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Abstract: Radiation-induced heart disease (RIHD) is a common sequelae of thoracic irradiation. Currently, there
is no effective prevention and treatment strategy. Oxidative stress is associated with the development of RIHD.
Pituitary adenylate cyclase-activating polypeptide 38 (PACAP38) has been defined as the multipotent properties of
cytoprotective effect on its anti-apoptotic and antioxidant activities. Here, we set to investigate whether PACAP38
plays a role in attenuating RIHD. We established radiation-related cardiac injury models using 6MV X-ray based on
H9C2 cardiomyocytes and male C57/BL6 mice which were pre-treated with PACAP38 prior to radiation exposure.
PACAP38 protected mice from radiation-induced histological damage including myocardial apoptosis and fibrosis.
Also, cell viability and colony-forming efficiency were enhanced and intracellular ROS generation was reduced in
PACAP38 treated H9C2 cardiomyocytes exposed to radiation. Moreover, PACAP38 suppressed myocardial apop-
tosis and G2/M arrest through blunting the radiation-induced down-regulation of Bcl-2, CyclinB1 and CDC2, and
inhibiting the up-regulation of Bax. Furthermore, irradiation resulted in activating of NRF2 and HO-1 expressions
were further enhanced by PACAP38 in H9C2 cells and the protective effect of PACAP38 was partially blocked by
NRF2 siRNA silencing. In summary, PACAP38 has the potential to effectively protect against acute radiation-induced
cardiac injury and its cardioprotective effect involves upregulation of NRF2/HO-1-dependent signaling activation.
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Introduction

Radiotherapy is an indispensable part of multi-
disciplinary treatment of malignancies. It has
previously been proposed that approximately
52.3% of all oncological patients should receive
radiation during the course of their illness [1].
Normal tissue injury associated with radiother-
apy are clinical issues of multidisciplinary treat-
ment for malignancies. Radiation-induced he-
art diseases (RIHDs) have become one of the
major causes of non-neoplastic death in pa-
tients receiving thoracic irradiation, especially
with old technique of radiotherapy, particular in
patients with classical Hodgkin's lymphoma
[2-4] and early-stage breast cancer [5-7]. The
application of more sophisticated techniques
has greatly decreased the dose delivered to the
whole heart and its sub-structures. Never-
theless, cardiac toxicity remains a major con-
cern when balancing target coverage and mini-

mizing cardiac dose in delivering radiotherapy
to thoracic tumors. In addition, there is increas-
ing use of concomitant therapies, with the con-
sequences of different combinations yet to be
determined. Some patients have shown in-
creased cardiovascular morbidity several years
following the IR with acute and chronic effects
of RIHDs [8]. The clinical protocol of RIHDs cur-
rently is established decades with cardiac dis-
eases of etiology not specific to anti-cancer
therapy, therefore, it is essential to define ther-
apeutic targets during the course of RIHDs and
exploit the novel agent to prevent and reduce
heart injury from radiation therapy.

The cardiovascular complications of radiothera-
py include coronary artery disease, pericardial
disease, cardiomyopathy/myocardial fibrosis,
valvular disease and arrhythmia [9]. Potential
mechanisms responsible for RIHDs span a va-
riety of biologic processes, including oxidative
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stress, inflammation, and elaboration of proin-
flammatory and profibrogenic cytokines [10].
Tissue irradiation either damages the cell DNA
directly, or forms oxygen radicals in addition to
the DNA damage [11]. Nuclear factor erythroid
2-related factor 2 (NRF2) is a transcription fac-
tor that maintains cellular redox homeostasis
by binding to antioxidant response elements to
regulate the expression of oxidative stress
related proteins, including NADPH, quinone oxi-
doreductase 1 (NQO1), hemoxygenase 1 (HO-
1), superoxide dismutase (SOD), and glutathi-
one S-transferase proteins (GSTs) [12]. Studies
have reported that NRF2 activation may play a
critical role in cardioprotection of cardiovascu-
lar diseases that are relevant to oxidative stress
[13]. As well, HO-1 has revealed as a crucial
defense enzyme to protect cardiomyocytes
against hypoxia and reoxygenation injury [14]. It
has not so far identified the effect of NRF2/
HO-1 pathway in radiation-related myocardial
injury.

Pituitary adenylate cyclase-activating polypep-
tide (PACAP), an endogenous pleiotropic pep-
tide, is a member of the secretin/vasoactive in-
testinal peptide (VIP) family [15, 16]. Its 38-ami-
no-acid form (PACAP38) has been shown to
protect against oxidative stress [17] and doxo-
rubicin [18] induced apoptotic cell death in car-
diomyocytes. PACAP38 inhibited the expres-
sion of pro-apoptotic factors bax and c-Jun
through PI3K/Akt pathway [19] and alleviated
doxorubicin-induced cardiomyopathy in PACAP
knockout mice [20]. PACAP38 has emerged
potent cytoprotective roles based on its anti-
inflammatory, anti-apoptotic and antioxidant
activities. In the present study, we have shown
the efficacy of PACAP38 as a cardioprotectant
both in vivo and in vitro, which could provide
the rationale for using PACAP38 as an effective
therapy for RIHDs. We also determined the cen-
tral role of NRF2/HO-1 activation in radiation-
induced cardiotoxicity as well as the cardiopro-
tective mechanism of PACAP38.

Materials and methods
Irradiation and treatment in vivo

All animal experiments and procedures were
performed with the approval of the Shanghai
Jiaotong University School of Medicine Institu-
tional Animal Care and Use Committee. Cardiac
injury was conducted on male C57/BL6 mice
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(20-25 g, 6-8 weeks old). Cardiac injury model
was established by exposing murine heart for
X-ray irradiation. Each animal was anesthetized
with an intraperitoneal injection of 0.1 ml/10 g
body weight of 4% (w/v) chloral hydrate before
local heart irradiation. The control group re-
ceived a sham operation. The irradiation was
performed on 6-MV X-ray beam energy with 14
Gy/1Fx dose and 300 cGy/min dose rate, as
well as setting source-surface distance (SSD)
for 100 cm and radiation field for 1 x 1 cm, by
using a medical linear accelerator (Varian
Trilogy, FL, USA). The IR group received irradia-
tion followed by 21 days of follow up. The treat-
ment groups were given PACAP38 (A1439,
Sigma-Aldrich, St. Louis, MO, USA) (10 pg/100
pl) intraperitoneally (i.p.) 2 h before irradiation
and additional doses were given at 24 h and 48
h after irradiation. Control mice received equal
volumes of saline i.p. Heart samples were har-
vested on the 21st day after irradiation.

Histological evaluation

Cardiac injury and myocardial fibrosis after IR
with or without PACAP38 treatment were evalu-
ated in hematoxylin and eosin (HE)- and
Masson’s trichrome-stained sections, respec-
tively. The sections were observed and photo-
graphed by two investigators who were blinded
to the treatment under a microscopy (Zeiss
AxioVert A1, Jena, Germany) and images were
semi-quantitatively analyzed using ImageJ soft-
ware (NIH, Bethesda, MD).

In situ detection of apoptosis

Apoptotic cells in the myocardium were detect-
ed in situ in heart sections with the terminal
deoxynucleotidyl transferase mediated dUTP
nick end labeling (TUNEL) assay kit (Roche,
Basel, Switzerland). Heart tissue sections were
deparaffinized and rehydrated, and the number
of apoptotic cells in the myocardium was semi-
quantitatively measured by counting 3- to 4-
high-power fields (HPF, H400) per section.

Culture of rat cardiomyocytes and IR simulated
in vitro

Rat embryonic ventricular derived H9C2 cardio-
myoblasts cells were purchased from the ATCC
(CRL-1446, Rockville, MD, USA). The cells were
cultured in DMEM (Hyclone, Logan, UT, USA)
supplemented with 10% FBS (Gibco, NY, USA),
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100 pg/ml streptomycin, and 100 units/ml
penicillin at 37°C in a humidified incubator with
an atmosphere of 95% air and 5% CO,. The
cells were irradiated using a medical linear
accelerator (Varian Trilogy, FL, USA) with beam
energy at 6-MV X-rays, dose rate at 300 cGy/
min; source-surface distance (SSD) at 100 cm
and radiation field at 30 x 30 cm with 1 cm
solid water build-up and 5 cm solid water back-
scatter. PACAP38 was purchased from Sigma-
Aldrich (A1439, St. Louis, MO, USA). The cells
were pre-treated with PACAP38 (107 M or 10°
M) two hours before exposure to radiation at
the dose of 12 Gy.

Cell viability and clone formation assays

Cell viability was examined by CCK-8 assay
(Beyotime, Shanghai, China). HOC2 cells were
inoculated in 96-well culture plates overnight,
then pre-treated with PACAP38 (107 M or 10°
M) 2 h before exposure to IR at dose of 12 Gy.
At 48 h after IR, the cells were assayed for cell
viability in a humidified incubator at 37°C
according to the manufacturer’s instructions.
The optical density was measured at 450 nm
with a microplate reader (Synergy 2, BioTek,
Winooski, VT, USA).

The effect of PACAP38 on the radiosensitivity
of H9C2 cells at various irradiation doses (O, 2,
4, 8 Gy) was determined by clone formation
assay. The cells were inoculated into cell cul-
ture plates at a density of 500-8000 cells/dish
varied with the IR doses. After treatments, the
cells were further cultured for 14 days and fixed
and stained with crystal violet. Colonies con-
taining more than 50 cells were counted.

Detection of reactive oxygen species (ROS)

Intracellular ROS level was detected by a Rea-
ctive Oxygen Species Assay Kit (Beyotime Bio-
technology, Shanghai, China). Briefly, HOC2 ce-
lls were incubated with 1 yM of 2,7-dichlordihy-
drofluorescein diacetate (DCFH-DA) at 37°C for
30 min in 6-well culture plates after treatments
for 48 h. DCF fluorescence intensity was ob-
served under fluorescence microscopy (Zeiss
AxioVert A1, Jena, Germany) and quantitated
using the Image) software (NIH, Bethesda,
MD).

Cell apoptosis and cell cycles analysis

Apoptosis in cell cultures was quantified with
flow cytometry by staining cells with FITC-
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labeled annexin V and propidium iodide (PI)
(Invitrogen, Carlsbad, CA, USA). Briefly, at 48 h
after simulated IR and/or pre-treatment with
PACAP38, HI9C2 cardiomyocytes were trypsin-
ized from confluent monolayer cultures, wash-
ed, and resuspended in annexin V binding buf-
fer. Cells (approx. 5 x 10* cells/ml) were incu-
bated with FITC-labeled annexin V and PI, and
analyzed in a BD FACS Aria Il flow cytometer
(BD Biosciences, San Jose, CA, USA).

Cell cycle analysis was performed by Pl/RNase
staining (BD Biosciences, San Jose, CA, USA).
HOC2 myocardial cells were treated with
PACAP38 for 2 hrs and irradiated at a dose of
12 Gy. Forty-eight hours after IR, all cells were
collected and resuspended in 75% ethanol at
4°C overnight to fix and permeabilize. Sub-
sequently, the cells were harvested and incu-
bated in PI/RNase staining buffer for 15 min in
the dark at room temperature. The cell samples
were analyzed by flow cytometry (BD FACS Aria
II) to determine the cell cycle distribution.

RNA extraction and quantitative RT-PCR

HIC2 cells were seeded into 6-well culture
plates at a density of 1 x 10° cells/well. 48 h
after various treatments, total RNA was isolat-
ed and extracted using TRIZOL reagent (In-
vitrogen, Carlsbad, CA, USA). 1 ug of total RNA
was converted to the corresponding cDNA with
ReverTra Ace® gqPCR RT Kit (Toyobo, Osaka,
Japan) and 10 ng from each sample were used
for quantitative RT-PCR using the SYBR GREEN
Realtime PCR Master Mix Kit (Toyobo, Osaka,
Japan). The pairs of primers used for amplifica-
tion of B-actin, NRF2, HO-1, Bax, Bcl2, CDC2
and CyclinB1 mRNA were synthesized based on
the reported sequences (Table 1). The fluores-
cent product was detected during the anneal-
ing/extension periods, and a dissociation (melt-
ing curve) analysis was used to confirm the
specificity of the amplified products on the
LightCycler® 96 QPCR System (Roche, Basel,
Switzerland). The relative mRNA expression
was evaluated by the 222°t method.

Western blot analysis

At 48 h after simulated IR and/or pre-treatment
with PACAP38, H9C2 cells were harvested for
western blot analysis. The cell lysates of pro-
tein (10 ug) were separated by 8-12% sodium
dodecylsulfate-polyacrylamide gel electropho-
resis (SDS-PAGE) and then transferred onto a
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Table 1. Primers used in qRT-PCR

were presented as the me-

Sequence, 5’ t0 3’

ans + SEM. Unpaired Stu-

Primer

dent’s ttest and one-way

Forward Reverse AN ) .

Nrf2 GCAACTCCAGAAGGAACAGG GGAATGTCTCTGCCAAAAGC OVA with  Bonferroni's

) multiple comparison test
B-actin TGTTTGAGACCTTCAACACC CGCTCATTGCCGATAGTGAT .

were performed using Gr-

HO-1 AGCATGTCCCAGGAT TTGTC ACTGGGTTCTGCTTGTTTCG aphPad Prism version 5.0 ¢

Bax CCAGGACGCATCCACCAAGAAG GCTGCCACACGGAAGAAGACC for analyses, with statisti-

Bcl-2 ACGGTGGTGGAGGAACTCTTCAG ~ GGTGTGCAGATGCCGGTTCAG cal significance set at P <

CDC2 TGCAGGACTCCAGGCTGTATCTC ACGAGCGAAGAATCCATGAACTGG 0.05.

CyclinB1 GAGCCTGAGCCTGAACCTGTTATG =~ GGATCACCACCATCGTCTGCATC

polyvinylidene difluoride membrane. Western
blot analysis was performed using antibodies
for Bax (2772S, CST), Bcl2 (sc-7382, SANTA),
CDC2 (28439S, CST), CylinB1 (4138S, CST),
NRF2 (ab137550, abcam) and HO-1 (E6Z5G,
CST); B-actin (4970s; CST) was used as internal
control. Immunopositive blots were visualized
with enhanced chemiluminescence (ECL) Kit
(Beyotime Biotechnology, Shanghai, China).

SiRNA transient transfection

siRNA transient transfection for NRF2 gene
inhibition was used a Lipofectamine 2000 rea-
gent (Invitrogen, Carlsbad, CA, USA). NRF2 si-
RNA-1, NRF2 siRNA-2 and negative-control si-
RNA were synthesized by GenePharma (Shang-
hai, China). The sequences of siRNAs were de-
signed and synthesized as follows: NRF2 si-
RNA-1: sense: 5-GAGGAUGGGAAACCUUACUTT-
3’, antisense 5-AUAUUUGCAGUUGAAGGCCTT-
3’ and NRF2 siRNA-2: sense 5-UUUGAGUCU-
AAGGAGUUCAGCUGGC-3’, antisense 5-GCCA-
GCUGAACUCCUUAGACUCAAA-3’. HOC2 cells
were cultured for 24 h and transfected with the
siRNAs. After transfection for 24 h, cells were
treated with PACAP38 for 2 h before irradiation
(12 Gy). 48 h after transfection with various
treatment, cells were harvested and verified
the expression of NRF2 and efficiency of inhibi-
tion at mMRNA and proteins levels. Cell viability
was performed by CCK8 assay at 48 h after
irradiation as described above.

Quantifications and statistical analysis

We quantified the immunoblots using an auto-
matic chemiluminescence image analysis sys-
tem (Tanon5200, Shanghai, China) with an
ImageJ analysis program (NIH, Bethesda, MD).
All experiments were repeated at least 3 times,
and the experimental condition was repeated
in triplicate wells for each experiment. The data
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Results

PACAP38 protected IR mice against myocardial
injury

PACAP38-treated IR mice were protected pa-
thologically against myocardial injury of RIHD.
Representative images of the cardiac left ven-
tricular (LV) histology from radiation exposed
mice with and without PACAP38 treatment are
shown in Figure 1A and 1B. The pathological
changes in cardiac LV sections from wild-type
mice with RIHD were significantly different
between the saline-treated and PACAP38-
treated IR mice in both HE and Masson’s tri-
chrome stainings. IR-induced cardiac injury was
characterized by cardiomyocyte degeneration,
eosinophilic enhancement, cytoplasmic vacuol-
ization, nuclear condensation and myocardial
fiber contorted. PACAP38-treated IR mice
showed significantly improvement on myocar-
dial morphology (Figure 1A).

Mice subjected to irradiation were exerted by
myocardial fibrosis including perivascular fibro-
sis after 21 days, which was markedly prevent-
ed by PACAP38 administration (Figure 1B). IR
increased the area of fibrosis from 1.80 +
0.44% (Control) to 19.10 + 1.07% (IR) in the LV
(Figure 1C, n = 6, P < 0.001 vs. sham-operated
mice). In PACAP38-treated IR mice, the rise in
the areas of myocardial fibrosis was markedly
reduced (5.47 + 0.41%, n = 6, P < 0.001).
PACAP38 treatment alone showed no histologi-
cal change.

The number of apoptotic cardiac cells in IR
murine heart was also significantly different
between saline-treated and PACAP38-treated
RIHD mice (Figure 2A). There were 14.90 +
0.50% apoptotic myocardium in saline-treated
mice with cardiac injury vs. 1.71 £ 0.17% apop-
totic myocardium in PACAP38-treated IR mice
with cardiac injury (P < 0.0001 vs. IR alone; n =
6 per group) (Figure 2B).
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Figure 1. Effect of PACAP38 treatment on pathology of murine heart after

irradiation. C57/BL6 mice were injected with PACAP38 (10 ug, i.p.) 2 h be-
fore irradiation and at 24 h and 48 h after irradiation. Heart tissues were
collected at 21st day after irradiation. A and B. Representative photomi-
crographs of left ventricular sections from PACAP38 treated IR mice were
protected histologically against radiation injury (HE staining) and myocar-
dial fibrosis (Masson staining) (x400; scale bar = 100 ym; n = 6). IR group
showed severe cardiac injury characterized by cardiomyocyte degenera-
tion, eosinophilic enhancement (thick arrow), cytoplasmic vacuolization

¢o\ e & g (middle arrow), nuclear condensation and myocardial fiber contorted (thin
o°° ovg ovg arrow), as well as the degree of fibrosis (blue). C. Semi-quantification of
s *q?' myocardial fibrosis. Each value represents the mean + SEM of three de-

& terminations. ***P < 0.001 vs. Control group; *#P < 0.001 vs. IR group.

Effects of PACAP38 on myocardial cell toxicity
and ROS generation after IR injury

We determined cytoxicity and cellular ROS level
in the cultures of HOC2 cells treated with 107
M and 10° M PACAP38 2 h prior to 12 Gy X-ray
IR. The cytotoxicity was determined at 48 h
after IR by CCK8 assay. As shown in Figure 3A,
cell viability was significantly decreased to
83.67 + 0.78% (P < 0.001) after IR. Treatment
with PACAP38 markedly suppressed the IR-in-
duced myocardial cell toxicity dose-dependent-
ly (98.63 + 2.70% and 92.57 + 0.82% after 107
M and 10° M PACAP38 treatments, respective-
ly, Figure 3A) and led to an increase on colony-
forming efficiency at IR doses of 2 Gy, 4 Gy and
8 Gy (Figure 3B) in wild-type H9C2 cultures.
Moreover, the SF2 (survival fraction at 2 Gy)
was increased from 0.526 to 0.629 or 0.699,
and the SER (survival enhancement ratio) was
0.953 or 0.905, by 10° M or 107 M PACAP38
treated H9C2 cells (Figure 3C and Table 2).
The results suggested that PACAP38 reduced
radiosensitivity of HOC2 cardiomyoblast cells.

We also performed DCFH-DA fluorescence
assay to measure cellular ROS level following IR
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which apparently increased the ROS level in
HOC2 cells (P < 0.01). Of interest, PACAP38
administration (107 M or 10° M) even after 48
h of IR resulted in significant suppression of
intracellular ROS generation induced by radia-
tion in a dose-dependent manner (Figure 4A
and 4B, P < 0.01 and P < 0.05), although the
magnitude of ROS production and cell viability
remain no obvious impact on H9C2 cells by
PACAP38 treatment alone.

Antiapoptotic effect of PACAP38 on IR-induced
myocardial cell injury

After demonstrating that PACAP38 has an in-
hibitory effect against IR-induced apoptosis in
myocardium in vivo, we attempted to mimic IR
in cell cultures by exposing myocardial cells to
radiation. PACAP38 (107 M or 10° M) was
added 2 h before subjecting cells to IR. The
effect of PACAP38 on myocardial cell apoptosis
was monitored by fluorescence-activated cell
sorting analysis as described previously. The
fraction of active fluorescein isothiocyanate
(FITC)-labeled annexin V-positive (apoptotic) ce-
lIs was increased significantly from 11.86 +
2.77% 10 65.07 + 1.37% by IR, but was reduced
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sharply from 65.07 + 1.37% to 40.28 + 3.29%
(P < 0.001) or 52.83 + 1.61% (P < 0.05) by
PACAP38 treatment (107 M or 10° M, respec-
tively) (Figure 5A, 5B) in wild-type cells. In con-
trast, PACAP38 treatment alone had no obvi-
ous effect on the apoptotic rate.

The apoptosis-related mMRNA and protein
expressions of Bcl2 and Bax were determined
by qRT-PCR and Western blot to elucidate the
molecular mechanism of PACAP38 alleviating
IR-induced apoptosis. Figure 5C-G shows the
expressions of both mRNA (Figure 5C, 5D) and
protein (Figure 5E-G) of the proapoptotic gene
Bax were notably elevated, whereas the anti-
apoptotic gene Bcl2 were markedly decreased
in wild-type myocardial cells exposed to IR. Yet,
with 107 M or 10° M PACAP38 pre-treatment,
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IR+PACAP38

Figure 2. Effect of PACAP38 treatment on myocardium
apoptosis after irradiation. A. TUNEL-stained, DAPI-
stained and merged photomicrographs of heart tissue
sections from mice in control group, PACAP38 group, IR
group, and IR+PACAP38 group. Myocardial cell apopto-
sis at the left ventricular sections of IR mice was signifi-
cantly greater than in sham-operated or PACAP38-treat-
ed IR mice (TUNEL method) (x400, scale bar = 50 uym,
= 6). Treatment with PACAP38 markedly suppressed
radiation-induced cardiac cell apoptosis in wild-type
mice. B. Semi-quantification of apoptosis rate was pre-
sented as the ratio of TUNEL-positive cells (green) to
DAPI-positive cells (blue). Data were represented as the
mean + SEM of three independent experiments. P <
0.0001 vs. Control group; *##P < 0.0001 vs. IR group.

the elevation of Bax level was inhibited and the
suppression of Bcl2 level was also rescued fol-
lowing cardiac IR (Figure 5C-G) in H9C2 cardio-
myoblast cells at the basal level, revealing a
cytoprotective effect of PACAP38 on myocardi-
al cell apoptosis partially dependent of pro-
apoptotic gene-regulated signaling.

Effects of PACAP38 on IR-induced G2/M arrest
and cell cycle-associated protein expression in
myocardial cells

The effect of PACAP38 on IR-induced cell cycle
distribution was analyzed by flow cytometry
(Figure 6A, 6B). The fraction of cells at G2/M
phase was markedly increased in the IR group
(9.84 + 0.30% control vs. 20.60 + 0.06% IR, P
< 0.0001). In contrast, in PACAP38 (107 M)
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Figure 3. The protective role of PACAP38 against IR-induced cytotoxicity in HOC2 cells. A. HOC2 cells were pretreated
with PACAP38 (10° or 107 M) 2 h before 12 Gy X-rays irradiation. Cell viability was determined by CCK8 assay at 48
h after IR. B. PACAP38 decreased the radiosensitivity of HOC2 cells at a variety of IR doses (0, 2, 4, 8 Gy) using clone
formation assay. The implanted cells were increased with IR doses (500-8000 cells/dish). C. The survival fraction
data were fitted into the single-hit multitarget model. The formula: SF=1-(1-e™®°)", Survival curves were drawn by
Graphpad Prism. The results were expressed as the means + SEM of three independent experiments. “*P < 0.001
vs. Control group; ##P < 0.001, *P < 0.05 vs. IR group.

Table 2. The effect of PACAP38 on the radiosensitivity of HOC2 cells

DO Dq SF2 SER
Control 1.589 + 0.010 1.275 + 0.066 0.526 + 0.016 1
PACAP38 (10° M) 1.668 + 0.033" 1.700 + 0.055* 0.629 + 0.009** 0.953 + 0.021"
PACAP38 (107 M) 1.760 + 0.063** 1.990 + 0.111** 0.699 + 0.020*" 0.905 + 0.034"

Data were fit into the single-hit multi-target model. Data were expressed as the mean + SEM. P < 0.05 and **P < 0.01 vs. the
corresponding untreated control group. DO, the mean lethal dose; Dq, quasi-threshold dose; SF2, survival fraction at irradiation
dose of 2 Gy; SER, survival enhancement ratio.

treated-IR group, the G2/M cell fraction was
modestly decreased from 20.60 + 0.06% to
15.41 + 0.11% (P < 0.0001), revealing that
PACAP38 reversed IR-induced G2/M arrest of
myocardial cells. But 10° M PACAP38 was not
seen effect.

The expressions of CDC2 and cyclinB1 regulat-
ed G2/M control point of cell cycle were also
examined by qRT-PCR and Western blot analy-
ses. Consistant to the upper results, both tran-
script (Figure 6C, 6D) and protein (Figure 6E-G)
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levels of CDC2 and cyclinB1 were significantly
reduced at 48 h after 12 Gy X-ray irradiation as
comparing with the control group (P < 0.01).
However, pre-treatment with 107 M PACAP38
significantly reversed the expressions of CDC2
and cyclinB1 (P < 0.05).

PACAP38 promoted IR-induced NRF2/HO-1
signaling activation in myocardial cells

NRF2 activation leads to nuclear translocation
and promotes transcription of HO-1 signaling

Am J Transl Res 2019;11(10):6585-6599
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Figure 4. Effects of PACAP38 treatment on ROS level in HOC2 cells after radiation injury. A. HOC2 cells were pre-
treated with PACAP38 (10° or 107 M) 2 h before 12 Gy X-rays irradiation. 48 h after IR, HO9C2 cells stained with
DCFH-DA were observed with fluorescence microscopy (x200; scale bar = 100 uym). B. Semi-quantitative analysis of
ROS production. Each value represents the mean + SEM of three independent experiments. *"P < 0.01 vs. Control

group; *P < 0.05, #P < 0.01 vs. IR group.

pathway. NRF2 and HO-1 are key factors of
anti-oxidative stress in cardiomyocytes [21]. To
determine the role of NRF2/HO-1 activation
and whether PACAP38 can enhance NRF2/
HO-1 to prevent myocardial cells injury after IR,
we pretreated myocardial cells with PACAP38
prior to radiation injury. The presence of the
mRNA for NRF2 and HO-1 was verified in cul-
tures of HO9C2 cardiomyoblast cells by gqRT-PCR
(Figure 7A, 7B). The transcript expressions of
NRF2 and HO-1 were increased moderately by
IR (P < 0.05 compared to control) and further
enhanced by PACAP38 (107 M or 10° M) + IR
group (P < 0.001 or P < 0.05, respectively). In
accordance with the mRNA expression chang-
es, pre-treatment with 107 M PACAP38 further
enhanced the protein expressions of NRF2 and
HO-1 (Figure 7C-E).

Furthermore, NRF2-siRNA transfection was
used to inhibit the expression of NRF2 and its
target gene HO-1. Treatment of cells with NRF2-
siRNA-2 efficiently knocked down the transcript
expressions of NRF2 and HO-1 (Figure 8A, P <
0.01), as well as the protein expressions (Figure
8B and 8C, P < 0.0001). Analysis of mRNA ex-
tracted from cells revealed that this was a con-
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sequence of decreased transcription. Knock-
down of NRF2 by siRNA eliminated the PACAP38
enhanced NRF2 and HO-1 upregulation in the
absence or presence of radiation exposure
(Figure 8D-H, P < 0.05). As shown in Figure 8l,
cell viability was significantly reduced in IR
group (IR vs. NC, P < 0.001) and was almost
completely recovered with 107 M PACAP38
administration (PACAP38+IR vs. IR, P < 0.01).
NRF2 interference had no effect on cell viability
but increased cell sensitivity to IR (SINRF2+IR
vs. IR, P < 0.05). Moreover, NRF2-siRNA trans-
fection partially eliminated the protective effect
of PACAP38 against IR-induced cell death
(PACAP38+SiNRF2+IR vs. PACAP38+IR, P <
0.05) in myocardial cells.

Discussion

RIHD is associated with prolonged follow up
and to certain degree, offsets the long-term
survival benefits of radiotherapy for thoracic
malignant tumors. The process of oxidative
stress and proinflammatory response is associ-
ated with the development of RIHD. A meta-
analysis of Early Breast Cancer Trialists’ Co-
llaborative Group (EBCTCG) indicated that a sig-
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Figure 5. Antiapoptotic effects of PACAP38 on the apoptotic rates and the expressions of Bax and Bcl-2 in H9C2
cells after radiation exposure. PACAP38 (10° or 107 M) was added 2 h before 12 Gy X-rays irradiation in H9C2 cell
cultures. Apoptosis was examined at 48 h by fluorescence-activated cell sorting analysis (A). The fraction of active
FITC-annexin V-positive cells was increased significantly from 11.86% to 65.07% by irradiation and was reduced
sharply from 65.07% to 40.28% or 52.83% by 107 M or 10° M PACAP38 treatment in wild-type cells (B). (C, D)
PACAP38 (10° or 107 M) reversed IR-induced the proapoptotic gene Bax and Bcl-2 mRNA levels by gRT-PCR. (E-G)
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Western blot analysis of Bax and Bcl-2 protein expressions. The results were expressed as the mean + SEM of 3
independent experiments. "P < 0.05, P < 0.001, P < 0.0001 vs. Control group; P < 0.05, #*#P < 0.01, ##¥P <

0.001, ##P < 0.0001 vs. IR group.
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Figure 6. Effects of PACAP38 treatment on the cell cycle distribution and related expressions of CDC2 and CyclinB1
in radiation exposed HIC2 cells. HOC2 cells were pre-treated with PACAP38 (10° or 107 M) for 2 h before radiation
exposure and cultured for 48 h. A. PACAP38 recovered IR-induced G2/M arrest at a concentration of 107 M. The cell
cycle distribution was determined by flow cytometry with Pl staining. B. Quantitative analysis of cell cycle distribu-
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tion. C, D. PACAP38 (107 M) reversed the down-regulation of CDC2 and CyclinB1 mRNA expression induced by IR.
E-G. The protein expressions of CDC2 and CyclinB1 were evaluated by Western blot. The results were expressed as
the mean + SEM of 3 independent experiments. **P < 0.01, P < 0.0001 vs. Control group; #P < 0.05, #P < 0.01,
##P < 0.001, ##P < 0.0001 vs. IR group. NS indicates no significance.
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Figure 7. Effects of PACAP38 treatment on the expression of Nrf2/HO-1 signaling in HOC2 cells exposed to radiation.
HIC2 cells were administrated with PACAP38 (10° or 107 M) for 2 h before X-rays irradiation and were post-cultured
for 48 h. A, B. PACAP38 (10° or 10" M) further enhanced the up-regulation of Nrf2 and HO-1 mRNA expression in-
duced by IR. C-E. The protein expressions of Nrf2 and HO-1 were analyzed by immunoblots. Exposure to radiation led
to increase of Nrf2 and HO-1 expression, and 107 M PACAP38 treatment promoted these responses substantially in
vitro. Each value was represented as the mean + SEM of 3-4 determinations in 3 replicate experiments. *P < 0.05,
P < 0.001, P < 0.0001 vs. the corresponding untreated control group; *P < 0.05, #P < 0.01, ##P < 0.001 vs.
the samples subjected to IR, respectively. NS = no significance.

nificant excess of heart diseases mortality (RR
= 1.27) in patients treated with radiation [5].
Modern techniques have significantly decrea-
sed both dose and volume to the heart. Ne-
vertheless, radiation dose will not be zero des-
pite all the technical progress. Thus, it is impor-
tant to explore new protective strategy against
RIHD. Several attempts have been made in
clinical treatment of RIHDs: Amifostine, a radio-
protector approved by FDA in 1995 [22], has
failed to use in routine radiotherapy currently
because of its side effects (vomiting, nausea,
and hypotension) [23]. Moreover, angiotensin
converting enzyme inhibition has also been
reported as a promising therapeutic strategy to
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reduce cardiopulmonary complications induced
by radiotherapy [24]. However, its application
perspective was offset by the side effects
involving angioedema, hypotension and debili-
tating cough caused by bradykinin accumula-
tion. There is an increasing need for an effec-
tive and nontoxic phamacological agent in
order to prevent and treat RIHDs.

As an endogenous peptide, PACAP is a naturally
occurring pleiotropic peptide that plays an
important role in the early responses to tissue
injury subsequent to ischemia and hypoxia
[25]. PACAP38 has been defined potent cyto-
protective roles based on its anti-inflammatory,
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Figure 8. Effects of Nrf2-siRNA transfection on the activation of Nrf2 signaling and cytoprotection of PACAP38 in
HOC2 cells exposed to radiation. (A-C) HOC2 cells were transiently transfected with two different Nrf2-specific sSiRNA
(SiNrf2-1 and SiNrf2-2). The mRNA (A) and protein (B and C) expressions of Nrf2 and HO-1 were determined by qRT-
PCR and Western blotting at 48 h after transfection. SiNrf2-2 efficiently knocked down Nrf2 expressions. P < 0.01
vs. SiNrf2-NC. (D-1) After 24 h of SiNrf2 transfection, HOC2 cells were treated with 107 M PACAP38 for 2 h before IR.
The transcripts (D, E) and protein (F-H) expressions of Nrf2 and HO-1 were examined by qRT-PCR and Western blot
analyses at 48 h after IR. Cell viability was measured by CCK8 assay (l). Pretreatment with SiNrf2 almost completely
abolished the increases in Nrf2 and HO-1 expressions enhanced by PACAP38 in culture of HOC2 cells following
radiation. The cell viability did not completely reduced by knockdown of SiNrf2 in the presence of PACAP38 and IR
treatments, suggesting the existence of Nrf2-independent cardioprotective pathway activated by PACAP38. Each
value was represented as the mean + SEM of 3-4 determinations in 3 replicate experiments. *P < 0.05, **P < 0.01,
“*P < 0.001, P < 0.0001 vs. the corresponding untreated control group; #*P < 0.05, #P < 0.01, ##P < 0.001 vs.
the samples subjected to IR, respectively, or according to the label (-).

anti-apoptotic and antioxidant activities. In the by irradiation in vivo. The cardioprotective func-

heart, PACAP38 has positive chronotropic and
inotropic effects, as well as the ability to dilate
blood vessels [26-28]. In our study, using rat
cardiomyocytes and murine heart exposed to
radiation, we found that PACAP38 significantly
activated the expression of NRF2/HO-1, a key
factor of anti-oxidative stress in cardiomyo-
cytes, and reduced the apoptosis, oxidative
reaction, cardiomyocyte degeneration, and cell
cycle arrest of myocardial cells with irradiation.
PACAP38 could effectively recover tissue dam-
age as well as cardiac fibrosis of mouse heart
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tion of PACAP38 was partially blocked by tran-
sient knockdown of NRF2, highlighting the piv-
otal role of NRF2/HO-1 signaling in cardiopro-
tective effect of PACAP38 on cardiac radiation
toxicity. The results encourage the attempt to
develop effective tool for de novo intervention
of myocardial injury subsequent to radiation
treatment of thoracic neoplasms.

In RIHD, cellular and tissue injuries occur early
during oxidative reaction phase, exerted by pro-
ducing reactive oxygen species (ROS) to induce
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oxidative damage to cellular structures [29].
Our findings showed that IR markedly increased
the intracellular ROS level of H9C2 cells.
PACAP38 treatment significantly suppressed
the production of ROS to a greater extent in car-
diomyocytes. Substantial evidence demon-
strates that acute overload of ROS displays
important sensitizing effect on pathogenesis of
cardiovascular disease [30]. The overproduc-
tion of ROS could promote the activation of
NRF2, a major endogenous antioxidant mole-
cule, further to increase the subsequent ex-
pression of HO-1 and other antioxidant related
molecules in response to IR-induced cardiac
injury. Activation of the NRF2 signaling plays
central role that reduces cell damage caused
by radiation-induced oxidative stress [31, 32].
Interestingly, our experiments in vitro in cardio-
myocyte cultures demonstrated that irradiation
could result in compensatory activation of
NRF2 and HO-1 expressions which were further
promoted by the administration of PACAP38.
Furthermore, cytotoxinic effect of ionizing radi-
ation was aggravated by NRF2 interference,
which also partially blocked the protective
effect of PACAP38. As it is known that HO-1 has
a downstream signaling pathway dependent of
NRF2, genetic knockdown of NRF2 significantly
reduced the expression of HO-1 and appeared
increased vulnerability to IR injury in heart
beyond the regulation of proinflammatory res-
ponse, providing novel evidence that HO-1 also
participates in enhancement of PACAP modu-
lated cytoprotective effect. Our results demon-
strated that activation of NRF2/HO-1 is critical
for cardioprotective action of PACAP38 in myo-
cardial cells in response to irradiation. The pro-
tective effect of PACAP38 on myocardium
responses to radiation injury may involve both
NRF2-dependent and -independent pathways,
which remains to be studied.

On the other hand, the levels of apoptosis are
highly correlated with the severity of the patho-
logical response to radiation-induced cardiac
injury [33]. PACAP38 has been reported to
inhibit apoptosis in cardiomyopathy through
triggering the transduction signals to promote
the expression of Bcl-2 which blocks the release
of cytochrome ¢ and inhibits the activation of
caspase [18]. PACAP also inhibits the expres-
sion of proapoptotic factors such as c-Jun or
Bax [19]. Our results demonstrated that radia-
tion-induced cardiomyocytes apoptosis was
effectively reduced by pre-treatment of PACAP-
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38 through regulating the expression of apop-
tosis-related proteins Bax and Bcl2. Moreover,
we also found that PACAP38 reversed radia-
tion-induced cardiomyocytes G2/M arrest by
regulating the expression of CDC2 and cyclinB1
in H9C2 cells. Downregulation of the expres-
sion of CDC2 and CyclinB1 induces G2/M cell
cycle arrest. Our results suggested that the pro-
tective effects of PACAP38 may also involve
reversing G2/M cell cycle arrest.

Moreover, the IR-induced myocardial fibrosis
including perivascular fibrosis after irradiation
at 21 days was suppressed by PACAP38 treat-
ment as shown by histological evaluation.
Perivascular fibrosis is considered as a leading
pathway to myocardial ischemia and RIHD [34].
Furthermore, pretreatment with PACAP38 even
after early stage of myocardial damage was still
protective and effectively controlled perivascu-
lar fibrosis in vivo in animal model of RIHD.
Additional in vivo studies in mice with the
administration of PACAP38 after the cycle of
ischemia would greatly enhance development
of a clinical treatment. In addition, a variety of
cardiac substructures, including coronary ar-
tery, pericardium, myocardium, valves, and con-
duction system are involved in the occurrence
sites of RIHDs. In our study, the protective
effects of PACAP38 were evaluated mainly on
myocardium which accounts for the largest pro-
portion of the heart. The effects of PACAP38 on
cardiac substructures and the molecular mech-
anism against RIHD remain further investi-
gation.

In summary, our findings indicated the protec-
tive effects of PACAP38 on acute radiation-
induced myocardial injury in vitro and in vivo,
manifested by inhibiting apoptosis, cell cycle
arrest, oxidative reaction, fibrosis, and further
promoting Nrf2/HO-1-dependent signaling acti-
vation which is essential for the RIHD. The
enhancement and promoting NRF2/HO-1-de-
pendent signaling is required to a large extent
for the cardioprotective effects of PACAP38 on
IR-induced myocardial toxicity, although there
is possible for a relatively small further cytopro-
tective effect independent of NRF2/HO-1. The
efficacy of PACAP38 as a cardioprotectant in
mice exposed to radiation could provide the
rationale for using PACAP38 as a simple non-
toxic protective agent and an effective thera-
py for RIHD. However, gap exists regarding tr-
anslating these results into clinical therapeutic
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strategy. Further translational studies are
largely required to further evaluate its pharma-
codynamics and therapeutic efficacy. Encou-
ragingly, our findings were the first direct evi-
dence of therapeutic potential of PACAP38 on
radiation-induced cardiac injury.
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