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Abstract: The present study demonstrates the effect of DHPEA on suppression of irradiation-induced pulmonary
fibrosis. A °Co irradiator was used to induce pulmonary fibrosis in a rat model at a dose of 22 Gy. The rats of the
treatment and positive control group were intraperitoneally injected DHPEA (10 mg/kg) or dexamethasone (DEX;
5 mg/kg) daily for 30 days. Hydroxyproline assay was used to evaluate the fibrosis of pulmonary and lung tissue
sections after irradiation. Hematoxylin and eosin (H&E) and Masson’s trichrome stained lung section were used for
alveolitis and fibrosis score analyses, respectively. Immunohistochemistry was used for surfactant protein-B (SPB)
and o-SMA expression analysis. Western blot analysis was employed for analysis of nuclear transcription factor
NF-E2-related factor 2 (Nrf-2) and its associated antioxidant enzymes like heme oxygenase-1 (HO-1) and NAD (P)
H: quinone oxidoreductase-1 (NQO-1). Results revealed a significant decrease in mortality rates and lung index
scores, decreased collagen deposition, reduced MDA content and enhanced superoxide dismutase (SOD) activity
in DHPEA treated rats compared to DEX-treated rats. DHPEA treatment also inhibited (myo) fibroblast proliferation,
and regulated serum levels of TGF-B1, IL-6, IL-10, and TNF-a. In addition, DHPEA-treatment activated Nrf-2 and its
downstream antioxidant enzymes HO-1 and NQO-1. Thus DHPEA can be a promising agent for the suppression of

irradiation-induced pulmonary fibrosis.
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Introduction

A number of secoiridoid compounds possesing
p-hydroxyphenylethanol and 3,4-dihydroxy-
phenylethanol (DHPEA) motif are reported from
the phenolics of olive fruits. DHPEA is the most
active antioxidant of all the constituents pres-
ent in the virgin olive oil [1-4]. The presence of
two hydroxyl groups on ortho position of aro-
matic ring imparts stronger antioxidant activi-
ties to DHPEA compared to a-tocopherol [5].
DHPAE and a-tocopherol are shown to exhibit
synergistic effect when used in combination
[6].

Nuclear accidents, total body irradiation for
hematopoietic stem cell transplantation, tho-
racic radiotherapy for lung, breast, thymoma,
and lymphoma cancers are accompanied by
radiation-induced pulmonary fibrosis [7, 8].
Radiation-induced pulmonary fibrosis begins to
develop after 6 months and 100-120 days in
humans and C57BL/6J mouse model respec-

tively [8]. It is reported that 20.3-36.9%of the
radiation treated cancer patients develop radia-
tion-induced pulmonary injury [9-12]. The cur-
rently available drugs only decrease acute
pneumonitis for 2-3 months after irradiation
but fail to suppress fibrosis [13]. Exposure to
radiation induces oxidative stress through acti-
vation of oxidant-generating enzymes, mito-
chondrial leakage, and the activation of the
respiratory burst in the phagocytic cells that
infiltrate damaged tissue [14]. Thus irradiation-
induced pulmonary fibrosis treatment strate-
gies involve use of antioxidants like epigallocat-
echin-3-gallate [15]. Therefore, the present
study is designed to examine the efficacy of
DHPEA with regard to preventing or treating
irradiation-induced  pulmonary fibrosis. In
response to oxidative stress by reactive oxygen
species (ROS), endogenous antioxidant enzy-
mes get activated in the lung cells. Nuclear
transcription factor NF-E2-related factor 2
(Nrf2) plays a vital role in the regulation of tran-
scription of the cytoprotective enzymes. A nega-
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Figure 1. Structure of 3,4-dihydroxyphenylethanol
(DHPEA).

tive regulator of Nrf2 transcription, Kelchlike
ECH-associated protein 1 (Keapl) suppresses
the transcription of Nrf2 under normal condi-
tions. It is reported that Nrf2 dissociates from
cytosolic Keapl and translocates to nucleus,
binds to antioxidant response element (ARE) in
the promoter regions of the genes encoding
antioxidant enzymes leading to their transcrip-
tion [16]. The enzymes comprising antioxidant
enzyme system regulated by the Nrf2-ARE sig-
naling pathway are heme oxygenase-1 (HO-1),
y-glutamine cysteine synthetase (y-GCS), NAD
(P) H: quinone oxidoreductase-1 (NQO-1) and
superoxide dismutase (SOD).

In the present study, we hypothesized that the
administration of DHPEA (Figure 1) would sig-
nificantly inhibit irradiation-induced pulmonary
fibrosis. We first evaluated the efficacy of
DHPEA to suppress irradiation-induced pulmo-
nary fibrosis and then examined whether
DHPEA treatment influenced Nrf-2, HO-1 and
NQO-1 levels in irradiated rats. To the best of
our knowledge, this study is the first to assess
and highlight the efficacy of DHPEA in the treat-
ment of irradiation-induced pulmonary fibrosis.

Materials and methods
Animals

Ten week old male, adult SpragueDawley rats
(Chengdu Dashuo Biological Technology Co.,
Ltd., Chengdu, China) were maintained accord-
ing to the guidelines of the National Institutes
of Health and Academy of Military Medical
Sciences for the Care and Use of Laboratory
Animals. Rats were provided with pathogen-
free water and food with a 12 h light/dark cycle
and were observed daily up to 4 months after
irradiation. The study was approved by the
Committee on the Ethics of Animal Experiments
of the Affiliated Hospital of Academy of Military
Medical Sciences.
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Irradiation and treatment

Among 4 groups of rats with 20 each, three
were exposed to 22 Gy doses of radiations at a
rate of 290 cGy/min using °Co irradiator
(Reviss Services (UK), Ltd., Buckinghamshire,
UK) on entire thorax after anesthetization. The
treatment and positive control group of irradi-
ated rats were intraperitoneally injected 10
mg/kg DHPEA (Sigma, St. Louis, MO, USA) and
5 mg/kg dexamethasone (Tianjing Pharma-
ceuticals Group Corp., Tianjing, China) respec-
tively, daily for 20 days. Untreated rats received
only radiations without any treatment. The con-
trol group of rats were not irradiated.

Specimen processing and histopathology

On day 10, 20, 40 or 80 after irradiation six rats
from each group were sacrificed after recording
the body weight. The right lungs were fixed with
4%paraformaldehyde, dehydrated in ethanol
and embedded in paraffin. Lung sections (2
pum) were stained with hematoxylin and eosin
(H&E) and Masson’s trichrome (Masson). Blood
samples from heart were centrifuged after clot-
ting to obtain serum samples. The right lungs
were dehydrated in ethanol and embedded in
paraffin.

Lung index measurement

The lung wet weight (mg) was divided by body
weight (g) to get lung index.

Measurement of collagen content in the lungs

For determination of lung collagen content
using the hydroxyproline (Hyp) assay (Nanjing
Jiancheng Bioengineering Institute, Nanjing,
China), 120 mg of left lung tissue was hydro-
lyzed in 1 ml of lysis buffer solution at 100°C
for 30 min and the absorbance was measured.

Malondialdehyde (MDA) content and SOD
activity measurements in serum

Serum samples were assayed for MDA content
and SOD activity using kits and protocol from
Nanjing Jiancheng Bioengineering Institute.
MDA, an end product of ROS-induced peroxida-
tion of cell membrane lipids, is a marker of oxi-
dative damage. MDA content was determined
by reacting MDA with 2-thiobarbituric acid and
measuring chromogen generation. For SOD
activity the capacity of sample to suppress fer-
ricytochrome ¢ was measured.
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Figure 2. Effect of DHPEA on the lung appearance after 80 days of irradiation. DHPEA-treated animals showed no

lung collapse and gray fibrous nodules.

Immunohistochemical analyses

Lung sections (2 um) were deparaffinized, rehy-
drated, and exposed to antigen retrieval with
citrate buffer. Endogenous peroxidases were
quenched using 3% H,0, for 10 min. The sec-
tions were incubated with surfactant protein-B
(SPB) or o smooth muscle actin (x-SMA) (Boster
Biological Technology, Wuhan, China) antibod-
ies at 37°C for 2 h. Washing with PBS was fol-
lowed by incubation with poly-peroxidase-con-
jugated anti-mouse/rabbit IgG for 20 min.
Diaminobenzidine (Dako, Glostrup, Denmark)
and Mayer’s hematoxylin were used for visual-
ization and counterstaining of the slides.

Serum cytokine levels

TGF-B1 ELISA kit (Boster Biological Technology)
was used for determination of serum levels of

3443

TGF-B1. Serum levels of IL-6, IL-10, and TNF-«
were measured using flow cytometric bead
assays (BD™ CBA Flex Set; BD, Sparks, MD,
USA).

Western blot analyses

The frozen lungs were washed with ice-cold
phosphate-buffered saline and then lysed in
lysis buffer. The lysates were sonicated for 10
s, centrifuged for 20 min at 15000 rpm and
then stored at -70°C. A BCA protein assay kit
(Beyotime Institute of Biotechnology, Jiangsu,
China) was used to determine protein concen-
trations. Equal amounts of protein were sepa-
rated by SDS-PAGE, transferred to a PVDF
membrane (Millipore Corp., Billerica, MA, USA),
and incubated with 5% BSA at room tempera-
ture for 3 h to block non-specific binding. The
membranes were then incubated with Nrf-2,

Int J Clin Exp Pathol 2015:8(4):3441-3450
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Figure 3. Effect of DHPEA on the lung index score, combined alveolitis score, combined fibrosis score, and hydroxy-
proline (Hyp) content at 10, 20, 40 and 80 days after-irradiation.

HO-1, NQO-1 or B-actin (Cell Signaling
Technology, Inc., Danvers, MA, USA) for 3 h.
After washing with TBS-T, the membranes were
incubated with HRP-conjugated secondary
antibodies. The protein bands were visualized
using enhanced chemiluminescence with a
Super Signal detection kit (Boster Biological
Technology).

Morphometric analyses

To determine alveolitis and fibrosis score, lung
sections were stained with H&E or Masson’s
trichrome respectively. Ten fields were selected
per section/rat and examined under Olympus
microscope (Olympus, Tokyo, Japan) and the
mean score of each group was determined. For
immunohistochemical analyses of SPB and
a-SMA, staining density was determined using
Image Proplus software in one field with a
prominent DAB reaction for each section. The
scale of 0-3 score where grade O for normal
lung; grade 1 for minimal lesion; grade 2 for
moderate lesion; or grade 3 for severe lesion
was used.

Statistical analysis

All the results are expressed as the mean + S.
D. Two-way ANOVA and Student’s t-tests were
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used for data analysis. The differences were
considered statistically significant for P < 0.05.

Results

Effect of DHPEA on mortality and fibrous nod-
ules formation in pulmonary tissues

The mortality rate in DHPEA (15%) treated rats
was significantly lower compared with DEX-
treated (30%) and untreated rats (30%). In
DHPEA-treated rats the bleeding sites in pul-
monary tissues were absent and signs of con-
gested edema were also not observed after 80
days of irradiation compared with DEX-treated
and untreated rats (Figure 2).

Effect of DHPEA on lung index score

Lung index was significantly lower in DHPEA-
treated animals relative to DEX-treated animals
at 10, 20, 40 and 80 days after irradiation
(Figure 3). This result was consistent with mor-
phometric observations of lung appearance in
DHPEA-treated animals.

Effect of DHPEA on histological changes and
collagen deposition in pulmonary tissues

Examination of H&E-stained irradiated pulmo-
nary tissues revealed significantly thickened

Int J Clin Exp Pathol 2015;8(4):3441-3450
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DHPEA-treated

alveolar walls, extensive deposition of collagen,
and regional fibrotic foci after 80 days of irradi-
ation. Treatment with DHPEA significantly
improved irradiation-induced regional fibrotic
foci and collagen depositions of the lung sec-
tions (Figure 4). The alveolitis and fibrosis
scores of DHPEA-treated animals were signifi-
cantly lower than those of DEX-treated animals
at 10, 40 and 80 days after irradiation. The
alveolitis score of the latter group was signifi-
cantly lower than that of the untreated animals
at 10 and 20 days but were similar at 80 days
after irradiation (Figure 3B, 3C).

The amount of Hyp, a major constituent of col-
lagen was significantly lower in DHPEA-treated
animals than DEX-treated animals at 40 and
80 days after irradiation. The Hyp content of
the latter group was significantly lower than
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Figure 4. Effect of DHPEA on the histological changes in lung tissue after 80 days of irradiation.

that of the untreated animals at 10 and 20
days after irradiation but was similar at 40 and
80 days (Figure 3D).

Effect of DHPEA on serum redox state

Investigation of the serum MDA concentration
revealed a significantly lower level in DHPEA-
treated animals than DEX-treated animals at
40 and 80 days after irradiation. The MDA con-
centration in DEX-treated animals was similar
to that of the untreated animals at 10, 20, 40
and 80 days (Figure 5). In DHPEA-treated ani-
mals serum SOD activity was significantly high-
er compared with DEX-treated animals at 10,
20, 40 and 80 days after irradiation. Levels of
SOD activity in the latter group were significant-
ly higher than those of the untreated animals at
20 days after irradiation but similar at 10, 40
and 80 days (Figure 5).

Int J Clin Exp Pathol 2015:8(4):3441-3450
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Figure 5. Effect of DHPEA on serum malondialdehyde (MDA) concentrations, superoxide dismutase (SOD) activity,
o smooth muscle actin (a-SMA) levels and surfactant protein-B (SPB) levels at 10, 20, 40 and 80 days after irradia-

tion.

Effect of DHPEA on (myo) fibroblast prolifera-
tion and alveolar epithelial type Il (AE2) cells
from injury

We observed a significant inhibition of a-SMA
expression and promotion of SPB expression in
DHPEA-treated rats compared to that in DEX-
treated animals at 80 days post-irradiation. In
DHPEA-treated animals OD value for o-SMA
immunohistochemistry was significantly lower
compared with the DEX-treated animals at 40
and 80 days after irradiation. The OD value for
a-SMA in DEX-treated and untreated animals
were similar at 10, 30, 40 and 80 days after
irradiation (Figure 5). On the other hand treat-
ment with DHPEA led to OD higher value for
SPB immunohistochemistry compared with the
DEX-treated animals at 10, 20, 40 and 80 days
after irradiation. The OD value for SPB immuno-
histochemistry in the latter group was signifi-
cantly higher than that of the untreated animals
at 10, 20 and 80 days after irradiation (Figure
5).

Effect of DHPEA on serum cytokine levels

Examination of the serum levels of TGF-B1
using ELISA as well as IL-6, IL-10, and TNF-a
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using the BD™ CBA Flex Set revealed a signifi-
cant decrease in serum level of TGF-B1 in the
DHPEA-treated animals compared with the
DEX-treated animals at 10, 40 and 80 days
after irradiation. However the level observed in
the DEX-treated animals was similar to that of
the untreated animals at the same time points
(Figure 6A).

DHPEA-treatment also caused a significant
decrease in serum levels of IL-6, IL-10 and
TNF-a compared to the DEX-treated animals at
40 and 80 days after irradiation. The levels of
IL-6 and TNF-« in untreated group were signifi-
cantly higher compared to DEX-treated group at
10 and 20 days after irradiation. IL-10 was sig-
nificantly reduced in the DEX-treated animals
compared with the untreated animals at 20
days after irradiation. At days 40 and 80 after
irradiation the levels of IL-6, IL-10 and TNF-«a in
the DEX-treated and untreated animals were
similar (Figure 6B-D).

Effect of DHPEA on Nrf-2 and its downstream
antioxidant enzymes

Investigation of the effect of DHPEA on Nrf-2
signaling and its associated antioxidant

Int J Clin Exp Pathol 2015;8(4):3441-3450
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Figure 6. Effect of DHPEA on the serum levels of transforming growth factor B1 (TGF-B1), interleukin (IL)-6, IL-10, and
tumor necrosis factor o (TNF-a) at 10, 20, 40 and 80 days after irradiation.
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enzymes using Western blotting revealed a sig-
nificant enhancement of Nrf-2, HO-1, and
NQO-1 protein expression in DHPEA-treated
animals compared to DEX at 10 days after irra-
diation (Figure 7).

The Nrf-2, HO-1, and NQO-1 protein expression
was significantly higher in DHPEA-treated ani-
mals compared to those of the DEX-treated ani-
mals at 10, 20, 40 and 80 days after irradia-
tion. However the Nrf-2, HO-1 and NQO-1
expression in the DEX-treated group was signifi-
cantly higher than those of the untreated group
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Figure 7. DHPEA activates nuclear transcription factor
NF-E2-related factor 2 (Nrf-2), heme oxygenase-1 (HO-
1) and NAD (P) H: quinone oxidoreductase-1 (NQO-1)
protein expression as detected by western blot analy-
sis of lung tissue extracts.

at 10 and 20 days but similar at 40 and 80
days after irradiation (Figure 8).

Discussion

In radiation-induced pulmonary fibrosis oxida-
tive stress and ROS directly and indirectly play
a vital role [17]. The inflammatory cells on acti-
vation by ROS induce expression of a variety of
intracellular oxidative enzymes and synthesis
of reactive nitrogen species (RNS) to remove
necrotic tissue [18, 19]. Change in oxidant/
antioxidant balance in the lung increases tis-

Int J Clin Exp Pathol 2015;8(4):3441-3450
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sue damage. Thus the present study demon-
strates the effect of DHPEA on inhibition of
irradiation-induced pulmonary fibrosis. The
present study demonstrates that effect of irra-
diation-induced pulmonary fibrosis in rats is
suppressed by DHPEA treatment. DHPEA treat-
ment led to reduction of mortality rate, lung
index score, lung histological damage, collagen
deposition, inhibited (myo) fibroblast prolifera-
tion, and regulated the serum levels of TGF-B1,
IL-6, IL-10, and TNF-a. DHPEA treatment also
activated Nrf-2 and its downstream antioxidant
enzymes HO-1 and NQO-1. The DEX treatment
of irradiation-induced pulmonary fibrosis did
not produce similarly effects. Thus DHPEA
treatment significantly suppresses irradiation-
induced pulmonary fibrosis.

The level of serum MDA indicates degree of
organic lipid peroxidation causing damage to
cell membranes [20]. SOD is reported to main-
tain organic oxidant/antioxidant balance and
neutralize free radicals, thereby protecting cells
from oxidative damage. The levels of MDA and
activity of SOD in serum are therefore indica-
tors of oxidative stress and the body’s capacity
to respond to induced oxidative stress. The
results from our study demonstrate that a
decrease of MDA and inflammatory cytokines
and increase of serum SOD activity in DEX-
treated animals compared with untreated ani-
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Figure 8. The protein levels of nuclear transcription
factor NF-E2-related factor 2 (Nrf-2), heme oxygen-
ase-1 (HO-1) and NAD (P) H: quinone oxidoreduc-
tase-1 enzyme (NQO-1) were compared using west-
ern blot analysis of lung tissue extracts at 10, 20, 40
and 80 days after irradiation.

mals at 15 and 30 days after irradiation.
DHPEA-treated rats showed even greater SOD
activity non-irradiated normal controls, at all
the time points. Our results prove confirm that
DHPEA is superior to DEX with regard to increas-
ing the body’s capacity to handle oxidative
stress due to ROS/RNS.

TGF-B1, a powerful cytokine promotes prolifera-
tion and maturation of fibroblast, thus acceler-
ating the development of pulmonary fibrosis
[24]. There is correlation between TGF-B1 lev-
els and incidence of radiation-treatment-induc-
ed lung injury among lung cancer patients [22].
TNF-a stimulates the proliferation of fibroblasts
and the secretion of proinflammatory cyto-
kines, including IL-1 and IL-6, from neutrophils
and macrophages [23]. It is suggested that IL-6
leads to inflammation and fibrosis associated
with hypersensitivity pneumonitis in mice.
These results suggest a close relationship in
IL-6 and pneumonitis and fibrotic development
[24]. IL-10 may inhibit monocytes, macro-
phages, and Thl cells as well as enhance Bcell
immune regulation function [25]. In addition,
IL-10 is a T-cell-derived cytokine of the Th-2
family that suppresses inflammation by inhibit-
ing numerous pro-inflammatory cytokines [26].

To investigate the effects of DHPEA treatment
on systemic inflammation, we measured the

Int J Clin Exp Pathol 2015;8(4):3441-3450
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serum levels of key inflammatory cytokines
including TGF-B1, IL-6, IL-10, and TNF-a. These
cytokines were significantly reduced in the
DHPEA-treated animals compared with the
untreated and steroid-treated rats, and this
effect lasted for months after treatment
ceased. The lower alveolitis score of the DHPEA-
treated rats also suggested that DHPEA reduc-
es the infiltration of inflammatory immune cells.
Results of this study are in agreement with
those of previous studies that have shown sig-
nificant anti-inflammatory effects from the
administration of DHPEA [27-29].

Results of the SPB staining analysis in the lung
revealed that DHPEA-treated rats showed a
more normalized distribution of AE2 cells in the
parenchyma compared with untreated and
DEX-treated rats. These results suggest that
DHPEA protected parechymal and AE2 cells
from free radical damage. In addition, the myo-
fibroblast proliferation in the lung (as demon-
strated by a-SMA staining) observed in the
untreated and DEX-treated groups was signifi-
cantly reduced in rats treated with DHPEA at
40 and 80 days after irradiation, suggesting
that DHPEAinhibited pulmonary fibrosis partial-
ly inhibits myofibroblast transformation and
proliferation.

Nrf2 plays a critical role in the regulation of the
major antioxidant enzymes HO-1 and NQO-1.
Our western blot analysis results revealed that
DHPEA significantly enhanced the expression
levels of Nrf-2, HO-1, and NQO-1 in rat lung tis-
sues compared with untreated and DEX-treated
rats thereby supporting the hypothesis that
DHPEA relieves oxidative stress by activating
Nrf2 and its associated antioxidant enzymes.

Since glucocorticosteroids are commonly used
to treat irradiation-induced pulmonary fibrosis
and other forms of lung fibrosis in humans, DEX
was selected as a baseline to compare the effi-
cacy of DHPEA using various measures of lung
inflammation, the oxidative stress response,
and fibrosis. A marginal effectiveness was
achieved with DEX therapy at 10 and 20 days
after irradiation; however, these improvements
ceased following discontinuing steroid therapy
(i.e., at 40 and 80 days postirradiation). The
measures of lung inflammation, oxidative
stress, and fibrosis among the DEX-treated rats
were similar to those of the untreated group at
40 and 80 days, suggesting a lack of persistent
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therapeutic effects. Conversely, our results
demonstrate that DHPEA was superior to gluco-
corticoids with regard to reducing inflamma-
tion, fibrosis, and oxidative stress during the
treatment period (20 days after irradiation). In
addition, the therapeutic effects of DHPEA
were sustained even after treatment ceased.

Conclusion

The results from our study demonstrate that
DHPEA treatment induces antioxidant, antiin-
flammatory, and anti-proliferative effects that
protect against irradiation-induced pulmonary
fibrosis in rats.
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