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Background: Silicosis is a systemic disease caused by inhaling silicon dioxide (SiO2); early stages are characterized
by alveolar inflammation, and later stages are characterized by progressive lung fibrosis. Mounting evidence in-
dicates that high-mobility group box 1 (HMGB1) is involved in pulmonary fibrosis. Whether neogambogic acid
(NGA) inhibits macrophage and fibroblast activation induced by SiO2 by targeting HMGB1 remains unclear.
Methods and results: Experiments using cultured mouse macrophages (RAW264.7 cells) demonstrated that SiO2

treatment induces the expression of HMGB1 in a time- and dose-dependent manner via mitogen-activated pro-
tein kinases (MAPKs) and the phosphatidylinositol 3-kinase (PI3K)/Akt pathway; in turn, this expression causes
macrophage apoptosis and fibroblast activation. Pretreating macrophages with NGA inhibited the HMGB1 ex-
pression induced by SiO2 and attenuated both macrophage apoptosis and fibroblast activation. Moreover, NGA
directly inhibited MCP-1-induced protein 1 (MCPIP1) expression, as well as markers of fibroblast activation
andmigration induced by SiO2. Furthermore, the effects of NGA onmacrophages and fibroblasts were confirmed
in vivo by exposing mice to SiO2.
Conclusion:NGA can prevent SiO2-inducedmacrophage activation and apoptosis via HMGB1 inhibition and SiO2-
induced fibrosis via the MCPIP1 pathway. Targeting HMGB1 and MCPIP1 with NGA could provide insights into
the potential development of a therapeutic approach for alleviating the inflammation and fibrosis induced by
SiO2.

© 2016 Published by Elsevier Inc.
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1. Introduction

Silicosis is caused by the inhalation of silicon dioxide (SiO2) and is
one of the most serious occupational diseases worldwide. The patho-
genic characteristics of silicosis include chronic inflammation and late
pulmonary fibrosis (Leung et al., 2012). Mounting evidence suggests
that alveolar macrophages (AMs) and pulmonary fibroblasts (PFBs)
play critical roles in silicosis (Liu et al., 2016; Liu et al., 2015; Wang
et al., 2015). After being exposed to SiO2, AMs become activated and re-
lease inflammatory mediators, such as reactive oxygen species, reactive
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210009, China.
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), yaohh@seu.edu.cn (H. Yao),
nitrogen, chemokines, cytokines and growth factors (Fujimura, 2000;
Mossman andChurg, 1998). ActivatedAMs cannot clear silica but are in-
stead induced to undergo apoptosis, which is a mechanism underlying
the development of silicosis (Borges et al., 2001; Gu et al., 2013; Lim
et al., 1999).

High-mobility group box 1 protein (HMGB1), a nuclear protein
expressed during inflammation, cell differentiation and cell migration,
is involved in the pathologic mechanism of pulmonary fibrosis-related
diseases, such as asthma, chronic obstructive pulmonary disease
(COPD) (Ferhani et al., 2010), cystic fibrosis airway disease (Rowe
et al., 2008), and idiopathic pulmonary fibrosis (Hamada et al., 2008).
Mounting evidence suggests that the effect of HMGB1 mainly occurs
via advanced glycation end-product receptors and toll-like receptors
(Liu et al., 2011; Tang et al., 2008; Tang et al., 2005). During inflamma-
tion, HMGB1 is released into the extracellular space as a cytokine, which
stimulates the release of proinflammatory cytokines, such as tumor ne-
crosis factor, interleukin (IL)-1α, IL-6, and IL-8, from monocytes
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(Andersson et al., 2000), macrophages (Kokkola et al., 2005) and neu-
trophils (Park et al., 2003). In addition, HMGB1 stimulates endothelial
cells to upregulate adhesion molecules (Fiuza et al., 2003) and causes
dendritic cell maturation (Messmer et al., 2004). Downstream signaling
mediated byHMGB1 interactionwith these receptors includesmitogen-
activated protein kinases (MAPKs) and nuclear factor kappa B (NF-κB),
thereby facilitating cellular responses, including cell migration and the
release of proinflammatory cytokines (Yang et al., 2012). Lee et al.
(2015) demonstrated that HMGB1 induced human lung myofibroblast
differentiation and enhanced migration by the activation of matrix me-
talloproteinase (MMP)-9. However, whether HMGB1 is involved in the
fibrosis induced by SiO2 remains unclear.

Gambogic acid (GA) is a traditional medicine derived from Garcinia
hanburyi. Various recent studies have reported that GA is a potent anti-
cancer agent with multiple cellular targets in vivo and in vitro (Ishaq
et al., 2014; Yu et al., 2012), as well as anti-inflammatory activities
against endotoxic shock (Geng et al., 2013). GA has been approved for
clinical trials by the Chinese Food and Drug Administration (Yang and
Chen, 2013); it was entered into phase I testing in 2004 and is now
being tested in phase II clinical trials (Pandey et al., 2007; Wang et al.,
2009). However, the side effect of bleeding and the brief half-life period
observed in clinical experiments have limited its application in patients.
As reported in recent literature, neogambogic acid (NGA) is a GA isomer
including an additional hydroxyl group (Lu et al., 1984). Chen reported
the enhancement of radiotherapy in breast cancer cells through the use
of cerium oxide (CeO2) nanoparticles modified with NGA (Chen et al.,
2015). However, few studies reported in the literature have investigated
the effects of NGA in silicosis or the relevant mechanisms.

In this study, we hypothesized that NGA prevents SiO2-induced AM
activation and apoptosis via HMGB1, which, in turn, contributes to PFB
proliferation and migration. We demonstrate that NGA targeting
HMGB1 and MCP-1-induced protein 1 (MCPIP1) alleviates the inflam-
mation and fibrosis induced by SiO2.

2. Methods and materials

2.1. Animals

Male C57 mice between 4 and 8 weeks of age were obtained from
Nanjing Medical University Laboratories (Nanjing, China). All animals
were housed (4 per cage) in a temperature-controlled room (25 °C,
50% relative humidity) on a 12-h light/dark cycle. All animal procedures
were performed in strict accordance with the ARRIVE guidelines, and
the animal protocols were approved by the Institutional Animal Care
and Use Committee of Southeast University.

2.2. Reagents

SiO2 was obtained from Sigma® (S5631, 1–5 μm), selected by sedi-
mentation according to Stokes' law, acid hydrolyzed, and baked over-
night (200 °C, 16 h) to inactivate endotoxin contamination. The SiO2

dosage (50 μg/cm2) used in this study was based on the previous
dose-response experiments and studies of other laboratories (Brown
et al., 2007; Fazzi et al., 2014; Hao et al., 2013; Liu et al., 2015). Fetal bo-
vine serum (FBS), normal goat serum (NGS), Dulbecco's modified
Eagle's medium (DMEM; #1200-046), and 10× MEM (11430-030)
were purchased from Life Technologies™. Amphotericin B (BP2645)
and GlutaMax™ Supplement (35050-061) were obtained from
Gibco®, and Pen-Strep (15140-122) was obtained from Fisher Scientif-
ic. PureCol® type I bovine collagen (3 mg/ml) was obtained from Ad-
vanced BioMatrix. Antibodies against HMGB1 (ab18256) and p65
(ab16502) were obtained from Abcam®, Inc. Antibodies against p53
(SC6243), PUMA (SC374223), MCPIP1 (SC136750), F4/80 (SC26642)
and β-actin (SC8432) were obtained from Santa Cruz Biotechnology®,
Inc. Bax (2772S), Bcl-xL (2764S), Akt (9272S), p-Akt (9271S), ERK
(9107S), p-ERK (9101S), JNK (9258S), p-JNK (9251S), p38 (9212S), p-
p38 (9211S), caspase-3 (9662S), cleaved caspase-3 (9661S), histone
(9715S), p-p65 (3033S), and α-SMA (14968S) were obtained from
Cell Signaling®, Inc. The collagen I (BS1530) and collagen III (BS1531)
antibodies were obtained from BioWorld®.
2.3. Cell culture

RAW264.7 and L929 cells were purchased from ScienCell and cul-
tured according to the standard protocols; the cells were maintained
in T75 flasks in DMEM containing 10% FBS. Cells were stored at passages
3–7 (P3–7) in liquid nitrogen.When the cells reached between P10 and
P15, a new vial of P3–7 cells was thawed, seeded, and passaged upon
confluence for use in each experiment.
2.4. Lentiviral transduction of L929 cells with green fluorescent protein

L929 cells were transduced with LV-RFP lentivirus (Hanbio, Inc.,
Shanghai, CN), as previously described (Chao et al., 2014). In brief, P3–
4 L929 cells were cultured in a 24-well plate (1 × 104 cells/well) in
DMEM containing 10% FBS for 48 h. The medium was replaced with
1ml of freshmedium containing 8 μg/ml polybrene. Then, 100 μl of len-
tivirus solution (107 IU/ml) was added to each well, and the cells were
then incubated at 37 °C and 5% CO2 for 24 h. After this incubation, the
treatment medium was replaced with fresh DMEM containing 10%
FBS, and the cells were cultured at 37 °C and 5% CO2 until the cells
reached N50% confluence. The transduced cells were selected using pu-
romycin in the following manner. In brief, the medium was replaced
with DMEM containing 10 μg/ml puromycin and 10% FBS, and the
cells were cultured at 37 °C and 5% CO2 for 24 h. Then, the cells were
washed twice with fresh DMEM containing 10% FBS. Pure transduced
L929 cultures were expanded and/or stored in liquid nitrogen as previ-
ously described (Carlson et al., 2004).
2.5. MTT assay

Cell viability was measured via the 3-(4,5-dimethylthiazol-2-yl)-
2,5-diphenyl tetrazolium bromide (MTT) method. In brief, the cells
were collected and seeded in 96-well plates. Different seeding densities
were employed at the beginning of the experiments. Following incuba-
tion for different periods of time (3–24 h), 20 μl of MTT dissolved in
Hank's balanced salt solution was added to each well at a final concen-
tration of 5 μg/ml, and the plates were incubated in 5% CO2 for 1–4 h. Fi-
nally, themediumwas aspirated from each well, and 200 μl of dimethyl
sulfoxide was added to dissolve the formazan crystals. Then, the absor-
bance of each well was obtained using a plate reader at the reference
wavelength of 570 nm. Each experiment was repeated at least three
times.
2.6. In vitro scratch assay

Cell migration ability was evaluated using an in vitro scratch assay.
In brief, 1 × 105 L929 cells were seeded in 24-well tissue culture plates
and cultured in growth medium for 24 h, at which point the L929 cells
were approximately 70–80% confluent. Using a sterile 200-μl pipette
tip, a straight line was carefully scratched in the monolayer across the
center of thewell in a single directionwhilemaintaining the tip perpen-
dicular to the plate bottom. Similarly, a second straight line was
scratched perpendicular to thefirst line to create a cross-shaped cellular
gap in eachwell. Eachwell waswashed twice with 1ml of fresh growth
medium to remove any detached cells. Digital images of the cell gap
were captured at different time points, and the gapwidthwas quantita-
tively evaluated using ImageJ software.
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2.7. Immunoblotting

Immunoblotting was utilized as previously described (Carlson et al.,
2004), with minor modifications. Cells were collected from the culture
dishes, washed with phosphate-buffered saline (PBS) and lysed using
a mammalian cell lysis kit (MCL1-1KT, Sigma-Aldrich®) according to
the manufacturer's instructions. The Western blot membranes were
probed with primary antibodies. Alkaline phosphatase-conjugated
goat anti-mouse or anti-rabbit IgG secondary antibodies were
used (1:5000). The signals were detected using chemiluminescence
(SuperSignal West Dura Chemiluminescent Substrate, Thermo Scientif-
ic). EachWestern blot analysis was repeated 5 times. A single represen-
tative immunoblot is shown in each figure. Densitometry was
performed using ImageJ software, and the results from all of the repeat-
ed experiments were combined into one plot.

2.8. Immunocytochemistry

Cells were fixed in 4% paraformaldehyde in PBS at 4 °C overnight.
Then, thefixed sampleswere permeabilized for 30min at room temper-
ature (RT) with 0.3% Triton X-100 in PBS. The permeabilized samples
were blocked with PBS containing 10% NGS (Life Technologies) and
0.3% Triton X-100 at RT for 2 h. The blocked samples were incubated
in primary antibodies in PBS containing 10% NGS and 0.3% Triton X-
100 at 4 °C overnight. Then, the samples were washed three times
with PBS and incubated in donkey anti-rabbit (conjugated to Alexa-
Fluor® 488) and donkey anti-mouse (conjugated to Alexa-Fluor®
576) secondary antibodies at RT for 2 h. After the samples were washed
three times in PBS, they were mounted using mounting solution (Pro-
long® Gold antifade reagent with DAPI; P36931, Life Technologies).
The slides were examined under an EVOS FL fluorescence microscope.

2.9. Assessment of apoptosis by flow cytometry

The RAW246.7 cells were seeded in six-well plates at a density
of 1 × 105 cells/well. The cells were treated for 24 h with PBS,
SiO2 (50 μg/cm2), or NGA (0.2 μg/ml) or were pretreated with NGA
(0.2 μg/ml) for 24 h followed by SiO2 (50 μg/cm2) for an additional
24 h. Thereafter, the cells were collected, washed twice with PBS
(0.01 M, pH 7.4), and suspended in 0.5 ml of binding buffer containing
5 μl of Annexin V-FITC, and 5 μl of propidium iodide; then, the cells
were incubated at 37 °C for 15 min in the dark. Labeled cells were de-
tected using a FACSCalibur flow cytometer (Becton-Dickinson, Franklin
Lakes, NJ, USA) at excitation and emission wavelengths of 488 nm and
575 nm, respectively.

2.10. Mouse model of silicosis

Micewere anesthetized using an intraperitoneal injection of 1% pen-
tobarbital sodium at 45 mg/kg body weight. The trachea was exposed
using a midline incision. SiO2 (5 mg/ml in normal saline, 0.1 ml per
mouse) was intratracheally instilled into the lungs (Ohtsuka et al.,
2006). The mice were returned to their cages and monitored until mo-
bility returned.

2.11. RNA interference of HMGB1 using siRNA

RNA interference targeting HMGB1 was performed in cells as
previously described (Carlson et al., 2007), with some modifications.
The RNA interference protocol for a single well of a 24-well plate was
as follows. In brief, 49 μl of serum-free DMEM was combined with 1 μl
of transfection reagent, and 1 μl of siRNA stock was added to 49 μl of
serum-free DMEM. Then, both solutions were incubated at RT for
15 min. The transfection reagent and siRNA solutions were mixed
together, and the resulting solution was incubated at RT for an
additional 15 min. Cells were seeded at a concentration of
5.0 × 105 cells/100 μl/well in serum-free DMEM. The siRNA-vehicle so-
lution was added to the plated cells. The transfected cells were cultured
in serum-free DMEM for 24 h; then, the medium was replaced with
DMEM containing 10% FBS for 48 h prior to conducting further experi-
ments. siRNA knockdown efficiency was determined at 2 days after
transfection via Western blot analysis.

2.12. Statistics

The data are presented as the mean ± SEM. Significance was
established using a t-test for paired values. Intergroup comparisons
were made with a one-way ANOVA with the Bonferroni correction for
multiple comparisons, and statistical significance was set at p b 0.05.

3. Results

3.1. Effects of SiO2 on HMGB1 expression in RAW264.7 cells

Mounting evidence suggests that HMGB1 plays an important role in
inflammation, cell differentiation and cellmigration in pulmonary fibro-
sis-related diseases, such as asthma and COPD. Thus, we investigated
whether SiO2 also induces HMGB1 in RAW264.7 cells. As shown in
Fig. 1A–B, SiO2 induced a rapid and sustained increase of HMGB1 in
RAW264.7 cells. This result was confirmed by immunocytochemical
staining (Fig. 1C). The functional relevance of HMGB1 induced by SiO2

was evaluated by measuring cell viability. As shown in Fig. 1D, SiO2 in-
duced a significant decrease in cell viability, which was abrogated by
HMGB1 siRNA. To further understand the mechanism of HMGB1 influ-
ence on cell fate, the expression of apoptosis- and proliferation-related
proteins caspase-3, Bcl-xL and Baxweremeasured. As expected, SiO2 in-
duced a significant increase in the cleaved caspase-3, as well as a de-
crease in Bcl-xL/Bax expression (Fig. 1E–G), while HMGB1 siRNA
attenuated the changes induced by SiO2 (Fig. 1H–J).

3.2. HMGB1 is involved in SiO2-induced fibroblast activation

To understand the functional relevance of the changes in RAW264.7
cell HMGB1 expression on fibroblasts, the conditioned medium from
SiO2-treated RAW264.7 cells was assessed and applied to L929 cell cul-
tures. As shown in Fig. 2A, theHMGB1 level in the culture supernatant of
SiO2-treated RAW264.7 cells was significantly increased. HMGB1 siRNA
significantly decreased the release of HMGB1 from RAW264.7 cells
(Fig. 2A). Increasing evidence suggests that fibroblastmigration is a crit-
ical aspect of pulmonary fibrosis. Therefore, we explored the roles of
HMGB1 in SiO2-mediated cell migration. As shown in Fig. 2B–C, condi-
tionedmedium from SiO2-treated (24 h) RAW264.7 cell cultures signif-
icantly increased L929 cell migration in scratch assays. However,
conditioned medium from HMGB1 siRNA-treated RAW264.7 cells
inhibited the increase in cell migration (Fig. 2B–C). Furthermore, be-
cause fibrosis is associated with the overproduction of profibrogenic
proteins, such as α–SMA and collagen types I and III, the effects of the
conditioned medium on the expression of those proteins in L929 cells
were measured. As shown in Fig. 2D–G, conditioned medium from
SiO2-treated RAW264.7 cells induced a significant increase after 24 h
in the expression of α–SMA and collagen types I and III, as well as
MCPIP1, which has been shown to play an important role in SiO2-in-
duced fibrosis. Moreover, conditioned medium from HMGB1 siRNA-
treated RAW264.7 cells decreased the expression of those proteins.
These results indicate that RAW264.7 cell-derived HMGB1 induced by
SiO2 is involved in fibroblast activation and migration ability.

3.3. MAPK and Akt phosphorylation in SiO2-induced HMGB1 expression in
RAW264.7 cells

To further understand the molecular mechanism underlying SiO2-
induced HMGB1 expression, we investigated the potential association



Fig. 1. SiO2 induced apoptosis via HMGB1 in RAW264.7 cells. (A) Representative Western blot showing the effects of SiO2 on the expression of the HMGB1 in RAW264.7 cells. (B)
Densitometric analyses from five separate experiments suggesting that SiO2 induced HMGB1 expression in a time-dependent manner; *p b 0.05 vs. the 0-hour group. (C)
Representative immunocytochemical images showing that SiO2 increased the expression of HMGB1 in RAW264.7 cells. Scale bar = 20 μm. (D) MTT assay results showing that HMGB1
siRNA abrogated the decrease in cell viability induced by SiO2; *p b 0.05 vs. the control group; #p b 0.05 vs. the SiO2 group. The inset shows the siRNA efficiency. (E) Representative
Western blot showing the effects of SiO2 on the expression of the apoptosis-related proteins caspase-3, Bcl-xL and Bax in RAW264.7 cells. Densitometric analyses from five separate
experiments suggesting that SiO2 induced an increased ratio of cleaved caspase-3 to caspase-3 (F) and decreased expression of Bcl-xL/Bax (G) in a time-dependent manner; *p b 0.05
vs. the 0-hour group. (H) Representative Western blot showing that HMGB1 siRNA mitigated the effects on caspase-3 cleavage and Bcl-xL/Bax expression induced by SiO2 in
RAW264.7 cells. Densitometric analyses from five separate experiments showing the effect of HMGB1 siRNA on the ratio of cleaved caspase-3 to caspase-3 (I) and Bcl-xL/Bax (J);
*p b 0.05 vs. the control group; #p b 0.05 vs. the SiO2 group.
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Fig. 2. SiO2-induced HMGB1 expression in RAW264.7 cells was involved in L929 activation. (A) ELISA assay results showing that HMGB1 siRNA abrogated the release of HMGB1 from
RAW264.7 cells; *p b 0.05 vs. the control group; #p b 0.05 vs. the SiO2 group. (B) Representative images showing the effects of conditioned RAW264.7 media on the migration of GFP-
labeled L929 cells. Scale bar = 80 μm. (C) Quantification of the scratch gap distance from six separate experiments; *p b 0.05 vs. the control group; #p b 0.05 vs. the SiO2 group. (D)
Representative Western blot showing that HMGB1 siRNA in RAW264.7 cells mitigated the expression of MCPIP1, α-SMA, and collagen types I and III induced by conditioned media in
L929 cells. Densitometric analyses from five separate experiments showing the effect of HMGB1 siRNA on the expression of MCPIP1 (E), α-SMA (F) and collagen types I and III (G);
*p b 0.05 vs. the control group; #p b 0.05 vs. the SiO2 group.
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Fig. 3. SiO2 induced HMGB1 expression via the MAPK, PI3K/Akt and p-65 pathways in RAW264.7 cells. Representative Western blot showing that SiO2 induced the rapid and transient
phosphorylation of ERK (A), p38 (C), JNK (E) and Akt (G) in RAW264.7 cells. Densitometric analyses of p-ERK (B), p-p38 (D), p-JNK (F) and p-Akt (H) expression from five separate
experiments; *p b 0.05 vs. the 0-min group. (I) Representative Western blot showing that SiO2-induced HMGB1 expression was attenuated by pretreating RAW264.7 cells with MAPK
or PI3K/Akt inhibitors. (J) Densitometric analyses of HMGB1 expression from five separate experiments; *p b 0.05 vs. the control group; #p b 0.05 vs. the SiO2 group. (K)
Representative Western blot showing that SiO2 induced the rapid and transient phosphorylation of p65 in the nuclear fraction of RAW264.7 cells. (L) Densitometric analyses of p-p65
in the nuclear fraction from five separate experiments; *p b 0.05 vs. the 0-min group. (M) Representative Western blot showing that SiO2-induced HMGB1 expression was attenuated
by pretreating RAW264.7 cells with SC514. (N) Densitometric analyses of HMGB1 from five separate experiments; *p b 0.05 vs. the control group; #p b 0.05 vs. the SiO2 group.
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between kinase activation and HMGB1 expression. Thus, we measured
MAPK and PI3K/Akt phosphorylation within 3 h of exposure to SiO2 in
RAW264.7 cells. As shown in Fig. 3A–B, ERK was phosphorylated after
5min of exposure to SiO2 and peaked at approximately 30–60min; sub-
sequently, ERK phosphorylation tapered off. Within 5 min of exposure
to SiO2, p38 phosphorylation increased and then diminished by
60min after exposure (Fig. 3C–D). JNK also exhibited a rapid activation
from 15 to 180 min after exposure to SiO2 (Fig. 3E–F). Intriguingly, Akt
displayed rapid (5 min) and transient phosphorylation after exposure
to SiO2. Subsequently, the level of p-Akt was significantly lower than it
was at 0 min (Fig. 3G–H).

After confirming that MAPK and Akt activity was enhanced after
SiO2 exposure, the effects of the pharmacological inhibition of these ki-
naseswere examined in RAW264.7 cells (Fig. 3I–J). The purpose of these
experiments was to determinewhether the kinase pathways of interest
(i.e., JNK, ERK, p38, and PI3K/Akt) regulate HMGB1 expression in
RAW264.7 cells exposed to SiO2. Tomaximize the probability of detect-
ing the effects of kinase inhibition, a 24-hour time point after SiO2 expo-
sure was selected because this time point corresponded with a
relatively large increase in RAW264.7 cell HMGB1 expression after
SiO2 exposure (Fig. 3A–F). Pretreating the RAW264.7 cells with the
commercially available small molecules LY-294002 (20 nmol/l, Akt in-
hibitor) or U0126 (20 nmol/l, MEK inhibitor) for 1 h strongly inhibited
the SiO2-induced upregulation of HMGB1 expression (Fig. 3I-J). Howev-
er, 1-hour SP600125 (20 nmol/l, JNK inhibitor) or SB203580 (20 nmol/l,
p38 inhibitor) pretreatments only partially inhibited the SiO2-induced
upregulation of HMGB1 expression (Fig. 3I–J). These results indicate
that the SiO2-induced expression of HMGB1 is primarily mediated by
the MAPK and PI3K/Akt pathways in RAW264.7 cells.

Because NF-κB activation can occur secondary to MAPK activation,
we investigated whether SiO2-induced HMGB1 expression occurred as
a consequence of MAPK-mediated NF-κB activation in RAW264.7 cells.
As shown in Fig. 3K–L, at 30 min after SiO2 treatment, there was an in-
crease in the level of the phosphorylated p65 (p-p65) subunit of NF-
κB in the nuclear fraction of the RAW264.7 cells. To determine whether
NF-κB activation after SiO2 treatment regulated HMGB1 induction,
RAW264.7 cells were pretreated for 1 h with SC514, a pharmacological
inhibitor of NF-κB activation. Compared with that of cells in the SiO2

treatment group, the HMGB1 induction in RAW264.7 cells pretreated
with SC514 was significantly inhibited. Thus, the results suggested
that the molecular mechanism of RAW264.7 cell activation induced by
SiO2 involved a pathway with the sequential upregulation of MAPK,
NF-κB, and HMGB1.

3.4. NGA rescues SiO2-induced RAW264.7 cell apoptosis

Because GA has been shown to exert effects against endotoxic shock,
we investigated whether NGA (Fig. 4A) could rescue RAW264.7 cells
Fig. 4.Dose response of NGA on RAW264.7 cell viability. (A) Structure of NGA. (B)MTT assay su
viability induced by SiO2 after 24 h in a dose-dependent manner; (n = 5) *p b 0.05 vs. the con
from SiO2-induced apoptosis. As shown in Fig. 4B, 0.05–0.4 μg/ml NGA
recovered the decreased cell viability induced by SiO2 in a dose-depen-
dent manner. Based on this dosage experiment, we used 0.2 μg/ml in all
of the subsequent in vitro experiments. SiO2-induced cell apoptosis was
significantly inhibited by the NGA pretreatment, which was confirmed
via flow cytometry (Fig. 5A–B). Furthermore, NGA also mitigated the
changes in caspase-3 and Bcl-xL/Bax induced by SiO2 (Fig. 5C–E).

3.5. NGA prevents SiO2-induced HMGB1 expression in RAW264.7 cells and
mice with silicosis

We previously determined the important role of HMGB1 in
RAW264.7 cell apoptosis induced by SiO2; therefore, we next tested
the effect of NGA on HMGB1 expression in RAW264.7 cells. As shown
in Fig. 6A–B, pretreating RAW264.7 cells with NGA for 24 h prevented
increased HMGB1 expression induced by SiO2. To further understand
the effects of NGA in silicosis, a mouse silicosis model was established.
The mice were treated with NGA (0.4 μmol/l, intraperitoneally (I.P.),
0.1 ml/mouse, 2 times/week) for 2 weeks. After that, the mice were
intratracheally instilled with SiO2 (5 mg/ml in normal saline, 0.1 ml
per mouse) and sacrificed after 7 days. Immunohistochemistry experi-
ments suggested the co-localization of HMGB1 and macrophages as in-
dicated by themacrophage-specific marker F4/80 (Fig. 6C). Because the
MAPK and PI3K/Akt pathways were found to be involved in SiO2-in-
duced HMGB1 expression, we then investigated the effect of NGA on
the phosphorylation of ERK, p38, JNK and Akt. As shown in Fig. S1A–B,
pretreating RAW264.7 cells with NGA for 24 h significantly inhibited
the phosphorylation of ERK, p38, JNK and Akt induced by SiO2. Further-
more, the pretreatment of RAW264.7 cells with NGA also decreased the
level of p-p65 subunit of NF-κB induced by SiO2 in thenuclear fraction of
the RAW264.7 cells (Fig. S2A–B).

3.6. NGA directly prevents fibroblast activation and migration

Recent studies have suggested that the direct effects of SiO2 on fibro-
blasts contribute to the progression of silicosis; thus, we next examined
the direct effects of NGA on functional changes induced by 24 h of treat-
mentwith SiO2 treatment in L929 cells.We first measured the effects of
NGA on the induction of MCPIP1, which has been shown to play an im-
portant role in fibroblast activation. As shown in Fig. 7A–B, the 24-hour
pretreatment with NGA significantly inhibited the induction of MCPIP1
by SiO2 in L929 cells. Moreover, the SiO2-induced expression of α-SMA
and collagen types I and III was inhibited by the 24-hour pretreatment
with NGA (Fig. 7C–F). Fibroblast migration induced by SiO2 was also
inhibited by the NGA pretreatment (Fig. 7G–H). The effects of NGA on
MCPIP1 expression in lung fibroblasts were evaluated using a mouse
silicosis model. As shown in Fig. 7I, the NGA pretreatment inhibited
the induction of MCPIP1 by SiO2 in mouse lung fibroblasts.
ggested that pretreating the RAW264.7 cells with NGA for 24 h rescued the decreased cell
trol group; #p b 0.05 vs. the SiO2 group.



Fig. 5. NGA inhibited the RAW264.7 cell apoptosis induced by SiO2. (A) Flow cytometric results showing that NGA prevented the apoptosis of RAW264.7 cells induced by SiO2. (B)
Quantification of the percentage of apoptotic cells from six separate experiments; *p b 0.05 vs. the control group; #p b 0.05 vs. the SiO2 group. (C) Representative Western blot
showing the effect of NGA pretreatment on caspase-3, Bcl-xL and Bax expression induced by SiO2 in RAW264.7 cells. Densitometric analyses from five separate experiments showing
that NGA pretreatment attenuated the increase in the ratio of cleaved caspase-3 to caspase-3 (D) and the decrease of Bcl-xL/Bax expression (E); *p b 0.05 vs. the control group;
#p b 0.05 vs. the SiO2 group.
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4. Discussion

Silicosis is an occupational disease caused by the inhalation of silica,
and it is characterized by pulmonary inflammation and fibrosis (Moore
et al., 2003; Rao et al., 2004). AMs are the most prevalent cells resident
in the lung and form the most important barrier in pulmonary innate
immunity (Hamilton et al., 2008; Huaux, 2007; Leung et al., 2012;
Thakur et al., 2009). It has become clear that persistent exposure to silica
mediates SiO2-induced responses, including the activation and apopto-
sis of AMs (Bhandary et al., 2015; Delgado et al., 2006; Lim et al., 1999;
Pfau et al., 2004). AMapoptosis is amechanism underlying the develop-
ment of silicosis (Borges et al., 2001; Gu et al., 2013; Lim et al., 1999).
However, fibroblast-derived cytokines and chemokines are also in-
volved in the pathogenesis of silicosis (Kim et al., 2002; Liu et al.,
2016; Liu et al., 2015; Moore et al., 2003; Rao et al., 2005; Rao et al.,
2004). Many efforts have been made to prevent macrophage activation
andfibrosis in silicosis. However, no effective therapies or drugs are cur-
rently available to prevent or minimize the progression of silicosis
(Zhao et al., 2013). In the current study, we focused on the effects of
NGA, a modified traditional medicine derived from Garcinia hanburyi,
on AM and PFB activation induced by SiO2.

The data presented here demonstrated that SiO2 exposure increased
HMGB1 expression in both in vitro and in vivo silicosis models.
Mounting evidence suggests that HMGB1 is involved in pulmonary fi-
brosis occurring in different diseases (Ferhani et al., 2010; Hamada et
al., 2008; Rowe et al., 2008). Here, we depict the role of HMGB1 in sili-
cosis, an important pulmonary disease, in which SiO2 activated the
MAPK/ERK pathway and the NF-κB transcription factor, leading to
HMGB1 expression. Moreover, upregulated HMGB1 induced AM
apoptosis via caspases and Bcl-xL/Bax, as well as PFB activation via
MCPIP1, which included PFB migration and overproduction of ECM
components. These results demonstrated the critical role of HMGB1 in
SiO2-induced pulmonary fibrosis, which indicates that HMGB1 is a
promising therapeutic target for silicosis.

Increasing evidence has indicated that HMGB1 plays an important
role in the regulation of cell fate. For instance, HMGB1 increased the
proliferation and migration of smooth muscle cells, promoting pulmo-
nary artery remodeling (Wang et al., 2014). In addition, HMGB1 in-
duced the proliferation and migration of glioma cells (Zhang et al.,
2014). HMGB1 has also been shown to inhibit cell motility andmetasta-
sis by suppressing cAMP-response element-binding protein, an impor-
tant transcription factor, and subsequent neural Wiskott-Aldrich
syndrome protein expression (Zuo et al., 2014). Both the MAPK and
PI3K/Akt pathways have been reported to be mechanisms underlying
the induction of HMGB1. Interestingly, contradictory results have also
been reported regarding the signaling pathways involved in HMGB1



Fig. 6. NGA inhibited the HMGB1 expression induced by SiO2 in RAW264.7 cells and the mouse silicosis model. (A) Representative Western blot showing that pretreating the RAW264.7
cells with NGA attenuated the upregulation of HMGB1 expression induced by SiO2. (B) Densitometric analyses of HMGB1 from five separate experiments; *p b 0.05 vs. the control group;
#p b 0.05 vs. the SiO2 group. (C) Representative immunocytochemical images showing that SiO2 increased the expression of HMGB1 in mouse AMs, which was attenuated by NGA
pretreatment. Scale bar = 20 μm.
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expression. For instance, ERK and p38 signaling resulting frommetham-
phetamine induces HMGB1 in astrocytes (Zhang et al., 2015). However,
p38 MAPK, not ERK, is involved in the expression of HMGB1 in lung in-
jury induced by LPS (Ding et al., 2013). In thepresent study, bothMAPKs
and the PI3K/Akt pathway were involved in SiO2-induced HMGB1 ex-
pression, indicating that HMGB1 plays a critical role in AM activation.
Moreover, a previous report suggested that caspase-9, but not down-
stream caspase-3, is associated with MCPIP1 expression in a silicosis
model (Wang et al., 2016), while HMGB1 expression ismainlymediated
through caspase-3 to induce AM apoptosis. Caspase-3 shares many of
the typical characteristics common to all currently known caspases,
which indicates the important role of HMGB1 in AM apoptosis induced
by SiO2.

Fibroblast migration/motility is the first step in the process of SiO2-
induced fibrosis (Keogh and Crystal, 1982; Leung et al., 2012; Liu et al.,
2015;Wang et al., 2015;Ward andHunninghake, 1998),which involves
cell-matrix adhesion, cell-matrix interaction, and global/local matrix re-
modeling (Rhee and Grinnell, 2007). CCL2/MCP-1 and its downstream
molecule, MCPIP1, are the key regulators of fibroblast proliferation
and migration in silicosis (Liu et al., 2016; Liu et al., 2015). Moreover,
CCL2-knockout mice exhibit delayed wound re-epithelialization and
angiogenesis (Low et al., 2001), while MCPIP1 has been shown to pro-
mote HUVEC migration (Niu et al., 2008). Given these roles of CCL2
and MCPIP1 in cell migration, we sought to determine whether
HMGB1 participates in the MCPIP1 signaling events that regulate fibro-
blast functions relevant to silicosis, such as activation and migration. In
the present study, the knockdown of HMGB1 in AMs decreased the con-
centration of HMGB1 in the medium, which, in turn, attenuated fibro-
blast activation, as indicated by the expression of α–SMA, collagen
types I and III, andMCPIP1 in the fibroblasts. These data illustrate the di-
rect link between AM-derived HMGB1 and the activation of fibroblasts.

No curative treatment for silicosis currently exists (Leung et al.,
2012). Previous studies and the current data suggest that HMGB1 and
MCPIP1 might be suitable targets for silicosis therapies. Traditional Chi-
nese medicine, such as herbal Qidan granules (Zhang et al., 2007),
tetrandrine (Xu et al., 2009), and Gymnadenia conopsea alcohol extract
(Wang et al., 2007), have shown potentially beneficial effects in animal
silicosis models. However, those preliminary studies did not report any
detailed mechanisms involved in the therapeutic effects. NGA, an active
component of GA, which is a potent anticancer agent, has shown low
toxicity and substantial effects against cancer (Yu et al., 2012; Zhou
et al., 2014). In the current study, NGA rescued the AMs via HMGB1
and subsequent caspase and Bcl-xL/Bax expression (Fig. 5), which was
demonstrated in a mouse silicosis model (Fig. 6). Recent studies have
suggested that the direct effect of SiO2 on dendritic cells, such as
fibroblasts, plays an important role in the pathogenesis of fibrosis.
Thus, we further investigated the direct effect of NGA on fibroblast acti-
vation induced by SiO2. Surprisingly, NGA exerted an opposite effect on
pulmonary fibroblasts, in which fibroblast activation induced by SiO2

was inhibited, as indicated by the expression of MCPIP1, α-SMA, and
collagen types I and III. Further in vivo experiments usingmice exposed
to SiO2 confirmed the effects of NGA on fibroblasts. The different effects



Fig. 7.NGA inhibited the fibroblast activation induced by SiO2. (A) RepresentativeWestern blot showing that theNGApretreatment inhibited the expression ofMCPIP1 induced by SiO2 in
L929 cells. (B) Densitometric analyses from five separate experiments showing the effect of NGApretreatment onMCPIP1 expression; *p b 0.05 vs. the control group; #p b 0.05 vs. the SiO2

group. (C) Representative Western blot showing that the NGA pretreatment abrogated the expression of α-SMA and collagen types I and III induced by SiO2 in L929 cells. Densitometric
analyses from five separate experiments showing the effects of the NGA pretreatment on the expression ofα-SMA (D) and collagen types I (E) and III (F); *p b 0.05 vs. the control group;
#p b 0.05 vs. the SiO2 group. (G) Representative images showing the effects of NGAon themigration induced by SiO2 in GFP-labeled L929 cells. Scale bar=80 μm. (H) Quantification of the
scratch gap distance from six separate experiments; *p b 0.05 vs. the control group; #p b 0.05 vs. the SiO2 group. (I) Representative immunocytochemical images showing that the NGA
pretreatment prevented the MCPIP1 expression induced by SiO2 in mouse pulmonary fibroblasts. Scale bar = 20 μm.
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Fig. 8. Schematic showing the effect of NGA on HMGB1 expression in macrophages and MCPIP1 expression in fibroblasts in silicosis.
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of NGA on AMs and PFBs suggest that NGA has distinctive properties
that render it suitable as an agent for silicosis treatment. The NGA dos-
age used in the current studywas lower (0.05–0.4 μg/ml) than that used
in the cancer study (over 10 μg/ml), which could partially explain the
observed effect of AM rescue. However, further investigation is required
to determine the mechanism underlying the inhibition of fibroblasts
resulting from NGA.

5. Conclusions

In summary, our findings demonstrate that SiO2 induces HMGB1 ex-
pression in AMs, which, in turn, induce fibroblast activation via the
MCPIP1 pathway. NGA exerted a unique effect by delaying the progres-
sion of SiO2-induced fibrosis via both the inhibition of AM-derived
HMGB1 and the upregulation of MCPIP1 in fibroblasts. These actions
provide novel insight into the potential use of NGA in the development
of novel therapeutic strategies for silicosis (Fig. 8).
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