
RESEARCH PAPER

Triptolide mitigates radiation-induced pulmonary fibrosis via inhibition of axis of
alveolar macrophages-NOXes-ROS-myofibroblasts

Chun Chena,*, Shanmin Yangb,*, Mei Zhangb, Zhenhuan Zhangb, Jingshen Hongc,d, Deping Hanc,d, Jun Mab,
Steven B. Zhangb, Paul Okunieffb, and Lurong Zhangb,c,d

aDepartment of Pharmacology, College of Pharmacy, Fujian Medical University, Fuzhou, China; bDepartment of Radiation Oncology, University of
Florida, Gainesville, FL, USA; cThe First Affiliated Hospital of Fujian Medical University, Fuzhou, China; dKey Lab of Radiation Biology, Fujian Medical
University, Fuzhou, China

ARTICLE HISTORY
Received 12 August 2015
Revised 8 December 2015
Accepted 1 January 2016

ABSTRACT
Purpose: IR-induced pulmonary fibrosis is one of the most severe late complications of radiotherapy for
lung cancer. It is urgently needed to discover a new drug for anti-IR lung fibrosis. Our previous studies
have indicated that TPL exhibits both anti-IR lung fibrosis and anti-tumor activities. To reveal the
mechanism of TPL on anti-IR lung fibrosis, alveolar macrophages (AMs) were examined for TPL effect on
their axis of Nicotinamide adenine dinucleotide phosphate oxidase-reactive oxygen species (NOXes-ROS)
and myofibroblast activation. Methods and Materials: The fibrosis-prone C57BL/6 mice were irradiated
with 15 Gy on whole chest, then one day later, mice were treated without or with TPL (i.v. 0.25 mg/kg,
qod for 1 month). The AMs were collected from bronchoalveolar lavage fluids and studied for the
production of ROS and the levels of NOXes. The effect of AMs on myofibroblast activation as labeled
with F4/80 or a-SMA (a-smooth muscle actin) were examined using flow cytometry, Western blotting, or
immunohistochemical staining. Results: TPL effectively reduced the IR-induced lung fibrosis as evidenced
by the less myofibroblasts, less collagen deposit and less ROS in the IR-lung tissues. We found that ROS
which responsible for myofibroblasts activation was mainly from AMs and was NOX2 and NOX4
dependent. TPL significantly reduced the infiltrated AMs in IR-lung tissues, and in addition, down
regulated the level of NOX2 and NOX4 in AMs both in vitro and in vivo. Furthermore, by inhibiting
NOXes dependent ROS in AMs, TPL deprived AMs’ paracrine activation of myofibroblasts. Conclusions:
Our work demonstrated that the anti-fibrotic effect of TPL on IR-induced pulmonary fibrosis was related
to its inhibition on the axis of alveolar macrophages-NOXes-ROS-myofibroblasts.
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Introduction

Pulmonary fibrosis, a severe late complication after thoracic
radiotherapy, leads to permanent scarring in the lung and
greatly reduces the quality of patients’ life. So far, there is no
effective medication for it.1

Clearly, an anti-fibrotic agent with a defined action mecha-
nism is urgently needed. Our previous studies and others have
shown that TPL, a diterpenoid epoxide purified from the Trip-
terygiumwilfordii Hook F, exhibits both anti-inflammation and
anti-tumor activities. It has been used to treat bleomycin-
induced pulmonary fibrosis,2,3 liver fibrosis4 and renal fibrosis 5

in mice. Although we found that TPL alleviated IR-induced
pulmonary fibrosis in C57BL/6 mice,6 its underlying mecha-
nism remains unknown.

The activation and persistence of myofibroblasts are the core
events of pulmonary fibrosis. Fibroblasts can be activated and
transformed into myofibroblasts, and a-SMA expression and
increased matrix production were the marker of myofibro-
blasts.7 Excessively myofibroblasts produce excess matrix, dis-
tort the normal pulmonary structure, and result in progression

of fibrosis. The activation of myofibroblasts is regulated by a
variety of mechanisms, including paracrine signals derived
from lymphocytes and macrophages8 and autocrine factors
secreted by myofibroblasts themselves.9 Among these facts, the
reactive oxygen species (ROS) is regarded as most important
factor.9,10

ROS are involved in several cellular functions by triggering
the proliferation, activation, hypertrophy and matrix accumula-
tion.11-13 It is demonstrated that increased ROS was required in
the activation of myfibroblasts in lung fibrosis 9,14 and other
fibrosis,15,16 and served as target for anti-oxidant therapy to
mitigate the fibrosis following IR.17

Though ROS play an essential role in myfibroblasts activa-
tion and fibrosis progression, the source of ROS in lung tissue
is unverified.18,19 It is believed that inflammatory cells are the
main source of ROS. ROS could be produced by different
inflammatory cells at different stages of disease and cross-act
among the neutrophils, macrophages and fibroblast.20

The enzymes responsible for ROS generation are NOXes.21

NOXes transfer electrons to oxygen, and then superoxide
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rapidly dismutates to ROS. NOX isoforms (NOX 1, NOX2 and
NOX4) are involved in pulmonary fibrosis, obstructive lung
disorders, and cystic fibrosis.9,22-25 The NOXes knock down in
animal models of fibrosis presented a marked reduced ROS
and collagen production.26,27 However, whether NOXes in
macrophage contribute to oxidative stress in IR-induced pul-
monary fibrosis remains to be elucidated.

TPL possesses anti-inflammation property. No study
were conducted to explore effect of TPL on axis of AMs-
NOXes-ROS-myofibroblasts, which is needed for the under-
standing of its molecular mechanism by which IR-induced
lung fibrosis could be reduced by TPL

In this study, we found that AMs were the main inflamma-
tory cells in IR-lung tissue, and NOXes dependent ROS from
AMs induced myofibroblasts activation and collagen accumula-
tion. TPL down-regulated NFkb, NOX2 and NOX4 in AMs,
and deprived the ROS-activated myofibroblasts and supressed
IR-induced pulmonary fibrosis.

Methods

Animal model of thorax irradiation

C57BL/6 mice (female, 8 weeks old, National Cancer Institute,
Frederic, MD, USA) were anesthetized by ketamine (80 mg/kg
i.p.) and then placed in a special jig with 2 flaps to fix the head
and ensure the lung was extended in radiation field in 3 splits
collimator and irradiated with 15 Gy on whole thorax at a dose
rate of 1.8Gy/min with Shepherd Mark-I irradiator.28 The irra-
diated mice were then divided into groups (8 mice/group) for
the different treatments: saline alone as vehicle control; TPL
(0.25 mg/kg i.v 0.2 ml/mouse, q.o.d) for 1 months (dose and
course of treatment were determined by previous study).6

When the time came, the mice were euthanized and the right
lungs were wire tied. Bronchoalveolar lavage fluids (BALF)
were obtained just from left lungs. Following trachea intuba-
tion, the right lungs were perfused 5 times, each with 1 ml of
PBS, and a total of >4 ml BAL fluid was retrieved. Thereafter,
the right lungs were collected and divided into 3 pieces: one
piece was fixed and embedded in paraffin for pathology and
immunohistochemistry studies; another was used to prepare
single cell suspensions; and the last piece was homogenized and
stored at ¡80� C for cytokine analysis. All animal studies were
approved by the institutional animal use committee and per-
formed in accordance with National Institutes of Health (NIH)
guidelines.

Cell culture

Primary AMs were isolated from BALF obtained from every
group, non-IR mice and thorax-IR mice. Cells from one group
were pooled and adjusted to 1 £ 106/ml, then plated in Dulbec-
co’s modified Eagle medium (DMEM) containing 5% fetal
bovine serum (FBS) as 2~3 £ 105/cm2. Two hours later, non-
attached cells were gently removed, and the medium was
changed to Ultra-DOMA-PF (Lonza, Walkersville, MD, USA)
without serum. Differential cell count was carried out on
Wright-Giemsa-stained cytospin, smears, and the adherent
AM population was >98%.

Mouse alveolar macrophage cell line MH-S was grown in
RPMI 1640 containing 5% FBS and incubated for 24 h before
exposure to radiation (Varian 600CD, Varian Medical Systems
Inc., Palo Alto, CA, USA). After irradiation, cells were cultured
for 24–72 h without a change of medium.

Co-culture of AMs with fibroblasts

Two kinds of co-culture system were used: (1) co-culture of
AMs with fibroblasts in Corning Transwell� plates (Sigma-
Aldrich, St. Louis, MO, USA); (2) fibroblasts cultured with the
conditioned AMs culture medium. In the first co-culture, AMs
were cultured in Transwell inserts of a 12-well culture plate
(0.4 mm pore size), and NIH3T3 cells (a mouse fibroblast cell
line obtained from ATCC) were cultured in a 12-well plate.
After the mediums of both AMs and fibroblasts were changed
to 0.1% NCS DMEM for 1 day, the inserts containing AMs
were then placed into the well containing NIH3T3 cells, and
treated with saline or 300 mM apocynin (Sigma-Aldrich), an
inhibitor of Noxes,29 or TPL 5 ng/ml for 1 or 2 d. This co-cul-
ture system allowed the exchange of factors between 2 types of
cells while there was no direct cell contact. For the medium
transfer experiments in the 2nd co-culture, AMs and NIH3T3
were cultured separately for 1 day in which AMs were treated
with or without 300 mM apocynin or TPL 5 ng/ml, and then
the mediums of AMs were transferred to NIH3T3 wells and
further cultured for 1 or 2 d.

Flow Cytometry Analysis of AMs and myofibroblasts

Lungs were harvested at the indicated days from control and
lung-IR mice with or without TPL treatment. One piece of
lungs were minced and digested in DMEM medium containing
1 mg/ml collagenase (Sigma-Aldrich) for 45 min at 37�C. Any
undigested fragments were further dispersed by drawing the
solution up and down through the bore of a 5-ml syringe.
Then, the cells were run through a 60-mm strainer and were
washed and centrifuged. Cell counts and viability were deter-
mined using trypan blue exclusion on a hemocytometer. Single
cell suspensions were stained with F4/80 combined with
CD11b or anti-a-SMA, followed by FITC-labeled or PE-labeled
secondary antibodies. Samples were assayed immediately by
Accuri C6 Flow Cytometer� and CFlow� software (BD Bio-
sciences, Franklin Lakes, NJ, USA).

Determination of ROS level

Levels of ROS in lung tissue were measured by flow cytometry.
Briefly, the freshly harvested single cell suspensions from lung
tissue (reflecting in vivo situation) were incubated with 25 mM
2,7-dichlorodihydrofluorescein diacetate (DCFH-DA, Sigma-
Aldrich) for 25 min in dark, and then immediately analyzed
with Accuri C6 Flow Cytometer�.

For the in vitro ROS production, the AMs from non-irradi-
ated control mice and irradiated mice just receiving saline for
1 month were pooled respectively, cultured in 96 well plates
and treated with or without Noxes inhibitor-Apocynin (Apo,
300 mM) or TPL (5 ng/ml) (n D 5, in duplicate) for 6 or 12 hr,
and then incubated with 25 mM of DCFH-DA for 25 min in
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dark. The fluorescence was read immediately at 485 nm for
excitation and 530 nm for emission with a Spectramax (Sunny-
vale, CA, USA).

The ROS values were expressed as fold changes compared to
the controls.

Western blot analysis

Cell lysates (30 mg/lane) were separated by 10% SDS-polyacryl-
amide gel electrophoresis and electrotransferred onto polyviny-
lidene fluoride (PVDF) membranes (EMD Millipore
Corporation, Billerica, MA, USA). After blocked with 5% non-
fat milk, membranes were probed with primary antibodies
(anti-NOX1, anti-NOX2/gp91phox, anti-NOX4, anti-
a-smooth muscle actin (anti-a-SMA), anti-NFkB(p65), anti-
IkBa, anti-Lamin B, and anti-b-actin (Abcam, Cambridge,
MA, USA) followed by peroxidase-labeled secondary antibody,
and visualized with Pierce ECL Western Blotting Substrate
(Thermo Fisher Scientific Inc., Rockford, IL, USA). The density
of NOXes was scanned and analyzed, and the values were
expressed as the relative expression of protein normalized to
b-actin protein.

siRNA Inhibition of NOX2 and NOX4

MH-S cells were grown to50%–60% confluence in RPMI 1640
containing 10% fetal bovine serum without antibiotic, and then
transfected with nontargeting Control siRNA, si-m-Cybb
(NOX2) or si-m-NOX4 (RiboBio Co., Ltd., Guangzhou, China)
using X-tremeGene siRNA transfection reagent (Roche Diag-
nostics Corp., Indianapolis, IN) according to the manufac-
turers’ instructions. The final optimized concentration for
siRNAs was 20 nM. The transfection rate was about 80% – 85%
as confirmed by transfecting with nontargeting Control siRNA
(cy3) and detecting the fluorescence using Cellomics Arrayscan
VT1 (Thermo Scientific, MA, USA). For Western blotting anal-
ysis, the cells were allowed to grow for an additional 48 h. One
of 3 siRNAs duplexes, siNOX2 (duplex1) and siNOX4( duplex
1), efficiently blocked NOX2 or NOX4 expression. Transfected
MH-S cells were raised up in RPMI 1640 containing 10% fetal
bovine serum without antibiotic.

Staining for AMs or myofibroblasts

AMs or myofibroblasts in lungs were stained using their spe-
cific cell-surface marker F4/80 (anti-active macrophage) or
anti-a-SMA with standard immunohistochemical staining.2 In
brief, Lung tissue sections were routinely rehydrated, antigen
retrieved by using microwave and incubated in hydrogen per-
oxide for 10 min. After wash with PBS, sections were incubated
with primary antibody for F4/80 and a-SMA (Santa Cruz Bio-
technology) for 2 h. Following extensive washing, sections were
incubated for 30 min in the secondary HRP-conjugated anti-
body followed by AEC kit. Sections were then counter-stained
with hematoxylin. Images were captured by using Zeiss micro-
scope (Zeiss Axioplan 2 Imaging, Oberkochen, Germany).

NIH3T3 cells were grown on glass coverslips and co-culture
with different conditioned medium of AMs for 1 day which
detailed in “Co-culture of AMs with fibroblasts.” Then the cells

fixed in ice-cold acetone for 10 min, incubated with 1% BSA in
PBST for 30 min to block unspecific binding. After incubated
with primary antibody for 1 h at room temperature, cells were
incubated with FITC conjugated secondary antibody (BD Bio-
sciences, San Jose, CA 95131) for 30 min at dark. Cells were
counter stained with DAPI and images were captured under
Zeiss microscope.

Collagen stained with Masson’s Trichrome blue or
quantitated with Picro-Sirius red assay

Trichrome blue was used to stain collagens in lung tissue sec-
tions.2 In brief, lung tissue sections were routinely rehydrated,
antigen retrieved and incubated in hydrogen peroxide for
10 min. After wash with PBS, sections were stained by tri-
chrome stain.

To quantitate the collagen in cell culture supernatants and
lung homogenates, the Picro-Sirius red staining method was
used as previously described.28

Statistical analysis

Quantitative data were expressed as mean and standard devia-
tion. Statistical analysis of the data was performed with
ANOVA and t-test. Differences with p values <0.05 were con-
sidered to be statistically significant.

Results

Mitigation of radiation induced pulmonary fibrosis by TPL
was associated with reduced myofibroblasts and ROS

IR is a strong inducer of pulmonary fibrosis. The induction is a
relatively slow process. At the early stage, there was no signifi-
cant collagen deposition. One month after the IR, the collagen
deposition (Figs. 1A and B) moderately increased and lung sep-
tal thickening was observed. Meanwhile, an up-regulated
a-SMA expression in IR-lung tissues was detected by both flow
cytometry and immunohistochemistry staining (Figs. 1C and
D), which indicates excessive myofibroblasts activation.
Accompanied with increased myofibroblasts activation, a
marked increase of ROS (up to 5.5 times) was detected in lung
tissue (Fig. 1E), and TPL treatment significantly reduced the
activation of myofibroblasts and the level of ROS in irradiated
lung tissues. By the fifth month post the IR, the lung damage
became very obviously (Fig. 1F). The number of alveoli dramat-
ically decreased, even disappeared in some areas. The collagen
deposition increased about 200% (Fig. 1G). The treatment with
TPL significantly reduced the lung damage induced by the IR.
The alleviation of IR induced pulmonary fibrosis by TPL
(0.25 mg/kg for 1 month) was found as early as one month
post the IR and it was much significant in the 5th month after
15 Gy thorax ionizing radiation, as evidenced by reduced lung
collagen deposition on histochemical staining (Fig. 1F) and col-
lagen quantification (Fig. 1G). This effect is much better than
Amifostine, a cytoprotective adjuvant that could be used for
reducing side effects during chemotherapy and radiation
treatment.
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Increased ROS was released from AMs upon IR exposure

According to the essential role of ROS in myfibroblasts acti-
vation and fibrosis progression, we explored the source of
increased ROS in irradiated lung tissue. ROS is secreted by
varied cell types, and myofibroblasts themselves are
reported as a source of ROS. Our results showed that in
irradiated lung tissue at early stage, myofibroblasts were
just moderately increased, but ROS level reached to 5.5 times
higher than in no IR lung tissue. A large proportion of ROS
should come from cells other than myofibroblasts. Inflam-
matory cells are the main source of ROS. The cellular com-
ponents in the BALF varied with time after IR: on day 2.5,
the lymphocytes and AMs dominated with few neutrophils;
on day 17, the neutrophils, AMs, and dead epithelial cells
were dominant (data not shown); 1 month after IR, AMs
accounted for more than 85% of total infiltrated cells
(Table 1) with a 2-fold increase in the cell number. Immu-
nohistochemical and flow cytometry results also showed a
significant increase of AMs in irradiated lung tissue

(Figs. 2A and B). These demonstrated that AMs were the
dominant inflammatory cells after the irradiation.

To confirm that the high level of ROS in IR-lungs was
related to macrophages, AMs were isolated from control (AMs-
ctrl) and thorax irradiated mice (AMs-IR), and their intracellu-
lar ROS level was studied at different time points (6 hr and 12
hr). Results (Fig. 2C) showed that significantly increased ROS
production (~2.7 fold) was observed in AMs-IR compared to
AMs-Ctrl, which was inhibited by TPL..

Figure 1. TPL mitigated IR-induced lung fibrosis via reduction of myofibroblasts and ROS Levels. (A) One month post IR impaired tissue structure but little collagen depo-
sition were visualized by Trichrome staining (£100). (B) Collagen level in lung tissue was determined by Sirius red method using lung homogenate. Myofibroblasts char-
acterized by a-SMA expression was detected by flow cytometry (C) and immunohistochemistry (D, £200). (E) ROS level in lung tissue was measured by flow cytometry as
the fluorescence of DCF. (F) Lung fibrosis formed 5 month post 15 Gy thorax IR and collagen deposition were visualized by Trichrome staining (£100). (G) Collagen levels
in lung homogenate were determined by Sirius red assay (n D 5). Ami: Amifostin 200 mg/kg for 1 month, TPL: TPL 0.25 mg/kg for 1 month. ��P < 0.01, IR vehicle ctrl vs
no-IR; #P < 0.05, ## P < 0.01, TPL vs. IR vehicle.

Table 1. Total and differential cells counted at BALF 1 month post lung-IR.

Subjects Total cell ml¡1 BAL AMs (%) Lympho (%) PMNs (%)

control(nD8) 2.6 £ 104 89.2 § 1.2 8.2 § 1.4 2 § 1
lung-IR(nD7) 6.8 £ 104

�
85.7 § 2 10.4 § 3 3.4 § 0.5

IRCTPL(nD8) 3.9 £ 104y 89.6 § 1.4 7.6 § 2.2 2.2 § 0.5

View it in a separate window
Data were expressed as total cell number ml¡1 of BAL and percentage of total cell
population (differential) in BAL. AMsDalveolar macrophages; LymphoDalveolar
lymphocytes; PMNsDalveolar neutrophils. � Denotes P < 0.01 vs. control, y
Denotes P < 0.01 vs. lung-IR.
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To further confirm that IR stimulates AMs producing
more ROS, a mouse alveolar macrophage cell line MH-S
was used. Indeed, IR triggered MH-S cells producing
more ROS than control cells did, which was also inhib-
ited by TPL (Fig. 2D). There was no difference between
the irradiated with 2 Gy or 4 Gy, suggesting that the 2
Gy is sufficient for triggering ROS production in MH-S
cells.

Taken together, both in vivo and in vitro data indicate
that upon IR, AMs were the main source of ROS.

ROS originated from AMs induced myofibroblasts
activation

To evaluate the paracrine effect of ROS produced by AMs
on fibroblast/myofibroblasts activation and collagen accu-
mulation, 2 systems for macrophage/fibroblast interaction
were used.

First, the AM conditioned medium (CM) was transferred to
the cultured NIH 3T3 fibroblasts for 1 or 2 d Results (Fig. 3A
lane 5 and 3C set 4) showed that the AMs-IR CM induced

Figure 2. TPL reduced the infiltrated AMs and inhibited the production of ROS from AMs-IR. (A) Macrophage in lung tissue was detected by immunohistochemistry
(£400) and Flow cytometry (B). (C) Cultured AMs-ctrl and AMs-IR were treated with or without Apocynin (Apo, 300 mM) or TPL (5 ng/ml) (n D 5, in duplicate) for 6 h and
12 h, and ROS production was measured by DCFH-DA fluorescence assay. Values are expressed as mean § sd, relative to Ctrl. ��P< 0.01 vs. ctrl vehicle; ##P < 0.01 vs. IR
vehicle. (D) ROS production was measured in irradiated MH-S cells with or without pretreated by Apocynin or TPL for 4 h. � P < 0.05 vs. Ctrl; # P < 0.05 vs. 2 Gy.
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significantly increased the levels of a-SMA and procollagen
secretion in fibroblasts (Fig. 3B lane 5) while the AMs-ctrl CM
did not possess such an effect (Fig. 3A lane 3, Fig. 3C set 3 and
Fig. 3B lane 3).

Second, a transwell (0.4 mm pore size) co-culture system was
used (AMs-IR on the top and NIH 3T3 fibroblasts on the bot-
tom of the well). This allowed the exchange of factors between
2 types of cells without direct cellular contact. The a-SMA level
and the procollagen secretion were increased in fibroblasts
(Fig. 3A lane 4 and 3B lane 4).

Taken together, ROS from AMs-IR played an essential role
in IR-induced pulmonary fibrosis by promoting myofibroblasts
activation and collagen accumulation.

Radiation-increased ROS in AMs was NOX2 and NOX4
dependent

To prove that IR-increased ROS in AMs was NOX2 and NOX4
dependent, Apocynin (a broad NOX inhibitor29,30) was used.
When cultured AMs-IR were treated with Apocynin, the ROS ele-
vation was abrogated. Same results were obtained from irradiated
MH-S cells pretreated with Apocynin (Fig. 2D), suggesting that
NOXes were involved in the IR-induced production of ROS in
AMs. In addition, Apocynin also significantly inhibited AMs-IR
induced a-SMA expression and procollagen accumulation, impli-
cating that NOXes derived ROS in AMs-IR CM promotes the
myofibroblast activation, resulting in excessive procollagen
production.

There are several isoforms in the NOX family.25,31

Among these, NOX1, NOX2 and NOX4 have been reported

to contribute in tissue fibrosis.25 Using Western blotting, we
found NOX-1, NOX2 and NOX4 were all expressed in AMs
(Fig. 4A). NOX2 and NOX4 were upregulated by IR in
AMs-IR as compare to AMs-Ctrl (Figs. 4A and B). The
expression level was correlated with enhanced ROS produc-
tion (Fig. 2C). The level of NOX-1 had no significant
change among the AMs, AMs-TPL, AMs-IR-Ctrl and AMs-
IR-TPL, suggesting that NOX-1 might not play a key role
in IR-triggered NOX-ROS production.

Increased levels of NOX2 and NOX4 were also detected
in irradiated MH-S cells (Fig. 4C). To further define the
role of NOX2/NOX4 in ROS production and fibroblast
transforming into myofibroblast, small interference RNA
(siRNA) knockdown experiments were carried out. Western
blotting (Fig. 4D) showed that NOX2 and NOX4 protein
were significantly decreased by transfection with siNOX2
and siNOX4. Meanwhile, the productions of IR-induced
ROS in the siNOX2 and siNOX4 downregulated cells were
also reduced with a more striking effect in siNOX2 cells
(Fig. 4E). The data indicates that the NOX2 and NOX4 are
major players in IR-triggered ROS production, especially
the NOX2, which in turn, leads to myofibroblasts activation.

TPL mitigated the profibrotic effect of AMs-IR partly by
down-regulating NOX2 through NFkB pathway

Since TPL is a well-known NFkB depressor,32 we wanted to
explore if IR-induced activation of IkBa could be affected by
TPL and if IKKb inhibitors TPCA-133 had a similar effect as
TPL on NOX2.

Figure 3. TPL and Apocynin abrogated AMs-IR induced myofibroblast activation and pro-collagen secretion. NIH3T3 cultured with conditioned medium (CM) of AMs for 1
or 2days, or NIH3T3 co-cultured with AMs-IR using transwell for 1 or 2days. (A) The level of a-SMA in myofibroblasts was measured by Western blot. (B) The level of pro-
collagen in CM was assayed by Sirus red method (nD 3). (C) NIH3T3 cells were grown on glass coverslips and cultured with CM for 2days, and then the a-SMA expression
in myofibroblasts was detected by immunofluorescent staining(£ 400). CTGF-b1: NIH3T3 treated with TGF-b1 (5 ng/ml); C CM of AMs-ctrl: AMs-ctrl culture alone for
1day, then the CM of AMs-ctrl was transferred to the culture well of NIH3T3; C CM of AMs-IR (vehicle, Apo or TPL): AMs-IR treated without (vehicle) or with Apocynin
(Apo, 300 mM) or TPL (5ng/ml) for 1day, then the CM was transferred to the culture well of NIH3T3; Co with AMs-IR: transwell� co-culture of AMs-IR with NIH3T3. AMs-
IR were cultured in transwell inserts (0.4 mm pore size), and NIH3T3 cells were cultured in the bottom of transwell plate. �� P < 0.01 vs. ctrl; ## P < 0.01 vs. CM of AMs-IR
(vehicle).
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Upon 2 Gy irradiation, the IkBa was phosphorylated in
cytoplasma of MH-S cells and the nucleus translocation of
NFkB was enhanced (Fig. 5A). IKKb inhibitors TPCA-
1reduced both NOX expression and ROS generation in irra-
diated MH-S cells (Figs. 5B and C). These results suggested
that IR up-regulated NFkB pathway in alveolar macro-
phages, and then partially control the NOX2 expression and
ROS production. TPL significantly decreased the cyto-
plasmic level of pIkBa and nuclear level of NFkB (p65),

which could, in turn, reduced the NOX expression and
ROS generation as TPCA-1 did.

Discussion

In this study, we demonstrated for the first time that TPL miti-
gates IR-induced pulmonary fibrosis via inhibition of axis of
NOXes-ROS in AMs and its effect on myofibroblast transfor-
mation as well as collagen production.

Figure 4. Increased ROS secretion by irradiated AMs were NOX2 and NOX4 dependent. (A) AMs-ctrl and AMs-IR were treated with or without TPL (5 ng/ml) (nD 3–4 inde-
pendent experiments), and the protein level of NOXes was measured by Western blot and normalized to b-actin protein levels (B). �� P < 0.01 vs. ctrl; ## P < 0.01 vs. IR.
(C) NOXes in irradiated MH-S cells with or without TPL treatment. (D) Knock down NOX2 or NOX4 in MH-S cells by siNOX2 or siNOX4. (E) ROS production by MH-S cells
with or without NOX2 or NOX4 silence. � P < 0.05 vs. Ctrl; # P < 0.05, ##P < 0.01 vs. 2 Gy Ctrl.

Figure 5. NFkB pathway involved in NOX2 regultion and ROS production in irradiated MH-S cells. (A) The protein level of pIkBa and nuclear NFkB in MH-S cells treated by
IR or TPL or both. (B) IKKb inhibitor TPCA-1 regulated ROS generation and NOX2 expression (C) in irradiated MH-S cells. ��P< 0.01 vs. Ctrl; # P < 0.05 vs. 2 Gy.
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The key role of AMs in the progression of IR-induced lung
damage is evidenced by the following factors: (1) after IR, the
dominated infiltrated cells were shift from neutrophils /lym-
phocytes to AMs, which peaked at one month and lasted for
several months. The evidence suggests that AMs are related in
the progression of IR-induced pulmonary fibrosis; (2) Although
the source of ROS in lung comes from a variety of cell types,
such as leukocytes,18 epithelial cells 19 and myofibroblasts,9 the
AMs are the main sources of ROS in IR lung tissue. Radiation
not only induced AMs infiltration but also enhanced ROS
secretion by AMs, leading to greatly increased ROS in lung tis-
sue; (3) The results of either transferring the culture media of
AMs to fibroblasts or transwell co-culture of AMs with fibro-
blasts suggest that via paracrine and ROS effects, AMs are capa-
ble to activate myofibroblasts and promote the production of
collagen. Our data is consistent with other’s reports that AMs
had multiple functions in the initiation and promotion of pul-
monary fibrosis,34-36 including regulating inflammatory cells,
recruiting and activating myofibroblasts, and producing and
secreting pro-inflammation cytokines and chemokines.12,34-36

The selective depletion of macrophages could result in a
significant reduction in bleomycin-induced pulmonary
fibrosis.37 However, these previous reports did not reveal
the interactions among the alveolar macrophages, NOXes,
ROS and myofibroblasts. Importantly, the response of AMs
to IR could be elicited at the clinically relevant dose of 2
Gy and occurred as early as being irradiated, especially for
the generation of ROS.

Using NOXes inhibitor, Apocynin, and siRNA knock-
down technique, we also demonstrated that NOX2 and
NOX4, but not NOX1, were responsible for IR- increased
ROS production in AMs, which further affected the
myofibroblasts.

We also proved that at the clinically relevant 2 Gy IR
dose, NFkB pathway could be activated as evidenced by the
phosphorylated IkBa and increased nucleus NFkB. The
IKKb inhibitor TPCA-1 could act like TPL to inhibit the
NOX2 and ROS production, but partially, suggesting that
there should be other pathway involved in regulation of
NOX2 and NOX4.

Importantly, we revealed that the anti-IR lung fibrosis effect
of TPL (Figs. 1A–D ) was related with its inhibition of the func-
tions of 2 critical types of profibrosis cells: the AMs (Figs. 2A
and B) and transformed myofibroblasts (Fig. 1E and F, Fig 3)
by interference of following key molecules: (1) suppressing the
IR-activated NFkB pathway (Fig 5A); (2) reducing the IR-trig-
gered expression of NOXes (Figs. 4A-C) and ROS (Figs. 1G,
2C–D). Our new findings define the IR-induced pro-fibrotic
axis of AMs-NOXes-ROS-myofibroblasts, and reveal the TPL
suppression of this axis to alleviate the process of IR-lung
fibrosis.

IR-induced pulmonary injuries can be divided into 2 phases:
acute inflammation (about 1 month) and chronic fibrosis (a
few months to years). We previously reported that lung irradi-
ated C57BL/6 mice treated with TPL for only 1 month exhib-
ited significant mitigation effect on pulmonary fibrosis.6 By
adjusting the pathophysiological changes in the early inflam-
mation stages, TPL inhibited the progression of lung fibrosis in
later stages via suppressing the profibrotic effect of AMs-IR.

Taken together, our results showed that NOX-dependent
ROS in AMs-IR mediates myofibroblast activation. TPL blocks
the paracrine activation of myofibroblasts and reduced collagen
production through its inhibition of NOX-related ROS in
AMs-IR, which could be utilized for anti-IR induced lung dam-
age therapy.
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Summary

Ionizing radiation (IR)-induced pulmonary fibrosis is a severe complica-
tion of radiotherapy for the patients with lung cancer. Triptolide (TPL), a
diterpenoid epoxide purified from Tripterygium wilfordii, possesses dual
effect of both anti-cancer and anti-inflammation. In this study, we revealed
its mechanism of anti-IR-induced lung fibrosis via inhibition of axis of
alveolar macrophages-NOXes-ROS-myofibroblasts.
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