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Abstract: Some breast cancer patients with overexpression of human epidermal growth factor receptor 2 need 
both chest radiotherapy and targeted therapy with trastuzumab (TRZ). The cardiotoxicity associated with combined 
treatment potentially restricts the clinical benefits of antitumor therapy. There is no consensus on whether and how 
chest radiotherapy can be given in concurrent with TRZ at present, considering the cardiotoxicity. This study intends 
to establish an in vitro and in vivo heart injury model by irradiation and TRZ, analyze whether there is a synergistic 
effect in heart, and to explore the molecular changes. First, an in vitro irradiation model of H9C2 cardiomyocytes 
was established. The effects of TRZ and radiation on cardiomyocyte injury were observed by cell flow cytometry, 
CCK-8 test, Western blot, γ-H2AX fluorescence focus formation and cell Reactive Oxygen Species (ROS) content test. 
Second, the mouse heart injury model was set up by X-ray cardiac irradiation combined with TRZ. Six months later, 
the cardiac function was analyzed by small animal ultrasound and 18FDG-micro PET/CT. The morphological changes 
of heart tissue were assessed by histological section. We found that concurrent TRZ aggravates the injury effect of 
irradiation on cardiomyocytes in vitro. The influence of TRZ might be consequence of inhibiting Akt phosphorylation, 
promoting the excessive accumulation of ROS in cells and promoting intracellular DNA damage. In animal experi-
ments, the dysfunction of diastolic and myocardial ischemia of mouse heart was observed by echocardiography and 
18FDG-micro PET/CT, respectively; myocardial fibrosis and cardiomyocyte apoptosis were also observed. Therefore, 
our in vitro and in vivo experiments have revealed that TRZ combined irradiation caused more cardiotoxicity than 
irradiation or TRZ alone. These results suggested that the concurrent management of TRZ and radiotherapy should 
be carefully made in clinical practice, and more attention is needed on cardiac safety.
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Introduction

Radiotherapy is an indispensable part of com-
prehensive anti-cancer therapy. More than 
50% of tumor patients need radiotherapy in the 
process of treatment [1]. Although chest irradi-
ation significantly improved disease-free sur-
vival time in patients with thoracic tumors 
(including breast cancer, lung cancer, esopha-
geal cancer, Hodgkin lymphoma), the long-term 
overall survival of these patients is impacted by 
the related radiation-induced cardiovascular 
toxicity [2, 3]. Cardiovascular adverse events 
are the most common cause of long-term non-
tumor deaths in patients with Hodgkin lympho-
ma and breast cancer after radiotherapy [4, 5]. 
Therefore, the cardiovascular toxicity must be 

carefully considered in the process of receiving 
chest radiotherapy.

Overexpression of human epidermal growth 
factor receptor 2 (HER-2) occurs in 25-30% of 
breast cancer patients. HER-2 positive patients 
benefited from trastuzumab (TRZ) treatment 
because it specifically binds to HER-2 receptors 
[6]. However, the most noteworthy adverse 
effect of TRZ is cardiotoxicity [7]. The treatment 
course of TRZ often overlapped with that of 
radiotherapy in breast cancer patients because 
of its long-term repeated cycle in the adjuvant 
setting as well as in the metastatic setting. 
Current clinical studies have reported contro-
versial data regarding cardiac safety when TRZ 
treatment and radiotherapy are given concur-
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rently. Previous studies investigating the func-
tioning change and mechanism of TRZ treat-
ment in combination with irradiation are limit-
ed. Sridharan reported the fibrosis in rat hearts 
6 months after receiving 21 Gy irradiation, 
which was also accompanied by the activation 
of neuregulin/HER-2 signaling. Such findings 
suggest that this signal pathway may be an 
important self-healing mechanism in cardiomy-
ocytes that becomes activated in response  
to radiation injury [8]. Yavas et al. found that 
TRZ treatment combined with chest irradiation 
increased morphological abnormalities and 
functional damage of the cardiovascular sys-
tem in rat models [9].

Our research group has long been committed 
to the clinical and basic research of cardio-
oncology. Clinically, we reported an increased 
risk of acute left ventricular ejection fraction 
dysfunction and diastolic dysfunction in breast 
cancer patients who received radiotherapy and 
TRZ treatment when the radiation dose and vol-
ume were both increased [10]. Concurrent 
application of TRZ treatment also increased the 
risk of diastolic dysfunction in patients under-
going left chest wall radiotherapy [11]. In terms 
of basic research, we observed that TRZ com-
bined with cardiac irradiation can cause early 
changes in cardiac function in mouse models 
[12].

In this study, we treated isolated cardiomyo-
cytes with irradiation combined with TRZ, eval-
uated if this combination induces cardiomyo-
cyte damage other than irradiation alone, and 
explored relevant molecular changes. We also 
investigated the effect of TRZ on late radiation-
induced heart injury (6 months after radiation) 
using a mouse model and analyzed character-
istic changes via imaging and histopathology.

Materials and methods

Animal experiment

All animal experiments and procedures were 
performed with the approval of the Shanghai 
Jiaotong University School of Medicine Insti- 
tutional Animal Care and Use Committee. The 
animal model was conducted on male C57/ 
BL6 mice (20-25 g, 4-6 weeks old) as described. 
Twenty mice were randomly assigned for four 
study groups: Control, IR, TRZ and IR+TRZ, 
respectively. The heart of animal was subjected 

to irradiation with 20 Gy/1Fx, 6 MV X ray, and 
the exposed field was localized at 1×1 cm2, 
dose rate was 300 cGy/min, and source skin 
distance (SSD) was 100 cm. TRZ was adminis-
trated intraperitoneally (i.p.) to mice in two 
weeks (6 fractions) with a total dose at 10 mg/
kg. The IR+TRZ group received heart irradiation 
next day with TRZ i.p. injection. The animal 
echocardiography and heart PET/CT was per-
formed on 6 month later, and heart tissue were 
collected accordingly.

Mouse echocardiography

Using animal visual ultrasound imaging system 
with mouse probe (Sonic Vevo2100 and MS- 
400 probe), the mice were fixed on a thermo-
stat in supine position and on electrodes coat-
ed with conductive agents in limbs. Superficial 
anesthesia was maintained with 1% isoflurane 
and oxygen. M-motion curves of left ventricular 
wall were collected, and at least 3 continuous 
and stable cardiac cycle images were collected 
and saved. Left ventricular M-mode motion 
curves were used to measure the ejection frac-
tion (EF) and short axis systolic rate (FS). All 
data were averaged for three cardiac cycles. 
The flow of mitral valve orifice was observed  
by color Doppler ultrasound module, and the 
flow spectrum of mitral valve orifice was record-
ed by pulse spectrum Doppler module. The 
peak value of early diastolic blood flow (E peak) 
and late diastolic blood flow (A peak) were 
recorded. In Tissue Doppler Module, the myo-
cardial motion spectrogram of the mitral annu-
lus of the interventricular septum was collect-
ed, and the early diastolic velocity (E’) and late 
diastolic velocity (A’) of the mitral annulus were 
measured. The systolic function of cardiac 
function in mice was assessed by paramet- 
ers LVEF and FS, and diastolic function was 
assessed by E/E’.

Mouse micro PET/CT

The small animal PET/CT system (SuperNova® 
PET/CT, PINGSENG Healthcare Inc.) was used 
to measure the uptake of 18F-FDG by mouse 
cardiomyocytes. During scan acquisition, anes-
thesia in mice was maintained by 1.3% concen-
tration of isoflurane. The PET image was recon-
structed by OSEM algorithm, and the attenua-
tion was corrected by referring to the CT image. 
Using avatar 1.5 software (Pingsheng health-
care Inc.), the heart was selected as the region 
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of interest (ROI) on the PET image, and the 
standard uptake value (SUV) of the heart was 
obtained by calculating the average radioactiv-
ity in ROI and the weight of mice.

Histological analysis

After the mice were sacrificed and perfus- 
ed with PBS systemic circulation, the heart  
was quickly removed and fixed in 4% poly- 
formaldehyde. The short-axis paraffin sections 
with 4 μm thickness were prepared by rou- 
tine method for subsequent analysis. Car- 
diac morphology and myocardial fibrosis were 
evaluated in hematoxylin and eosin (HE) and 
Masson’s stained sections, respectively. The 
apoptosis in the heart was detected by the 
TUNEL staining.

Cell culture and irradiation

Rat embryonic ventricular derived H9C2 ca- 
rdiomyoblasts cells were purchased from the 
ATCC (CRL-1446, Rockville, MD, USA). The cells 
were irradiated by 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. H9C2 cells 
were inoculated or with TRZ (5 ug/ml) in culture 
plates overnight, then exposure to IR at dose of 
0, 2, 5, 10, 15 Gy.

Detection of cell apoptosis by flow cytometry

Apoptosis in cell culture was quantified with 
flow cytometry by staining cells with FITC-
labeled Annexin V and Propidium Iodide (PI) 
(Invitrogen, Carlsbad, CA, USA). Briefly, at 48 h 
after simulated IR and/or treatment with TRZ, 
H9C2 cardiomyocytes were prepared to be 
incubated with FITC-labeled Annexin V and PI, 
and analyzed with a BD FACS Aria III flow cytom-
eter (BD Biosciences, San Jose, CA, USA).

Cell viability

Cell viability was examined by CCK-8 assay 
(Beyotime, Shanghai, China). H9C2 cells were 
inoculated with TRZ in 96-well culture plates 
overnight, then exposed to IR. 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 densi-
ty was measured at 450 nm with a microplate 
reader (Synergy 2, BioTek, Winooski, VT, USA).

Western blot

At 48 h after simulated IR and/or treatment 
with TRZ, H9C2 cells were harvested for west-
ern blot analysis. Western blot analysis was 
performed by using antibodies for Bax (2772S, 
CST), Bcl2 (sc-7382, SANTA), p-AKT (13038, 
CST); β-actin (4970s; CST) or AKT (9272, CST) 
was used as internal control.

Gamma-H2AX foci formation

At 1 h after irradiation, cells were permeabi-
lized with 0.3% Triton X-100-PBS, then blocked 
with 3% BSA, and followed by incubation in 
γ-H2AX antibody (CY6572, Abways, 1:100) 
overnight with gentle shaking. After washing 
with PBS, γ-H2AX antibody was visualized with 
Alexa Fluor-label antibody. Nuclei were counter-
stained with DAPI in PBS. The fluorescence 
intensity was observed under fluorescence 
microscopy (Zeiss AxioVert A1, Jena, Germany) 
and quantitated by using the ImageJ software 
(NIH, Bethesda, MD).

Detection of intracellular ROS

Intracellular ROS level was detected by a Re- 
active Oxygen Species Assay Kit (Beyotime 
Biotechnology, Shanghai, China). H9C2 cells 
with 1 μM of 2,7-dichlordihy-drofluorescein 
diacetate (DCFH-DA) at 37°C for 30 min in 
6-well culture plates after treatment for 48 h. 
DCF fluorescence intensity was observed by 
flow cytometry (BD FACS Aria III).

Statistical analysis

The data are represented as the means ± SEM. 
Results were analyzed by one-way ANOVA and 
P<0.05 was defined as significant difference.

Results

Trastuzumab promotes irradiation induced 
apoptosis of H9C2 cells

H9C2 cardiomyocytes were treated with X-ray 
irradiation (doses of 0, 2, 5, 10, and 15 Gy). 
Flow cytometric analysis of apoptosis in H9C2 
cardiomyocytes showed that X-ray irradiation 
could significantly induce the apoptosis of H9- 
C2 cardiomyocytes, and the degree of apopto-
sis was dose-dependent (Figure 1A). Notably, 
TRZ treatment alone did not significantly induce 
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Figure 1. Trastuzumab promotes IR induced apoptosis of H9c2 cells. A. X-ray irradiation could significantly induce the apoptosis of H9c2 cardiomyocytes, and the de-
gree of apoptosis was dose-dependent. And TRZ treatment alone did not significantly induce apoptosis in H9c2 cardiomyocytes. B. TRZ treatment alone did not sig-
nificantly induce apoptosis in H9c2 cardiomyocytes. After adding TRZ treatment, TRZ could further aggravate radiation-induced apoptosis. C. The expression of Pro 
apoptotic protein Bax increased compared with the control group, while the expression of apoptosis inhibitory protein Bcl-2 decreased. D. After TRZ combined with 
irradiation, the expression of Bax protein also increased with the irradiation dose, while the expression of Bcl-2 decreased more significantly. *P<0.05, **P<0.001.
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apoptosis in H9c2 cardiomyocytes. The addi-
tion of TRZ treatment, applied concurrently 
with irradiation, further increased radiation-
induced apoptosis (Figure 1B).

Western blots were used to detect the expres-
sion of apoptosis related proteins. After X-ray 
irradiation, the expression of the pro-apoptotic 
protein, Bax, increased as compared to the 
control group, and the expression of the apop-
tosis inhibitory protein, Bcl-2, decreased (Figure 
1C). The results indicated that X-ray irradia- 
tion can cause cardiomyocyte apoptosis in a 
dose-dependent manner. After TRZ was given 
with irradiation, the expression of Bax also 
increased with the irradiation dose, and the 
Bcl-2 decreased more significantly. These find-
ings suggest that TRZ can promote cardiomyo-
cyte apoptosis (Figure 1D).

The effect of TRZ combined with irradiation on 
ROS production and the viability of H9C2 cells

The effect of TRZ and X-ray irradiation on car-
diomyocyte activity was analyzed by the CCK-8 
test. The results showed that X-ray irradiation 
could significantly reduce the cellular activity of 
H9C2 cardiomyocytes (Figure 2A). Treatment 
with TRZ alone did not significantly affect the 
activity of cardiomyocytes. Moreover, in the low 

dose irradiation group (2 Gy), the simultaneous 
application of TRZ did not impact myocardial 
activity. When the irradiation dose was greater 
than 5 Gy, cell activity was significantly lower in 
the group simultaneously treated with TRZ than 
in that of the irradiation-only treated group. In 
summary, the CCK-8 test suggests that irradia-
tion reduces the activity of cardiomyocytes, 
and that cell activity is further reduced after 
TRZ treatment.

Reactive oxygen species (ROS) are important 
mediators of cell damage induced by irradia-
tion. In our study, intracellular ROS content was 
detected by dichloro-dihydro-fluorescein diace-
tate staining. We found that the ROS content  
in cardiomyocytes was positively correlated 
with the irradiation dose (Figure 2B), which was 
consistent with the increasing levels of irradia-
tion causing increasing amounts of cell dam-
age. The application of TRZ further increased 
the levels of intracellular ROS when irradiation 
was also applied; however, TRZ alone did not 
increase ROS levels.

TRZ inhibits the phosphorylation of Akt in irra-
diated H9C2 cells

The activation of the phosphatidylinositol 3 
kinase/protein kinase B (PI3K/Akt) signaling 

Figure 2. Effect of TRZ combined with irradiation on the viability, ROS and phosphorylation of Akt in H9c2 cells. A. Ir-
radiation reduces the activity of cardiomyocytes, and the cell activity is further reduced after TRZ treatment. B. ROS 
content in cardiomyocytes was positively correlated with the irradiation dose. The application of TRZ will further in-
crease the content of intracellular ROS. C. X-ray irradiation of H9c2 cardiomyocytes slightly inhibited the phosphory-
lation of Akt. D. After TRZ was administered, the phosphorylation of Akt in cardiomyocytes was significantly inhibited.
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pathway enables cells to resist oxidative stress-
related injury. We found that X-ray irradiation  
of H9c2 cardiomyocytes slightly inhibited the 
activation of Akt in H9c2 cells (as indicated by 
the decrease in Akt phosphorylation), which 
indicates impairment of a cell’s ability to self-
repair in response to irradiation (Figure 2C). 
After TRZ administration, the activation of Akt 
in cardiomyocytes was significantly inhibited 
(Figure 2D). The PI3K/Akt signaling pathway, 
which is downstream of HER-2, also plays a role 
in its physiological function. TRZ blocks the 
HER-2 signaling pathway, which results in the 
significant inhibition of Akt phosphorylation. 
The combination of TRZ and irradiation syner-
gistically inhibited the phosphorylation of Akt 
and resulted in more damage. Because of the 
self-healing ability of the impaired cells was 
influenced.

TRZ promotes irradiation induced DNA dam-
age in vitro

DNA is a key target of ionizing radiation. The 
ratio of γ-H2AX foci in cells correlated with the 
degree of intracellular DNA damage. We detect-
ed the effects of irradiation and TRZ on cardio-
myocyte DNA damage by measuring γ-H2AX 
foci formation. As indicated in Figure 3A, X-ray 
irradiation (dose ≥5 Gy) could lead to γ-H2AX 
foci, and the fluorescence intensity was posi-
tively correlated with the irradiation dose. We 
analyzed the effect of TRZ combined irradiation 
on cardiomyocyte DNA damage. The results 
showed that when TRZ was administered with 
irradiation, the degree of DNA damage was fur-
ther enhanced (Figure 3B).

The effect of irradiation and TRZ co-treatment 
on the physical condition of mice

After 6 months of cardiac irradiation and TRZ 
treatment, the body weight (Figure 4A) and 
heart weight (Figure 4B) of mice did not sig- 
nificantly change. However, the heart/body 
weight ratio decreased significantly in the  
irradiation group (control vs IR, 0.004974 vs 
0.004127, P<0.05) and in the combined group 
(control vs IR+TRZ, 0.004974 vs 0.004455, 
P<0.05) (Figure 4C). There was no significant 
difference in heart/body weight ratio between 
the IR group and the combined group. Previous 
studies have found that irradiation can destroy 
melanocytes in hair follicles and lead to hair 
whitening [13]. We also observed hair whiten-

ing on the backs of irradiated mice, and the 
position and size corresponded to the area 
where irradiation was applied (Figure 4D).

Systolic and diastolic function as measured by 
echocardiography

Six months after heart irradiation, echocardiog-
raphy showed that the diastolic function of the 
combined group had decreased significantly 
compared with the control group (control vs 
IR+TRZ, 20.66 vs 33.57, P<0.05); however, 
there was no significant abnormality in the irra-
diation-only group and TRZ group compared 
with the control group (Figure 5). No significant 
changes in systolic function in the parameters 
of EF and FS were observed between experi-
mental groups (Figure 6).

Late radiation-induced heart disease (RIHD) is 
characterized by progressive myocardial isch-
emia, hypoxia, and myocardial fibrosis. Under 
normal conditions, one third of the myocardial 
energy supply comes from glucose and other 
comes from fatty acids. Under hypoxic condi-
tions, the utilization of fatty acids by cardiomyo-
cytes is limited and then the glycolytic pathway 
is enhanced, which improves the uptake of glu-
cose. Based on this, the analysis of myocardial 
glucose uptake can reflect the state of myocar-
dial injury. The level of myocardial injury in  
mice was detected by 18F-Fluorodeoxyglucose 
micro-positron emission tomography/comput-
ed tomography (18FDG micro-PET/CT), and the 
injury state of cardiomyocytes was reflected by 
the standardized uptake value (SUV). The 
uptake rate of FDG showed that irradiation 
could significantly increase the SUV of the heart 
(control vs IR, 0.5417 vs 1.235, P<0.05) (Figure 
7A), and the SUV of the heart was further 
increased after TRZ treatment (IR vs IR+TRZ, 
1.235 vs 1.829, P<0.05) (Figure 7B).

Myocardial fibrosis and cardiomyocyte apopto-
sis in mouse model hearts

The heart tissue in the combined group showed 
obvious structural disorder, thickening of the 
interstitial vascular wall, lumen stenosis, and 
local vacuolar degeneration (black arrow) and 
inflammatory cell infiltration (yellow arrow), as 
demonstrated by hematoxylin and eosin stain-
ing. The irradiation group showed moderate 
damage and the TRZ group was comparable to 
the control group, with no obvious abnormali-
ties (Figure 8A).
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Figure 3. TRZ promotes irradiation induced DNA damage in vitro. The ratio of γ-H2AX foci in cells was correlated with the degree of intracellular DNA damage. A. X-ray 
irradiation (dose ≥5 Gy) can lead obvious γ-H2AX foci, and the fluorescence intensity was positively correlated with the irradiation dose. B. After TRZ was delivered 
with irradiation, the degree of DNA damage was further enhanced.
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The myocardial fibrosis is characteristic of late 
RIHD and can be used to evaluate the degree 
of cardiac injury. Collagen deposition was obse- 
rved in the perivascular and interstitial tissues 
of the left ventricle of the irradiation group and 
the combined group (Figure 8B). The presence 
of fibrosis in the combined group was more 
obvious than that of the irradiation-only group. 
No obvious fibrosis was observed in the TRZ 
and control groups.

Apoptosis in heart tissue was detected by  
utilizing TUNEL staining. The results showed 
that irradiation or TRZ treatment alone did not 
cause apoptosis in the heart; however, irradia-
tion and TRZ combined resulted in apoptosis in 
heart tissue (Figure 9).

Discussion

Cardiomyocytes represent a critical component 
of the heart and are critical for the heart to 

maintain its physiological function. The classic 
radiobiological perspective holds that cardio-
myocytes lacking proliferative ability and belong 
to a relatively radiation-resistant cell group. 
Cardiomyocyte damage caused by ionizing radi-
ation primarily results from cell ischemia and 
hypoxia induced by damaged cardiac nutrient 
vessels [14]. Recent studies have found that 
direct injury of myocardial cells by irradiation  
is also an important factor in cardiac radia- 
tion injury. Ionizing radiation can produce irrep-
arable DNA breaks in cardiomyocytes, which 
lead to further cell cycle inhibition or death [15, 
16]. Additionally, irradiation can increase the 
expression of apoptosis related proteins, such 
as Bax/BCL, in cardiomyocytes and promote 
cardiomyocyte apoptosis [17]. The p53 mole-
cule exerts protective effects on cardiomyo-
cytes. Some studies have found that DNA dam-
age and oxidative stress, induced by irradia-
tion, can inhibit the activation of the p53. 

Figure 4. Irradiation and TRZ co-treatment on physical condition of mice. A, B. After 6 months of cardiac irradia-
tion and TRZ treatment, the body weight and heart weight of mice were measured. C. The heart/body weight ratio 
decreased significantly in the irradiation group (control vs IR, 0.004974 vs 0.004127, P<0.05) and the combined 
group (control vs IR+TRZ, 0.004974 vs 0.004455, P<0.05). D. Hair whitening on the back of irradiated mice, and 
its position and size correspond to the chest radiation.
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Considering this, irradiation may reduce the 
defense ability of cardiomyocytes against exter-
nal stimuli by inhibiting the activation of p53 
[18, 19]. Low linear energy transfer radiation, 
such as X-rays commonly used in the clinic, 
mainly exerts its effects by indirectly ionizing 
water molecules to produce ROS. It has also 
been reported that ROS can directly cause car-
diomyocyte hypertrophy and even contribute to 
apoptosis at a cellular level [20]. Moreover, 
Puente et al. reported that ROS also had an 
impact on the development and regeneration 
of cardiomyocytes. Ionizing radiation inhibited 
the proliferative cycle of cardiomyocytes and 
affected the self-repair of damaged myocardi-
um [21]. Although the adult myocardium loses 
most of its proliferative capability, a small num-
ber of cardiomyocytes do retain this function. 
Younger individuals contain a larger content of 
proliferative cardiomyocytes [22, 23], which 
explains why the same irradiation dose is more 
damaging to younger individuals than older 

individuals [24]. Taken together, this suggests 
that cardiomyocyte injury derived from ionizing 
radiation is an important factor.

Under physiological conditions, HER-2 plays an 
important role in the occurrence and develop-
ment of the myocardium and the maintenance 
of cardiac function. Treatment with TRZ can 
reduce the expression of protective genes in 
mouse cardiomyocytes. The function of these 
genes includes maintaining normal myocardial 
function, DNA damage repair, and adaptability 
to stress stimulation [25]. After HER-2 activa-
tion, it mainly functions through the mitogen-
activated protein kinase [26] and PI3K/Akt 
pathways [27, 28]. The activation of PI3K/Akt, 
as indicated by Akt phosphorylation (p-Akt), 
can regulate the respiratory state of mitochon-
dria, reduce the production of ROS, and pro-
mote cell survival [29]. In cardiac tissue, the 
activation of HER2-PI3k/Akt signaling is also 
critical for regulating the normal physiological 

Figure 5. The effect of irradiation combined with trastuzumab on the diastolic function of mice. Six months after 
heart irradiation, the diastolic function was detected by echocardiography. The diastolic function of the combined 
group decreased significantly compared with the control group (control vs IR+TRZ, 20.66 vs 33.57, P<0.05). No 
significant abnormality in the irradiation-only group and TRZ group compared with the control group.
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state of the heart and helping to maintain the 
survival state of cardiomyocytes [30]. When 
HER-2 signal is blocked by TRZ, the mainte-
nance of cardiomyocyte function and its 
defenses against harmful stimuli are signifi-
cantly affected, which results in heart injury. By 
analyzing the damage mechanisms of X-ray 
irradiation and TRZ treatment on cardiomyo-
cytes, we identified an intersection between 
the two damage mechanisms, which is also  
the theoretical basis of this study. Through in 
vitro experiments, we found that the simultane-
ous application of TRZ and irradiation superim-
poses the damage onto H9c2 cardiomyocytes. 
The related internal changes include the accu-
mulation of intracellular ROS, DNA damage, 
increases in apoptosis, and reduced activity of 
cardiomyocytes.

Basic research studies suggest that HER-2 
knockout mice spontaneously have diastolic 

dysfunction of cardiomyocytes and of the heart 
itself [31]. In a previous clinical study, our group 
reported that the simultaneous application of 
TRZ could increase the incidence of diastolic 
dysfunction in patients with left chest wall 
radiotherapy [10, 11]. These findings are con-
sistent with the results of echocardiography in 
small animals in this study, which suggests that 
the abnormality of diastolic function (rather 
than systolic function) may be a more sensitive 
index of cardiac injury induced by radiotherapy 
combined with TRZ. This data also suggests 
that reporting diastolic function in the monitor-
ing of cardiac toxic events by echocardiography 
would be of great significance.

Echocardiography is a commonly used imag- 
ing methodology for cardiac evaluation; howev-
er, cardiac ultrasounds may not be sensitive 
enough to detect RIHD because its accuracy is 

Figure 6. The effect of irradiation combined with trastuzumab on the systolic function of mice. Six months after 
heart irradiation, no significant changes in systolic function in parameters of LVEF (Left Ventricular Ejection Frac-
tions) and FS (Fraction Shortening) were observed in all experimental groups compared with the control group.
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highly dependent on the technical skill of the 
operator and has poor repeatability [32]. It  
is also difficult to diagnose RIHD via echocar-
diography in cases with myocardial ischemia 
without abnormal cardiac function [33]. The 
detection of myocardial ischemia by 18FDG-
PET/CT has attracted the attention of research-
ers [34, 35]. Researchers from Japan found 
that patients with esophageal cancer, who had 
received chest radiotherapy, had increased 
myocardial 18FDG uptake during 18FDG-PET/CT; 
however, the mechanism of this uptake is not 
clear [36]. Kawamura found that after the heart 
was irradiated, uptake of FDG increased, and 
the area of increased FDG uptake also coincid-
ed with the irradiated area of the heart [37]. 
Chinese scholars explored the application of 

PET/CT in a canine RIHD model and found that 
there was high FDG uptake in the irradiated 
area of the canine heart, and the SUV was posi-
tively correlated with the degree of heart injury 
[38]. The mechanism of increased glucose 
uptake by the myocardium after irradiation may 
be explained by the fact that under physiologi-
cal conditions of blood flow and oxygen supply, 
one third of the energy supplied to the myocar-
dium comes from glucose and two thirds comes 
from the aerobic metabolism of fatty acids [39]. 
When aerobic respiration of the myocardium is 
affected, for example by insufficient blood and 
oxygen supply to the heart or mitochondrial 
respiratory dysfunction in cells caused by irra-
diation, the aerobic respiration of cardiomyo-
cytes can be blocked. This in turn increases  

Figure 7. Evaluation of myocardial ischemia in mice 
by 18FDG-Micro PET/CT cardiac imaging. The level 
of myocardial injury in mice was detected by 18FDG 
micro-PET/CT, and the injury state of cardiomyo-
cytes was reflected by the standardized uptake value 
(SUV). A. The uptake rate of FDG showed that irra-
diation could significantly increase the SUV value of 
the heart (control vs IR, 0.5417 vs 1.235, P<0.05). 
B. The SUV value of the heart would be further im-
proved after TRZ treatment (IR vs IR+TRZ, 1.235 vs 
1.829, P<0.05).
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the energy supply of anaerobic fermentation, 
resulting in increased glucose uptake and FDG 
uptake. Therefore, the FDG uptake rate reflects 
the degree of cardiomyocyte injury and could 
be used as an early detection method of RIHD.

Based on the results of the echocardiography 
(Figures 5 and 6), we found that diastolic dys-
function in sixth month after radiotherapy 
occurred only the in the combined group not  
in the irradiation alone group. However, the 

Figure 8. The HE and Masson staining in mouse heart. A. The heart tissue in the combined group showed obvious 
structural disorder, thickening of interstitial vascular wall, lumen stenosis, and local vacuolar degeneration (black 
arrow) and inflammatory cell infiltration (yellow arrow). The tissue of irradiation group showed moderate damage; 
and no obvious abnormality was found in TRZ or control group. B. Collagen deposition was observed in the perivas-
cular and interstitial tissues of the left ventricle in the irradiation group and the combined group. The fibrosis in the 
combined group was more obvious than that in the irradiation group. No obvious fibrosis was observed in TRZ group 
and control group.

Figure 9. The detection of cardiomyocyte apoptosis by TUNEL in mouse heart. Irradiation or TRZ treatment alone 
could not cause obvious apoptosis in the heart; obvious apoptosis could be observed under the concurrent treat-
ment of irradiation and TRZ.
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results of the micro-PET/CT showed that the 
cardiac SUV increased in both the irradiation-
only group and the combined group (Figure 7), 
although the increase in the SUV was more  
pronounced in the combined group. PET/CT 
may be more sensitive for detecting cardiac 
injury compared to echocardiography, especial-
ly when myocardial ischemia is present without 
obvious pumping dysfunction.

Conclusion

Concurrent administration of TRZ aggravates 
cardiomyocyte injury induced by irradiation. 
Treatment with TRZ might facilitate the radia-
tion damage of the myocardium by inhibiting 
Akt phosphorylation and promoting the exces-
sive accumulation of ROS in cells and intracel-
lular DNA damage. The combination of small 
animal echocardiography and 18FDG micro-
PET/CT allowed for the early diagnosis of heart 
injury. Our study also had some limitations, 
such as this is a basic research, and the inner 
mechanism needs to be further explored. Our 
results do suggest that extra caution should be 
paid when concurrent use of TRZ and radiother-
apy is indicated in clinical practice. More clini-
cal data and better strategy is needed to opti-
mize the treatment of radiotherapy and TRZ.
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