3: ATF3 knockout increased LPS-induced MCP-1 level in the lung tissues of mice. Localization of MCP-1 induced by LPS in the lung
tissues of WT and ATF3-KO mice detected by immuno�uorescence. A: alveoli. Red arrows show MCP-1 staining of alveolar septa with few
neutrophils. Insets show MCP-1 expression in the cytoplasm. Scale bar = 50�m. MCP-1-positive cells were calculated from 4 �elds with a
total number of 200 cells counted. Data represent mean ± SEM (� = 4). ∗, � < 0.01.

induction in response to in�ammatory stimuli, we further
explored NF-�B activation by Western blotting. �e activa-
tion and translocation of NF-�B were markedly increased

in ATF3−/− mice compared to WT mice 24 hrs a�er LPS
treatment (Figure 5(d)). We also used the loss of function
assay to inhibit ATF3 function in macrophages (RAW264.7).
As shown in Figure 5(e), NF-�B nuclear translocation (le�
panel) and NF-�B binding activity (right panel) both were
signi�cantly higher in the cells receiving ATF3 siRNA
transfection. �ese results suggest that reduction of ATF3
upregulates the expression of in�ammatory cytokine or NO
through anNF-�B-dependent pathway a�er LPS injury in the
lung.

3.4. Patients with Sepsis Syndrome Had Elevated Serum
HMGB1 Levels. Both ATF3 and MCP-1 have been reported
to be novel biomarkers for detecting in�ammation-induced
nephropathology [29, 30]. Since ATF3 modulates the secre-
tion and release of HMGB1, which is a down-stream proin-
�ammatory mediator and may more closely re�ect the status
of sepsis, we, therefore, examined its level in sepsis patients.
In a preliminary human study, serum samples were collected
from ten inpatients whose diagnosis indicated sepsis, ten
inpatients without infection, and four healthy volunteers.�e
demographic pro�le of these subjects is listed in Table 2.
�e serum levels of HMGB1 of inpatients suering from
sepsis were signi�cantly higherwhen compared to the control
groups (Figure 6). �ese results indicate that elevated serum
HMGB1 level re�ects the severity of sepsis syndrome.

3.5. In Vivo ATF3Gene Transfer Reversed LPS-Induced Lethal-

ity in�	
3−/−Mice. �epreceding observations suggest that
restoration ofATF3 expression inATF3 knockoutmicewould
be expected to reduce LPS-induced sepsis injury in these
mice. And as a complementary approach to the knockout
mouse studies, AAV8, which provides high-level and stable

gene expression in the mouse and rat heart, was explored.

Delivery of AAV8-ATF3 gene to ATF3−/− mice restored
ATF3 protein in the lung tissues (Figure 7(a)). LPS-induced
lethality in ATF3 knockout mice was reversed by ATF3 gene
transfer as re�ected by increased survival rate (Figure 7(b)).
Similarly, elevated plasma nitrite and serum HMGB1 levels
and lung injury caused by LPS in ATF3 knockout mice were
also reversed by ATF3 gene transfer (Figures 7(c)–7(e)).

3.6. ATF3 Modulated HMGB1 Release in LPS-Induced Endo-
toxemia in Mice. Recent studies have shown that adminis-
tration of a neutralizing antibody to HMGB1 signi�cantly
lowered the levels of IL-6, TNF�, and MCP1 mRNA.
In addition, TLR4 de�cient mice were protected against
ischemia-reperfusion-induced kidney injury; administration
of neither anti-HMGB1 antibody nor rHMGB1 aected this
renoprotection [31]. �ese data suggest that ATF3 may be
involved in the regulation of HMGB1. We found that the
concentration of circulating HMGB1 was relatively low in
WT mice, but its level was increased by about 4-5-folds 3
to 24 hrs following LPS challenge (Figure 8(a)). Similarly, a
sustained and higher level of cytoplasmic HMGB1 release
was observed 3 to 24 hrs a�er LPS challenge (Figures 8(b)
and 8(c)). In addition, LPS elicited the release of nuclear
HMGB1 into the cytoplasm of numerous cells in the lung
tissues (Figure 8(d)), and the percentage of HMGB1-positive

cells was signi�cantly increased in ATF3−/− compared toWT
mice following LPS administration (Figure 8(e)). We further
used the loss of function assay to inhibit ATF3 function
in in vitro system. Cultured macrophages (RAW264.7) were
transfected with ATF3 siRNA and control vector plasmid
followed by LPS treatment. As shown in Figure 9, LPS-
induced ATF3 gene expression was blocked as indicated by
Western blotting (Figure 9(a)). HMGB1 release and secretion
(Figure 9(b)), and NO (Figure 9(c)) induced by LPS were
markedly enhanced when ATF3 functions were silenced by
ATF3 siRNA compared with control cells.
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Figure 4: ATF3 inhibited polymorphonuclear leukocyte in�ltration and lung injury inmice a�er LPS treatment. (a) Representative sections of
the lung tissues were stained with hematoxylin and eosin. Few neutrophils were present in control WT sections. Solv, normal saline; asterisk,
normal alveoli; arrow, alveolar septa.�ickened septa were observed 24 hrs a�er LPS (5mg/kg, ip) treatment. Scale bar, 20�m. Intra-alveolar
septal thickness (b) and lung injury score (c) were signi�cantly increased 24 hrs a�er LPS challenge (5mg/kg, ip) in ATF3-KOmice compared
to WT mice. Data represent mean ± SEM (� = 4). ∗, � < 0.01.

Table 2: Patient demographics for sepsis (–) and sepsis (+) patients.

Patient characteristics Septic patients (� = 10) Nonseptic inpatients (� = 10) Healthy volunteers (� = 4)
Age in years (range) 67.7 (35–85) 51.6 (35–69) 35.23 (25–43)

Sex 70% men, 30% women 50% men, 50% women 100% women

Race 100% Asian 100% Asian 100% Asian

Comorbidities∗ 10 7 0

Admission diagnosis

Sepsis 1 0

Pneumonia 4 0 0

Urinary tract infection 4 0 0

Cellulitis 1 0 0

Non infection§ 0 10 0
∗Including diabetes, hypertension, stroke, Malignancy, and liver cirrhosis.
§Including fracture, lumbago, urolithiasis, myocardium infarction, hyponatremia, stroke, hepaticencephalopathy, carbon monoxide poisoning, and uterine
myoma.
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Figure 5: Continued.
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Figure 5: Eects of ATF3 knockout on LPS-induced expression of IL-6, TNF-�, and iNOS and translocation of NF-�B p65 in mice and in
macrophages. (a)Quantitative RT-PCR (mRNA, top panels) andELISAs (protein, lower panels) of Il-6 andTNF-� from the lung tissues ofWT

andATF3−/−mice treated with LPS (5mg/kg, ip). Expression ofmRNAwas normalized to that of glyceraldehyde 3-phosphate dehydrogenase.
Data represent mean ± SEM (� = 4). ∗, n, #, and §, � < 0.05; NS indicates not signi�cant. (b) shows plasma nitrite concentrations. Data
represent mean ± SEM (� = 6). #, � < 0.01. (c) shows a representative Western blots of iNOS. �e intensity of iNOS was normalized to that
of �-actin which was served as the loading controls. Data represent mean ± SEM (� = 3). #, � < 0.01. (d) Representative Western blots of
nuclear NF-�B p65 protein in the lung tissues of WT and KO mice a�er LPS treatment. HDAC1 was served as the internal standard. Data
represent mean ± SEM (� = �). ∗, � < 0.01. (e) Nuclear NF-�B p65 levels in RAW264.7 macrophages measured by Western blot analysis.
�e intensity of nuclear p65 was normalized to that of HDAC1. Nuclear NF-�B DNA binding activity in RAW264.7 macrophages measured
by ELISAs in RAW264.7 macrophages a�er incubation with LPS (200 ng/mL) for 24 hrs. Data represent mean ± SEM (� = 3). ∗, � < 0.01.

4. Discussion

Although ATF3 expression is believed to play an important
role in response to various stresses [8], little is known
about its function in endotoxemia. In this study, we demon-
strated that ATF3 exhibited a protective eect against LPS-
induced endotoxemia in mice. ATF3 expression not only

decreased LPS-induced elevation in�ammatory mediators,
such as IL-6, TNF-�, NO, iNOS, MCP-1, and HMGB1, in
the lung tissues and blood, but also increased the survival
rate in endotoxemic mice. �e upstream regulator of these
in�ammatory mediators is TLR4-NF-�B pathway [7], and
ATF3 negatively regulates this pathway. We showed that atf3
de�ciency in mice could augment NF-�B presentation, and
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Figure 6: Serum HMGB1 levels in septic patients. Serum HMGB1
was measured by an ELISA kit in the healthy volunteers and
inpatients with or without sepsis. ∗, � < 0.05.

treatment of macrophages with ATF3 siRNA enhanced the
nuclear translocation of NF-�B p65 (Figures 5(d) and 5(e)).
We also found elevated expression of serum HMGB 1 in
septic patients in a preliminary study (Figure 6). Although
the relationship betweenHMGB1 andATF3 is not completely
understood, we showed that in ATF3 KO mice, the serum
HMGB1 level was elevated; however, administering AAV-
ATF3 vector could reverse the HMGB1 level. �ese data
indicate that ATF3 exhibits a protective eect against endo-
toxemia through an anti-in�ammatorymechanism involving
HNGB1 molecule. Further, HMGB1 could be a useful marker
for sepsis.

�e role of TNF-� and IL-6 in in�ammation has been
�rmly established. Both TNF-� and IL-6 are members of a
group of cytokines that stimulate the acute phase reaction
[32, 33]. ATF3 KO enhanced the LPS-induced increase
of TNF-� and IL-6 levels in the lung tissue, and the
enhancement persisted for at least 24 hrs for IL-6. �ese
results imply that ATF3 negatively regulates IL-6 and TNF-
� level which are in agreement with other endotoxemic
studies [6]. Expression of IL-6 requires the activation of
NF-�B [34]. We found that ATF3 KO persistently increased
the translocation of NF-�B p65 (Figure 5(d)). Others have
reported similar �nding [35]. In addition, ATF3 siRNA was
observed to increase the nuclear translocation NF-�B p65
in macrophages (Figure 5(e)). Together, these data indicate
that ATF3 decreases IL-6 presentation via NF-�B signaling.
Another in�ammatory cytokine, nitric oxide (NO), is amajor
cause of septic shock [36]. We found that ATF3 de�ciency
increased serum NO concentration of endotoxemic mice
which would aggravate septic syndrome, especially septic
shock.

Monocyte chemoattractant protein-1 (MCP-1) is a major
chemoattractant for monocytes [37]. It plays an important
role in the recruitment of monocytes or macrophages to the
sites of injury and infection. Our data demonstrated that
LPS induced a dramatic increase in MCP-1 production in
the lung tissues followed by an increase in the recruitment
of macrophages that exacerbated lung injury. Macrophages

secrete TNF-�, and TNF-� elicits MCP-1 release; one can
expect a positive feedback loop generated by these cytokines
that will aggravate the in�ammation of endotoxemia [38].
MCP-1 is involved in the pathogeneses of several diseases
characterized by monocyte in�ltration, such as psoriasis,
rheumatoid arthritis, atherosclerosis and renal in�ammation
[37, 39]. However, the role of MCP1 in endotoxemia is not
clear due to inadequate data. Our results showed that MCP1
played a pivotal role in endotoxemic lung injury, which was
regulated negatively by ATF3. Furthermore, MCP-1 gene
transcription is mediated by the transcription factor NF-�B
[5], and there are two NF-�B binding sites on MCP-1 gene
suggesting that ATF3 most likely inhibits MCP-1 expression
by decreasing NF-�B signaling, which was substantiated by
decreasedNF-�Bp65 translocation seen in our study (Figures
5(d) and 5(e)).

HMGB1 is a ligand for TLR 4 [11], and TLR 4 signaling
is a common pathway for immune recognition of microbial
invasion. Once the activation of immune system is elicited,
activated macrophages produce HMGB1 and other in�am-
mation proteins [18] leading to more HMGB1 expression,
and as in�ammation progresses, it will lead to multiple
organs failure. �at is a vicious circle; if can be blocked,
septic mortality may be prevented. Here we have shown
that HMGB1 was secreted to the cytoplasm of alveolar cell
and serum a�er LPS treatment in mice. As soon as HMGB
1 enters blood, it would aect systemic organs. HMGB1
secretion in ATF3 KO mice was more than that of control
mice a�er LPS treatment (Figure 8(a)) and reversed to control
level a�er AAV-ATF3 transfection in KO mice. Similar
observationswere found in endotoxemic lung tissue and LPS-
treatedmacrophages, con�rming that ATF3 de�ciency would
increase HMGB1 cytosolic presentation (Figures 8 and 9(c)).
However, we don’t prove what ATF3 altered is transcription
of HMGB1 gene or nuclear-to-cytosolic translocation of
HMGB1. Certainly, it is unable to distinguish this issue up
from our study. In theory, these two cases are likely to occur.
Of course, if we can recognize whether knockout of ATF3
alters transcription of HMGB1 gene, not only enhancing
nuclear-to-cytosolic translocation, it will be better to regulate
HMGB1 in in�ammatory process. Late study indicated that
a�er direct nerve injury there was an increase in cytoplasmic
HMGB1 protein expression and a decrease in nuclearHMGB1
protein expression.However, totalHMGB1 protein content in
the dorsal root ganglia was not altered by nerve injury [40].
Whether the same situation will happen in sepsis model, we
will check that in our future studies.

In LPS-induced mouse endotoxemia model, the survival
rate was lower in atf3−/− group compared with control group
but returned to near control level a�er transfection of AAV-
ATF3 in atf3−/− mice. �e recovery of the survival rate also
is accompanied with the reversal of NO level and lung injury
(Figures 7(a)–7(d)). �e in vivo ATF3 KO results also were
collaborated by the in vitro macrophages treated with ATF3
siRNA.

Activation of the innate immune system is an essential
step in raising an antimicrobial response to pathogens;
however, during sepsis, some people die early from sepsis-
induced hyperin�ammation, an uncontrolled over activation



10 Evidence-Based Complementary and Alternative Medicine

AAV-ATF3 AAV-GFP

Actin

ATF3

0

50

100

150

AAV-ATF3

AAV-GFP

R
el

at
iv

e 
in

te
n

si
ty

 (
%

)

∗

(a)

∗

0 5 10 15 20 25

65

70

75

80

85

90

95

100

105

Su
rv

iv
al

 r
at

e 
(%

)

LPS pulse (hour)

AAV-GFP

AAV-ATF3

(b)

80

60

40

20

0

#

∗
N

it
ri

te
 (
�

M
)

LPS:

AAV-ATF3 AAV-GFP

+ +− −

(c)

LPS

LPS Solv

Solv

∗

∗

∗

∗

A
A

V
-G

F
P

A
A

V
-A

T
F

3

(d)

150

100

50

0
+ +LPS:

#

#

∗

AAV-ATF3 AAV-GFP

− −

S
er

u
m

 H
M

G
B

1 
S

ec
re

ti
o

n
 (

n
g/

m
L

)

(e)

Figure 7: Reintroduction of ATF3 by adeno-associated virus increased the survival rate, attenuated lung injury, and reduced serum nitrite
and HBGB1 concentrations in ATF3 KO mice following LPS treatment. (a) Representative Western blots of adenovirus- (AAV-) mediated

ATF3 expression in ATF3−/−mice. AAV-GFP (phosphoglycerate kinase) was used as the control vector. Data represent mean ± SEM (� = 16).
∗, � < 0.01. (b) Kaplan-Meyer survival rate of mice following treatment with LPS (50mg/kg, ip). Data represent mean ± SEM (total 21–24).
∗, � < 0.01. (c) Plasma nitrite levels were measured at 24 hrs a�er LPS (5mg/kg, ip) challenge. Data represent mean ± SEM (� = 3). ∗, #,
� < 0.01. (d) Representative sections of the lung tissues were stained with hematoxylin and eosin. In control sections (solv denotes normal
saline, without LPS challenge), normal alveoli (asterisk) and alveolar septa (arrow) with few neutrophils were observed. Scale bar, 20�m. (e)
SerumHMGB1 concentrations at 24 hrs a�er LPS challenge analyzed by ELISAs. Data represent mean ± SEM (� = 3). ∗, #, � < 0.01. Dosages
of AAV, 2 × 108 virus.
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Figure 8: ATF3 knockout enhanced LPS-induced increase in serum and cytosolic HMGB1 concentrations in mice. (a) Serum HMGB1
concentrations a�er LPS challenge (5mg/kg, ip) analyzed by ELISAs. Data represent mean ± SEM (� = 3). #, � < 0.01. (b) Representative
Western blots of cytosolic HMGB1 expression in the lung tissues. �e relative percentage of cytosolic HMGB1 protein normalized to actin,
which was served as the internal control, was shown in (c). Data represent mean ± SEM (� = 3). #, � < 0.01. (d) Immuno�uorescent
localization of cytosolic HMGB-1 induced by LPS in the lung tissues of wild type and ATF3-KO mice. Scale bar, 50 �m. (e) �e percentage
of cells expressing cytosolic HMGB1-1 was calculated from 4 �elds with a total number of 200 cells examined. Data represent mean ± SEM
(� = 4). ∗, � < 0.01.

of the innate immune system. Stimulation of macrophages by
LPS produces NO which can facilitate the release of HMGB1
[41], and our data revealed that NO was increased in ATF3-
null mice (Figure 5(b)).We can reasonably assume that ATF3
inhibitsHMGB1 by decreasingNOproduction. Furthermore,
HMGB1 signaling requires activation of NF-�B [42], and
HMGB-1 signaling helps the activation of the (NF-�B) [11].
�us, mutual activation exists between HMGB 1 and NF-�B.
In our study, regardless of in vivo or in vitro experiments,
atf3 de�ciency increased the presentation of HMGB1 and
NF-�B. However, in ATF3 KO mice, LPS-induced elevation
of HMGB1 appeared to precede that of NF-�B (Figures

5(d) and 8(a)). �ese data imply that ATF3 is required for
the protection of endotoxemia through inhibiting HMGB1
secretion and release. Nevertheless, more studies are needed
to delineate the mechanisms of the modulation HMGB1
which may allow us to have a better control of the in�am-
matory processes.

�e neutralization of in�ammatory mediators with
endotoxin-speci�c antibodies [43], tumor necrosis factor
(TNF) inhibitors [44], or interleukin receptor antagonists
[45] does not improve the overall survival of people with
sepsis. In spite of the current advances in antibiotic therapy
and intensive care, sepsis is still the most common reason
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Figure 9: ATF3 siRNA enhanced LPS-induced elevation of ATF3 and cytosolic HMGB1 expression and medium HMGB1 and nitrite
concentrations in macrophage culture. (a) RepresentativeWestern blots of ATF3 expression in RAW264.7 cells treated with LPS (200 ng/mL)
and ATF3 siRNA. �e intensity of ATF3 was normalized to that of actin, which was served as the internal standard, and the percentage of
control in the presence of LPS (200 ng/mL) was set as 100%. Data represent mean ± SEM (� = 3). ∗, � < 0.01. (b) Western blots of cytosolic
HMGB1 expression. �e intensity of cytosoloic HMGB1 was normalized to that of actin, and the relative intensity in the presence of LPS +
siATF3 was taken as 100%. Data represent mean ± SEM (� = 3). ∗,� < 0.01. (c) HMGB1 and nitrite levels in themediummeasured by ELISAs
a�er treatment of macrophages with LPS. Data represent mean ± SEM (� = 4). ∗, � < 0.01.

of death in intensive care units [46]. In this study, we
demonstrated that ATF3 is involved in most steps of innate
immune response a�er pathogen invasion; ATF3 aects
neutrophils recruitment, macrophage activation, proin�am-
matory cytokines production, and HMGB1-TLR4 circle.

ATF3 presents in the early stage (3 hrs, Figure 1) of endo-
toxemia to prevent macrophage activation and inhibit NO,
IL-6, and TNF-� release that eventually will trigger an
uncontrolled systemic in�ammatory response that may lead
to sepsis. ATF3 can block the processes of innate immune
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response induced by invading pathogens in the early stage
but also regulate the late-acting mediators of sepsis, such as
HMGB1. �erefore, suppressing LPS-induced in�ammation
with ATF3 induction will be an important target in pharma-
cologic treatment of sepsis.

5. Conclusions

ATF3 is a negative regulator of HMGB1 and other pro-
in�ammatory cytokines and chemokines. ATF3 participates
inmultiple stages of septic syndrome, including early and late
stages. Inhibition of in�ammation and blockade of HMGB1-
TLR 4 vicious circle by ATF3 during endotoxemia may
prevent patients from sepsis-mediated mortality.

Authors’ Contribution

Pei-Fang Lai and Ching-Feng Cheng contributed equally to
this work.

Conflict of Interests

�e authors declare no con�ict of interests.

Acknowledgments

�is work was supported by grants from Tzu Chi University
(TCIRP99001-03Y1, TCIRP 102001-04Y1) and NSC 98-2320-
B-320-002-MY3 from the National Science Council of Tai-
wan to Sung-Ho Chen.

References

[1] D. C. Angus, W. T. Linde-Zwirble, J. Lidicker, G. Clermont, J.
Carcillo, and M. R. Pinsky, “Epidemiology of severe sepsis in
theUnited States: analysis of incidence, outcome, and associated
costs of care,”Critical CareMedicine, vol. 29, no. 7, pp. 1303–1310,
2001.

[2] M. Bhatia and S. Moochhala, “Role of in�ammatory mediators
in the pathophysiology of acute respiratory distress syndrome,”
�e Journal of Pathology, vol. 202, no. 2, pp. 145–156, 2004.

[3] L. A. J. O’Neill, C. E. Bryant, and S. L. Doyle, “�erapeutic
targeting of Toll-like receptors for infectious and in�ammatory
diseases and cancer,” Pharmacological Reviews, vol. 61, no. 2, pp.
177–197, 2009.

[4] B. Beutler and E. T. Rietschel, “Innate immune sensing and its
roots: the story of endotoxin,”Nature Reviews Immunology, vol.
3, no. 2, pp. 169–176, 2003.

[5] B. H. Rovin, J. A. Dickerson, L. C. Tan, and C. A. Hebert, “Acti-
vation of nuclear factor-�B correlates withMCP-1 expression by
human mesangial cells,” Kidney International, vol. 48, no. 4, pp.
1263–1271, 1995.

[6] M. Gilchrist, V. �orsson, B. Li et al., “Systems biology
approaches identify ATF3 as a negative regulator of Toll-like
receptor 4,” Nature, vol. 441, no. 7090, pp. 173–178, 2006.

[7] M. M. Whitmore, A. Iparraguirre, L. Kubelka, W. Weninger,
T. Hai, and B. R. G. Williams, “Negative regulation of TLR-
signaling pathways by activating transcription factor-3,” �e
Journal of Immunology, vol. 179, no. 6, pp. 3622–3630, 2007.

[8] G. Liang, C. D.Wolfgang, B. P. C. Chen, T. H. Chen, and T. Hai,
“ATF3 gene. Genomic organization, promoter, and regulation,”
�e Journal of Biological Chemistry, vol. 271, no. 3, pp. 1695–1701,
1996.

[9] W. Hoetzenecker, B. Echtenacher, E. Guenova et al., “ROS-
inducedATF3 causes susceptibility to secondary infections dur-
ing sepsis-associated immunosuppression,” Nature Medicine,
vol. 18, no. 1, pp. 128–134, 2012.

[10] H. E. Harris and A. Raucci, “Alarmin(g) news about danger:
workshop on innate danger signals and HMGB1,” EMBO
Reports, vol. 7, no. 8, pp. 774–778, 2006.

[11] J. R. Klune, R. Dhupar, J. Cardinal, T. R. Billiar, and A. Tsung,
“HMGB1: endogenous danger signaling,” Molecular Medicine,
vol. 14, no. 7-8, pp. 476–484, 2008.

[12] P. Sca�di, T. Misteli, and M. E. Bianchi, “Release of chro-
matin protein HMGB1 by necrotic cells triggers in�ammation,”
Nature, vol. 418, no. 6894, pp. 191–195, 2002.

[13] U. Andersson and K. J. Tracey, “HMGB1 is a therapeutic
target for sterile in�ammation and infection,” Annual Review of
Immunology, vol. 29, pp. 139–162, 2011.

[14] E. Abraham, J. Arcaroli, A. Carmody, H. Wang, and K. J.
Tracey, “Cutting edge: HMG-1 as a mediator of acute lung
in�ammation,” �e Journal of Immunology, vol. 165, no. 6, pp.
2950–2954, 2000.

[15] H.Wang, O. Bloom,M. Zhang et al., “HMG-1 as a late mediator
of endotoxin lethality in mice,” Science, vol. 285, no. 5425, pp.
248–251, 1999.

[16] J. S. Bae and A. R. Rezaie, “Activated protein C inhibits high
mobility group box 1 signaling in endothelial cells,” Blood, vol.
118, no. 14, pp. 3952–3959, 2011.

[17] H. Yang, H. S. Hreggvidsdottir, K. Palmblad et al., “A critical
cysteine is required for HMGB1 binding to Toll-like receptor 4
and activation of macrophage cytokine release,” Proceedings of
the National Academy of Sciences of the United States of America,
vol. 107, no. 26, pp. 11942–11947, 2010.

[18] M. T. Lotze and K. J. Tracey, “High-mobility group box 1 protein
(HMGB1): nuclear weapon in the immune arsenal,” Nature
Reviews Immunology, vol. 5, no. 4, pp. 331–342, 2005.

[19] Y. F. Lan, H. H. Chen, P. F. Lai et al., “MicroRNA-494 reduces
ATF3 expression and promotes AKI,” Journal of the American
Society of Nephrology, vol. 23, no. 12, pp. 2012–2023, 2012.

[20] S. Zheng,W. Y. Zhang, L.W. Zhu, K. Lin, andB. Sun, “Surfactant
and inhaled nitric oxide in rats alleviate acute lung injury
induced by intestinal ischemia and reperfusion,” Journal of
Pediatric Surgery, vol. 36, no. 7, pp. 980–984, 2001.

[21] C. Yi, Y. Cao, S. H. Mao et al., “Recombinant human growth
hormone improves survival and protects against acute lung
injury in murine Staphylococcus aureus sepsis,” In�ammation
Research, vol. 58, no. 12, pp. 855–862, 2009.

[22] D. R. Prows, A. P. Hafertepen, W. J. Gibbons Jr., A. V. Winter-
berg, and T. G. Nick, “A genetic mouse model to investigate
hyperoxic acute lung injury survival,” Physiological Genomics,
vol. 30, no. 3, pp. 262–270, 2007.

[23] H. F. Li, C. F. Cheng, W. J. Liao, H. Lin, and R. B. Yang, “ATF3-
mediated epigenetic regulation protects against acute kidney
injury,” Journal of the American Society of Nephrology, vol. 21,
no. 6, pp. 1003–1013, 2010.

[24] S. J. Jeong, B. J. Lim, S. Park et al., “�e eect of sRAGE-Fc
fusion protein attenuates in�ammation and decreases mortality
in a murine cecal ligation and puncture model,” In�ammation
Research, vol. 61, no. 11, pp. 1211–1218, 2012.



14 Evidence-Based Complementary and Alternative Medicine

[25] A. R. Anand, R. Bradley, and R. K. Ganju, “LPS-induced
MCP-1 expression in human microvascular endothelial cells is
mediated by the tyrosine kinase, Pyk2 via the p38 MAPK/NF-
�B-dependent pathway,” Molecular Immunology, vol. 46, no. 5,
pp. 962–968, 2009.

[26] D. Schneider, J. Y. Hong, E. R. Bowman et al., “Macrophage/ep-
ithelial cell CCL2 contributes to rhinovirus-induced hyperre-
sponsiveness and in�ammation in a mouse model of allergic
airways disease,” American Journal of Physiology, vol. 304, no.
3, pp. L162–L169, 2013.

[27] C. Viedt, R. Dechend, J. Fei, G. M. Hänsch, J. Kreuzer, and S.
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