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ABSTRACT

Background: Silicosis is a fatal and fibrotic pulmonary disease caused by the inhalation of silica. After arriving at the alveoli,
silica is ingested by alveolar macrophages (AMOs), in which monocyte chemotactic protein-induced protein 1 (MCPIP1)
plays an essential role in controlling macrophage-mediated inflammatory responses. However, the mechanism of action of
MCPIP1 in silicosis is poorly understood.
Methods: Primary rat AMOs were isolated and treated with SiO2 (50 mg/cm2). MCPIP1 and AMO activation/apoptosis markers were
detected by immunoblotting. MCPIP1 was down-regulated using siRNA in AMOs. The effects of AMOs on fibroblast activation and
migration were evaluated using a gel contraction assay, a scratch assay, and a nested collagen matrix migration model.
Results: After exposure to SiO2, MCPIP1 was significantly increased in rat AMOs. Activation and apoptosis markers in AMOs
were up-regulated after exposure to SiO2. Following siRNA-mediated silencing of MCPIP1 mRNA, the markers of AMO
activation and apoptosis were significantly decreased. Rat pulmonary fibroblasts (PFBs) cultured in conditional medium
from AMOs treated with MCPIP1 siRNA and SiO2 showed significantly less activation and migration compared with those
cultured in conditional medium from AMOs treated with control siRNA and SiO2.
Conclusion: Our data suggest a vital role for MCPIP1 in AMO apoptosis and PFB activation/migration induced by SiO2.
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Silicosis is one of the most serious occupational diseases world-
wide and is caused by the inhalation of silica. The pathogenic
characteristics of silicosis are chronic inflammation and late
pulmonary fibrosis. Even when the patient is no longer exposed

to silica, lung function impairment increases with disease pro-
gression (Leung et al., 2012).

Previous studies have shown that alveolar macrophages
(AMOs) and pulmonary fibroblasts (PFBs) are the effector cells of
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silicosis (Liu et al., 2015b). AMOs are the most important im-
mune barrier against invading pathogens and environmental
contaminants in pulmonary innate immunity. When dust par-
ticles and bacteria in the air reach the alveoli, they are captured
and eliminated by AMOs. After ingesting silica particles, AMOs
become activated and release inflammatory mediators, such as
reactive oxygen species, reactive nitrogen, chemokines, cyto-
kines, and growth factors (Fujimura, 2000; Mossman and Churg,
1998). These substances may impair pulmonary tissues and
stimulate fibroblast proliferation, leading to fibrotic reactions.
Activated AMOs cannot clear silica but are induced to undergo
apoptosis. Accumulating data have indicated that AMO apop-
tosis is an underlying mechanism for the development of sili-
cosis (Borges et al., 2001; Gu et al., 2013; Lim et al., 1999).

Chemokine (C–C motif) ligand 2 (CCL2/MCP-1) is an inflamma-
tory mediator secreted by activated AMOs that plays a pivotal
role in silicosis by recruiting C–C chemokine receptor type 2-
expressing inflammatory monocytes to mediate pulmonary in-
flammatory reactions and induce the late fibrogenic reaction
(Zhou et al., 2006). Recently studies from our lab suggest that
CCL2 plays a critical role in SiO2-induced pulmonary fibrosis (Liu
et al., 2015b). Moreover, CCL2 expression is increased in both the
bronchoalveolar lavage (BAL) fluid from patients and the super-
natant of cultured AMOs (Wang et al., 2015). However, the down-
stream mechanisms of action of CCL2 remain unclear. Monocyte
chemotactic protein-induced protein 1 (MCPIP1) is a novel CCCH
zinc-finger-containing protein that is significantly induced by
CCL2 in human peripheral blood monocytes. The MCPIP proteins
include MCPIP-1, MCPIP-2, MCPIP-3, and MCPIP-4, which belong
to the CCCH zinc-finger family and are encoded by four genes,
Zc3h12a, Zc3h12b, Zc3h12c, and Zc3h12d, respectively (Liang
et al., 2008). MCPIP1 expression is highly enriched in macrophage-
related organs (thymus, spleen, lung, small intestine, adipose tis-
sue, etc.) (Matsushita et al., 2009). Recent studies have shown that
MCPIP1, a negative regulator of macrophage activation, plays an
anti-inflammatory role by inhibiting the expression of key proin-
flammatory cytokines (Liang et al., 2008). Previous data from our
lab suggest that MCPIP1 is involved in regulating cell proliferation
and migration (Zhu et al., 2015), which are also regulated by small
RNA-9 (miR-9) (Yao et al., 2014). However, the detailed mechan-
ism of action of the CCL2/MCPIP1 axis in pulmonary inflamma-
tion and fibrosis induced by silica is unclear.

We hypothesized that silica induces AMO activation and
apoptosis via MCPIP1, which, in turn, contributes to PFB prolifer-
ation and migration in vitro. We demonstrate that MCPIP1 plays
an important role in SiO2-induced inflammation and fibrosis.

MATERIALS AND METHODS
Animals

Male Sprague-Dawley (SD) rats were obtained from Nanjing
Medical University Laboratories (Nanjing, China) at 4–8 weeks
of age. 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 proto-
cols were approved by the Institutional Animal Care and Use
Committee of Southeast University.

Reagents

Crystalline silica (SiO2) was obtained from Sigma (S5631, 1–5 mm),
selected by sedimentation according to Stokes’ law, acid

hydrolyzed, and baked overnight (200 �C, 16 h) to inactivate endo-
toxin contamination. The SiO2 dosage used in this study was
based on previous studies and dose-response experiments
(Supplementary Figure S1A and B) (Brown et al., 2007; Fazzi et al.,
2014; Hao et al., 2013; Liu et al., 2015b). Fetal bovine serum (FBS),
normal goat serum (NGS), Dulbecco’s modified Eagle’s medium
(DMEM; No. 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 Scientific. PureCol type I bo-
vine collagen (3 mg/ml) was obtained from Advanced Biomatrix.
Antibodies were obtained from Santa Cruz Biotechnology, Inc.,
Sigma, Inc., and Cell Signaling.

Primary cultures of rat AMOs

AMOs were harvested by BAL of rats as previously described (Chao
et al., 2009). Briefly, rats were anesthetized with 40 mg/kg i.p.
pentobarbital sodium. Catheters were placed in the jugular vein
(PE50) and trachea (PE240). After euthanasia with an overdose of
pentobarbital sodium (150 mg/kg i.v.), the animals were exsangui-
nated, and BAL was performed as described previously in (Chao
et al. (2011). The collected fluid was centrifuged at 1500 rpm for
10 min, and the cell pellet was resuspended in 2 ml of DMEM
supplemented with 10% serum, plated in a sterile flask and placed
in a 37 �C incubator equilibrated with 5% CO2 in air for 45 min.
The supernatant was discarded and replaced with serum-free
DMEM.

Isolation and purification of primary rat PFBs

Whole lungs of SD male rats were mechanically dissociated
using scissors and tweezers to remove membranes and large
blood vessels. Lung tissues were cut into 1� 1 mm sections, and
the tissues were washed with sterile phosphate-buffered saline
(PBS) to remove any blood, placed into a petri dish, and incu-
bated at 37 �C with 5% CO2 for 3 h. After incubation, 1 ml of
DMEM supplemented with 10% FBS was added and incubated
overnight at 37 �C with 5% CO2. One milliliter of DMEM was
added the next day. The medium was changed every 2 days.
After 5–6 days, lung fibroblasts were harvested by
trypsinization.

Lentiviral transduction of primary rat PFBs with green
fluorescent protein

Rat PFBs were transduced with LV-RFP lentivirus (Hanbio, Inc.,
Shanghai, China) as described previously in Chao et al. (2014).
Briefly, P3-4 primary PFBs were cultured in a 24-well plate
(1� 104 cells/well) in DMEM containing 10% FBS for 48 h. The
medium was replaced with 1 ml of fresh medium containing
8 mg/ml polybrene. Then, 100 ml of lentivirus solution (107 IU/ml)
was added to each well, followed by incubation at 37 �C and 5%
CO2 for 24 h. After 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>50%
confluence. The transduced cells were selected using blasticidin
as follows. Briefly, the medium was replaced with DMEM con-
taining 10 mg/ml puromycin and 10% FBS, and the cells were cul-
tured at 37 �C and 5% CO2 for 24 h. Then, the cells were washed
twice with fresh DMEM containing 10% FBS. Pure transduced
PFB cultures were expanded and/or stored in liquid nitrogen as
described previously in Carlson et al. (2004).
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MTT assay

Cell viability was measured via the 3-(4,5-dimethylthiazol-2-yl)-
2,5-diphenyl tetrazolium bromide (MTT) method. Briefly, the
cells were collected and seeded in 96-well plates. Different seed-
ing densities were employed at the beginning of the experi-
ments. The cells were exposed to I/R medium. Following
incubation for different periods of time (3–24 h), 20 ll of MTT dis-
solved in Hank’s balanced salt solution was added to each well
at a final concentration of 5 lg/ml, and the plates were incu-
bated in a 5% CO2 incubator for 1–4 h. Finally, the medium was
aspirated from each well, and 200 ll of dimethyl sulfoxide was
added to dissolve the formazan crystals. Then, the absorbance
of each well was obtained using a plate reader at reference
wavelengths of 570 and 630 nm. Each experiment was repeated
at least 3 times.

Fibroblast-populated collagen matrix

The collagen matrix model was utilized as described previously
Carlson et al. (2004) and Grinnell et al. (1999). The final matrix par-
ameters were as follows: volume¼ 0.2 ml; diameter¼ 12 mm; col-
lagen concentration¼ 1.5 mg/ml; and cell concentration¼ 1.0� 106

cells/ml. The matrices were established in 24-well plates (BD No.
353047), and the cells were incubated in the attached state in
DMEM containing 5% FBS for approximately 48 h prior to initiating
each experiment.

Gel contraction assay

Fibroblast-populated collagen matrix (FPCM) contraction was
determined using the floating matrix contraction assay as
described previously in Bell et al. (1979) with minor modifica-
tions. Briefly, the matrices were polymerized, covered with
DMEM containing 5% FBS, released from the culture well using a
sterile spatula, and incubated at 37 �C. At different time points
after the matrices were released, they were fixed in 4% parafor-
maldehyde in PBS at 4 �C overnight, and images were obtained
using a desktop flatbed scanner. The matrix area was measured
using ImageJ software, and the data are presented as the ratio
of the released matrix area to the attached matrix area.

In vitro scratch assay

Cell migration ability in the 2D culture system was evaluated
using an in vitro scratch assay. Briefly, 1� 105 HPF-a cells were
seeded in 24-well tissue culture plates and cultured in growth
medium for 24 h, at which point the HPF-a cells were approxi-
mately 70–80% confluent. Using a sterile 200-ml pipette tip, a
straight line was carefully scratched in the monolayer across
the center of the well in a single direction while maintaining
the tip perpendicular to the plate bottom. Similarly, a second
straight line was scratched perpendicular to the first line to cre-
ate a cross-shaped cellular gap in each well. Each well was
washed twice with 1 ml of fresh growth medium to remove any
detached cells. Digital images of the cell gap were captured at
different time points, and the gap width was quantitatively
evaluated using ImageJ software.

Nested matrix model and cell migration assay

The nested collagen matrix model was used as described previ-
ously in Grinnell et al. (2006) with some modifications. For
the nested attached matrix, a standard FPCM was incubated in
the attached state for 72 h in DMEM containing 10% FBS. Then,
the FPCM was removed from the culture well and placed in a

60-ml aliquot of fresh acellular collagen matrix solution (a
NeoMatrix solution) centered inside a 12-mm diameter score on
the bottom of a new culture well. Next, a 140-ml aliquot of
NeoMatrix solution was used to cover the newly transferred
FPCM. The NeoMatrix was allowed to polymerize for 1 h at 37 �C
and 5% CO2, and then, 2 ml of DMEM containing 10% FBS was
added to the well.

Cell migration from the nested FPCM to the acellular
NeoMatrix was quantified via fluorescent microscopy at 24 h after
nesting. Digital images (constant dimensions of 1000� 800 mm)
were captured using an EVOS FL Cell Imaging microscope (Life
Technologies, Grand Island, New York) from 3 to 5 randomly se-
lected microscopic fields at the interface of the nested FPCM with
the acellular NeoMatrix. PFB migration from the nested FPCM
was quantified by counting the number of cells that had clearly
migrated from the nested matrix to the cell-free matrix. The
maximum migration distance was quantified by identifying the
cell that had migrated the longest distance from the nested
matrix to the cell-free matrix. The number of cells per field that
had migrated from the nested matrix and the maximum mi-
gration distance per field were averaged from these digital
micrographs.

Immunoblotting

Immunoblotting was utilized as described previously in Carlson
et al. (2004), with minor modifications. Cells were collected from
the culture dishes, washed with PBS and lysed using a mamma-
lian cell lysis kit (MCL1-1KT, Sigma-Aldrich, St. Louis, MO, USA)
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 sec-
ondary antibodies were used (1:5000). The signals were detected
using chemiluminescence (SuperSignal West Dura
Chemiluminescent Substrate, Thermo Scientific, Grand Island,
NY, USA). Each Western blot analysis was repeated using cells
from 3 different donors. A single representative immunoblot is
shown in each figure. Densitometry was performed using
ImageJ software, and the results from all of the repeated experi-
ments were combined into 1 plot.

Immunocytochemistry

Rat AMOs were fixed in 4% paraformaldehyde in PBS at 4 �C
overnight. Then, the fixed samples were permeabilized for
30 min at room temperature (RT) with 0.3% Triton X-100 in PBS.
The permeabilized samples were blocked with PBS containing
10% NGS (Life Technologies, Grand Island, NY, USA) 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
3 times with PBS and incubated in donkey anti-rabbit (conju-
gated to Alexa-Fluor 488) and donkey anti-mouse (conjugated to
Alexa-Fluor 576) secondary antibodies for 2 h at RT. After the
samples were washed 3 times in PBS, they were mounted using
mounting solution (Prolong Gold antifade reagent with DAPI;
P36931, Life Technologies). The slides were examined under an
EVOS FL fluorescence microscope.

RNA interference of MCPIP1 using siRNA

RNA interference targeting MCPIP1 was performed in rat AMOs
as described previously in Carlson et al. (2007) with some modi-
fications. The RNA interference protocol for a single well of a
24-well plate was as follows. Briefly, 49 ml of serum-free DMEM
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was combined with 1 ml of transfection reagent, and 1 ml of
siRNA stock was added to 49 ml of serum-free DMEM. Then, both
solutions were incubated at RT for 15 min. The transfection re-
agent and siRNA solutions were mixed together, and the result-
ing solution was incubated at RT for an additional 15 min. Rat
AMOs were seeded at a concentration of 5.0 � 105 cells/100 ml/
well in serum-free DMEM. The siRNA-vehicle solution was
mixed and incubated at RT for 15 min. The siRNA-vehicle solu-
tion was added to the plated cells. The transfected rat AMOs
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 experiments. siRNA knockdown efficiency
was determined at 2 days after transfection via Western blot
analysis.

Statistics

Data are presented as the mean 6 SEM. Unpaired numerical
data were compared using the unpaired t-test (2 groups) or
ANOVA (more than 2 groups), and statistical significance was
set at P< .05.

RESULTS
SiO2 Induced MCPIP1 Expression in Cultured Rat AMOs

Accumulating evidence suggests that CCL2 plays a critical role
in inflammation and fibrosis induced by SiO2 (Liu et al., 2015b;
Wang et al., 2015). However, whether MCPIP1 a downstream
molecule of CCL2, also mediates the effects of CCL2 in silicosis
remains unknown. Thus, AMOs from normal rats were isolated
for in vitro experiments. As shown in Figures 1A and B, MCPIP1
expression increased in a time-dependent manner in AMOs
after SiO2 treatment, with a peak response at 30 and 60 min.
This result was confirmed by immunocytochemical staining
(Figure 1C).

To further understand the role of SiO2-induced MCPIP1 in
fibrosis, the effect of a nonfibrogenic particle (titanium dioxide,
TiO2, 20 mg/ml) (Jawad et al., 2011) and a profibrotic agent (carbon
nanotubes [CNTs], 50lg/ml) (Lee et al., 2012) on MCPIP1 expres-
sion was measured in AMOs. As shown in Figures 1D and E, only
SiO2 induced MCPIP1 upregulation in AMOs. Interestingly, CNTs
inhibited MCPIP1 expression after a 3-h exposure. The physio-
logical relevance of fibrosis was evaluated by measuring the effect
of conditional medium from AMOs exposed to TiO2, SiO2

, or CNTs
on the expression of a-SMA (a smooth muscle actin, a marker of
fibroblast activation) and collagen I (an indicator of fibrosis). As
expected, conditional medium from AMOs treated with CNTs or
SiO2 increased a-SMA and collagen I expression, whereas that
from TiO2-treated AMOs only induced a slight increase of collagen
I, not a-SMA. Moreover, functional scratch assay experiments
were performed with conditional medium; both SiO2 and CNTs,
but not TiO2, induced PFB migration (Supplementary Figure S2A
and B). These data suggest that the mechanisms involved in
fibrosis induced by CNTs and SiO2 are different.

Effect of SiO2 on MAPK and Akt Phosphorylation in
AMOs

To further understand the molecular mechanism underlying
SiO2-induced MCPIP1 expression, we investigated the potential
association between kinase activation and MCPIP1 expression.
Thus, we measured MAPK and PI3K/Akt phosphorylation within
3 h of exposure to SiO2. As shown in Figures 2A and B, within
5 min of exposure to SiO2, Erk phosphorylation increased and

then diminished. After 30 min of exposure to SiO2, p38 was
phosphorylated, peaking at approximately 30–60 min and then
tapering off (Figs. 2C and D). c-Jun N-terminal kinase (JNK) also
exhibited a rapid activation at 60–180 min after exposure to SiO2

(Figs. 2E and F). Moreover, Akt displayed rapid and transient
phosphorylation after exposure to SiO2.

Effect of the Pharmacological Inhibition of MAPKs or Akt
on MCPIP1 Induction after SiO2 Exposure

After confirming that MAPK and Akt activity was enhanced
after SiO2 exposure, the effects of pharmacological inhibition of
these kinases were examined (Figs. 2I and J). The purpose of
these experiments was to determine whether the kinase path-
ways of interest (JNK, ERK, p38, and PI3K/Akt) regulate MCPIP1
expression in AMOs exposed to SiO2. A 30-min time point after
SiO2 exposure was selected to maximize the probability of de-
tecting the effects of kinase inhibition, as this time point corres-
ponded to a relatively large increase in MCPIP1 expression in
AMOs after SiO2 exposure (Figs. 1A and B). Pretreatment of
AMOs with the commercially available small molecules
SP600125 (20 nmol/l, JNK inhibitor), SB203580 (20 nmol/l, p38 in-
hibitor), or LY-294002 (20 nmol/l, Akt inhibitor) strongly in-
hibited the SiO2-induced up-regulation of MCPIP1 expression
(Figs. 2I and J). However, U0126 (20 nmol/l, MEK inhibitor) only
partially inhibited the SiO2-induced up-regulation of MCPIP1 ex-
pression (Figs. 2I and J). These results indicate that the SiO2-
induced expression of MCPIP1 is primarily mediated by the
MAPK and PI3K/Akt pathways.

MCPIP1 Is Involved in SiO2-Induced AMO Polarization

Macrophages are a heterogeneous population of immune cells
that are essential for the initiation and resolution of pathogen-
or damage-induced inflammation. The plasticity of macro-
phages enables them to respond efficiently and alter their
phenotype and physiology in response to environmental cues.
Macrophages are classified according to their functional polar-
ization: M1 macrophages produce proinflammatory cytokines,
and M2 macrophages secrete anti-inflammatory cytokines and
promote tissue repair and remolding as well as tumor progres-
sion. As shown in Figures 3A, C, and D, both the M2a marker
arginase and the M2c marker SOCS3 exhibited rapid and transi-
ent increases in AMOs exposed to SiO2. In contrast, the expres-
sion of the M1 marker inducible nitric oxide synthase (iNOS)
began to increase after 3 h in AMOs exposed to SiO2, demon-
strating an M2–M1 switch during the progression of the inflam-
matory response and indicating a dual role of macrophages in
orchestrating the onset of inflammation and subsequently pro-
moting fibrosis. Moreover, siRNA for MCPIP1 in AMOs signifi-
cantly inhibited both M1 and M2 polarization induced by SiO2.
Moreover, as shown in Figure 3I, SiO2 decreased AMO viability
in a dose- and time-dependent manner. MCPIP1 siRNA knock-
down rescued the decreased cell viability induced by SiO2 in
AMOs (Figure 3G). These results indicate that MCPIP1 influences
cell viability during AMO polarization after SiO2 treatment.

MCPIP1 Is Involved in SiO2-Induced AMO Apoptosis

Previous studies have indicated that MCPIP1 induces p53 ex-
pression in cardiovascular macrophages, thereby initiating
apoptosis (Zhou et al., 2006). Whether the p53 pathway is also
involved in AMO apoptosis in silicosis remain unclear. As
shown in Figure 4A and B, SiO2 induced a rapid and transient
increase in p53 expression. Moreover, the expression of p53

4 | TOXICOLOGICAL SCIENCES, 2016

 at Southeast U
niversity on M

arch 24, 2016
http://toxsci.oxfordjournals.org/

D
ow

nloaded from
 

http://toxsci.oxfordjournals.org/lookup/suppl/doi:10.1093/toxsci/kfw029/-/DC1
http://toxsci.oxfordjournals.org/


FIG. 1. MCPIP1 expression is increased in primary cultured rat AMOs exposed to SiO2 A, Representative Western blot showing that SiO2 induced rapid and sustained

MCPIP1 expression in primary cultured rat AMOs. B, Densitometric analyses of MCPIP1 from 5 separate experiments. *P< .05, ***P < .01 versus. the 0-min group.

C, Representative immunocytochemical images showing that SiO2 increased MCPIP1 expression in AMOs. D, Representative Western blot showing MCPIP1 expression

in primary cultured rat AMOs after exposure to TiO2 (10 mg/ml), SiO2 (50 mg/cm2), or CNTs (50mg/ml). E, Densitometric analyses of MCPIP1 from 5 separate experiments.

*P< .05, ***P< .01 versus. control group. F, Representative Western blot showing that conditional medium from AMOs exposed to TiO2, SiO2, or CNTs induced collagen I

and a-SMA expression in cultured rat PFBs. Densitometric analyses of collagen I (G) and a-SMA (H) expression from 5 separate experiments. *P< .05, ***P< .01 versus

control group.
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up-regulated modulator of apoptosis (PUMA), a target for activa-
tion by p53, exhibited the same pattern of increase in AMOs
exposed to SiO2 (Figs. 4A and C). MCPIP1 siRNA was used to de-
termine whether MCPIP1 regulates p53/PUMA expression, and
protein levels were determined by immunoblotting (Figs. 4D–F).
As expected, siRNA for MCPIP1 inhibited the SiO2-mediated in-
duction of p53/PUMA expression, suggesting that MCPIP1 in-
duces apoptosis via p53/PUMA. Because p53/PUMA induces
apoptosis primarily through the caspase pathway, we next de-
tected the expression of initiator and executioner caspases (cas-
pase-9 and caspase-3, respectively). As shown in Figures 5A–C,

SiO2 induced a significant increase in caspase-9, but not cas-
pase-3, in cultured AMOs. siRNA for MCPIP1 abolished the in-
crease in caspase-9 induced by SiO2 but did not affect caspase-3
expression (Figs. 5D–F).

Effects of siRNA for MCPIP1 in AMOs on FPCM
Contraction

To understand the functional relevance of the changes in
MCPIP1 expression in AMOs on SiO2-induced fibrosis, a gel con-
traction assay was utilized to evaluate fibroblast activity

FIG. 2. SiO2 induced MAPK and PI3K/Akt phosphorylation in primary cultured rat AMOs. Representative Western blot showing that SiO2 induced rapid and transient

phosphorylation of ERK (A), p38 (C), JNK (E) and Akt (G) in primary cultured rat AMOs. Densitometric analyses of p-ERK (B), p-p38 (D), p-JNK (F) and p-Akt (H) expression

from 5 separate experiments. *P< .05, ***P < .01 versus the 0-min group. I, Representative Western blot showing that SiO2-induced MCPIP1 expression was attenuated

by pretreating AMOs with MAPK or PI3K/Akt inhibitors. J, Densitometric analyses of MCPIP1 expression from 5 separate experiments. *P< .05 versus control group;

#P < .05 versus SiO2 group.
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(Grinnell and Petroll, 2010). First, culture medium from AMOs
treated with or without SiO2 (conditional medium) was sub-
jected to a gel contraction assay. As shown in Figures 6A and B,
conditional medium from the SiO2-treated group induced a sig-
nificant increase in gel contraction, suggesting that fibroblast

activity was up-regulated by a fibrosis factor released by AMOs.
Next, conditioned medium from AMOs treated with either con-
trol siRNA or siRNA for MCPIP1 was subjected to a gel contrac-
tion assay. As shown in Figure 6C, conditional medium from
SiO2- and control siRNA-treated AMOs induced gel contraction.

FIG. 3. MCPIP1 is involved in the polarization of AMOs induced by SiO2. A, Representative Western blot showing the effect of SiO2 on the polarization of primary cul-

tured rat AMOs. Densitometric analyses of the M1 marker iNOS (B), M2a marker arginase (C) and M2c marker SOCS3 (D) from 5 separate experiments. *P< .05, ***P < .01

versus the 0-min group. E, Representative Western blot showing that the SiO2-induced macrophage polarization was abolished by MCPIP1 siRNA. Densitometric ana-

lyses of iNOS (F), arginase (G), and SOCS3 (H) expression from 5 separate experiments. *P< .05, ***P < .01 versus control at the corresponding time points. I, MTT assay

showing that SiO2 decreased the cell viability of primary cultured AMOs in a time- and dose-dependent manner. *P< .05, ***P < .01 versus 0 h in the saline group, n¼5.

J, The SiO2-induced effect on cell viability was abolished by MCPIP1 siRNA. ***P< .05 versus control at the corresponding time point.
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However, siRNA for MCPIP1 abolished the fibrosis factor-
induced increase in gel contraction.

Effect of siRNA for MCPIP1 in AMOs on Fibroblast
Migration

Increasing evidence suggests that PFB migration is a critical as-
pect of pulmonary fibrosis. Therefore, we explored the roles of
MCPIP1 in SiO2-mediated cell migration. As shown in Figures 6D
and E, SiO2-treated AMO conditional medium significantly
increased PFB migration in scratch assays. However, MCPIP1
siRNA-treated AMO conditional medium inhibited the increase
in cell migration (Figure 6F).

Significant differences have been observed in cell physiology
between 2D and 3D in vitro culture systems (Grinnell, 2003;
Pampaloni et al., 2007; Rhee, 2009; Rhee and Grinnell, 2007). The
FPCM culture system has facilitated the analysis of fibroblast
physiology under conditions that more closely resemble the
in vivo environment than conventional 2D cell culture systems
(Lee et al., 2000). After determining that MCPIP1 participated in
fibroblast migration based on the scratch assays, we sought to
validate these findings by monitoring fibroblast migration in a
3D cell culture system. As shown in Figures 6G and I, condi-
tional medium from the SiO2-treated group significantly
increased cell migration, similar to the results observed in the
scratch assay. Moreover, conditional medium from SiO2- and

control siRNA-treated AMOs induced cell migration, whereas
that from MCPIP1 siRNA-treated AMOs suppressed the increase
in cell migration (Figs. 6H and J).

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). AMOs are the most
important barrier in pulmonary innate immunity (Hamilton
et al., 2008; Huaux, 2007; Leung et al., 2012; Thakur et al., 2009).
Accumulating data suggest that silica-induced pulmonary in-
flammation occurs after apoptosis rather than necrosis
(Bhandary et al., 2015; Delgado et al., 2006; Lim et al., 1999; Pfau
et al., 2004). AMO apoptosis is an underlying mechanism for the
development of silicosis (Borges et al., 2001; Gu et al., 2013; Lim
et al., 1999). In this study, we focused on the effects of AMO-
derived MCPIP1 on cell proliferation and the activation of PFBs
in vitro.

CCL2 is a proinflammatory factor released by activated
AMOs that has been linked to different types of inflammatory
disease (Baggiolini and Dahinden, 1994; Ransohoff et al., 1996;
Zickus et al., 1998). The role of AMO-expressed CCL2 in pulmon-
ary fibrosis has been previously investigated (Gharaee-Kermani
et al., 1996; Moore et al., 2001; Zickus et al., 1998). Recent studies
and data from our lab suggest that fibroblast-derived CCL2 is an

FIG. 4. MCPIP1 is involved in SiO2-induced AMO apoptosis through the p53/PUMA pathway. A, Representative Western blot showing that SiO2 induced rapid and transi-

ent p53 and PUMA expression in primary cultured rat AMOs. Densitometric analyses of p53 (B) and PUMA (C) expression from 5 separate experiments. *P< .05, ***P < .01

versus the 0-min group. D, Representative Western blot showing that the SiO2-induced effects on p53 and PUMA expression were abolished by MCPIP1 siRNA.

Densitometric analyses of p53 (E) and PUMA (F) expression from 5 separate experiments. *P< .05, ***P < .01 versus control at the corresponding time points.
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important mediator of SiO2-induced fibrosis (Gharaee-Kermani
et al., 1996; Rao et al., 2004, 2005; Wang et al., 2015). Among the
molecules that are downstream of CCL2, MCPIP1 has been iden-
tified as a negative regulator of macrophage activation (Huang
et al., 2012; Liang et al., 2008). However, the mechanisms of ac-
tion of AMO-derived MCPIP1 in silicosis have not been eluci-
dated. Our data demonstrate that SiO2 induced a rapid and
sustained up-regulation of MCPIP1 expression in primary cul-
tured AMOs, which was linked to apoptosis through the cas-
pase-9 and p53/PUMA pathways. Previous data suggest that
MCPIP1 is significantly up-regulated during stress, which disas-
sembles stress granules and promotes cellular apoptosis (Qi
et al., 2011). Further, MCPIP1 evoked the activation of JNK and
p38, as well as the induction of p53 and PUMA, which subse-
quently induced autophagy and apoptosis in H9c2 cells (Younce
and Kolattukudy, 2010). Our results provide further molecular
insight into the mechanism by which the elevated MCPIP1 lev-
els associated with chronic inflammation contribute to the de-
velopment of SiO2-induced fibrosis. Interestingly, although
caspase-9 was up-regulated in association with MCPIP1 expres-
sion, the downstream caspase-3 was not affected (Figs. 4A–C).
Indeed, MCPIP1 has been shown to promote angiogenesis
through transcriptional activation of cdh12 and cdh19,

suggesting a complicated role for MCPIP1 in the regulation of
cell fate (Niu et al., 2008).

In this study, SiO2 exposure resulted in JNK, p38, Erk, MAPK,
and PI3K/Akt phosphorylation in AMOs, similar to a previous
finding in fibroblasts (Liu et al., 2015a; Wang et al., 2015).
Moreover, blockade of the JNK, p38, Erk, and Akt pathways in-
hibited MCPIP1 expression (Figs. 2I and J), indicating the general
involvement of the MAPK and PI3K/Akt pathways in silicosis.
AMOs are the most prevalent resident cell in the lung (Chao
et al., 2009), and they become activated after SiO2 exposure. In
contrast to the inverse correlation between M1 and M2 macro-
phage activation in response to environmental stimuli (Genin
et al., 2015; Gordon, 2003), SiO2 increased both the M1 and M2
types of AMOs (Figs. 3A–D). M1 macrophages are characterized
by the production of proinflammatory cytokines, including
TNF-a, IL-1b, IL-6, and IL-12, while M2 macrophages produce
anti-inflammatory cytokines, such as IL-10, CCL18, and CCL22
(Gordon, 2003; Martinez et al., 2009; Van Ginderachter et al.,
2006). SiO2 induced a rapid and transient increase in M2 macro-
phages, whereas there was a delayed increase in M1 macro-
phages, indicating a switch between M1 and M2 in a different
stage of AMO activation by SiO2. Moreover, MCPIP1 knockdown
inhibited both M1 and M2 polarization, suggesting that MCPIP1

FIG. 5. MCPIP1 is involved in SiO2-induced AMO apoptosis through the caspase-9 pathway, A, Representative Western blot showing that SiO2 induced rapid and transi-

ent caspase-9, but not caspase-3, expression in primary cultured rat AMOs. Densitometric analyses of caspase-9 (B) and caspase-3 (C) expression from 5 separate ex-

periments. *P< .05, ***P < .01 versus the 0-min group. D, Representative Western blot showing that the SiO2-induced effect on caspase-9 expression was abolished by

siRNA for MCPIP1. Densitometric analyses of caspase-9 (E) and caspase-3 (F) expression from 5 separate experiments. *P< .05, ***P < .01 versus control at the corres-

ponding time points.
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FIG. 6. AMO-derived MCPIP1 mediated the SiO2-induced fibroblast activation and migration. A, Representative images of the collagen gel size showing that SiO2

increased gel contraction (indicating fibroblast activation). B, Quantification of gel size at different time points after SiO2 exposure. C, Quantification of gel size at differ-

ent time points after SiO2 exposure, indicating that siRNA forRNAi of MCPIP1 inhibited SiO2-induced fibroblast activation. ***P< .01 versus control at the corresponding

time points. D, Representative images showing that SiO2 induced the migration of GFP-labeled rat fibroblasts cultured as a monolayer. Scale bar¼80 mm. E,

Quantification of the scratch gap distance from 6 separate experiments. ***P< .01 versus control at the corresponding time points. F, Quantification of the scratch gap

distance at different time points after SiO2 exposure, indicating that siRNA forRNAi of MCPIP1 inhibited SiO2-induced fibroblast migration. ***P< .01 versus control at

the corresponding time points. Representative images (G) and quantification of the number of migrated cells (H), indicating that SiO2 induced the migration of GFP-

labeled rat fibroblasts in the nested gel matrix. Scale bar¼80 mm. ***P< .01 versus control. Quantification of the number of migrated cells (J), indicating that siRNA

forRNAi of MCPIP1 inhibited SiO2-induced fibroblast migration. ***P< .01 versus control. K, Schematic of the inflammatory cascade and fibrosis initiated by SiO2.
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inhibits macrophage activation but does not switch macro-
phage type (M1/M2). A recent study in MCF-7 cells suggested
that sphingosine-1-phosphate caused a switch in macrophage
phenotype from M1 to M2 (Jain, 2005). The key factor involved in
macrophage polarization in silicosis needs to be further
investigated.

Fibroblast activation is the first step in SiO2-induced fibrosis
(Chao et al., 2014; Grinnell, 1994; Liu et al., 2015b). Recent studies
have shown the direct effect of SiO2 on fibroblast activation,
which involves p53/PUMA and CCL2 (Liu et al., 2015b; Wang
et al., 2015). Interestingly, although SiO2 induced MCPIP1 ex-
pression in PFBs, MCPIP1 upregulation has been shown to be
involved specifically in regulating fibroblast migration rather
than in a widespread cellular response (Liu et al., 2015a). Here,
we provide another example of the indirect effects of MCPIP1 on
fibroblasts; MCPIP1 was upregulated in AMOs in response to
SiO2 and mediated fibroblast activation. Moreover, the fibroblast
activation induced by AMO conditional medium did not last
long, as indicated by the lack of a difference between the control
and SiO2 groups after 24 h. One explanation is that the pre-
sumed fibroblast activator released by AMOs produced only a
rapid and reversible effect on the fibroblasts. In vivo, SiO2 induce
AMO apoptosis, and monocytes are then recruited to the lungs,
where they differentiate into macrophages, which can maintain
the levels of the fibroblast activator and produce a sustained ef-
fect. All these data indicate a complex mechanism of fibrosis
induced by SiO2. Moreover, MCPIP1 knockdown prevented the
rapid effects of AMO conditional medium, indicating the in-
volvement of more than 1 fibroblast activator in this process.
Previous data from our lab suggest that direct exposure of fibro-
blasts to SiO2 induces their rapid and sustained activation, indi-
cating that multiple mechanisms are involved in SiO2-induced
fibrosis. Taken together, current data suggest that MCPIP1 plays
an important role in the interaction between AMOs and PFBs.
Fibroblast migration is a critical aspect of pulmonary fibrosis.
MCPIP1 has been shown to promote HUVEC migration (Niu
et al., 2008). In addition, CCL2-knockout mice exhibit delayed
wound re-epithelialization and angiogenesis (Low et al., 2001).
Given these roles of CCL2 and MCPIP1 in cell migration, we
sought to determine whether MCPIP1 participates in the signal-
ing events that regulate fibroblast functions relevant to silicosis,
such as proliferation, contraction, and migration.

Fibroblast function in silicosis has been studied extensively
in 2D cell culture models; however, discrepancies between cell
behaviors in culture and in vivo have motivated an increasing
number of research groups to utilize 3D models, which better
represent the living tissue microenvironment (Even-Ram and
Yamada, 2005). Fibroblast migration/motility is a complicated
process that involves cell-matrix adhesion, cell-matrix inter-
action, and global/local matrix remodeling (Rhee and Grinnell,
2007). The nested collagen matrix model is an easy, rapid, reli-
able, and quantitative method for measuring fibroblast migra-
tion/motility in 3D models (Grinnell et al., 2006; Silva et al., 2012;
Zhou and Petroll, 2010). Fibroblasts within the embedded matrix
of the nested model have a morphology similar to that of nor-
mal fibroblasts in tissues (Goldsmith et al., 2004; Langevin et al.,
2005) and biosynthetic features of the resting dermis (Grinnell,
2003; Kessler et al., 2001). Although the understanding of fibro-
blast migration in 2D cell culture systems has improved
(Rodriguez-Menocal et al., 2012), the mechanisms underlying
cell migration in 3D cell culture systems remain less clear.
Herein, we provide new insights into the novel roles of MCPIP1
in regulating fibroblast migration in both 2D and 3D cell culture
systems. Our results indicate that SiO2 induced MCPIP1

expression by activating the MAPK and PI3K pathways.
Furthermore, we determined that p53, which is downstream of
MCPIP1, is involved in this process (Figure 4). In addition to
fibroblast migration, other silicosis-mediated processes, such as
collagen matrix contraction, represent important fibroblast
functions in matrix, and these processes indicate fibroblast acti-
vation. MCPIP1 knockdown inhibited fibroblast activation by
SiO2. These findings suggest that MCPIP1 is involved in regulat-
ing fibroblast activation and migration in silicosis.

CONCLUSIONS

In summary, our findings demonstrate that SiO2 induces
MCPIP1 expression in AMOs and that MCPIP1 plays a vital role
in AMO apoptosis and PFB activation/migration; these data will
expand our knowledge of MCPIP1 in silicosis (Figure 6K).

SUPPLEMENTARY DATA

Supplementary data are available online at http://toxsci.
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