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a b s t r a c t

Lung fibrosis is a common and serious complication of radiation therapy for lung cancer, for which there
are no efficient treatments. Emerging evidence indicates that lysophosphatidic acid (LPA) and its recep-
tors (LPARs) are involved in the pathogenesis of fibrosis. Here, we reported that thoracic radiation with
16 Gy in mice induced development of radiation lung fibrosis (RLF) accompanied by obvious increases in
LPA release and LPAR1 and LPAR3 (LPAR1/3) transcripts. RLF was significantly alleviated in mice treated
with the dual LPAR1/3 antagonist, VPC12249. VPC12249 administration effectively prolonged animal sur-
vival, restored lung structure, inhibited fibroblast accumulation and reduced collagen deposition. More-
over, profibrotic cytokines in radiation-challenged lungs obviously decreased following administration of
VPC12249, including transforming growth factor b1 (TGFb1) and connective tissue growth factor (CTGF).
In vitro, LPA induced both fibroblast proliferation and CTGF expression in a dose-dependent manner, and
both were suppressed by blockade of LPAR1/3. The pro-proliferative activity of LPA on fibroblasts was
inhibited by siRNA directed against CTGF. Together, our data suggest that the LPA–LPAR1/3 signaling sys-
tem is involved in the development of RLF through promoting fibroblast proliferation in a CTGF-depen-
dent manner. The LPA–LPAR1/3–CTGF pathway may be a potential target for RLF therapy.

� 2011 Elsevier Inc. All rights reserved.
1. Introduction

Lung cancer is the leading cause of cancer deaths worldwide
[1,2]. As a conventional treatment, radiation therapy (RT) benefits
approximately 30–40% of lung cancer patients, but leads to radia-
tion-induced lung injury in 20–30% of these patients [3,4]. Radia-
tion lung fibrosis (RLF), a late and progressive stage of radiation-
induced lung injury, greatly compromises the quality of life of pa-
tients, and even causes death [5]. The elucidation of the exact
molecular mechanisms of RLF and the development of new strate-
gies for its prevention and treatment are urgently needed.

RLF generally occurs 4–6 months after RT and is characterized
by fibroblast proliferation and activation, collagen deposition,
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and destruction of lung structure [6]. Profibrotic cytokines have
been demonstrated to play important roles in the development
of RLF, including transforming growth factor b1 (TGFb1) and con-
nective tissue growth factor (CTGF) [5,7]. TGFb1 is a multifunc-
tional cytokine, which is involved in proliferation of fibroblasts,
production of collagen and extracellular matrix, phenotypic modu-
lation of fibroblasts into myofibroblasts, and epithelial–mesenchy-
mal transition during the fibrotic process [5,8]. Recently, CTGF, as a
direct or indirect downstream mediator of the TGFb1 signaling
pathway, has gained increasing attention for its crucial roles in sus-
taining fibrosis [9]. Therefore, molecules that reduce the expres-
sion of TGFb1 and/or CTGF have the potential to prevent and
treat RLF.

Lysophosphatidic acid (LPA) is a small bioactive phospholipid,
known to regulate several cellular processes via binding to and
activating its five high-affinity G protein-coupled receptors
(LPAR1–5) [10]. Recently, emerging evidence indicates that the
LPA–LPARs signaling system is associated with fibrosis [9,11–13].
LPA levels are significantly elevated in human bronchoalveolar la-
vage fluid from idiopathic pulmonary fibrosis patients, and LPAR1
mediates the development of bleomycin-induced lung fibrosis
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[12,13]. Previously, we have revealed that LPA and its receptors
LPAR1 and LPAR3 (LPAR1/3) are involved in radiation pneumonitis,
the early stage of radiation-induced lung injury, by regulating
inflammatory cascade responses [14]. However, the exact roles of
LPA and LPARs in RLF have remained unclear and need to be fur-
ther delineated.

In the present study, we hypothesized that the LPA–LAPRs sig-
naling system might participate in the development of RLF. We ini-
tially observed that RLF was accompanied by the upregulation of
LPA levels and LPAR1/3 transcripts in lung tissue. Animal survival
rate, damaged lung structure, fibroblast accumulation and collagen
deposition were partially restored in irradiated mice treated with
the dual LPAR1/3 antagonist, VPC12249. VPC12249 administration
simultaneously suppressed the expressions of profibrotic cytokines
in vivo, including TGFb1 and CTGF. Moreover, in in vitro experi-
ments, LPA stimulated fibroblast proliferation in a dose-dependent
manner. This LPA-induced proliferation of fibroblasts was signifi-
cantly inhibited by blockade of LPAR1/3 and inactivation of CTGF.
Therefore, the LPA–LPAR1/3–CTGF signaling pathway may contrib-
ute to RLF by promoting fibroblast proliferation.
2. Materials and methods

2.1. Animal model and administration of VPC12249

The investigation was performed in compliance with the Guide
for the Care and Use of Laboratory Animals published by the US Na-
tional Institutes of Health, and approved by the Animal Care and
Use Committee of Sichuan University. C57BL/6 mice (8–10-weeks
old and �20 g weight) were used. After anesthetizing with an
intraperitoneal (IP) injection of chloral hydrate (3.5%, 10 ml/kg),
mice were subjected to 16 Gy thoracic irradiation using 200 kVp
X-rays, and then housed with food and acidified water ad libitum
for 6 months. VPC12249 (Avanti Polar Lipids, dissolved in 3% fatty
acid-free BSA/PBS solution) was injected IP into mice prior to and
post-irradiation (1.0 mg/kg per dose, 2 times per week). Non-irra-
diated mice were injected with Vehicle and served as controls.
2.2. LPA quantification

LPA was extracted from fresh whole lung tissue and quantified
following the manufacturer’s instructions as previously described
(Chinese Twofishes, China) [14].
2.3. Histopathology

Paraffin-embedded sections were stained with hematoxylin and
eosin (H&E) or Masson’s trichrome for collagen. Simultaneously,
they were also stained with anti-TGFb1 (1:200, Santa Cruz), anti-
CTGF (1:600, Abcam), anti-FSP1 (1:200, Abcam) or anti-a-SMA
(1:200, Abcam) according to standard immunohistochemical pro-
tocols [15].
2.4. Messenger RNA (mRNA) extraction and reverse transcription-PCR

Total RNA was isolated and reverse transcribed to cDNA by M-
MLV reverse transcriptase (Invitrogen). The real-time quantitative
PCRs were carried out with SYBR� Premix Ex Taq™ II real-time PCR
kit (Takara). The primers used are listed in Supplementary Table 1.
The level of GAPDH mRNA in each sample was used as an internal
control. Relative quantities were analyzed by the 2�DDCt method.
All reactions were carried out in duplicate.
2.5. Western blot analysis

Total protein was extracted as described [14,16]. Equivalent
amounts of proteins (25–40 lg) were separated by 15% SDS–PAGE
and transferred onto a polyvinylidene fluoride (PVDF) membrane
(Millipore). The membranes were sequentially incubated with
antibodies overnight at 4 �C. Immunoreactivity was detected with
an enhanced chemiluminescence kit (Millipore). b-Actin was used
as a loading control.

2.6. Cell culture, drug treatment and transfection with synthetic small
interfering RNA

Mouse embryonic fibroblasts (MEFs) were isolated from
13.5 days C57BL/6J embryos as described previously [16]. MEFs
and human fetal lung fibroblasts (MRC-5s) were cultured in Dul-
becco’s modified Eagle’s medium (DMEM) supplemented with
10% fetal bovine serum. Three hours after serum starvation, LPA
was added [11]. In the experiments involving VPC12249 treat-
ments, the cells were pretreated with 100 lM VPC12249 for 1 h
prior to the addition of 2 lM LPA [13].

A mouse-specific CTGF small interfering RNA (siRNA) was
chemosynthesized as previously described [17]. Human CTGF-spe-
cific siRNA and scrambled siRNA (the non-targeting negative con-
trol) was purchased from Santa Cruz Biotechnology and Ambion,
respectively. The siRNA was transfected into fibroblasts using Lipo-
fectamine 2000 (Invitrogen). Six hours after transfection, LPA (2 lM)
was added and cell viability was assessed 24 h after co-incubation.

2.7. Cell growth assay

Cell viability was assessed by Cell Counting Kit-8 (CCK-8) assay
(Dojindo, Kumamoto, Japan) and Hoechst 33258 nuclei staining
(Nanjing KeyGen Biotech, China) according to the manufacturer’s
instructions. Apoptotic cells were identified by brightly stained
condensed chromatin or nuclear fragments in their nuclei.

2.8. Statistical analysis

All data were represented as mean ± SD with at least three inde-
pendent experiments. The statistical significances among groups
were analyzed by one-way ANOVA followed by Dunnett’s test. A va-
lue of P < 0.05 was considered to represent a significant difference.

3. Results

3.1. Elevations of LPA levels and LPAR1/3 expressions in RLF

Radiation-induced LPA release was significantly increased in a
time-dependent manner (Fig. 1A). LPAR1–5 genes were co-ex-
pressed in radiation-challenged lungs, with LPAR1 and LPAR3 being
the predominant transcripts (Fig. 1B). As compared with non-irra-
diated mice, the expressions of LPAR1/3 mRNA were increased dra-
matically and reached peaks on day 7 post-radiation (3.5-fold and
2.3-fold, respectively). Subsequently, they decreased gradually and
rose again from day 60 post-radiation. These data suggested that
LPA and LPAR1/3 were associated with the development of RLF.

3.2. Attenuation of RLF by selectively blocking LPAR1/3

To further confirm the roles of LPAR1/3 in RLF, VPC12249 was
administered IP to the irradiated mice. Survival was monitored for
24 weeks. Only 50% of mice in RT + Vehicle group survived to
24 weeks, while VPC12249 administration resulted in 70% survival
(Fig. 1C).



Fig. 1. The roles of the LPA–LPAR1/3 signaling system in RLF. (A) LPA levels in lung homogenate at different time points post-radiation (n = 5). (B) Relative expression of LPARs
in radiation-challenged lungs, as was determined by real-time PCR using the GAPDH gene for normalization (n = 5). (C) Effect of VPC12249 on survival of irradiated mice
(n = 10). (D, E) Histological assessment of VPC12249 treatment on RLF, representative photomicrographs of H&E staining (D) and Masson’s trichrome staining (E) of lung
sections. Examples of focal fibrotic lesions (arrows) are marked. Bar, 50 lm. (F) The hydroxyproline content in lung homogenate from irradiated mice with or without
VPC12249 treatment. (G, H) Real-time PCR analysis of FSP1 and a-SMA transcripts (G), and Western blot analysis of FSP1 and a-SMA protein expressions (H) obtained from
radiation-challenged lungs (one-way ANOVA, ⁄P < 0.05, ⁄⁄P < 0.01, n = 5). (I) Immunohistochemical staining of FSP1 and a-SMA in lung sections. Bar, 50 lm.
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Six months after radiation, histopathological fibrotic changes in
lung tissue were observed in the RT + Vehicle group, exhibiting sig-
nificant destruction of alveolar structure, notable thickening of alve-
olar septa and dramatic interstitial hyperplasia (Fig. 1D). Meanwhile,
Masson’s trichrome staining showed that radiation resulted in
marked collagen deposition in the alveolar septa and the areas
around the bronchiolar tissue (Fig. 1E), which was consistent with
the measurement of collagen content, as assessed by the levels of
hydroxyproline (4.0-fold increase; Fig. 1F). VPC12249 administration
evidently restored lung structure and reduced collagen deposition.

The fibrotic process is accompanied by fibroblast accumulation
and myofibroblast activation [9]. Fibroblast-specific proteins 1
(FSP1) and a-smooth muscle actin (a-SMA) are usually used as
markers of fibroblasts and activated myofibroblasts, respectively
[18,19]. The results of real-time quantitative PCR (Fig. 1G) and
Western blot analyses (Fig. 1H) showed that radiation induced
marked increases in the expressions of FSP1 and a-SMA. Immuno-
histochemical staining revealed that the FSP1- and a-SMA-positive
loci increased within the fibrotic areas in radiation-challenged
lungs (Fig. 1I), suggesting the accumulation of fibroblasts and acti-
vation of myofibroblasts. Importantly, all the alterations were vis-
ibly restored by VPC12249 administration, suggesting that
profibrogenic activity of LPA was mediated by LPAR1/3 in RLF.

3.3. Downregulation of TGFb1 and CTGF in irradiated mice by
VPC12249

It has been demonstrated that TGFb1 is involved in the fibrotic
process via activating CTGF directly or indirectly [9]. In our present
study, the expressions of TGFb1 and CTGF in lung were significantly
elevated post-radiation, while the upregulation was obviously
abolished by VPC12249 treatment (Fig. 2A and B). The results also
were confirmed by immunohistochemical staining, showing that
the prevention of LPA from binding to LPAR1/3 reduced the protein
levels of TGFb1 and CTGF in radiation-challenged lungs (Fig. 2C).

3.4. Effects of LPA on fibroblast proliferation in vitro

To investigate whether VPC12249 protects against fibrosis
in vivo by inhibiting the proliferation of fibroblasts, MEFs and
MRC-5s were used in vitro to test this hypothesis. The endogenous
LPARs were detected in MEFs (Fig. 3A) and MRC-5s (Fig. 3D) by
real-time PCR analysis, showing that LPAR1–5 genes were co-ex-
pressed in them and LPAR1 transcripts were predominant. The pro-
liferation of fibroblasts was induced by LPA stimulation in a dose-
dependent manner (Fig. 3B and E). Twenty-four hours after incuba-
tion with 2 lM LPA, the viabilities of MEFs and MRC-5s increased
2.23-fold and 1.78-fold, respectively, and these increases were sup-
pressed in the present of VPC12249 (Fig. 3C and F). These results
were paralleled by visualization of the nucleus by Hoechst 33258
staining (Fig. 3G and H). Results suggested that LPA stimulated
fibroblast growth via LPAR1/3. Hoechst 33258 staining also identi-
fied apoptotic cells. There were no differences among the Vehicle,
LPA, LPA + VPC12249 groups (data not shown), all of which elimi-
nated the cytotoxicity of the pharmacological reagents.

3.5. Effects of LPA on TGFb1 and CTGF expressions in fibroblasts

In MEFs, LPA induced a rapid and transient increase (7.1-fold
after 3 h) in CTGF mRNA expression, and a weak increase (1.5-fold



Fig. 2. Downregulation of TGFb1 and CTGF in irradiated mice via VPC12249 administration. The mRNA and protein levels of TGFb1 and CTGF in irradiated mice with or
without VPC12249 treatment were determined by real-time PCR (A), Western blot (B) and immunohistochemical analysis (C), respectively (one-way ANOVA, ⁄P < 0.05,
⁄⁄P < 0.01, n = 5).
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after 3 h) in TGFb1 mRNA levels (Fig. 4A). In addition, the augment
of CTGF transcripts triggered by LPA stimulation was dose-depen-
dent (Fig. 4B). A similar tendency in the change of TGFb1 and CTGF
transcripts was observed in MRC-5s exposed to LPA (Fig. 4D and E).
LPA-induced CTGF expression was inhibited in the cells treated
with VPC12249 (Fig. 4C and F), suggesting that the LPA–LPAR1/3
signaling system regulated the expression of CTGF.
3.6. LPA-induced fibroblast proliferation mediated by CTGF

To further validate whether the pro-proliferative activity of LPA
on fibroblasts was mediated by CTGF, a siRNA approach was used
to silence the expression of CTGF in cells. CTGF siRNA successfully
decreased expression of CTGF protein in MEFs and MRC-5s
(Fig. 4G and H, respectively). Importantly, the LPA-induced fibro-
blast proliferation was significantly inhibited by siRNA targeting
the CTGF gene, suggesting that LPA stimulated fibroblast prolifera-
tion in a CTGF-dependent manner.
4. Discussion

LPA has been implicated in the etiology of numerous fibrosis
diseases [11,13,15,17]; adverse stimulation usually causes a dra-
matic increase in LPA release. In the present study, the thoracic
radiation-induced LPA release is elevated immediately and contin-
uously within the 180-day post-radiation period, strongly arguing
for the involvement of LPA in development of experimental pul-
monary fibrosis.

LPARs have been identified to mediate the biological functions
of LPA [10,20]. Owing to their significant heterogeneity, distribu-
tion in various tissue, expression patterns and downstream signal-
ing pathways, LPA has diverse and widespread effects on various
biological processes [21]. Recently, by using knockout mice and
selective antagonists, emerging evidence regarding the diverse
and even contradictory roles of LPARs in various diseases has been
generated. LPAR1 deficiency induces psychiatric diseases in ro-
dents [22], but ameliorates neuropathic pain [23], higher adiposity
[24] and fibrosis [11,13,15,17]. Selective blockade of LPAR2 aggra-
vates radiation-induced enteritis [25] and ischemia–reperfusion-
induced renal injury [26]. However, blockade of LPAR3 protects
against renal injury [26].

In our present study, LPAR1 and LPAR3 are highly expressed in
radiation-challenged lungs. Radiation-induced changes in the
expressions of the LPAR1/3 genes develop in two stages, suggesting
that LPAR1/3 might exert various effects at different stages of radi-
ation-induced lung injury. The first stage occurs during radiation-
induced acute pulmonary inflammation, and has been demon-



Fig. 3. The pro-proliferative activity of LPA on fibroblasts mediated by activation of LPAR1/3. Relative expressions of LPAR1–5 were determined in MEFs (A) and MRC-5s (D) by
real-time PCR analysis. The viabilities of cells were increased by various concentrations of LPA treatments for 24 h (B, E), and LPA-induced cell proliferation was inhibited by
VPC12249 (C, F) determined by CCK-8 assay (one-way ANOVA, ⁄P < 0.05, ⁄⁄P < 0.01, n = 5). (G, H) Nuclei visualized by Hoechst 33258 staining.
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strated by our previous study [14]. The second stage indicates the
potential roles of LPAR1/3 in fibrosis, which is subsequently con-
firmed by using the LPAR1/3 antagonist, VPC12249. Results show
that RLF is dramatically ameliorated by blockade of LPAR1/3, which
is consistent with Tager’s report [13] that LPAR1 participates in the
fibrosis induced by bleomycin. In the future, the exact effects of
LPAR1 and LPAR3 in RLF should be explored by selectively and
individually blocking these receptors.

Fibrosis is typified by excessive collagen deposition, mainly
generated by fibroblasts [17] and myofibroblasts [27]. Many anti-
fibrotic agents used in clinical trails or animal models attenuate
fibrosis by inhibiting fibroblast proliferation or inducing apoptosis
[28]. Abnormal fibroblast proliferation appears and persists during
the onset and progression of RLF [29]. In our present study, we
quantify the expressions of FSP1 and a-SMA to evaluate the accu-
mulations of fibroblasts and myofibroblasts, respectively. Results
show that RLF is accompanied by obvious fibroblast accumulation
and myofibroblast activation, which are efficiently inhibited by
VPC12249 administration. This suggests that the LPA–LPAR1/3 sig-
naling system regulates fibroblast growth in fibrosis.

LPA has been known to induce mitogenic responses in many cell
types, but the pro-proliferative activity of LPA is cell-type-specific
[30,31]. The cell selectivity and regulation mechanism remains
undefined. It may be associated with the specific expression profil-
ing of LPARs in different cells and the dissimilar transduction path-
way activated by different LPARs. In our present study, LPA
promotes lung fibroblast growth in vitro, which is suppressed by
VPC12249 treatment. Combined with in vivo experimental results,
all the data indicate that LPA-induced fibroblast proliferation in
RLF is mediated by LPAR1/3. Based on the ubiquitous chemotactic
effect of LPA [32], the potential roles of LPA-induced fibroblast
migration in RLF should be further determined.
Many profibrotic factors are involved in the fibrotic process.
TGFb1 has been identified to be highly associated with the pul-
monary fibrosis [28], but not sufficient to perpetuate fibrosis
[33,34]. CTGF, as an important downstream molecule in the TGFb1
signaling pathway, is essential for fibroblast proliferation [35]. Re-
cently, it has been demonstrated that CTGF promotes lung fibrosis
post-radiation in a TGFb1-independent manner [7]. LPA stimula-
tion upregulates CTGF expression in many cell types, including hu-
man renal fibroblasts [36], mouse renal epithelial cells [11], mouse
skeletal myoblasts [37] and MEFs [38]. Our present study shows
that blockade of LPAR1/3 obviously suppresses LPA-induced eleva-
tion of CTGF expression in MEFs and MRC-5s, and LPA-induced
fibroblast proliferation is inhibited by knockdown of CTGF expres-
sion. Consequently, the experiments in vivo and in vitro indicate
that the profibrogenic signal of LPA in RLF is transduced by
LPAR1/3 and mediated by activation of CTGF. Interestingly, in con-
trast to CTGF expression, TGFb1 is significantly downregulated by
blocking LPAR1/3 in vivo, but slightly upregulated in fibroblasts
with LPA stimulation in vitro. This implies that LPA might increase
TGFb1 expression in other lung cell types after radiation and/or
regulate TGFb1 expression via specific avenues different from
CTGF. Therefore, it would be interesting to further identify the pos-
sible effects of TGFb1 on LPA-induced lung fibrosis.

In summary, to our knowledge, the present study provides evi-
dence for the first time that (1) elevated LPA levels and LPAR1/3
expression are associated with RLF, (2) RLF is significantly allevi-
ated in mice by blockade of LPAR1/3, which is paralleled by obvi-
ous decreases in fibroblast accumulation and CTGF expression,
and (3) LPA induces fibroblast proliferation via LPAR1/3 in vitro,
and is dependent on CTGF activation but not TGFb1. These observa-
tions demonstrate that the LPA–LPAR1/3–CTGF pathway contrib-
utes to the development of RLF through promoting fibroblast



Fig. 4. LPA-induced fibroblast proliferation mediated by CTGF. CTGF and TGFb1 mRNA levels were quantified in MEFs (A, B) and MRC-5s (D, E) exposed to 2 lM LPA for
increasing time periods or to various concentrations of LPA for 2 h. (C, F) LPA-induced elevation of CTGF expression was restored in fibroblasts pretreated with VPC12249,
analyzed by real-time PCR and Western blot. (G, H) siRNA-directed CTGF gene silence inhibited LPA-induced fibroblast proliferation. The insets in (G) and (H) showed siRNA-
mediated knockdown of CTGF as determined by Western blot (left) (one-way ANOVA, ⁄P < 0.05, ⁄⁄P < 0.01, n = 5).
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proliferation. This study has shed new light on the understanding
of the molecular mechanisms of RLF and suggests a potential ther-
apeutic avenue for fibrotic diseases.
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