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Abstract
Background: Radiation-Induced Heart Disease (RIHD) restricts the 
survival benefit of radiotherapy for thoracic tumors. Myocardial fibrosis 
and remodeling are late consequences of the long-term development 
of RIHD, and pituitary adenylate cyclase-activating polypeptide-38 
(PACAP38) could ameliorate RIHD.

Methods: An animal model of heart irradiation was prepared from mice, 
and subjected to X-ray exposure. Mice were pretreated with PACAP38 
in vivo before cardiac irradiation. The cardiac function and pathological 
changes of myocardium were evaluated by animal echocardiography, 
micro PET-CT and histological staining, respectively. Results: Murine 
heart exposed to a single dose of 20 Gy X-ray resulted in a significant 
increases pathological injury and average standard uptake value (SUV) of 
18F-FDG induced by irradiation in mice. The cardiac function that displays 
systolic parameter LVEF and diastolic parameter E/e' of mice did not 
change significantly after irradiation at 6 months. PACAP38 (10 µg/100µl, 
i.p.) significant inhibited the increase of average SUV of 18F-FDG as well
as myocardial pathological damage induced by irradiation. The average
SUV in the irradiated area of the heart in the control group and irradiation
group were 0.76±0.04 and 1.20±0.07, respectively (P<0.05). While in
the PACAP38 treatment group, the average SUV decreased to 0.86±0.06
(PACAP38+IR vs. IR, P<0.05), indicating that PACAP38 effectively
protected heart function against radiation-induced heart injury.

Conclusions: Our data reveal that PACAP38 significantly alleviated 
the myocardial fibrosis, remodeling and metabolic dysfunction induced 
by radiation exposure of heart. The cardioprotective role of PACAP38 
provide a new sight for possible intervention of RIHD.
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Introduction
Breast cancer has become the world's leading cancer in thoracic tumors, 

and the lung cancer, esophageal cancer and Hodgkin's lymphoma were 
most common cancers with high mortality[1]. Radiotherapy is an important 
part of the comprehensive treatment for thoracic cancers. Cardiac toxicity 
is one of the major adverse effects associated with thoracic irradiation (IR), 
which to certain extent, limits the survival benefit of radiotherapy. Studies 
have indicated that the radiation-Induced Heart Diseases (RIHD) of thoracic 
tumors significantly affects its long-term survival benefits[2-6]. However, 
there is currently no effective manner to prevent or cure RIHD available so 
far. The cardiac injury associated with radiotherapy was first evaluated in 
breast cancer and Hodgkin lymphoma due to their high survival rate. The 
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risk of fatal cardiovascular events increased significantly 
after irradiation. In recent years, with the improvement of 
the survival rate of non-small cell lung cancer (NSCLC), 
researchers pay more attention to not only the occurrence 
of radiation induced pneumonia and esophagitis during lung 
cancer irradiation, but also the detriment of RIHD. Several 
studies have demonstrated that the cardiac dose and volume 
induced by radiation exposure in the treatment of lung cancer 
are highly related to the development of cardiac injury which 
reduced the survival benefits of NSCLC treatments[7,8]. 
However, the decrease of radiation dose and irradiation 
volume will not solve the clinical issues of RIHD significantly. 
The dose threshold of RIHD noticed in the middle of twenty 
century. The technology of thoracic radiotherapy resulted in 
a large volume and high-dose radiation exposure to the heart. 
The threshold of radiation induced heart injury was defined 
as greater than 30 Gy[9,10]. In the past decades, with the 
rapid development of radiotherapy technology, the cardiac 
irradiation dose and volume have decreased dramatically, 
to the mean dose as low as 2 Gy. It is still impossible to 
avoid the occurrence of RIHD in the era of inverse intensity 
modulated radiation therapy (IMRT)[11,12]. The report 
showed that the long-term follow-up of Japanese nuclear 
bomb survivors found that the massive low-dose coverage of 
the heart irradiation significantly increased the risk of death 
related to the cardiac events after 10 years[13]. Because of the 
increasing of multiple and various chest tumors, the optimal 
dose and volume parameters of the heart irradiation cannot 
be identical. Moreover, the diversification of fractionation 
in IMRT and the development of proton therapy, as well 
as the 3D conformal radiotherapy (3DCRT), the dose and 
volume parameters of heart irradiation could not be unified. 
Therefore, it requires clinical approach to investigate 
cardiotoxicity caused by thoracic radiation exposure and to 
evaluate the ability of intervention strategies for prevention 
of cardiac injury during radiotherapy.

The prevention and treatment strategies of RIHD follow 
the management standards for the conventional heart diseases. 
There are currently no therapeutic targets of radiation 
induced heart injury. The incubation period of RIHD occurs 
as long as 10-20 years and the appearance of most symptoms 
represents heart organic changes. There is no specific or 
effective manner of intervention currently available[14]. A 
few studies have shown that β-receptor blockers and ACEI 
could alleviate radiation induced heart injury, but there is 
no evidence of large-scale phase III randomized controlled 
clinical trials[15]. Pituitary Adenylate Cyclase-Activating 
Polypeptide-38 (PACAP38) is a 38-amino-acid pleiotropic 
neuroendocrine peptide originally isolated from ovine 
hypothalamic tissues with anti-apoptotic and antioxidant 
activities[16]. Early studies have found that PACAP38 
showed significant neuroprotective and renoprotective 
effects both in vivo and in vitro[17,18]. In previous studies 

we established an animal model of cardiac irradiation and 
preliminarily explored the protective effect of PACAP38 on 
radiation-induced early heart injury in rat cardiomyocytes 
and in mice[19]. This study is to investigate the efficacy of 
PACAP38 as a cardioprotectant for radiation-induced late 
cardiac injury in mice.

Materials and Methods
Establishment of heart irradiation animal model 
and PACAP38 intervention
Experimental animal

All animal experiments and procedures were conducted 
in accordance with the approval of the Shanghai Jiaotong 
University School of Medicine Institutional Animal Care and 
Use Committee. C57BL/6J male mice (20-25g, 6-8weeks) 
were purchased from Shanghai Shrek Experimental Animal 
Co., Ltd. The feeding conditions were SPF level, sufficient 
sunshine, 12 hour circadian rhythm, appropriate temperature 
(about 22-27℃) and humidity (40%-60%). A total of 48 
male C57BL/6J mice were divided into four groups: solvent 
control group, PACAP38 control group, irradiation group 
(IR) and irradiation+PACAP38 group (IR+PACAP38).

Heart irradiation in mice
Mouse heart was performed with X-ray irradiation on 

Varian trilogy medical linear accelerator (Varian, USA). 
In preliminary experiment, the position of the heart relative 
to the body surface and the chest depth of the heart were 
determined by dissecting the chest of mice to determine the 
conditions of heart irradiation: X-ray energy: 6-MV; dose/
fraction: 20Gy/1Fx; dose rate: 300cGy/min; Source Surface 
Distance (SSD): 100cm; dose build-up: 1cm solid water; 
radiation field: 1×1cm2. We applied 1×1cm2 irradiation field to 
avoid both lungs irradiation. The film verification of 1×1cm2, 
1×2cm2, 2×2cm2 and 2×1cm2 radiation field on medical linear 
accelerator (Figure 1) showed that the penumbra of 1×1cm2 
radiation field did not increase significantly, and had good 
dose coverage and uniformity. Before irradiation, each mouse 
(including all groups) was anesthetized by intraperitoneal 
injection of 0.1 ml/10g body weight of 4% chloral hydrate. 
After anesthesia, it was fixed on solid water. The limbs and 
tail were fixed with adhesive tape, and the incisors were 
pulled and fixed on solid water with surgical thread. 1×1cm2 
irradiation field was aligned with the position of the anterior 
heart (the position of the heart is determined mainly according 
to the anatomical experience and touching the apical beat) 
with 1 cm solid water build-up (Figure 2). 

PACAP38 treatment
In PACAP38 intervention group, PACAP38 (10µg/100µL, 

Sigma Aldrich, USA) was injected intraperitoneally (i.p.) 
2 hours before irradiation, 24 hours and 48 hours after 
irradiation. The control group and irradiation group were 
injected intraperitoneally with normal saline of the same 
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volume and times. Normal feeding was continued after 
irradiation. Small animal echocardiography and Micro PET-
CT were performed 6 months later, and then specimens were 
obtained after sacrifice.

Histological evaluation
Hematoxylin and Eosin (HE) staining

Fresh mouse heart tissue was fixed in 4% paraformaldehyde 
for more than 24 hours, and then dehydrated with 
concentration gradient ethanol, soaked in wax and embedded. 
Then, the sections were dewaxed in gradient concentration 
alcohol. Next, the nuclei and cytoplasm were stained with 
hematoxylin and eosin staining, and finally dehydrated and 
sealed. The cardiac histopathological changes between each 
group were observed under microscope (Zeiss AxioVert A1, 
Jena, Germany).

MASSON trichrome stain
Fresh heart tissue was embedded in paraffin and sliced. 

Firstly, hematoxylin was used to dye the nucleus, then the 
sections were stained with fuchsin red and aniline blue 
respectively, and finally dehydrated and sealed. Microscopic 
examination was performed to observe the pathological 
changes of heart tissue between each group. Among them, 
collagen fibers were blue, cardiomyocytes were red, and the 
nucleus was blue black. The degree of myocardial fibrosis 
can be semi-quantified according to the proportion of blue 
area in all areas of the visual field using ImageJ software 
(NIH, Bethesda, MD).

Immunohistochemistry (IHC)
The paraffin-embedded tissues were cut into 3-5μm 

sections. Firstly, the sections were deparaffinized, hydrated, 
and placed in a buffer containing citrate to retrieve antigen. 
Then, the sections were washed with PBS and incubated 
with 3% hydrogen peroxide to remove endogenous catalase. 
After blocking with 5% BSA solution, the sections were 
mixed with the primary anti-α-SMA antibody (Cell Signaling 
Technology, Danvers, MA, USA) and incubated at 4℃ 
overnight. The secondary antibody was Biotinylated goat 
anti-rabbit antibody (EnVision + System HRP anti rabbit 
(K4002, Dako, Tokyo, Japan)), which was used to incubate at 
room temperature for 30 minutes. The average optical density 
(AOD) of α‐SMA was measured with each image by ImageJ 
software (NIH, Bethesda, MD).

Animal echocardiography
The mice in each group were fed for 6 months, and the left 

ventricular systolic and diastolic functions were evaluated by 
small animal echocardiography (vevo2100, Fuji film, Japan). 
Firstly, the mouse was anesthetized in a small room filled 
with 2% isoflurane gas, and the heart rate was maintained at 
350-450 beats/min. The ultrasonic imaging system was visual
sonic VEVO 2100, with MS-400 mouse probe and detection
frequency of 30MHz. Adjust the probe angle of MS-400 to
collect 2D images, which displayed the left ventricular short
axis section at the level of parasternal papillary muscle, and
obtain the M-type motion curve of left ventricular wall.
More than three stable cardiac cycle images were collected
and analysed. Interventricular septal end diastole and end
systole, Left ventricular posterior wall end diastole and end
systole, and Left ventricular internal diameter end diastole
and end systole were measured. The left ventricular ejection

Figure 1: Film verification of 1×1cm2 、1×2cm2、2×2cm2 and 
2×1cm2  radiation fields.
Note: Top left: 1×1 cm2; Top right: 1×2 cm2  Bottom left、
2×2 cm2、Bottom right、2×1 cm2.

Figure 2: The model of mouse heart irradiation
Note: The left figure showed the mouse heart irradiation model, 
parameters: SSD: 100cm; Compensation: 1cm solid water; 
Irradiation field: 1×1cm2. The right figure showed example diagram 
of mouse positioning.
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fraction (LVEF) was measured by the instrument's software. 
The probe angle and the position of the examination table 
were readjusted to find the four chamber cardiac section at 
the lower end of the mouse sternum. The mitral orifice was 
identified by B-mode ultrasound, the mitral orifice blood flow 
spectrum was recorded by pulse spectrum Doppler module, 
and the early diastolic blood flow peak (e peak) and late 
diastolic blood flow peak (a peak) were measured. The motion 
spectrum of ventricular septal mitral annulus was recorded 
by tissue Doppler imaging, and the peak velocities e' and 
a' in early and late diastole were measured. The evaluation 
parameter of left ventricular diastolic function was E/e'.

Micro positron emission tomography-CT
Myocardial metabolism imaging was performed in mouse 

of each group after 6 months of feeding with 18F-FDG PET-
CT (SNPC-103, Kunshan life science and Technology). The 
irradiation related injury was evaluated by measuring the 
uptake of 18F-FDG in mouse myocardium. The equipment 
model used in this experiment was Supernova PET-CT 
(Life Medical Technology Company, Jiangsu, China). 
Before scanning, the mice were anesthetized by inhaling 2% 
isoflurane/oxygen with a flow rate of 0.7 L/min. During the 
whole examination, 1% isoflurane and oxygen were used to 
maintain the mice in a light anesthesia state. Then, 18F-FDG 

of 7.4-11.1 MBq (200-300uCi) was injected into the caudal 
vein. PET scan was performed 40 minutes after injection, 
which took about 20 minutes. CT scan was performed after 
PET scan. The PET image was reconstructed by OSEM 
algorithm, and the attenuation was corrected with reference to 
CT image. Using avatar 1.5 software, the heart was selected as 
the region of interest (ROI) on the PET image. The standard 
uptake value (SUV) of the heart was obtained by calculating 
the average radioactivity in ROI and the weight of mice.

Statistical analysis
The data were presented as the means ± SEM. One-way 

ANOVA with Bonferroni’s multiple comparison test was 
performed using GraphPad Prism version 5.0c for analyses, 
with statistical significance set at P<0.05.

Results
Effect of PACAP38 on the physical condition of 
irradiated mice

After six months of irradiation and PACAP38 intervention, 
the mice were sacrificed to collect heart tissue. The body 
weight and heart mass of mice did not change, as shown in 
Fig. 3A and B. However, the heart/body weight ratio reduced 
significantly in the irradiation group (control vs IR, 0.0050 

Figure 3: Effect of PACAP38 on the physical condition of irradiated mice
Note: After Six months of irradiation and PACAP38 intervention, the mice were sacrificed to collect heart tissue. The body weight(A) and 
heart mass(B) of mice were measured. C. The heart/body weight ratio reduced significantly in the irradiation group (control vs IR, 0.0050 vs 
0.0044, P<0.01). However, the heart/body weight ratio reversed in the combined group (IR vs IR+PACAP-38, 0.0044 vs 0.0051, P<0.01). D. 
Hair whitening on the back of irradiated mice, and its location and size correspond to radiation field .##P<0.01.
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vs 0.0044, P<0.01), the heart/body weight ratio reversed in 
the combined group (IR vs IR+PACAP-38, 0.0044 vs 0.0051, 
P<0.01) (Figure 3C). We observed hair whitening on the back 
of irradiated mice and combined group (Figure 3D), and its 
location and size correspond to the radiation field of the heart, 
which indicated the accuracy of irradiation.

PACAP38 treatment alleviates myocardial 
histopathological changes in irradiated mice

It was found that PACAP38 intervention significantly 
improved the late irradiation induced myocardial 
histopathological changes at 6 months after irradiation 
through H-E staining of mice myocardial tissue, as shown in 
Figure 4. Compared with the control group, the left ventricular 
myocardial tissue in the irradiation group showed obvious 
damaging lesions, including cardiomyocyte degeneration, 
eosinophilic enhancement, cytoplasmic vacuolation, nuclear 
pyknosis and myocardial fiber distortion. In PACAP38 
treatment group, the above traumatic histopathological 
changes were significantly relieved.

Effect of PACAP38 intervention on myocardial 
fibrosis in irradiated mice

Masson staining of mice myocardial tissue showed that 
PACAP38 pretreatment could prevent and reduce radiation-
induced myocardial fibrosis, as shown in Figure 5. Six 
months after irradiation, it was found that the intervention 
of PACAP38 significantly reduced the deposition of collagen 
fibers between myocardial tissues and around blood vessels 
(3.1±0.35%, n=6, P<0.001 vs. 21.63±1.09%, n=6 in the 
irradiation group). As a well-accepted marker of myofibroblast 
differentiation, α-SMA expression increased significantly 
in irradiated mice, which was reversed with PACAP38 
intervention in IR+PACAP38 group (0.304±1.40%, n=6, 
P<0.001 in IR group vs. 0.167±1.20%, n=6, P<0.001 in 
IR+PACAP38 group), as shown in Figure 6. There were no 
significant histopathological changes in the PACAP38 control 
group, indicating the safety of PACAP38 intervention. 

Effect of PACAP38 on cardiac systolic and diastolic 
function in murine heart after radiation exposure

Cardiac ultrasound is the most commonly used monitoring 
method of cardiac injury related to tumor treatment, and LVEF 
is the most commonly used detection index. In recent years, 
studies have found that left ventricular diastolic function is 
more sensitive than LVEF to detect cardiac dysfunction. The 
effects of PACAP38 intervention on cardiac LVEF, LVFS 
and left ventricular diastolic function (E/e’) were detected by 
echocardiography 6 months after irradiation. However, the 
results showed that LVEF, LVFS and E/e' of mice hearts did 
not change significantly half a year after irradiation, as shown 
in Fig. 7A-D. Ventricular dimensions were also measured 
by echocardiogram (Fig. 7E-G), including interventricular 
septal end diastole and end systole (IVSd and IVSs), left 
ventricular posterior wall end diastole and end systole 

attempts to explore clinical therapeutic medicine for RIHD, 
such as amifostine and angiotensin converting enzyme 
inhibitor. However, its application prospect has been offset by 
side effects[23,24]. Therefore, it requires to develop effective 
but non-toxic medicine to prevent and treat radiation induced 
heart injury. PACAP38 is an endogenous multifunctional 
bioactive polypeptide which is widely distributed in the brain 

Figure 4: The alleviating effect of PACAP38 intervention on 
myocardial histopathological changes in irradiated mice
Note: C57BL/6J mice were intraperitoneally injected with the first 
dose of PACAP38 2 hours before irradiation, and supplemented 
with PACAP38 24 hours and 48 hours after irradiation, respectively. 
Six months after irradiation, the mice were sacrificed to collect heart 
tissue. As shown in the figure 4, there were representative H-E 
staining micrographs of left ventricular myocardium in each group 
6 months after irradiation. Obvious injury changes were observed in 
the irradiation (IR) group: cardiomyocyte degeneration, eosinophilic 
enhancement (thick arrow), cytoplasmic vacuolation (middle 
arrow), nuclear pyknosis and myocardial fiber distortion (middle 
arrow). The above injury changes were significantly relieved in IR 
+ PACAP38 group.

Figure 5: The alleviating effect of PACAP38 intervention on 
myocardial fibrosis in irradiated mice

Note: A. Representative masson staining micrograph of left 
ventricular myocardium in each group 6 months after irradiation. 
Blue represents fibrous tissue. B. Semi-quantitative analysis of 
myocardial fibrosis. ***P<0.001 vs. Control group; ###P<0.001 vs. 
IR group. Magnification: ×400, Scale bar: 100 µm. There were six 
mice in each group.
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Figure 6: PACAP38 alleviated the increasement of α-SMA 
expression in irradiated mice heart tissues
Note: A. Immunohistochemistry with anti-α-SMA in heart tissues 
in each treatment group. The expression of α-SMA increased 
significantly in irradiated mice, which was reversed with PACAP38 
intervention in IR+PACAP38 group. B. The expression of α-SMA 
was shown by the average optical density (AOD). ***P<0.001 vs. 
Control group; ###P<0.001 vs. IR group. Magnification: ×400, 
Scale bar: 20 µm. There were six mice in each group.

Figure 7: The left ventricular function in irradiated and PACAP38 
treated mice

Note: A. Example diagram of left ventricular systolic and diastolic 
function in mice detected by small animal echocardiography. 
Left ventricular systolic function was measured by M-ultrasound, 
and the parameter was EF (A-left); Detection of mitral annular 
motion spectrum by tissue Doppler imaging. The parameters are 
early diastolic peak velocity e' and late diastolic peak velocity a' 
(A-middle); The pulse spectrum Doppler module recorded the 
blood flow spectrum of mitral valve orifice, and measured the early 
diastolic blood flow peak (E peak) and late diastolic blood flow peak 
(A peak) (A-right); The evaluation parameter of left ventricular 
diastolic function is E/e'. B,C. Statistical analysis of left ventricular 
systolic function evaluation parameter Ejection Fraction (EF) and 
Fractional Shortening (FS). D. Statistical analysis of left ventricular 
diastolic function evaluation parameter E/e'. There was no significant 
difference among the three groups (control, IR and IR + PACAP38). 
E1,E2. IVSd and IVSs - Interventricular septal end diastole and end 
systole. F1,F2. LVPWd and LVPWs - Left ventricular posterior 
wall end diastole and end systole. G1,G2. LVIDd and LVIDs - Left 
ventricular internal diameter end diastole and end systole. n=6/
group. #P<0.05; ##P<0.01.

Discussion
With the continuous improvement of radiotherapy in the 

comprehensive treatment of thoracic tumors, radiation therapy 
related heart injury is an important clinical complication which 
associated with prolonged hospitalization, high morbidity 
and high mortality[21,22]. Nowadays, there are no specific 
intervention targets and effective prevention and treatment 
strategies for RIHD. In past decades, there have been several 

(LVPWd and LVPWs) and left ventricular internal diameter 
end diastole and end systole (LVIDd and LVIDs). IVS and 
LVPW are measured to evaluate left ventricular hypertrophy, 
There was no significant difference among the three groups 
(control, IR and IR + PACAP38) (Fig. 7E and F). Previous 
studies have found that LVID is related to cardiac diastolic 
dysfunction[20]. We found that LVIDd and LVIDs decreased 
significantly in the IR group (LVIDd: control vs IR, 4.252mm 
vs 3.575mm, P<0.05; LVIDs: control vs IR, 3.232mm vs 
2.073mm, P<0.01). However, the LVIDd and LVIDs both 
returned to normal in the PACAP38 treatment group (LVIDd: 
IR vs IR+PACAP-38, 3.575mm vs 4.018mm, P<0.05; LVIDs: 
IR vs IR+PACAP-38, 2.073mm vs 2.772mm, P<0.05) ( Fig. 
7G1 and G2).

Protective effect of PACAP38 on myocardial 
metabolic function in irradiated mice

Six months after irradiation, 18F-FDG Micro PET-CT was 
performed for myocardial metabolism imaging to evaluate 
the level of myocardial injury. The changes of SUV can 
be used for early monitoring of radiation-induced cardiac 
injury. Results are shown in Fig. 8. The average SUV of 
myocardial uptake of 18F-FDG increased significantly after 
cardiac irradiation. The average SUVs in the irradiated 
area of the heart in the control group and irradiation group 
were 0.76±0.04 and 1.20±0.07 respectively (P<0.05), while 
PACAP38 intervention reversed the increase of SUV induced 
by irradiation, and the average SUV decreased to 0.86 ± 0.06 
(PACAP38+IR vs. IR, P<0.05). It showed that PACAP38 
effectively improved the myocardial metabolic dysfunction 
induced by irradiation. Micro PET-CT can be used as another 
imaging detection method to evaluate cardiac radiation injury, 
which could be used as a supplement to echocardiography 
and improve the detection sensitivity.
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for vascular system, pericardium, myocardium, valves and 
conduction system[34]. Among them, myocardial tissue 
is the main substructure and functional unit of the heart 
exposed to the radiation. The subsequent pathological 
process displayed edema, fibrosis and calcification of cardiac 
tissues[35]. Radiation exposure induces a chronic form of 
cardiomyopathy, which is one of the important causes of heart 
failure. Our previous results showed that significant apoptosis 
was observed in the group treated with radiation exposure by 
TUNEL staining[19]. Treatment with PACAP38 protected 
mice from histological damage and myocardial apoptosis 
induced by irradiation. Furthermore, myocardial fibrosis is 
considered to be the end stage of the long-term development 
of RIHD, which eventually leads to cardiac dysfunction[36]. 
The present study showed that the pathological changes in 
cardiac left ventricular sections from wild-type mice with 
heart irradiation were significantly different between the 
saline-treated and PACAP38-treated irradiated mice in HE 
and Masson’s trichrome stainings, moderate damage and 
significant fibrosis were observed in radiation exposed mice. 
PACAP38-treated irradiation mice showed significantly 
improvement on myocardial morphology and fibrosis. 
Myocardial fibrosis induces cardiac remodeling, which is 
characterized by excessive collagen deposition, leading to 
ventricular sclerosis, diastolic and systolic dysfunction, and 
ultimately heart failure[37]. Sridharan et al studied brown 
Norway rats exposed to local heart radiation, in which 
inflammation and fibrosis were seen at 3 and 6 months after 
irradiation[38]. Our results showed dramatically reduction of 
cardiac fibrosis and remodeling would all suggest possible 
novel cardioprotectant treatments and improve cardiac 
activity. α-Smooth muscle actin (α-SMA) has been a well-
accepted marker of myofibroblast differentiation, which 
showed a pivotal role in the mechanism of PACAP38 
alleviating radiation induced cardiac fibrosis. More work is 
needed to clarify the regulation mechanism of PACAP38 
on α-SMA. Cao et al. found that cardiac diastolic function 
is more sensitive than left ventricular ejection fraction 
(LVEF) and can be used as an early monitoring index of 
radiation induced heart damage by echocardiography[11]. 
American Academy of Cardiology (ACC) and American 
Heart Association (AHA) as well as European Society of 
Cardiology (ESC) recommended echocardiography as a 
routine monitoring cardiac function and cardiotoxicity of 
cardiovascular disease[39,40]. Cardiac Magnetic Resonance 
imaging (CMR) has significant advantage in monitoring 
myocardial lesions, such as myocardial necrosis, fibrosis, 
edema and abnormal perfusion[41]. Cardiac radionuclide 
imaging, such as Single Photon Emission Computed 
Tomography (SPECT) and Positron Emission Tomography 
(PET), is more accurate than 2D ultrasound in detecting the 
asymptomatic decline of LVEF, and correlated with CMR 
and 3D echocardiography[42,43]. Our results identified that 
LVEF and E/e 'of the hearts of mice in each group did not 

Figure 8: Protective effect of PACAP38 treatment on myocardial 
metabolism after irradiation

Note: A. six months after irradiation, micro PET-CT was used to 
detect the uptake of 18F-FDG in myocardial tissue and evaluate the 
level of myocardial radiation injury in each treatment group. From 
left to right are PET image, CT image and PET / CT fusion image. 
B. Statistical analysis of average SUV value of myocardial tissue in
each group. #P < 0.05 reference mark (-).

and peripheral organs in mammals, and reportedly has diverse 
functions in the endocrine, nervous, gastrointestinal, urinary, 
immune, and cardiovascular systems[25]. PACAP and its 
receptors have also been identified in mammalian heart[26]. 
PACAP binding to its receptors modulates the excitability of 
intracardiac neurons and has positive inotropic, chronotropic, 
and dromotoropic effects on cardiomyocytes[27-29]. PACAP 
is also a potent vasodilator in various organs, including 
coronary and pulmonary arteries. Moreover, PACAP has 
been revealed to have cardioprotective capacity by its anti-
inflammatory response, anti-apoptotic and anti-oxidant 
properties. A number of papers have reported that the 
treatment of PACAP38 has a protective effect on mitomycin or 
doxorubicin-induced cardiotoxicity[30-32]. PACAP has been 
shown to protect cardiomyocytes in vitro from oxidative or 
ischemia/reperfusion stress[33]. The receptors of PACAP38 
are expressed in the heart, but it is unclear whether PACAP38 
exerts its protective effect on the late radiation induced heart 
injury in vivo. The aim of the present study was to investigate 
whether PACAP has a cardioprotective effect on radiation-
induced cardiac injury in a murine model of RIHD. In this 
study, it was found that PACAP38 effectively protect or 
prevent radiation induce advanced cardiac injuries in a mouse 
model, myocardial fibrosis and perivascular fibrosis, as well 
as myocardial metabolic dysfunction, which is considered to 
be an important cause leading to myocardial ischemia and 
RIHD. In addition to our previous study of PACAP38 against 
cardiomyocytes irradiation in vitro and acute cardiac injury in 
vivo[19], the results suggest PACAP38 holding potential for 
developing a therapeutic agent of RIHD.

Radiation therapy is one of the most effective manner 
used in the treatment of thoracic cancers, but its dose and 
volume is often limited because of its marked cardiotoxicity 
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change significantly 6 months after irradiation. However, this 
study found that LVIDd and LVIDs decreased significantly in 
the IR group, which returned to normal with the intervention of 
PACAP38. LVID has the potential to become an early marker 
of cardiac diastolic dysfunction. Micro-PET/CT detection 
of mouse heart showed that irradiation could significantly 
improve the heart uptake rate. Significant difference was 
triggered on the reduction of 18 fludeoxyglucose activity 
by PACAP38 treatment indicates that PACAP38 reversed 
cardiac injury and protected heart function. The relationship 
between SUV value and radiation induced heart injury needs 
to be further clarified.

Conclusion
In summary, the pathogenesis of radiation-induced 

cardiotoxicity involves substantial changes in histological 
damages in irradiated myocardium. PACAP38 prevents and 
protects heart against later stages of cardiotoxicity in mice 
exposed to radiation, by inhibiting myocardial remodeling and 
fibrosis. The use of 18 Fludeoxyglucose PET/CT is helpful 
for the detection of cardiac radiation injury. PACAP38 could 
effectively improve the myocardial metabolic dysfunction 
induced by irradiation, which provides a theoretical basis for 
PACAP38 to develop a non-toxic and effective protective 
agent for RIHD. 
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