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Geranylgeranylacetone alleviates radiation-induced lung injury
by inhibiting epithelial-to-mesenchymal transition signaling
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Abstract. Radiation-induced lung injury (RILI) involves
pneumonitis and fibrosis, and results in pulmonary dysfunction.
Moreover, RILI can be a fatal complication of thoracic radio-
therapy. The present study investigated the protective effect of
geranylgeranlyacetone (GGA), an inducer of heat shock protein
(HSP)70, on RILI using a C57BL/6 mouse model of RILI
developing 6 months subsequent to exposure to 12.5 Gy thoracic
radiation. GGA was administered 5 times orally prior and subse-
quent to radiation exposure, and the results were assessed by
histological analysis and western blotting. The results show that
late RILI was alleviated by GGA treatment, possibly through
the suppression of epithelial-to-mesenchymal transition (EMT)
marker expression. Based on histological examination, orally
administered GGA during the acute phase of radiation injury not
only significantly inhibited pro-surfactant protein C (pro-SPC)
and vimentin expression, but also preserved E-cadherin expres-
sion 6 months after irradiation-induced injury of the lungs. GGA
induced HSP70 and inhibited EMT marker expression in L132
human lung epithelial cells following IR. These data suggest
that the prevention of EMT signaling is a key cytoprotective
effect in the context of RILI. Thus, HSP70-inducing drugs, such
as GGA, could be beneficial for protection against RILI.

Introduction

Radiotherapy is an essential and common treatment modality
used for various malignancies located within the thoracic
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region. Thoracic radiotherapy is limited by toxicity to normal
lung tissue in a radiation volume- and dose-dependent
manner (1). Clinically, 10-30% of patients with cancer in
the thoracic region suffer radiation-induced lung injury
(RILI) (2,3). Thus, alleviating RILI could improve the efficacy
of cancer treatment and the quality of life for the patient.

RILI is a complex pathological process that results in early
pneumonitis and late pulmonary fibrosis (4). Radiation to the
thorax causes pulmonary fibrosis by releasing pro-inflamma-
tory cytokines and activating myofibroblasts, which produce
collagen and extracellular matrix (5). Alveolar epithelial
cells participate in the pathogenesis of pulmonary fibrosis
by producing pro-inflammatory mediators and undergoing
epithelial-to-mesenchymal transition (EMT) (6). Recent
studies have suggested that epithelial cells undergo morpho-
logical changes to acquire fibroblast or myofibroblast markers,
such as a-smooth muscle actin (a(SMA), N-cadherin and
vimentin, while showing decreased expression of epithelial
markers, such as E-cadherin (7-9).

Geranylgeranlyacetone (GGA) is a nontoxic anti-ulcer
drug that has been reported to induce heat shock protein
(HSP)70 (10,11). HSP70 has a cytoprotective property as an
intracellular chaperone by modulating the immune response
and maintaining cellular homeostasis (12-14). GGA treat-
ment has been shown to protect against various diseases in
animal models and humans via HSP70 induction (15,16). It
was reported that HSP70 may inhibit EMT by inhibiting the
generation of reactive oxygen species (17).

The aim of the present study was to investigate the protec-
tive effect of GGA on RILI via inhibiting radiation-induced
EMT and to provide mechanistic insights into the development
of pharmacological therapeutics to treat or mitigate RILI.

Materials and methods

Animals and GGA treatments. All protocols in this study
were approved by the Institutional Animal Care and Use
Committee of the Korean Institute of Radiological and
Medical Sciences (Seoul, Korea; ITACUC permit number:
KIRAMS2013-035). Seven-week-old female C57BL/6 mice
~20 g were obtained from Orient Bio Co. Ltd. (Sungnam,
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Korea). The mice were housed for 1 week prior to conducting
the experiments and were randomly assigned to the following
three groups: i) Non-irradiated control (n=7); ii) thoracic
irradiation (IR) control (n=9); and iii) GGA+IR (n=9). The
animals were housed at 20+2°C with 50+10% humidity with a
12/12 h light/dark cycle in a specific pathogen-free facility and
were fed a normal diet and autoclaved water ad libitum.

GGA was obtained from Santa Cruz Biotechnology, Inc.
(Santa Cruz, CA,USA). GGA (200 mg/kg) was orally adminis-
tered 24 and 1 h prior to IR treatment and 24,48 and 72 h after
IR treatment. Each mouse assigned to the radiation treatment
group was exposed to radiation under anesthesia [30 mg/kg
Zoletil (Virbac, Carros, France) and 10 mg/kg Rompun (Bayer
AG, Leverkusen, Germany)] using an X-Rad320 (Precision
X-Ray, East Haven, CT, USA; filter, 2 mm; aluminium, 42 cm,
260 kV/s, 10 mA, 2.0 Gy/min). The radiation field size was
20x50 mm for the thoracic irradiation of the mice. The mice
were euthanized 6 months after IR by inhalation of CO,.

Cell culture and treatments. The L132 human lung epithelial
cell line (American Type Culture Collection, Manassas, VA,
USA) was cultured in Dulbecco's modified Eagle's medium
(Welgene, Inc., Gyeongsangbuk-do, Korea) with 10% fetal
bovine serum (Corning Incorporated, Corning, NY, USA) and
antibiotics (Gibco; Thermo Fisher Scientific, Inc., Waltham,
MA, USA) at 37°C in the presence of 5% CO,. GGA was
added to the culture medium for 24 h before IR treatment.

Lung tissue preparation. Six months after IR, all of the mice
from the three groups were euthanized. The lungs of 3 mice
from each group were injected with 1 ml neutralized formalin
(Yakuri Pure Chemicals Co., Ltd., Kyoto, Japan) and then
fixed in formalin for 48 h. The whole lungs of 3 mice from
each group were injected with 1 ml neutralized formalin, fixed
in 10% formalin solution for 48 h and then were embedded in
paraffin for the histological examination. The left lobes of the
lungs (n=4 per control group, and n=6 per IR and GGA+IR
group) were resected and fixed in formalin for histological
analysis, and the right lobes were frozen in liquid nitrogen and
stored at -80°C for western blotting.

Histopathology and immunohistochemical staining.
Paraffin-embedded sections were stained with hematoxylin
and eosin (H&E) or with Masson's Trichrome staining kit
(Sigma-Aldrich, St. Louis, MO, USA). Immunohistochemistry
was conducted using a Vectastain Elite ABC kit (Vector
Laboratories Inc., Burlingame, CA, USA) based on the manu-
facturer's protocol. For antigen retrieval, the sections were
boiled in citrate buffer (pH 6.0; 95-98°C) in a water bath for
30 min followed by cooling for 20 min at room temperature. The
sections were then incubated overnight at 4°C with the following
primary antibodies: Mouse monoclonal anti-8-hydroxy-2'-de-
oxyguanosine (8-OHdG) (sc-66036; 1:100; Santa Cruz
Biotechnology, Inc.), rabbit polyclonal anti-pro-SPC (AB3786;
1:500; Millipore, Darmstadt, Germany), mouse monoclonal
anti-E-cadherin (sc-8426; 1:100; Santa Cruz Biotechnology,
Inc.) and mouse monoclonal anti-vimentin (sc-6260; 1:100;
Santa Cruz Biotechnology, Inc.), after which the slides were
washed with phosphate-buffered saline (PBS) containing 0.05%
Triton X-100 (Sigma-Aldrich). Then, the sections were incubated
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with the corresponding secondary antibody for 30 min and
counterstained with hematoxylin (Sigma-Aldrich). For immu-
nofluorescent staining, sections stained with primary antibodies
were incubated with the appropriate fluorescently-labeled
secondary antibodies (1:250; Molecular Probes Inc., Eugene,
OR, USA) and then counterstained with 4,6-diamidino-2-phe-
nylindole dihydrochloride (DAPI; 3 uM; Sigma-Aldrich).
Images obtained using an Olympus BX53 microscope (Olympus
Corporation, Tokyo, Japan) equipped with a CCD camera
(ProgRes CF Scan; Jenoptik, Jena, Germany).

Western blot analysis. Lung tissues were physically minced,
then proteins were extracted from the lysates using Pro-prep
solution (17081; Intron Inc., Sungnam, Korea). The concentra-
tion of total protein was quantified using Bio-Rad Laboratories
Protein Assay kit II (Bio-Rad Laboratories, Inc., Hercules,
CA, USA). Proteins were separated by electrophoresis on a
6-12.5% sodium dodecyl sulfate-polyacrylamide gel and were
then transferred onto 0.45 ym nitrocellulose membranes (Pall
Corporation, Willoughby, OH, USA) for 2 h at 100 V. The
membranes were blocked with 5% non-fat dry milk in PBS
containing 0.1% Tween-20 (Sigma-Aldrich) for 30 min. The
membranes were subsequently incubated overnight at 4°C
with the following antibodies: Mouse monoclonal anti-HSP70
(ADI-SPA-810; 1:1,000; Enzo Life Sciences, Farmingdale,
NY, USA), mouse monoclonal anti-E-cadherin (sc-8426;
1:1,000; Santa Cruz Biotechnology, Inc.), mouse monoclonal
anti-vimentin (sc-6260; 1:1,000; Santa Cruz), mouse monoclonal
anti-N-cadherin (610920; 1:1,000; BD Biosciences, Franklin
Lakes, NJ, USA) and mouse monoclonal B-actin (A1978;
1:3,000; Sigma-Aldrich). Then membranes were then washed
thoroughly in PBS-0.1% Tween-20 and incubated for 1 h with
the following horseradish-conjugated secondary antibodies
from Santa Cruz Biotechnology, Inc. at a dilution of 1:3,000:
Goat anti-mouse IgG (sc-2005), donkey anti-goat IgG (sc-2020),
goat anti-rabbit IgG (sc-2004). Protein bands were visualized
by electrochemiluminescence (G:BOX Chemi XT6; Syngene,
Cambridge, UK). Protein expression was then quantified using
a Fluor-S Multilmager (Bio-Rad Laboratories, Inc.).

Statistical analysis. Data are presented as the mean + standard
deviation for each experiment. Statistical analysis was performed
using one-way analysis of variance and the Tukey post-hoc test
for multiple comparisons with GraphPad Prism version 6.0
software (GraphPad Software, Inc., La Jolla, CA, USA). P<0.05
was considered to indicate a statistically significant difference.

Results

GGA alleviates radiation-induced lung injury in late phase.
At 24 weeks post-IR, Masson's trichrome staining showed that
the IR group experienced marked fibrotic changes and collagen
accumulation in the lung parenchyma. GGA treatment mark-
edly alleviated late phase RILI, which was reflected by the
reduction in pathological changes to the lung parenchyma
(Fig. 1A). Immunoblotting data showed increased expression
of collagen I and aSMA in the IR group when compared
with the control-treated mice. GGA treatment significantly
prevented expression of collagen I and aSMA in the lungs
associated with IR (P<0.05, Fig. 1B).
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Figure 1. A 12.5-Gy dose of thoracic IR to mouse lungs leads to pneumonitis and regional fibrosis. (A) C57BL/6 mice received thoracic radiation, after which
the lungs were harvested and subjected to hematoxylin and eosin staining and Masson's trichrome staining 6 months after IR. Representative images show the
lungs of the non-IR control, IR and GGA+IR groups. (B) Representative western blotting data for collagen I and aSMA expression are shown and quantified.
A statistically significant difference (n=5 mice per group; "P<0.05 vs. control, “P<0.05 vs. IR control) was observed in collagen I and aSMA expression in the
lungs harvested from mice treated with IR and GGA. IR, irradiation; GGA, geranylgeranylacetone; aSMA, o smooth muscle actin.
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Figure 2. Evaluation of the cytoprotective effect of GGA on IR-induced mouse lung injury. (A) Representative images of 8-OHdG and pro-SPC expression in the
lungs by immunohistochemistry. (B) Graphs show the quantification of the area of positive staining presented as the mean + standard deviation (n=3 per group;
"P<0.05 vs. control, “P<0.05 vs. IR control). GGA, geranylgeranylacetone; IR, irradiation; 8-OHdG, 8-hydroxy-2'-deoxyguanosine; SPC, surfactant protein C.

GGA protects lung epithelial cells against IR. Twenty-four
weeks after treatment, the IR group showed high expression of
8-OHdG in lung epithelial cells, which suggests an accumula-
tion of oxidative damage. At this time point, the IR group also
showed increased numbers of pro-SPC-positive cells, which
suggests the transdifferentiation of lung epithelial cells to a
mesenchymal-like phenotype. With GGA treatment, 8-OHdG
expression and the number of pro-SPC-positive cells were
significantly reduced (Fig. 2).

GGA suppresses radiation-induced EMT signals. Next, the
effect of GGA treatment EMT, whichis key in radiation-induced
lung injury was examined. Following IR, immunofluorescence

demonstrated decreased expression of E-cadherin, which is an
epithelial marker, and increased expression of vimentin, which
is a mesenchymal marker in the lung tissue (Fig. 3A). GGA
treatment significantly prevented radiation-induced EMT in
the lung 6 months after IR. These results were confirmed
by western blot analysis of the E-cadherin, vimentin and
N-cadherin protein levels in the lung tissue lysates (Fig. 3B).

HSP70 inhibits radiation-induced EMT in L132 human lung
epithelial cells. GGA treatment upregulated HSP70 expres-
sion in L132 cells. Consistent with in vivo data, GGA treatment
significantly inhibited radiation-induced EMT in L132 cells,
as demonstrated by the preserved expression of the epithelial
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Figure 3. Evaluation of EMT marker expression in the lungs. (A) Representative images of E-cadherin and vimentin staining in the lungs 6 months after IR
by immunofluorescence staining. (B) Quantification of the expression of E-cadherin and vimentin by western blotting (n=3 per group; "P<0.05 vs. control,
“P<0.05 vs. IR control). EMT, epithelial-to-mesenchymal transition; IR, irradiation; GGA, geranylgeranylacetone.
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Figure 4. HSP70 expression prevents radiation-induced EMT marker expression in L132 human lung epithelial cells. Representative western blotting data for HSP70,
E-cadherin, vimentin, and N-cadherin expression are shown. Expression of HSP70 was induced by GGA treatment in L132 cells. L132 cells were harvested 24 h after
GGA treatment (0 to 15 xM) and subjected to western blotting, and the expression of HSP70, E-cadherin, vimentin, and N-cadherin was quantified (n=3, ‘P<0.05
vs. 0 uM control, “P<0.05 vs. IR control). GGA, geranylgeranylacetone; IR, irradiation; EMT, epithelial-to-mesenchymal transition; HSP70, heat shock protein 70.

marker E-cadherin and the reduced upregulation of mesen-
chymal markers (vimentin and N-cadherin) (P<0.05, Fig. 4).

Discussion

In this study, it was demonstrated that increased expression of
HSP70 in the lung during IR may prevent late signs of RILI,
such as fibrosis. The mice were treated with orally with GGA
(200 mg/kg) during the early stages of radiation injury (24 and
1 h) prior to IR and 24, 48 and 72 h after IR. Increased expres-
sion of HSP70 was also detected in the lungs 24 h after oral
GGA administration by western blotting (data not shown). GGA
treatment resulted in decreased expression of EMT markers

and attenuation of fibrosis in the lungs of mice treated with IR.
Based on these results, inhibiting EMT during the acute phase
of radiation exposure was important for the prevention of RILI.

Radiation-induced cell death is caused by direct DNA
damage and indirect oxidative stress during the acute phase
of radiation. However, late complications of radiation, such
as fibrosis, are progressive and increase the complexity of the
process involved in permanent epithelial cell injury (4). It was
demonstrated that GGA significantly alleviates EMT marker
expression and fibrosis in mouse lungs at the 6 months following
IR. GGA is an inducer of HSP70, which protects cells from
various stimuli, such as oxidative stress. GGA treatment mark-
edly reduced the accumulation of oxidative damage by IR, which
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was shown by decreased expression of §-OHdG. Moreover,
Zhang et al (18) demonstrated that HSP70 protects lung injury
from lethal oxidative stress. GGA treatment in mice decreased
the expression of EMT markers pro-SPC and vimentin in
mouse lung tissue. Radiation-induced injury of the lungs leads
to expression of vimentin, a mesenchymal cell marker in lung
epithelial cells (9). Additionally, the presence of pro-SPC-posi-
tive cells with an expanded interstitium suggests that the lung
epithelial cells become detached from the basement membrane
and migrate along with the extracellular matrix (19). Therefore,
cells displaying an EMT phenotype express pro-SPC, which is
consistent with the loss of epithelial marker expression. These
results suggest that GGA could alleviate radiation-induced lung
fibrosis in mouse lungs by preventing EMT marker expression.

As alveolar epithelial cells perform a critical function as
a barrier against infections as well as in the inflammatory
response, severe injury of the respiratory epithelium promotes
the fibrotic process (20). GGA-treated lung tissue showed signifi-
cantly higher expression of E-cadherin protein when compared
with the IR groups. E-cadherin is a calcium-dependent adhesion
molecule expressed on the surface of epithelial cells (21). Normal
expression and functional activity of E-cadherin is critical for the
maintenance of tight junctions between epithelial cells and for
the maintenance of normal function of the paracellular barrier
in the airway epithelia (9). It also confirmed that the overexpres-
sion of HSP70 following GGA treatment during IR, effectively
inhibited the expression of mesenchymal-like phenotypes and
GGA prevented the IR-induced loss of E-cadherin in vitro. The
results from the current study suggest that GGA directly prevents
EMT and indirectly protects lung epithelial cells.

The present study demonstrates that a protective effect of
GGA on RILI is associated with the inhibition of EMT, which
prevents late fibrosis. Moreover, increased expression of HSP70
by oral administration of GGA before radiation and during the
acute phase of radiation injury effectively inhibited EMT marker
expression, which appears to be important for the prevention
of lung fibrosis. These results suggest that an HSP70 inducer,
such as GGA, could act as a mitigator or protective agent against
RILI. The current study demonstrated that oral administration
of GGA, a non toxic HSP70-inducing anti-ulcer drug, effec-
tively protects normal lung tissue against radiation-induced
injury. GGA may be a promising therapeutic target of lung
fibrosis subsequent to radiotherapy. However, further studies are
required to clarify the influence of GGA on cancer treatment.
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