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Abstract: Cardiac toxicity is one of the major advese effect associated with thoracic irradiation. Breast cancer pa-
tients with human epidermal factor receptor-2 (Her-2) overexpression could be indicated for both radiation and
anti-Her2 target therapy. We aimed to investigate the early detection of radiation and Trastuzumab (TRZ) induced
acute cardiotoxicity in mice. In the present study, the heart of animal was subjected to irradiation (IR, 14 Gy/1 Fx),
TRZ was intraperitonealy (i.p.) administrated to mice in 2 weeks (6 fractions). The IR plus TRZ group received heart
IR after TRZ. We found that body weight of mouse in treatment groups reduced significantly as compared with that
of mouse in control group (P<0.05). At day 21, the diastolic function of mice decreased significantly in IR plus TRZ
group compared with control group measured by E/E’ parameter using echocardiography (57.72 vs 40.82, P<0.05).
The left ventricular posterior wall (LVPW) and interventricular septum (IVS) were also increased significantly in dia-
stolic phase at day 21 in the combined group compared with TRZ alone (LVPW: 0.95 mm vs 0.70 mm, P<0.05; IVS:
0.94 mm vs 0.65 mm P<0.05). Moreover, hematoxylin and eosin (HE) staining of cardiac tissue showed that the
arrangement of myocardial cell was disordered in the combined group with vacuolar and adipocyte changes, as
well as the loose of structure of myocardial cells and the pyknosis of the nucleus. Moderate damage was observed
in irradiation-treated group and TRZ-treated group. The expressions of y-H2AX, vascular cell adhesion molecule-1
(VCAM-1) and von Willebrand Factor (VWF) were remarkedly appeared in co-treatment group. Heart irradiation com-
bined with TRZ treatment simultaneously might cause acute cardiac toxicity in terms of the parameter of E/E’, LVPW
and IVS. Our results suggest that the diastolic function could detect the early stage of acute cardiotoxicity in heart
exposed to irradiation and TRZ co-treatment in mice. The DNA injury and microangiopathy might involve in cardiac
injury that aggravated by radiation and Trastuzumab treatments.
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Introduction over-activation of Her-2 pathway, thus funda-

mentally alter the prognosis of this molecular

Radiotherapy is an important part of compre-
hensive treatment of thoracic malignant tu-
mors [1]. Cardiovascular complications remain
one of major treatment-related morbidity, and
offset some of clinical benefits to certain
extent. Darby’s report suggests that there
exists no threshold for radiation-induced car-
diotoxicity. For every 1 Gy increase in the aver-
age cardiac dose, the risk of injury increases
by 7.4% [2]. Whereas, overexpression of Her-
2 was found in 20%-25% of breast cancer
patients, the prognosis of Her-2 positive breast
cancer patients was significantly worse than
that of Her-2 negative patients [3]. TRZ can
specifically bind to Her-2 receptor, blocking the

subtype patients [4]. The activation of Her-2
signaling pathway plays an important role in
the development and normal function of myo-
cardium, which explains its cardiac injury [5].
Moreover, a significant proportion of these
patients require radiotherapy and anti-Her-2
target therapy simultaneously.

Cardiac injury induced by antineoplastic thera-
py can be classified into type | injury and type Il
injury [6]. The damage caused by ionizing radia-
tion and anthracycline drugs is type | injury,
which is characterized by positive dose-effect
correlation and irreversibility. The cardiac injury
induced by TRZ is type Il injury, which is dose-
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independent and reversible. Current studies
suggest that the combination of anthracycline
and TRZ has a synergistic effect on cardiac
injury [7]. Therefore, it is recommended to av-
oid the simultaneous use of these two drugs in
clinic. Nevertheless, clinical guidelines do not
explicitly limit radiotherapy combined with TRZ,
even though whether concurrent application of
radiotherapy and TRZ would superimpose car-
diovascular injury remains largely unknown.
Our previous study found that 37.9% of pa-
tients with left breast cancer who received TRZ
and radiotherapy exposed to a risk of early
diastolic dysfunction, as compared with 19%
in radiotherapy alone [8]. As clinical observed
toxicity is documented with cardiac dysfunction
as whole organ, in vivo study to reveal the func-
tional change of heart, its correlation with
serum biomarker and histopathology change
will be important to study the mechanism of
effects of TRZ for cardiac injury with ionizing
radiation. Therefore, the aim of this study is to
establish an effective model of cardiac injury in
mice receiving irradiation concurred with TRZ
administration. We further examine the charac-
teristics and molecular changes of cardiac
function in animal model.

Materials and methods
Animal model and irradiation

All animal experiments and procedures were
performed with the approval of the Shang-
hai Jiaotong University School of Medicine
Institutional Animal Care and Use Committee.
Cardiac injury was conducted on male C57/
BL6 mice (20-25 g, 6-8 weeks old) as descri-
bed. Twenty mice were randomly assigned for
four study groups: Control, IR, TRZ and IR+TRZ,
respectively. The heart of animal was subje-
cted to irradiation with 14 Gy/1 Fx, 6 MV X ray,
and the exposed field was localized at 1x1
cm?, dose rate was 300 cGy/min, and source
skin distance (SSD) was 100 cm. TRZ was
administrated intraperitonealy (i.p.) to mice in
two weeks (6 fractions) with a total dose at
10 mg/kg. The irradiation and TRZ group
received heart irradiation next day with TRZ i.p.
injection. The animal echocardiography was
performed on day 21, and serum and heart tis-
sue were collected accordingly.

Mouse echocardiography

Using animal visual ultrasound imaging sy-
stem with mouse probe (Sonic Vevo2100 and
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MS-400 probe), the detection rate was set at
30 MHz. 2.2% isoflurane gas was used to
breathe anesthetized mice. The mice were fix-
ed on a thermostat in supine position and on
electrodes coated 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 following parameters: left ven-
tricular posterior wall thickness (LVPW), inter-
ventricular septal thickness (IVST), ejection
fraction (EF), short axis systolic rate (SF). All
data were averaged for three cardiac cycles.
The position of mitral valve orifice was judged
by B-mode ultrasound, the flow of mitral valve
orifice was observed by color Doppler ultra-
sound module, and the flow spectrum of mitral
valve orifice was recorded by pulse spectrum
Doppler module. The peak value of early dia-
stolic blood flow (E peak) and late diastolic
blood flow (A peak) were recorded. In Tissue
Doppler Module, the myocardial motion spec-
trogram of the mitral annulus of the interven-
tricular septum was collected, and the early
diastolic velocity (E') and late diastolic velocity
(A") of the mitral annulus were measured.

Hematological bioassay

After anesthesia, blood was collected and kept
at room temperature for 2 hours. The samples
were centrifuged at 4 degrees and 3000 rpm
and superficial serum was carefully extracted.
The level of cTn-l in serum was analyzed by
using the cTn-I kit of (Life Diagnostics, CTNI-1-
US). The procedure was carried out according
to the operation manual.

Histological analysis

After the mice were sacrificed and perfused
with PBS systemic circulation, the heart was
quickly removed and fixed in 4% polyformalde-
hyde. The short-axis paraffin sections with 4
pum thickness were prepared by routine method
for subsequent analysis. The sections were
stained by hematoxylin-eosin to analyze chang-
es in general cardiac structure. DNA damage in
heart tissue was labled by a y-H2AX (CY6572,
Abways, 1:100) antibody. The changes of mi-
crovessels in heart slices were detected by
anti-VCAM1 (CY5427, Abways, 1:100) and anti-
VwF antibody (11778-1-AP, Proteintech, 1:100).
At the same time, DAPI staining was used for
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Figure 1. Irradiation and TRZ co-treatment on physical condition of mice and the treatment procedure. A. Mice
exposed to radiation or TRZ showed significant weight loss compared to the control group, but no weight difference
was found between the treated groups; B and C. No significant difference was found in the heart mass of mice, or
in heart weight to body weight ratio; D. The treatment procedure;In the IR+TRZ group, after the heart radiation, TRZ
was intraperitonealy (i.p.) administrated to mice for two weeks (6 fractions) with a total dose at 10 mg/kg.

counter stain of nuclear localization. All experi-
ments are performed by standard laboratory
protocol.

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

Irradiation and TRZ co-treatment on physical
condition of mice

Following the treatment procedure as shown
in Figure 1D, mice exposed to radiation or drug
intervention showed significant weight loss
compared to the control group, but no weight
difference was found between the treated
groups (Figure 1A). However, no significant dif-
ference was found in the heart mass of mice
(Figure 1B) or in heart weight to body weight
ratio (Figure 1C).
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Effects of TRZ treatment with heart irradiation
on cardiac function

On day 21, a significant increase in E/E’ was
observed only in co-treated group, suggesting
that the diastolic function of the heart was
impaired (Figure 2A and 2B). However, this
effect was not observed in IR group or TRZ
group. Furthermore, we examined the level of
cTn-l (@ marker of myocardial injury) release in
plasma by ELISA. Unfortunately, no significant
changes were found in these groups (Figure
2C).

However, the systolic function parameter EF
and FS showed no functional damage in the
treated groups. Left ventricular ejection frac-
tion and short axis systolic rate are commonly
used indicators for evaluating cardiac systolic
function. The results indicated that no abnor-
malities of EF (Figure 3C) or FS (Figure 3B) were
found in these mice model of cardiac injury (IR,
TRZ or co-treated groups).
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Figure 2. Irradiation and TRZ co-treatment induce diastolic dysfunction without CTN-I change. A. The early diastolic
velocity (E’) and late diastolic velocity (A') of the mitral annulus were measured in the tissue Doppler imaging; B. The
peak value of early diastolic blood flow (E peak) and late diastolic blood flow (A peak) were recorded by flow pattern.
On day 21, a significant increase in E/E’ was observed only in the combined group (57.72 vs 40.82, P<0.05; IR plus
TRZ vs Control); C. The level of cTn-I shows no significant changes in these groups.

Structural changes in echocardiography and
HE staining

In M-mode ultrasonography, the thickness of
left ventricular posterior wall (LVPW) and inter-
ventricular septum (IVS) displayed significant
abnormalities in the diastolic phase observed
in the IR and TRZ co-treated group as compari-
ed with the TRZ treated alone (Table 1).

In HE staining of heart tissue (Figure 4), the
tissue slices presented that the arrangement
of myocardial cell was disordered in the com-
bined group (Figure 4D) with vacuolar and adi-
pocyte changes (blue arrow), as well as the
loose of structure of myocardial cell in some
areas and slight pyknosis in the nucleus.
Moderate damage was observed in IR group
and TRZ group. The black arrow showed the
vacuolar degeneration in IR group (Figure 4B).

Radiation combined with TRZ caused myocar-
dial damage and microangiopathy

The expression of VCAM-1 (Figure 5A), VWF
(Figure 5B) and y-H2AX (Figure 5C) were
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expressed markedly in the combine treatment
group. Comparing the IR with TRZ group, the IR
group showed more expression of VCAM-1
and vWF, which indicated that IR (Type I injury)
might cause worse microangiopathy to TRZ
(Type Il injury). But no difference on DNA dam-
age appeared between IR and TRZ group.

Discussion

Radiotherapy is an important part of local-
regional treatment for early breast cancer after
breast conserving surgery or high-risk breast
cancer after mastectomy [1]. Radiation-indu-
ced heart disease (RIHD) is one of the impor-
tant causes of long-term non-cancer death sub-
sequent to thoracic irradiation. Significant car-
diovascular events usually presented in 10-15
years after irradiation [9]. TRZ is the first-line
treatment for Her-2 positive invasive breast
cancer and provides benefit for long-term sur-
vival from several clinical studies [4]. TRZ
related cardiac injury is one of the major toxi-
city resulting in discontinuation of the treat-
ment and impairment of its therapeutic out-
come [5]. As the therapeutic effect of TRZ has

Am J Cancer Res 2020;10(2):536-544



Trastuzumab with heart irradiation induced cardiotoxicity

A M-mode echocardiography B
Control I’ s ‘ () 08 et .C:nlrol
™ TRZ
g R+TRZ
7]
w
IR
TRZ c
Il Control
R
™ TRZ
g R+TRZ
i
IR+TRZ

Figure 3. The systolic function parameter EF and FS showed no functional damage in the treated groups. A. The Left
ventricular systolic function was tested by M-mode Echocardiography; B and C. No abnormalities of EF or FS were
found in these mice model of cardiac injury (IR, TRZ or combined groups).

Table 1. The LVPW and IVS displayed significant abnormalities in the diastolic phase of IR+TRZ group
comparing with the TRZ group

Control IR TRZ IR+TRZ P

Heart rate 423.09+40.56 438.07+51.38 405.61+62.72 387.27+42.60

LVPW; S 1.22+0.18 1.19+0.16 0.99+0.16 1.21+0.09

LVPW; D 0.84+0.10 0.79+0.11 0.7040.09" 0.95+0.12" <0.05
IVS; S 1.15+0.11 1.18+0.24 1.06+0.18 1.26+0.14

IVS; D 0.73+0.05 0.78+0.12 0.65+0.06" 0.94+0.10" <0.05
LVE; S 1.84+0.20 1.84+0.48 2.29+0.36 1.83+0.36

LVE; D 3.10+0.30 3.08+0.27 3.39+0.17 3.20+0.26

LVID; S 2.03+0.14 1.87+0.45 2.40+0.36 1.88+0.33

LVID; D 3.1840.10 3.04+0.23 3.45+0.19 2.83+0.43

LVPW, left ventricular posterior wall; IVS, interventricular septum; LVE, left ventricular internal diameter at end phase; LVID, left
ventricular internal diameter. “P<0.05 was considered as statistically significant.

not been fully elucidated [10], the mechanism
of TRZ induced cardiac injury remains unclari-
fied. It is believed that blocking HER-2 pathway
in myocardium will affect normal cell metabo-
lism [11] and oxidative stress repair [12], thus
damaging normal function and survival of
myocardium.

540

Current guidelines do not recommend concur-
rent anthracycline with TRZ, however, no re-
striction on combined anti-HER2 therapy with
radiotherapy for breast cancer patients in the
adjuvant setting as well as in the metastatic
setting. In Santis’ study, TRZ was an important
risk factor for late cardiotoxic events (OR=4.2,

Am J Cancer Res 2020;10(2):536-544
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Figure 4. Histopathology changes in the heart stained with H&E from IR or TRZ treatment after 21 days. A. The nor-
mal heart slice was observed in the control group. C. The TRZ group showed relatively normal myocardial structure.
B. The black arrow showed the vacuolar degeneration in IR group. D. The blue arrow showed the vacuolar and adi-
pocyte changes in the combined group. The arrangement of myocardial cell was disordered in the combined group,
as well as the loose of structure of myocardial cells and the pyknosis of the nucleus.

P=0.01) in patients receiving TRZ and hypo-
fractionated whole breast radiotherapy [13].
Previous found from our team showed that, in
general, patients with normal baseline cardiac
function tolerate well radiotherapy and trastu-
zumab concurrent treatment, including left-sid-
ed patients. The exists a correlation of dose-
volume of cardiac dose with the increased risk
of acute left ventricular LVEF dysfunction, and
diastolic dysfunction had a much higher preva-
lence of abnormality with cardiac irradiated
dose-volume [14]. Additionally, concurrent TRZ
was associated with higher prevalence of dia-
stolic dysfunction after left-sided irradiation
[8]. However, apart from these observed phe-
nomena of additive toxicity of trastuzumab and
irradiation, little was reported as to the mecha-
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nism of these combinations, especially in vivo
study.

Cardiac ultrasonography, blood troponin and
pro-BNP detection are currently the most wide-
ly application for monitoring cardiac safety
after chemo- and/or radiotherapy [15]. Our cur-
rent animal results confirmed that left ventricu-
lar diastolic function is more sensitive than sys-
tolic function in monitoring early cardiotoxicity,
the results of animal experiments are consis-
tent with our previous clinical studies.

We first demonstrate in vivo that the functional
alteration of TRZ combined with local cardiac
radiation in mice, which confirms that abnormal
diastolic function companied with normal sys-

Am J Cancer Res 2020;10(2):536-544
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Figure 5. The microvascular lesions and DNA damage in the heart tissue. (A) VCAM-1 (Red) and (B) vWF (Red) ex-
pression on the cardiac slice was detected by immunofluorescence staining. Cell nuclei were labeled by DAPI (blue).
(C) The immunohistochemistry staining determines the y-H2AX expression in the cardiac slice.

tolic function may be an early manifestation
of radiation-induced cardiac injury associated
with TRZ. Diastolic function is necessary to be
incorporated into the cardiac toxicity monitor.
We are currently conducting a prospective
phase 3 clinical trial (NCT02942615) evaluat-
ing cardiac toxicity throughout adjuvant sys-
temic therapy and radiotherapy using the afore-
mentioned examination.

Cell death subsequent to X-ray irradiation is
mainly caused by single strand of DNA dama-
ge, and TRZ interfered with the self-repair of
myocardium by combining to HER-2, which
leads to accumulation of reactive oxygen spe-
cies and cell apoptosis of myocardial cells [16].
The overexpression of y-H2AX in radiotherapy
combined with TRZ group, suggesting that DNA
damage may be a common event involving in
both types of radiation-induced damage, and
concurrent application of TRZ and IR in clinic
does have the potential to aggravate the detri-
mental effect of IR on myocardium. The long-
term clinical outcome of cardiac injury induced
by TRZ during radiotherapy is yet to be further
revealed. The late histological changes are
characterized by microvascular embolism and
myocardial fibrosis [17].

Radiation heart injury is a complex process.
The characteristic changes of microvascular
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lesions are also the earlier pathological chang-
es. Irradiation could induce microvascular dis-
ease, which triggered subsequent inflammato-
ry reactions and myocardial ischemic necrosis.
The endothelium injury in cardiovascular dis-
eases and vasculitis is associated with an
enhanced von Willebrand factor vWF and
VCAM-1 [18, 19]. Therefore, we detected the
expression of VCAM-1 and vWF by immunofluo-
rescence to observe the microvascular lesions
in the mice heart. We have observed the micro-
vascular changes (labeled by the overexpres-
sion of VCAM-1 and vWF) in heart tissues of
TRZ and IR co-treatment, suggested that micro-
angiopathy might trigger the RIHD.

It remains unidentified whether the acute
abnormalities of cardiac function in mice model
is a transient or self-limiting phase, early detec-
tion of cardiac function is essential for the safe-
ty management of patients after antineoplastic
therapy. The molecular mechanism and bio-
marker of cardiac injury needs to be further
explored.

In summary, heart irradiation combined with
TRZ treatment simultaneously cause acute
cardiac toxicity in terms of the parameter of
E/E’, LVPW and IVS of echocardiography. Our
results suggest that the diastolic function is
able to detect the early stage of acute cardio-
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toxicity in heart exposure to irradiation and TRZ
treatments of mice, as compared with the sys-
tolic function. The acute cardiac injury by radia-
tion and TRZ co-treatment may be mediated by
the expressions of y-H2AX, VCAM-1 and vWF in
cell damage and microangiopathy.
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