








Figure 6 Prevention effects of resveratrol on inflammation and fibrosis in silica-exposed rats. (a) A schematic diagram illustrating the
experimental design. Briefly, rats were exposed to silica aerosol and simultaneously administered with vehicle (Tween-80) or low-
dose resveratrol (10 mg kg−1) or high-dose resveratrol (20 mg kg−1). After 20 days (4 weeks), the prevention effects of resveratrol on
inflammation and related signaling pathway were examined (b–e), whereas the prevention effects of resveratrol on fibrosis and
related signaling pathway were examined at 40 days (8 weeks) (f–i). (b) ELISA to determine levels of IL-1β (left), TGF-β (middle) and
TNF-α (right) in the supernatant of BALF from rats with silica exposure and simultaneous administration of vehicle control (Veh:
Tween-80), low-dose resveratrol (10 mg kg−1) or high-dose resveratrol (20 mg kg−1). (c) Gelatin zymography (upper: representative
images; bottom: relative bands intensity) to examine activities of matrix metalloproteinases (MMP-9 and MMP-2) in homogenized
lung tissues from rats with silica exposure and simultaneous administration of vehicle control (Veh: Tween-80), low-dose resveratrol
(10 mg kg−1) or high-dose resveratrol (20 mg kg−1). (d) MMP-targeted NIR fluorescence imaging showing activities of matrix
metalloproteinases in lung tissues from rats with silica exposure and simultaneous administration of vehicle control (Veh: Tween-80),
low-dose resveratrol (10 mg kg−1) or high-dose resveratrol (20 mg kg−1). Scale bar, 1 cm. (e) Western blotting (left: representative
images; right: relative bands intensity) to examine TAK1 activation (p-TAK1) and inflammation-related downstream signaling in
primary alveolar macrophages isolated from lung tissues of rats with silica exposure and simultaneous administration of vehicle
control (Veh: Tween-80), low-dose resveratrol (10 mg kg−1) or high-dose resveratrol (20 mg kg−1). (f) Hydroxyproline assay to
determine total collagen levels in lung tissues from rats with silica exposure and simultaneous administration of vehicle control (Veh:
Tween-80), low-dose resveratrol (10 mg kg−1) or high-dose resveratrol (20 mg kg−1). (g)Western blotting (left: representative images;
right: relative bands intensity) to determine levels of Col I and Col III in lung tissue from rats with silica exposure and simultaneous
administration of vehicle control (Veh: Tween-80), low-dose resveratrol (10 mg kg−1) or high-dose resveratrol (20 mg kg−1).
(h) Histological examination to determine fibrotic nodule formation (arrows indicated in H&E staining) and collagen deposition
(arrows indicated in immunohistochemical staining) in lung tissue from rats with silica exposure and simultaneous administration of
vehicle control (Veh: Tween-80), low-dose resveratrol (10 mg kg−1) or high-dose resveratrol (20 mg kg−1). Scale bars, 50 μm.
(i) Western blotting (left: representative images; right: relative bands intensity) to examine TAK1 activation (p-TAK1) and fibrosis-
related downstream signaling in primary fibroblasts isolated from lung tissues of rats with silica exposure and simultaneous
administration of vehicle control (Veh: Tween-80), low-dose resveratrol (10 mg kg−1) or high-dose resveratrol (20 mg kg−1). Rats
without any treatment served as a blank control. Data are presented as mean± s.d. *Po0.05, n =9 per group. One-way ANOVA
with a post hoc test was performed and the statistical differences between the two groups were determined by the Student’s t-test.
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and TAK1 in molecular docking. As shown in
Figure 5c and Supplementary Figure S8A and B,
amino-acid residues including Arg44 (R44), Leu163
(L163), Ala107 (A107), Asn (N161) and Glu105 (E105)
in TAK1 were predicted to participate in resveratrol–
TAK1 interaction from the two possible binding con-
formations. Thus, we chose them for further mutation
studies in vitro. Both NR8383 and WI-38 cells were
transfected with expression vectors for Flag-tagged
TAK1 wild-type or mutants (TAK1-N161R, TAK1-
A107R, TAK1-E105R, TAK1-R44A and TAK1-
L163R) and then incubated with vehicle or resveratrol.
After co-IP with anti-resveratrol antibody, we detected
decreased levels of Flag-TAK1-N161R and Flag-
TAK1-A107R in the immunoprecipitates from
NR8383 and WI-38 cells by western blotting with anti-
Flag antibody (Figure 5d), whereas there was no
obvious change of Flag-TAK1-E105R, Flag-TAK1-
R44A and Flag-TAK1-L163R (data not shown), when
compared with Flag-TAK1 wild type. Furthermore,
we also transfected NR8383 and WI-38 cells with
expression vector for Flag-tagged TAK1 mutant con-
taining both N161R and A107R (Flag-TAK1-N161R/
A107R). We found that level of Flag-TAK1-N161R/
A107R mutant decreased more obviously than either
Flag-TAK1-N161R or Flag-TAK1-A107R mutant
(Figure 5d). Consistently, after co-IP with anti-Flag
antibody, we detected decreased levels of resveratrol by
LC-MS/MS in the immunoprecipitates from NR8383
and WI-38 cells transfected with expression vectors for
Flag-TAK1 mutants (N161R, A107R and N161R/
A107R) when compared with those transfected with
expression vectors for Flag-TAK1 wild type
(Figure 5e). Furthermore, the level of resveratrol
decreased more obviously in the immunoprecipitates
from cells transfected with expression vector for Flag-
TAK1-N161R/A107R mutant than those transfected
with expression vector for either Flag-TAK1-N161R
or Flag-TAK1-A107R mutant (Figure 5e). All these
results indicated that both N161 and A107 residues in
TAK1 were essential for resveratrol–TAK1
interaction.

Prevention effects of resveratrol on inflammation
and fibrosis in silica-exposed rats

Sprague–Dawley rats were exposed to silica aerosol
to induce experimental pneumoconiosis [33] and
simultaneously administered with vehicle (Tween-80)
or low-dose resveratrol (10mg kg− 1) or high-dose
resveratrol (20mg kg− 1) (Figure 6a). After 20 days,
we examined the prevention effects of resveratrol on
inflammation in silica-exposed rats at early stage.

Compared with silica-exposed rats administered with
vehicle, we found that levels of inflammatory cytokines
(IL-1β, TGF-β and TNF-α) in the supernatant of
BALF determined by ELISA (Figure 6b) and activities
of MMPs in lung tissues examined by gelatin zymo-
graphy and MMP-targeted NIR fluorescence imaging
(Figure 6c and d) were obviously lower in rats admi-
nistered with high-dose resveratrol. Furthermore, we
isolated primary alveolar macrophages and evaluated
TAK1 activation (p-TAK1) and inflammation-related
downstream signaling by western blotting. Con-
sistently, the levels of p-TAK1, p-JNK, p-p38, n-p65
and p20 other than TAK1 were markedly lower in
primary alveolar macrophages isolated from rats
administered with high-dose resveratrol (Figure 6e).
After 40 days, we examined the prevention effects of
resveratrol on fibrosis in silica-exposed rats at late
stage. We found that levels of collagens and collagen
subtypes (Col I and Col III) in lung tissues determined
by hydroxyproline assay and western blotting, respec-
tively, were significantly lower in rats administered
with high-dose resveratrol (Po0.05), when compared
with rats treated with vehicle (Figure 6f and g). We also
performed H&E staining and immunohistochemistry
to examine fibrotic nodule formation and collagen
deposition. Compared with rats administered with
vehicle, we found that fibrotic nodule formation and
deposition of Col I and Col III in lung tissues were
obviously less in rats administered with high-dose
resveratrol (Figure 6h). Further, we evaluated TAK1
activation (p-TAK1) and fibrosis-related downstream
signaling in primary lung fibroblasts by western blot-
ting. Our results showed that the levels of p-TAK1,
p-JNK, p-p38, n-p65 and p-Smad3 other than TAK1
were markedly lower in rats administered with high-
dose resveratrol, when compared with rats adminis-
tered with vehicle (Figure 6i).

Intervention effects of resveratrol on inflammation and
fibrosis in silica-exposed rats

To examine the intervention effects of resveratrol on
inflammation in experimental pneumoconiosis, Spra-
gue–Dawley rats were exposed to silica aerosol [33].
After 10 days of silica exposure, we administered the
rats with resveratrol (20mg kg− 1) or vehicle (Tween-
80) and simultaneously continued the silica exposure
for another 10 days (Figure 7a). Compared with rats
treated with vehicle, the levels of inflammatory cyto-
kines (IL-1β, TGF-β and TNF-α) in the supernatant of
BALF determined by ELISA (Figure 7b) and activities
of MMPs in lung tissues determined by gelatin zymo-
graphy and MMP-targeted NIR fluorescence imaging
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Figure 7 Intervention effects of resveratrol on inflammation and fibrosis in silica-exposed rats. (a) A schematic diagram illustrating
the experimental design for the intervention study of resveratrol on inflammatory stage. Briefly, rats were exposed to silica aerosol
for 10 days. Then, we administered the rats with resveratrol (20 mg kg− 1) or vehicle (Tween-80) and simultaneously continued the
silica exposure for another 10 days. (b) ELISA to determine levels of IL-1β (left), TGF-β (middle) and TNF-α (right) in the
supernatant of BALF from silica-exposed rats with the administration of vehicle control (Veh: Tween-80) or resveratrol
(20 mg kg− 1). (c) Gelatin zymography (upper: representative images; bottom: relative bands intensity) to examine activities of
matrix metalloproteinases (MMP-9 and MMP-2) in homogenized lung tissues from silica-exposed rats with the administration
of vehicle control (Veh: Tween-80) or resveratrol (20 mg kg− 1). (d) MMP-targeted NIR fluorescence imaging showing activities of
matrix metalloproteinases in silica-exposed rats with the administration of vehicle control (Veh: Tween-80) or resveratrol
(20 mg kg− 1). Scale bar, 1 cm. (e) Western blotting (left: representative images; right: relative bands intensity) to examine TAK1
activation (p-TAK1) and inflammation-related downstream signaling in primary alveolar macrophages isolated from lung tissues
of silica-exposed rats with treatment of vehicle control (Veh: Tween-80) or resveratrol (20 mg kg− 1). (f) A schematic diagram
illustrating the experimental design for the intervention study of resveratrol on fibrotic stage. Briefly, rats were exposed to silica
aerosol for 20 days. Then, we administered the rats with 20 mg kg−1 resveratrol or vehicle (Tween-80) and simultaneously
continued the silica exposure for another 20 days. (g) Hydroxyproline assay to determine levels of total collagen levels in lung
tissues from silica-exposed rats with the administration of vehicle control (Veh: Tween-80) or resveratrol (20 mg kg−1).
(h) Western blotting (left: representative images; right: relative bands intensity) to determine levels of Col I and Col III in lung
tissue from silica-exposed rats with administration of vehicle control (Veh: Tween-80) or resveratrol (20 mg kg− 1). (i) Histological
examination to determine fibrotic nodule formation (arrows indicated in H&E staining) and collagen deposition (arrows indicated in
immunohistochemical staining) in lung tissue from silica-exposed rats with treatment of vehicle control (Veh: Tween-80) or
resveratrol (20 mg kg− 1). Rats without any treatment served as blank controls. Scale bars, 50 μm. (j) Western blotting (left:
representative images; right: relative bands intensity) to examine TAK1 activation (p-TAK1) and fibrosis-related downstream
signaling in primary lung fibroblasts isolated from lung tissues of silica-exposed rats with administration of vehicle control (Veh:
Tween-80) or resveratrol (20 mg kg− 1). Data are presented as mean± s.d. *Po0.05, n = 9 per group. One-way ANOVA with a
post hoc test was performed and the statistical differences between the two groups were determined by the Student’s t-test.
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analysis (Figure 7c and d) decreased significantly in rats
treated with resveratrol. Meanwhile, the levels of
p-TAK1, p-JNK, p-p38, n-p65 and p20 other than
TAK1 determined by western blotting decreased
remarkably in primary alveolar macrophages isolated
from rats treated with resveratrol when compared with
rats treated with vehicle (Figure 7e). To evaluate the
intervention effects of resveratrol on fibrosis in
experimental pneumoconiosis, Sprague–Dawley rats
were exposed to silica aerosol [33]. After 20 days of
silica exposure, we administered the rats with
20mg kg− 1 resveratrol or vehicle (Tween-80) daily and
simultaneously continued the silica exposure for
another 20 days (Figure 7f). Compared with rats trea-
ted with vehicle, levels of total collagens (Figure 7g)
and collagen subtypes (Col I and Col III) (Figure 7h)
determined by hydroxyproline assay and western
blotting, respectively, reduced significantly in lung tis-
sues from rats treated with resveratrol (Po0.05). H&E
staining and immunohistochemistry showed that there
were less fibrotic nodule formation and deposition of
Col I and Col III in lung tissues from rats treated with
resveratrol (Figure 7i). The levels of p-TAK1, p-JNK,
p-p38, n-p65 and p-Smad3 other than TAK1 deter-
mined by western blotting reduced markedly in pri-
mary lung fibroblasts isolated from rats treated with
resveratrol (Figure 7j).

Discussion

To date, TAK1 has emerged as an interesting ther-
apeutic target in a series of disorders [17, 34, 35]. TAK1
signaling activation is essential for macrophage survi-
val [36]. The role of TAK1 in fibrotic process has also
been demonstrated in kidney fibrosis models [37].
However, association between TAK1 and pneumoco-
niosis was poorly understood. Our data have revealed
that the levels of TAK1 and its active phosphorylated
form (T187, p-TAK1) were aberrantly high in the lung
specimens from pneumoconiosis patients as well as
primary alveolar macrophages and fibroblasts from
silica-exposed rats. After local delivery of CRISPR/
Cas9 targeting TAK1 in lungs, we found decreased
inflammation and fibrosis in silica-exposed mice, which
might be attributed to TAK1 knockdown in alveolar
macrophages (major source of proinflammatory cyto-
kines and MMPs) [38] and fibroblasts (principal source
of extensive extracellular matrix, such as collagens) [39]
largely responsible for the above molecular events,
as well as in other possible cells (lymphocytes and
epithelial cells) involved in inflammatory cytokine
production [40, 41]. By RNA interference and

overexpression approaches, we validated the key role
of TAK1 in regulating both macrophage-mediated
inflammation and fibroblast-mediated fibrosis in vitro.

Regarding the key role of TAK1 in experimental
pneumoconiosis, we speculated that pharmacologic
inhibition of TAK1 might be effective in preventing
both inflammation and fibrosis in pneumoconiosis. As
expected, our results showed that the previously iden-
tified TAK1 small-molecule inhibitor 5Z-7-oxozeaenol
[42, 43] markedly prevented inflammation in primary
alveolar macrophages and fibrosis in lung fibroblasts
isolated from silica-exposed rats, respectively. How-
ever, we also noticed that 5Z-7-oxozeaenol exhibited
obvious cytotoxicity in primary lung fibroblasts iso-
lated from healthy rats, as indicated by the MTT assay.
These results contradicted previous studies, in which
5Z-7-oxozeaenol was reported to be sufficiently cyto-
toxic to tumor cells and less harmless to normal cells
[35]. We speculated that the safety profile of 5Z-7-
oxozeaenol was cell selective and there might be some
unknown mechanisms underlying the cytotoxicity of
5Z-7-oxozeaenol in primary lung fibroblasts isolated
from silica-exposed rats in our study.

To screen alternative small molecules for pharma-
cological inhibition of TAK1, we defined a docking
pocket around T187 in TAK1, which was essential for
autophosphorylation and activation of TAK1, and
performed molecular docking. We found that resvera-
trol, a natural product derived from grape and Chinese
herb Polygonum cuspidatum [44], most significantly
inhibited active phosphorylated form of TAK1 (T187,
p-TAK1) in both primary alveolar macrophages and
lung fibroblasts isolated from silica-exposed rats.
Remarkably, MTT assay showed that there was a
favorable safety profile of resveratrol in primary
alveolar macrophages and lung fibroblasts isolated
from healthy rats, implying that resveratrol could be a
promising alternative TAK1 inhibitor. In accordance
with our molecular docking-based screening strategy,
we validated that TAK1 was a molecular target of
resveratrol. Moreover, mutation experiments showed
that amino-acid residues in TAK1 including N161 and
A107, which surrounded T187 of TAK1 in space
conformation and were predicted in molecular dock-
ing, were essential for resveratrol–TAK1 interaction.

Consistent with the virtual screening data, our
in vitro data demonstrated that the screened resveratrol
effectively inhibited TAK1 activation, inflammatory
response in cultured alveolar macrophage NR8383
cells with silica exposure and fibrotic response in cul-
tured lung fibroblast WI-38 cells with TGF-β stimula-
tion in vitro. Furthermore, resveratrol prevented TAK1
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overexpression-aggravated inflammation in primary
alveolar macrophages and fibrosis in primary lung
fibroblasts isolated from silica-exposed rats. In vivo
prevention and intervention experiments evidenced
that resveratrol inhibited inflammation and fibrosis in
silica-exposed rats with experimental pneumoconiosis,
which could be explained by attenuated TAK1 acti-
vation mainly in alveolar macrophages and fibroblasts.

Although resveratrol has been extensively studied
over the years, various pharmacological effects
including antioxidant, anticarcinogenic, lifespan ben-
eficial activities have been reported [45, 46]. The exact
molecular mechanisms governing the therapeutic
properties of resveratrol still remain elusive. Pre-
viously, sirtuin-1 (SIRT1), which is a NAD-dependent
protein deacetylase [47], has been identified as a
molecular target of resveratrol [48]. It has been repor-
ted that expression and activation of SIRT1 are
downregulated in inflammation and fibrosis in liver
and kidney diseases and resveratrol could activate
SIRT1 and thus ameliorate inflammation and fibrosis
[49–52]. Here, we also determined the expression of
SIRT1 in lung specimens of pneumoconiosis patients,
as well as primary alveolar macrophages and lung
fibroblasts isolated from silica-exposed rats. Our results
showed that there was no obvious change of SIRT1
expression and activation (Supplementary Figure S9),
whereas TAK1 was highly expressed and activated in
above lung specimens and primary cells, implying that
TAK1 rather than SIRT1 was one of the specific
therapeutic targets responsible for the inflammation
and fibrosis in pneumoconiosis.

In conclusion, we revealed that TAK1 played a
critical role in regulating both inflammation and
fibrosis in pneumoconiosis and could be a potential
therapeutic target for pneumoconiosis. Resveratrol
identified as a newly TAK1 inhibitor was a promising
agent for treatment of pneumoconiosis. Furthermore,
TAK1 inhibition by resveratrol may also pave the way
for treatment of other lung diseases, which are char-
acterized with pulmonary inflammation and fibrosis.

Materials and Methods

Cell culture and reagents
Rat alveolar macrophage NR8383 cells (CRL-2192, ATCC,

Manassas, VA, USA) were cultured at 37 °C in a humidified
environment containing 5% CO2 in Ham’s F-12K (Kaighn’s)
medium (Life Technologies, Grand Island, NY, USA), supple-
mented with 15% fetal bovine serum (FBS) (Life Technologies).
Human lung fibroblast WI-38 cells (ATCC; no. CCL-75) were
cultured at 37 °C in a humidified environment containing 5%
CO2 in Eagle's minimum essential medium (ATCC)

supplemented with 10% FBS and 100 Uml–1 penicillin–strep-
tomycin (Life Technologies). Resveratrol with a purity ⩾ 99%
(high-performance liquid chromatography (HPLC)) and 5Z-7-
oxozeaenol with a purity ⩾ 98% (HPLC) were purchased from
Sigma (St Louis, MO, USA). Chalcone derivative (4′-hydro-
xychalcone) with a purity ⩾ 98% (HPLC) was purchased from
Santa Cruz Biotechnology (Dallas, TX, USA). Silica particles,
silicon dioxide (SiO2), with an average diameter of 1.6 μm were
purchased from US Silica MIN-U-SIL-5, US Silica, Shanghai,
China. Human recombinant TGF-β (TGF-β1) was purchased
from Merck Millipore (Danvers, MA, USA). Cross-species
TAK1 siRNA and NC siRNA were purchased from Cell Sig-
naling Technology (Danvers, MA, USA) and transfected into
cells using the Lipofectamine 2000 (Invitrogen, Carlsbad, CA,
USA), according to the manufacturer’s instructions. SIRT1
Activity Assay Kit was from Abcam (Cambridge, MA, USA).

Microarray analysis
As there was no well-established human alveolar macro-

phage cell line, we chose rat alveolar macrophage NR8383 cells,
which had been extensively used as in vitro inflammation model
for pneumoconiosis [53], to induce inflammatory response.
Briefly, NR8383 cells were seeded in 6-well plates with a density
of 4 × 105 cells per well and cultured overnight until 70–80%
confluence. The cells were pretreated with 50 ng ml− 1 lipopoly-
saccharides (Sigma) for 3 h and then incubated with 100 μg cm−2

silica particle for 12 h [24]. NR8383 cells incubated with vehicle
(F-12Kmedium) were used as controls. Meanwhile, human lung
fibroblast WI-38 cells were used to induce fibrotic response.
Briefly, the WI-38 cells were seeded in 6-well plates with a
density of 2× 105 cells per well and cultured overnight until
70–80% confluence. The cells were incubated with 10 ng ml− 1

TGF-β for 48 h [25]. WI-38 cells incubated with vehicle (phos-
phate-buffered saline (PBS)) were used as controls. For micro-
array analysis, RNA samples were extracted from NR8383 cells
incubated with vehicle (n = 3) or silica (n = 3) and WI-38 cells
incubated with vehicle (n = 3) or TGF-β (n = 3), and then
amplified by Agilent Quick Amp Labeling Kit (Agilent Tech-
nologies, Santa Clara, CA, USA). The Agilent GeneSpring GX
V11.5.1 Software (Agilent Technologies, Santa Clara, CA,
USA) was used for data normalization and analysis. Gene sig-
natures were identified by fold-change screening. The statistical
differences were determined by the Student’s t-test. Compared
with vehicle controls, top 50 upregulated genes in silica-exposed
NR8383 cells or TGF-β-stimulated WI-38 cells were selected.

Subjects and fiberoptic bronchoscopy
We collected lung specimens from nine pneumoconiosis

patients or six control individuals in collaborative hospitals. The
subjects were diagnosed based on clinical signs, occupational
history, X-ray exam, ILO International Classification of
Radiographs of Pneumoconioses [14] and high-resolution com-
puted tomography scan and further confirmed by pathological
examination with lung biopsy specimens. Physiological limita-
tion of pneumoconiosis patients included airflow limitation,
hyperinflation, gas exchange disturbances, ventilatory muscle
dysfunction, cardiovascular disturbances and reduced exercise
capacity (Supplementary Table S4). Based on the above
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information, we concluded that the pneumoconiosis in our study
was the result of exposure to silica. Lung specimens were
obtained during lung biopsy [54]. Briefly, fiberoptic broncho-
scopy was performed to obtain right lower lobe lung biopsy
specimens, using small pinchers attached to a long cable threa-
ded through the bronchoscope by a specialist. One to three
biopsy specimens were obtained from each individual. The
specimens were frozen and stored at − 80 °C for further analysis
by ELISA, western blotting and real-time PCR. This study was
approved by the Medical Ethics Committees of Shenzhen Peo-
ple’s Hospital and Shenzhen Bao’an District People’s Hospital.
We obtained informed consent from the subjects.

Real-time PCR
RNeasy Mini Kit (Qiagen, Germantown, MD, USA) was

used to extract total RNA using the commercialized protocol.
Total RNA was reverse transcribed to cDNA using the Super-
Script First-Strand Synthesis System (Thermo Fisher Scientific,
Grand Island, NY, USA) according to the manufacturer’s
instructions. Real-time PCRwas performed using SYBR premix
Ex Taq Kit (Takara, Kusatsu, Shiga, Japan) in a Real-Time
PCR System (StepOnePlus; Applied Biosystems, Grand Island,
NY, USA). ΔΔCT methods were used to evaluate mRNA
expression of IER3, MLLT11, TAK1, IL6 and NACC2. Gly-
ceraldehyde 3-phosphate dehydrogenase (GAPDH) was used as
an endogenous control for normalization. Expression of the
overlapping genes in control individuals served as the cali-
brators. ΔΔCT = (CTtarget−CTGAPDH)patients− (CTtarget−
CTGAPDH)controls. The primer pairs used in real-time PCR were
synthesized in Sangon Biotech (Shanghai, China) and shown in
Supplementary Table S6.

Lentiviral vectors and sgRNA cloning
The U6-sgRNA-EFS-Cas9-2A-Cre (pSECC) lentiviral vec-

tor was constructed by assembling four parts with overlapping
DNA ends using Gibson assembly [30]. Briefly, a 2.2 kb part
(corresponding to the U6-Filler fragment from LentiCRISPR),
a 0.3 kb part (corresponding to the EFS promoter from
LentiCRISPR28), a 5.3 kb part (corresponding to a Cas9-2A-
Cre fragment, which was generated by assembly PCR) and a
5.7 kb lentiviral backbone were assembled using Gibson
assembly. For sgRNA cloning, the pSECC vector was
digested with BsmBI and ligated with BsmBI-compatible
annealed oligos [55]. The sgRNA sequences were designed by
Feng Zhang’s laboratory at the Broad institute (sgTAK1-1:
5′-GGGACTTACTGGATTCAGGC-3′; sgTAK-2: 5′-CGG
CGCTTCGATCATCTCAC-3′; sgTAK-3: 5′-GATGATCGA
AGCGCCGTCGC-3′) [56]. An extra G (required for U6 tran-
scriptional initiation) was added to the 5′ end of sgRNAs that
lacked it. The pSECC lentiviral vector is available through
Addgene (Cambridge, MA, USA).

Lentiviral production and in vivo infection
Lentiviruses were produced by co-transfection of 293T cells

with lentiviral backbone constructs and packaging vectors
(delta8.2 and vesicular stomatitis virus G) using TransIT-LT1
(Mrius Bio, Madison, WI, USA). Supernatant was collected 48
and 72 h post-transfection, concentrated by ultracentrifugation

at 25 000 r.p.m. for 90 min and resuspended in an appropriate
volume of OptiMEM (Gibco, Grand Island, NY, USA). For
in vivo infection, the lentiviruses (1.5 × 108 IU per mouse) were
intratracheally delivered into C57BL/6 mouse lungs [30, 57].

SURVEYOR assay
Genomic region surrounding the CRISPR target site for each

gene was PCR amplified, and products were purified using
QiaQuick Spin Column (Qiagen) following the manufacturer’s
protocol. A total of 400 ng of the purified PCR products were
mixed with 2 μl 10x Taq polymerase PCR buffer (Enzymatics,
Beverly, MA, USA) and ultrapure water to a final volume of
20 μl, and subjected to a reannealing process to enable hetero-
duplex formation. After reannealing, products were treated with
SURVEYOR nuclease and SURVEYOR enhancer S (Trans-
genomics, Omaha, NE, USA), and analyzed on 4–20% Novex
TBE polyacrylamide gels (Life Technologies). Gels were stained
with SYBR Gold DNA stain (Life Technologies) and quantifi-
cation was based on relative band intensities.

Exposure of rodents to silica to induce experimental
pneumoconiosis

Three-month old male C57/BL6 mice and 2-month-old male
Sprague–Dawley rats were exposed to silica aerosol to induce
experimental pneumoconiosis following established procedure
[26, 27]. Briefly, C57/BL6 mice and Sprague–Dawley rats were
housed using whole-body inhalation chambers (TIANJIN
HOPE INDUSTRY & TRADE CO., LTD., Tianjin, China)
and exposed to 15 mg m−3 silica or filtered-air (control). Expo-
sures were conducted for 6 h per day (3 h x 2 times) with a 45-
min interval for animal feeding, 5 days per week, for a total of
20 days (the inflammatory stage) or 40 days (the fibrotic stage).
The rodents were on a 12-h light–dark schedule and were
exposed during the dark cycle to coincide with their most active
period.

Isolation of primary alveolar macrophages
Primary alveolar macrophages were isolated from rodents fol-

lowing established protocols with minor modifications [58]. Briefly,
mice and rats were killed and the lungs were carefully removed.
The lung was cannulated via the trachea and BAL was performed
using 10×5ml ice-cold PBS. The lavage fluid was centrifuged at
400 g for 5 min and the pelleted cells were resuspended in PBS. Cell
viability was determined by trypan blue exclusion. The cells were
cultured inHam’s F-12Kmedium supplemented with 15%FBS for
45 min at 37 °C and the non-adherent cells was washed away with
PBS. The adherent cells were recovered and diluted as needed.
Alveolar macrophages were identified as F4/80+ and CD11c+ cells
by flow cytometry using anti-F4/80 (Abcam) and anti-CD11c
antibody (Abcam) [59].

Isolation of primary lung fibroblasts
Primary lung fibroblasts were isolated from rodents following

established protocols with minor modifications [60]. Briefly,
lungs were perfused through the right ventricle of the heart with
PBS and then excised and homogenized with GentleMACS
(Miltenyi Biotec, Bergisch Gladbach, Germany), followed by
collagenase D (2 mg ml− 1; Roche, Indianapolis, IN, USA)
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treatment for 1 h at 37 °C. The cell suspension was depleted of
immune and endothelial cells by means of negative selection for
CD45 (Miltenyi Biotec) and CD31 (BD Biosciences, San Jose,
CA, USA) with magnetic cell sorting. The resulting cells were
cultured in Eagle's minimum essential medium medium sup-
plemented with 10% FBS, 100 Uml–1 penicillin–streptomycin,
1% L-glutamine, 1% sodium pyruvate and 1% nonessential
amino acids (PAA Laboratories, Grand Island, NY, USA).
Cells from passages 2 to 4 were used in our study.

Inflammatory response in cultured alveolar macrophages
Cultured alveolar macrophage NR8383 cells were pretreated

with 50 ng ml− 1 lipopolysaccharides for 3 h and then incubated
with 100 μg cm−2 silica particle to induce inflammatory response
[24]. After 12 h, cell supernatants were collected and levels of
inflammatory cytokines (IL-1β, TGF-β and TNF-α) were mea-
sured by ELISA Kits (IL-1β and TNF-α: R&D System, Min-
neapolis, MN, USA; TGF-β: eBioscience, San Diego, CA,
USA). Activities of MMPs (MMP-2 and MMP-9) were deter-
mined by gelatin zymography according to established protocol.
For drug administration, the cells were exposed to silica and
simultaneously treated with small molecules at different con-
centrations. For genetic modulation of TAK1 by siRNA, the
cells were incubated with siRNA for 36 h before the induction of
inflammatory response by silica exposure.

Inflammatory response in primary alveolar macrophages
Primary alveolar macrophages were cultured overnight in

Ham’s F-12K medium supplemented with 15% FBS at 37 °C.
Cell supernatants were collected and the levels of inflammatory
cytokines (IL-1β, TGF-β and TNF-α) were measured by ELISA
Kits. Activities of MMPs (MMP-2 and MMP-9) were deter-
mined by gelatin zymography according to established protocol.
For drug administration, the cells were treated with small
molecules at different concentrations for 12 h before the deter-
mination of inflammatory response including levels of inflam-
matory cytokines and activities of MMPs. For genetic
modulation of TAK1, the cells were incubated with siRNA or
expression vectors for 36 h before the determination of inflam-
matory response including levels of inflammatory cytokines and
activities of MMPs.

Fibrotic response in cultured lung fibroblasts
Cultured lung fibroblast WI-38 cells were incubated with

10 ng ml− 1 TGF-β or PBS for 48 h. MTT was performed to
evaluate cell proliferation rate according to the manufacturer’s
instruction (Sigma-Aldrich). Western blotting was performed to
analyze the expression levels of collagen subtypes including Col
I and Col III. For drug administration, the cells were incubated
with TGF-β and simultaneously treated with small molecules at
different concentrations. For genetic modulation of TAK1 by
siRNA, the cells were incubated with siRNA for 36 h before the
induction of fibrotic response by TGF-β stimulation.

Fibrotic response in cultured and primary lung fibroblasts
Primary lung fibroblasts were cultured in Eagle's minimum

essential medium supplemented with 10% FBS and 100 Uml–1

penicillin–streptomycin. After 48 h, MTT was performed to

evaluate the cell proliferation rate according to the manu-
facturer’s instruction (Sigma-Aldrich). Western blotting was
performed to analyze the expression levels of collagen subtypes
including Col I and Col III. For drug administration, the cells
were treated with small molecules at different concentrations for
12 h before the determination of fibrotic response including cell
proliferation rate and collagen subtypes. For genetic modulation
of TAK1, the cells were incubated with siRNA or expression
vectors for 36 h before the determination of fibrotic response
including cell proliferation rate and collagen subtypes.

TAK1-based molecular docking
Crystal structure of TAK1 (PDB code: 2eva) was retrieved

from the protein data bank and a docking pocket around the
essential autophosphorylation site T187 on activation loop of
TAK1 was defined. More than 3 000 small molecules from
commercially available database (e.g., NCI Diversity Set III
library) and our established compound libraries were used for
the TAK1-based molecular docking. Virtual screening para-
meters were prepared by autodock tools and used in AutoDock
Vina. The small molecules were ranked with the consideration of
binding free energies and drug-like (LipinskiScore = 7) and lead-
like (leadScore = 5) filters.

Interaction between TAK1 and resveratrol
A total of 5 × 106 alveolar macrophage NR8383 cells or

1× 106 lung fibroblast WI-38 cells were seeded in 75 cm2
flasks

and cultured overnight until 80–90% confluence 37 °C. The
NR8383 cells were incubated with 100 μM resveratrol or chal-
cone derivative (4′-hydroxychalcone) and the WI-38 cells were
incubated with 50 μM resveratrol or chalcone derivative
(4′-hydroxychalcone). Both cells treated with DMSO were
served as vehicle controls. Cells were harvested 12 h after drug
administration and lysed. Immunoprecipitation followed with
western blotting or LC-MS/MS was performed according to
established protocol with minor modification [61]. To identify
key residues in TAK1, 5× 105 alveolar macrophage NR8383
cells or 1× 105 lung fibroblast WI-38 cells were seeded in 100 cm2

dishes and cultured overnight until 50–60% confluence at 37 °C.
Both cells were transfected with Flag-tagged TAK1 wild-type or
mutants (TAK1-N161R, TAK1-A107R, TAK1-E105R, TAK1-
R44A and TAK1-L163R). After 48 h, NR8383 cells were
incubated with 100 μM resveratrol or DMSO and WI-38 cells
were incubated with 50 μM resveratrol or DMSO. Cells were
harvested 12 h after drug administration and lysed for immu-
noprecipitation followed with western blotting or LC-MS/MS.

Immunoprecipitation followed with western blotting or
LC-MS/MS

Cell lysates were prepared in HEPES lysis buffer (20 mM

HEPES (pH 7.2), 50 mM NaCl, 0.5% Triton X-100, 1 mM NaF,
1 mM dithiothreitol) supplemented with protease inhibitor
cocktail (Roche) and phosphatase inhibitors (10 mM NaF and
1 mM Na3VO4). Immunoprecipitations were performed using
anti-resveratrol or anti-TAK1 (Cell Signaling Technology)
or anti-Flag (Sigma) antibodies and protein A/G-agarose
(Santa Cruz Biotechnology) at 4 °C. For detection of TAK1
or Flag-TAK1 wild type/mutants in both lysates and
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immunoprecipitates, anti-resveratrol or anti-TAK1 (Cell
Signaling Technology) or anti-Flag (Sigma) primary antibodies
and the appropriate secondary antibodies were used in western
blotting, followed by detection with SuperSignal Chemilumi-
nescence Kit (Pierce, Rockford, IL, USA). Anti-resveratrol
antibody was generated according to previously established
protocol [62]. For detection of resveratrol or chalcone derivative
(4′-hydroxychalcone) after immunoprecipitations, small mole-
cule was extracted by 90% methanol (Sigma) and examined by
Agilent 6400 Ultra High-Performance Liquid Chromatograph
with Tripe Qquadrupole Mass Spectrometer (Agilent Technol-
ogies, Santa Clara, CA, USA) [63]. Resveratrol with a purity
⩾ 99% (HPLC) (Sigma) and Chalcone derivative (4′-hydro-
xychalcone) with a purity 98% (HPLC) (Santa Cruz Bio-
technology) were used as reference standards. Small molecules
at the same retention time and same product ions in multiple
reaction monitoring detection method [64] with the reference
standards were identified as the target molecules.

Construction of expression vectors
A cDNA construct containing the full-length open reading

frame of TAK1 wild type was subcloned into mammalian
expression vector pcDNA3.1 (Thermo Fisher Scientific) or 3x
Flag-tagged mammalian expression vector pcDNA3.1
(Addgene) and verified by DNA sequencing analysis [65]. Site
mutations including TAK1-N161R, TAK1-A107R, TAK1-
E105R, TAK1-R44A and TAK1-L163R were made by site-
directed PCR mutagenesis using QuikChange Mutagenesis Kit
(Agilent Technologies) and verified by DNA sequencing ana-
lysis. The expression vectors were transfected into primary
macrophages and fibroblast cells and normal culture cells by
using Nucleofector Kits (Lonza, Basel, Switzerland) and Lipo-
fectamine 2000 (Invitrogen), according to the manufacturer’s
instructions, respectively.

Animal handing
All the animals were housed in Laboratory Animal House of

the Chinese University of Hong Kong with a temperature-con-
trolled, 12 h light–dark cycle facility and food and water were
available ad libitum. The animals were acclimatized to the
laboratory conditions for at least 7 days before being used in
experiments. The animals were killed by lethal dose of pento-
barbital after treatment. The animal study procedures were
approved by the Animal Experimentation Ethics Committee of
the Chinese University of Hong Kong (Ref No.: 12/081/MIS).

BALF analysis
Following established protocols [66], left lung of the rodents

was ligated at the left main bronchus, BALF from the right lung
was obtained by washing the airways three times with 5 ml of
BALF buffer (composed of PBS with 5.5 mM D-glucose, pH at
7.4) through a tracheal cannula, BALF cell suspensions were
centrifuged and the supernatants were collected. Levels of
inflammatory cytokines including TNF-α, TGF-β and IL-1β
were measured by ELISA testing.

Histology and immunohistochemistry
The dissected left lungs were fixed in 10% formaldehyde and

processed routinely for embedding in paraffin. Paraffin blocks
were sectioned into 5 μm and mounted on glass slides for his-
tological and immunohistochemical staining. H&E staining was
performed on sections to examine the general morphology.
Immunohistochemical staining was performed to detect Col I
and Col III using anti-Col I (Abcam) and anti-Col III antibody
(Abcam), respectively. The sections were counterstained with
hematoxylin.

Determination of lung collagen content
Hydroxyproline assay (Chondrex, Redmond, WA, USA)

was performed to determine the collagen content in lung tissues.
According to the instruction, dissected lung tissues were lysed
and hydroxyproline content was quantified by spectro-
photometer at 550 nm. The data were expressed as collagen per
dry weight (μg g− 1) [67].

Gelatin zymography
Protein samples from cell supernatants or homogenized lung

tissues were separated in 10% sodium dodecyl sulfate-
polyacrylamide gel electrophoresis containing 1 mg ml− 1 gela-
tin (Sigma) [68]. The gels were incubated in 2.5% Triton X-100
solution at room temperature with gentle agitation to remove
sodium dodecyl sulfate and were soaked in reaction buffer
(50 mM Tris-HCl (pH 7.5), 150 mM NaCl and 10 mM CaCl2) at
37 °C overnight [69]. After the reaction, the gels were stained for
1 h with staining solution (0.1% Coomassie Brilliant Blue, 30%
methanol and 10% acetic acid) and were destained in the same
solution, but without Coomassie Brilliant Blue. Gelatinolytic
activity of MMPs were visualized as a clear band against a dark
background of stained gelatin using ChemiDoc MP System
(Bio-Rad, Hercules, CA, USA) and Image Lab program (Bio-
Rad). The intensities of the MMPs bands were quantified and
normalized to the corresponding controls.

MMP-targeted NIR fluorescence imaging
Each mouse or rat was intravenously injected with 0.2 ml

(4 nmol) MMP Sense680 Fluorescence Imaging Agent (Perkin-
Elmer, Waltham, MA, USA) [70]. After 24 h, animals were
killed and whole lung was dissected for ex vivo imaging with MS
FX-Pro Imaging System (Carestream, Rochester, NY, USA).
The parameters used in imaging acquisition were as following:
peak emission filter, 700 nm; excitation filter, 650 nm; acquisi-
tion time, 30 s.

ELISA testing
Levels of TNF-α and IL-1β were quantified using commer-

cially available ELISA Kits (R&D Systems, Minneapolis, MN,
USA) according to the manufacturer’s instructions. The level of
TGF-β was quantified using a commercially available ELISA
Kit (eBioscience, San Diego, CA, USA) according to the man-
ufacturer’s instructions. The level of p-TAK1 was quantified
using anti-p-TAK1 antibody (Elabscience, Wuhan, China) fol-
lowing established ELISA protocol (TECH TIP no. 65; Thermo
Fisher Scientific). The level of SIRT1 was examined by a com-
mercial ELISA Kit (Abcam).
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Western blot analysis
Proteins extracted from cells or tissues were quantified using

Bradford Assay (Bio-Rad). Protein samples were separated by
sodium dodecyl sulfate-polyacrylamide gel electrophoresis and
transferred onto PVDF membranes (Bio-Rad). After blocking,
the membranes were probed with primary antibodies and then
incubated with specific horseradish peroxidase-conjugated sec-
ondary antibodies (Santa Cruz Biotechnology). Immunodetec-
tion was performed using enhanced chemiluminescence
consistent with the manufacturer’s protocol (Thermo Fisher
Scientific). Primary antibodies including anti-TAK1, anti-p-
TAK1 (T187), anti-JNK, anti-p-JNK, anti-p38, anti-p-p38,
anti-Smad3, anti-p-Smad3, anti-p65 and anti-β-actin were pur-
chased from Cell Signaling Technology. Anti-p-TAK1 antibody
(T184) was purchased from Thermo Fisher Scientific. Anti-Col I,
anti-Col III and anti-SIRT1 were purchased from Abcam. Anti-
p20 antibody was purchased from BioVision (Milpitas, CA,
USA). The band intensities were quantified and normalized to
the corresponding controls. β-Actin was used as a loading con-
trol for internal correction.

Statistical analyses
All numerical data are expressed as the mean± s.d. One-way

analysis of variance (ANOVA) with a post hoc test was per-
formed and the statistical differences between the two groups
were determined by the Student’s t-test. All statistical analyses
were performed with SPSS software, version 22.0. Po0.05 was
considered statistically significant. The analysis was performed
by a contract service from Bioinformedicine (San Diego, CA,
USA; http://www.bioinformedicine.com/index.php).
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