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with radiotherapy promotes cardiomyocyte
apoptosis in rats via TGF(31/Smads/CTGF
signaling pathway
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Abstract

Purpose: The aim of the present study was to investigate the efficacy of recombinant human endostatin (ES) (rh-ES)
combined with radiation on rat cardiomyocyte apoptosis and the regulatory mechanism of transforming growth fac-
tor betal (TGF-31)/Sma and Mad-related protein 3 (Smad3)/connective tissue growth factor (CTGF) signaling.

Method: The primary cardiomyocytes were isolated from neonatal Sprague-Dawley rats for culture in vitro and
divided into blank control group (without treatment), 10 Gy radiation + siTGF-B1 siRNA (gene silencing) group,
ES+siTGF-31 siRNA group, and 10 Gy radiation + ES 4+ siTGF-31 siRNA group. Methyl thiazolyl tetrazolium assay was
used to calculate the half-maximal inhibitory concentration (ICs) of rh-ES on cardiomyocytes. Adenoviral vector was
constructed for virus packaging to silence TGF-31 expression in cardiomyocytes. Quantitative real-time polymerase
chain reaction and Western blot were carried out to analyze TGF-1, Smad2, Smad3 and CTGF expression at both
gene and protein levels. Flow cytometry and electron microscope were used to examine cell apoptosis.

Results: ES had a dose-dependent inhibitory effect on the proliferation of primary rat cardiomyocytes. ES combined
with radiotherapy significantly inhibited cardiomyocyte proliferation and promoted cell apoptosis (P<0.01). The gene
and protein expression of TGF-31, Smad2, Smad3 and CTGF were significantly up-regulated in primary cardiomyo-
cytes transfected with TGF-B1 gene (P<0.05).

Conclusion: The combination therapy with rh-ES and radiation can promote cardiomyocyte apoptosis and aggra-
vate myocardial cell damage via TGF-B1/Smad3/CTGF signaling pathway.
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Introduction

Loss of cardiomyocytes occurs with aging and contrib-
utes to cardiovascular complications. As the rate and
amount of cardiomyocyte loss is the most important
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equally to this work treatment strategies targeting apoptosis are crucial [1].
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apoptosis and found that cardiomyocyte apoptosis was
increased in a dose-dependent manner after microwave
radiation [2]. Another animal model study also demon-
strated that radiation could lead to cardiomyocyte apop-
tosis [3]. Moreover, when patients with malignant tumor
receive radiotherapy, it is inevitable for the heart to
receive a certain dose of radiation that may cause cardiac
injury [4, 5].

Apart from radiation, endostatin (ES), the first-in-class
recombinant human ES (rh-ES) anti-cancer drug devel-
oped by Chinese researchers, has been widely used in the
treatment of advanced lung cancer [6]. ES combined with
radiotherapy can significantly prolong the survival time
of advanced non-small cell lung cancer (NSCLC) patients
[7]. However, cardiotoxicity is still the major adverse
effect of rh-ES. In the phase I/II clinical trials of ES,
6.38% (30/470) of advanced NSCLC patients treated with
ES developed adverse cardiac reactions [8]. ES in combi-
nation with radiotherapy may directly affect physiologi-
cal dysfunction of cardiomyocytes, resulting in increased
cardiotoxicity, which has been reported in the phase I
to III clinical trials conducted at home and abroad [9].
At present, there is no research to explore the intrinsic
mechanism and interrelationship of the two combined
therapies.

Transforming growth factors-p1 (TGF-p1) is a multi-
potent cytokine that can promote cell proliferation and
differentiation. In myocardial fibrosis, TGF-p1 is con-
sidered to be the strongest fibrogenic growth factor [7],
which can promote collagen synthesis and inhibit degra-
dation by activating downstream Smad proteins, result-
ing in an imbalance of synthesis and degradation, thereby
leading to myocardial fibrosis. In addition, it can induce
the expression of connective tissue growth factor (CTGF)
[10]. Effects of ES combined with radiotherapy on myo-
cardial injury and fibrosis, as well as the differences in
gene and protein expression of TGF-f1/Smad/CTGF
signaling pathway have been reported [11]. Whereas the
relationship between TGF-f1/Smad signaling pathway
and apoptosis of rat cardiomyocytes induced by rh-ES
combined with radiotherapy has not been systematically
studied.

In this study, we examined the effects of radiotherapy
combined with ES on cardiomyocytes and the poten-
tial mechanisms, providing additional references for the
treatment of cardiac injury.

Material and methods

Experimental grouping

Primary cardiomyocytes isolated from 20 neonatal
Sprague—Dawley rats (Animal Experiment Centre of
Guizhou Medical University) were randomly divided
into blank control group, 10 Gy radiation+siTGF-B1

Page 2 of 10

group, ES+siTGF-B1 group, and 10 Gy radia-
tion+ES +siTGF-B1 group, with 5 rats in each group.
The cells in control group were cultured normally with-
out any treatment, while the cells in experimental groups
were transfected with virus, followed by treatment with
529 pg/ml ES (Simcere Bio-Pharmaceutical Co., Ltd,
Shandong) (Additional file 1: Figure S1). Irradiation
modality (10 Gy radiation (Elekta Synergy, Stockholm,
Sweden)): source skin distance 1 m, basal area for irra-
diation 106.5 cm? and irradiation depth 2.22 cm. These
treatments were administered in parallel. This study was
approved by the Ethics Committee of the Affiliated Hos-
pital of Guizhou Medical University (SYXK 2012-001).

Isolation and primary culture of cardiomyocytes

Newborn Sprague—-Dawley rats (1-3 days after birth)
were sacrificed by cervical dislocation. Tissues were taken
out from the apex of thoracic cavity and cut into particles
of 1 mm?, followed by rinse in phosphate buffered saline
(PBS) containing double-antibody. After centrifuga-
tion, the supernatant was collected and filtered through
200 mesh cell sieves, and the filtrate was centrifuged at
300 x g for 5 min. Then supernatant was discarded, and
cell sedimentation was preserved for later use [12].

Rat cardiomyocytes were suspended in complete cul-
ture medium and inoculated into flask A, followed by
incubation at 37 °C in a 5% CO, constant temperature
incubator for 30 min. Non-adherent cells were aspirated
to inoculate on flask B, and placed in 5% CO, incubator
for static culture at 37 °C. Subsequently, Cytarabine 2 pg/
mL was added to flask A 24 h later, and the cells were cul-
tured for another 48 h. Finally, the medium was changed
to normal complete medium for rat cardiomyocytes and
culture for 3-5 days.

Morphological study of primary cardiomyocytes

The freshly isolated cardiomyocytes were uniformly
suspended in a circular medium under a phase contrast
microscope. The cells began to adhere to the walls after
2 days of culture. The morphological changes of myocar-
dial cells were observed via an inverted phase contrast
microscope and video (Olympus CKX53; Olympus Sales
Service Co., Ltd, Beijing). Most cardiomyocytes grew
from round to spindle cells and spread gradually. Some
cells were polygonal or irregular in shape with extend-
ing pseudopodia. Meanwhile, individual adherent cells
showed spontaneous beating at inconsistent frequen-
cies. The pseudopodia of some cells touched each other
to form cell clusters after culture for 4 days. The cells
showed synchronized spontaneous beating. The cell via-
bility now was optimal for subsequent experiments.
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Immunofluorescence

The sliced cardiomyocytes were taken and fixed with
40 g/L paraformaldehyde for 10 min. After washing 3
times with PBS, 0.03% Triton X 100 (Amresco, WA,
USA) was added and incubated for 30 min, followed by
a blockage by 5% Goat serum (Thermo Fisher Scien-
tific, USA) at room temperature for 30 min. Then 1:100
diluted rat anti-mouse alpha-sarcomeric actin (a-SCA)
antibody (Santa Cruz, sc-58670) was added and incu-
bated at 4 °C overnight (negative control was replaced by
PBS), followed by incubation with 1:100 diluted goat anti-
rabbit IgG antibody (Invitrogen, Carlsbad, CA) for 1.5 h.
4,6-diamidino-2-phenylindole (DAPI) (Invitrogen, Carls-
bad, CA) was used to cover the film, and sections were
visualized under an immunofluorescence microscope,
following calculation of cardiomyocytes purity [13].

Methyl thiazolyl tetrazolium (MTT) assay

After 4 days of primary rat cardiomyocytes culture, ES
was added to the culture media to make the final concen-
tration of ES to 12.5, 25, 50, 100, 200, 400 and 600 ug/ml,
respectively. Cells were cultured at 37 °C for 24 h. Each
group was set with 3 replicates. After addition of 10 pl
Methyl thiazolyl tetrazolium (MTT, Solarbio, Beijing
Soleibao Technology Co., Ltd) to each well, the cells were
cultured at 37 °C for another 4 h, and the culture media
was discarded. Then 150 ul dimethyl sulfoxide was added
and shaken for 10 min. The optical density (OD) of each
well was measured at 568 nm with an enzyme-linked
immunosorbent assay (ELISA) microplate reader [14].
MTT data were used to construct Morgan—Morgan—
Finney mathematical model with Curve Expert software
(version 1.4) for calculating the IC;; of ES on primary rat
cardiomyocytes.

TGF-B1 siRNA screening

TGF-B1 siRNA fragments were synthesized by GeneP-
harma (Shanghai, China). Three siRNA fragments target-
ing rat TGF-B1 and one negative control (NC) fragment
(green fluorescence) were shown as follow [15]. The
negative control group sense (5'-3’) and antisense (5’-3’)
sequence was UUCUCCGAACGUGUCACGUTT and
ACGUGACACGUUCGGAGAATT, respectively. The
TGF-B1-rat-520 group sense (5’-3’) and antisense (5’-3’)
sequence was AGACAUCACACACAGUAUATT and
UAUACUGUGUGUGAUGUCUTT, respectively. The
TGF-B1 siRNA-811 group sense (5-3’) and antisense
(5-3’) sequence was CUGCUCUUGUGACAGCAA
AGA and UCUUUGCUGUCACAAGAGCAG, respec-
tively. The TGF-B1 siRNA-1000 group sense (5’-3’) and
antisense (5’-3’) sequence was CUUCAGCUCCACAGA
GAAGAA and UUCUUCUCUGUGGAGCUGAAG,
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respectively. All transfections were performed using
Lipofectamine 2000 reagent (11,668—019; Invitrogen Inc.,
Carlsbad, CA) according to the manufacturer’s instruc-
tions. Cells were collected at 24 h after transfection for
microscopic examination. Q-PCR assay was carried out
to confirm the efficiency of interference.

Adenovirus packaging

Plasmid vector pDC316-ZsGreen-shRNA was confirmed
by restriction enzyme Xhol and DNA sequencing analy-
sis. On the day before transfection, cells were inoculated
in a 6-well plate at a density of 3—5 x 10° cells per well.
When the fusion degree of cells was about 70%, transfec-
tion was carried out via Lipofectamine 2000. After 4—6 h
of culture, the culture medium was changed and contin-
ued in 5% CO, incubator at 37 °C. After the cells grow
into the culture dish, the cells were subcultured in a 25
cm? cell culture dish. When the cells grow to the bottom
of the bottle, cells were transferred into a 75cm? cell cul-
ture bottle to observe the signs of toxicity. Virus, the first
generation of P1, was collected when most of diseased
cells fell off the culture bottle wall. When the fusion
degree reached 80%-90%, P1 generation virus was added.
Two days after infection, the cells were collected, frozen
and thawed at -80 °C/37 °C for 3 times, followed by cen-
trifugation at 12,000 x g for 10 min, amplification to P3
generation and purification with Virabind adenovirus
purification kit (Cell Biolabs, CA, USA) [16]. The titer of
adenovirus was determined.

Quantitative real-time PCR

According to the manufacturer’s instructions, total
RNA was extracted with Trizol reagent (Aidlab, Beijing,
China) [17]. Briefly, the cells were cleaved to 1 mltrizol,
then total RNA was extracted with 200 pl chloroform,
and RNA was precipitated with 400 pl isopropyl alcohol.
The total RNA was reverse-transcribed to cDNA with
hiscript reverse transcriptase (vazyme, Nanjing, China).
The cDNA was diluted 7 times with ddH,O (Geneco-
poeia, C1D230A), and the amplification and detection
were performed by real-time quantitative using SYBR
Green Master Mix (Vazyme, Nanjing, China) in Quant-
Studio 6 real-time PCR system (Dongsheng innovation
Biotechnology, Beijing, China). Data were analyzed using
the 2724t method and was normalized by glyceralde-
hyde-3-phosphate dehydrogenase (GAPDH) expression
in each sample. The primer sequences of the study were
listed in Table 1.

Flow cytometry

Cells were collected after digestion with 0.25% trypsin
containing EDTA, washed twice with PBS, and sus-
pended in binding buffer (500 pl). Then cell suspension
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Table 1 Primers list

Name Primer Sequence Size

Rat GAPDH Forward 5-ACAGCAACAGGGTGGTGGAC-3' 253 bp
Reverse  5-TTTGAGGGTGCAGCGAACTT-3'

Rat TGFB1  Forward 5-GTGGCTGAACCAAGGAGACGGAATA-3" 118 bp
Reverse  5-ACCTCGACGTTTGGGACTGATC-3’

Rat CTGF Forward 5-GAAATGCTGTGAGGAGTGGGTGTGT-3" 123 bp
Reverse  5-CAGTTGGCTCGCATCATAGTTGGGT-3'

Rat smad2 Forward 5-GGCTGAACTGTCTCCTACCACTCTC-3" 289 bp
Reverse  5-ACCTATGTAATACAAGCGCACTCCC-3'

Ratsmad3 Forward 5-CCTCTCCCCGAATCCGATGTCC-3' 259 bp
Reverse  5-CCTCCCAATGTGCCGCCTTGTA-3'

was stained with Annexin V-FITC 5 ul and propidium
iodide 5 pl for 5-15 min at room temperature [18]. The
apoptotic rate was measured by flow cytometry (Gallios,
Beckman Coulter, Brea, CA).

Western blot analysis

Total proteins were extracted by lysis buffer. Samples
(30 pg protein/lane) were separated by sodium dodecyl
sulfate polyacrylamide gel electrophoresis and trans-
ferred onto poly vinylidene fluoride (PVDF) membranes
(0.22 um pore, Roche), which were then blocked with
5% skim milk. Subsequently, membranes were incubated
overnight at 4 °C with primary antibodies of GAPDH,
anti-BCL-2 associated X (Bax), anti-Bcl-2, anti-Capase3,
anti-P53, rabbit polyclonal antibody to TGF-$1, rabbit
polyclonal antibody to CTGF and rabbit polyclonal anti-
body to Smad2/3 (Abcam, UK), respectively. Then, the
membranes were incubated with secondary antibody for
1 h at room temperature. Enhanced chemiluminescence
enhancer was mixed well with HRP solution (Millipore,
Burlington, MA, USA) in a ratio of 1:1. The working solu-
tion was spiked onto PVDF membrane, and the excess
substrate solution was removed for several minutes. The
proteins were scanned and analyzed with BandScan soft-
ware to obtain the grayscale value. The OD value of the
protein sample was measured on DG-3022 Aplate reader
at 568 nm, and the protein content in the sample was cal-
culated by regression equation [19].

Structural change of cells under transmission electron
microscope (TEM)

The cell mass or tissue was fixed with 2.5% glutaral-
dehyde and 0.1 M PBS (PH7.4) for 2-4 h at 4 °C. The
samples were rinsed with 0.1 M PBS for 3 times (15 min
each). The samples were fixed with 1%osmic acid and
0.1 M PBS (pH 7.4) at room temperature (20 °C) for
2 h. The rinsing process was repeated with 0.1 M PBS
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(pH 7.4) for 3 times (15 min each). The samples were
dehydrated with alcohol after the above procedures,
followed by impregnation with pure 812 embedding
agent, embedding, section, and uranyl-lead double
staining (2% uranium acetatesaturated aqueous solu-
tion and lead citrate, 15 min each). The sections were
dried at room temperature overnight and observed by
TEM (H-7650; HITACHI) [18].

Statistical analysis

The data were expressed as mean =+ standard deviation.
SPSS software (version 21) was used for statistical anal-
ysis. One-way analysis of variance was used to compare
the difference between multiple groups. P<0.05 was
defined as statistical significance.

Results

TGF-B1 interference screening and adenovirus packaging
The positive rate of a-SCA expression was higher than
98% in cytoplasm (Fig. 1). MTT results showed that
treatment with ES (12.5, 25, 50, 100, 200, 400 and 600 pg/
ml) suppressed the proliferation of primary rat cardiomy-
ocytes in a dose-dependent manner. The ICy, of ES was
529 pg/ml at 24 h. Therefore, ES 529 pg/ml was selected
for subsequent experiments.

The results of TGF-P1 interference efficiency dem-
onstrated good amplification curves of internal refer-
ence gene GAPDH and target gene TGF-B1 with a single
peak of melting curve, proving good performance of the
primers. TGF-P1 expression (0.294) after treatment with
siRNA fragment 3-811 was lower than that of normal
group and NC group. Fragment 3—811 had the best inter-
ference efficiency (70.6%) among the three fragments
(Fig. 2A, P<0.01). The recombinant adenovirus plasmid
was digested with Xhol to obtain 850 bp recombinant
adenovirus. From Fig. 2B, the positive clone was pDC316-
ZsGreen-rTGFB1 siRNA-811-1#, and the recombinant
adenovirus vector was constructed successfully. The
positive clones were digested and identified as pDC316-
ZsGreen-rTGFB1 siRNA-811-1#, and the sequencing
results were consistent with the designed sequence. The
number of fluorescent cells decreased with the passage of
transfected cells, but 6-10 days later, the number of fluo-
rescent cells increased gradually to cell mass and patches
of cells on day 12 (Fig. 2C). Human Embryonic Kidney
293 (HEK293) infected with AD ZsGreen shRNA and
ad-zsgreen rTGF-B1 sirna-811 showed green under fluo-
rescence microscope, with different green fluorescence
intensity of each cell, indicating that the constructed ade-
novirus vector could express exogenous gene in cardio-
myocytes (Fig. 2C).
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Fig. 1 Expression of a-Sca. After 4 days of culture, the cardiomyocytes were seen under fluorescence microscope, with DAPI staining of nuclei (blue

Effect of different treatments on rat cardiomyocytes
apoptosis

Compared with the control group, the apoptosis rate and
the expression of apoptotic factors P53, Caspase and Bax
were increased significantly in three treatment groups,
in contrast to a significant decrease in Bcl-2 expres-
sion, among which the apoptosis rate of 10 Gy radia-
tion+ES+siTGEPB1 group was 35.12+1.23%, almost 7
times of the control group (Fig. 2D, Additional file 1: Fig-
ure S2, P<0.01).

Morphological and ultra-structural characteristics of
apoptosis after different treatments were examined by
TEM (Fig. 3). Results showed that the nuclear structure
of the control group was normal and there was autophagy
in the cytoplasm, which was the same as that of nor-
mal cardiomyocytes. In the 10 Gy radiation +siTGF-$1
siRNA, aberration of nucleus after radiation indicated
by red arrow in the left pane; mitochondrial apopto-
sis seen in the cell as shown by the red circle and arrow
in the middle and right panes; In the ES+siTGF-$1
siRNA, ES treatment resulted in chromatin shrink-
age and condensed as black starry spots in nucleus
indicated by red arrow in the left pane; mitochondrial
apoptosis and some autophagosomes (indicated by red
arrow in right pane) were seen in the cell; In the 10 Gy

radiation + ES+siTGF-B1 siRNA, radiotherapy and ES
combination treatment resulted in large mass of chroma-
tin clot in the nucleus, serious structural damage of intra-
cellular organelles, and many vacuole structures, which
may be apoptotic mitochondria and autophagosomes.

The expression levels of TGF-B1, Smad2, Smad3 and CTGF
were detected by Q-PCR and Western blot

We next explored the potential mechanism that resulted
in the superior efficacy of ES combined with radio-
therapy. The results clarified that the gene and protein
expressions of TGF-B1, CTGF and Smad2/3 were up-
regulated in primary cardiomyocytes transfected with
TGEF-B1 gene, which were significantly higher than those
in untreated or gene silenced cells (Fig. 4, P<0.05). These
data indicated that ES in combination with radiotherapy
could induce cardiomyocyte apoptosis through TGF-1/
Smads/CTGF signaling pathway.

Discussion

In recent years, radiotherapy and targeted therapy have
played an important part in cancer treatment. However,
radiation-induced heart disease has become a typical
cause of noncancerous death in patients with malignant
lymphoma, breast cancer or thoracic cancer after
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Fig.2 ATGF-B1 expression level after interference; B Positive clone results; C a-b HEK293 was transfected with plasmid pDc316-Zsgreen-rTGF(31
SiRNA-811, c-d HEK293 cells were transfected with adenovirus Zsgreen-rTGF1 siRNA-811; D Effects of different treatments on apoptosis rate of rat
cardiomyocytes (n=5). *P <0.05 compared with the control group, **P<0.01

radiotherapy. Additionally, radiotherapy not only dam-
ages vascular endothelial cells, leading to ischemic heart
disease but also directly damages cardiomyocytes. Zhang
et al. have found that irradiation can lead to apoptosis
of H9C2 cardiomyocytes [20]. ES combined with radio-
therapy aggravated myocardial fibrosis after radiation
through TGF-B1/Smad3/CTGF signaling pathway [11].
In this study, we found that the combined treatment pro-
moted rat cardiomyocyte apoptosis via TGF-1/Smad3/
CTGF signaling pathway. In this study, we found that
the inhibitory effect of ES on cardiomyocytes was exac-
erbated after 10 Gy radiotherapy. It was shown that low
doses of radiation can prevent diabetes-induced heart
disease by activating the protein kinase B (AKT) path-
way to improve cardiac function and hypertrophy [21].

However, finding the threshold of dose to inhibit ES-
induced apoptosis in cardiomyocytes still requires fur-
ther studies.

ES is a stable targeted anti-angiogenic drug with longer
half-life [22]. It has been proved that ES is effective
against malignant tumors such as lung cancer [23-25],
but there are some adverse reactions, especially cardio-
toxicity. Xu et al. found that the addition of ES to chemo-
therapy regimens such as FOLFOX4 resulted in higher
objective response rates and longer time to disease pro-
gression, as well as the development of cardiotoxic reac-
tions [26]. And cardiomyocyte mitochondria may be
the target of ES cardiotoxicity [27]. Chen et al. showed
that ES combined with radiotherapy significantly inhib-
ited tumor growth and downregulated the expression



Ouyang et al. BMC Cardiovascular Disorders (2022) 22:97

Page 7 of 10

Control

10Gy+siTGFp1

Endostar+siTGFp1

10Gy+ Endostar+siTGFf1

Middle

Fig. 3 Structural changes of rat cardiomyocytes after different treatments as observed under TEM (n=5). Normal structure of nucleusand

some autophagosomes in the cytoplasm just as in normal cardiomyocytes; aberration of nucleus after radiation indicated by red arrow in the
leftpane; mitochondrial apoptosisseen in the cell as shown by the red circle and arrow in the middle and right panes; ES treatment resulted in
chromatin shrinkage and condensed as black starry spots in nucleus indicated by red arrow in the left pane; mitochondrial apoptosis and some
autophagosomes (indicated by red arrow in right pane) seen in the cell; radiation + ES combination treatment resulted in large mass of chromatin
clot in the nucleus, serious structural damage of intracellular organelles, and many vacuole structures

of TGF-B1 and inflammatory and immune factors [28].
Consistently, in our study, we found that both radio-
therapy and ES alone or in combination promoted apop-
tosis in cardiomyocytes, but the combination treatment
was the most effective. In addition, ES may cause obvi-
ous pathological changes and ultrastructural damage,
significantly promoting cardiomyocyte apoptosis in a
dose-dependent manner. Studies have shown that ES may
inactivate the Akt pathway in a time- and dose-depend-
ent manner, significantly inhibiting the proliferation of
human lung squamous carcinoma cells and enhancing
the sensitivity of lung cancer cells to radiation [29, 30].
However, there is no evidence that the Akt pathway plays
an effective role in the induction of apoptosis in cardio-
myocytes by ES combined with radiotherapy.

We further investigated the mechanism of ES com-
bined with radiotherapy in cardiomyocytes and showed
that ES combined with radiotherapy induced apoptosis
through the TGF-B1-Smad signaling pathway. TGF-B1 is
a vital pro-fibrogenic factor belonging to the newly iden-
tified TGF-P1 superfamily, which is implicated in the reg-
ulation of cell growth and differentiation. However, the
role of TGF-P1 in apoptosis has been variously described.
Contrary to our results, the Wang and colleagues showed
that TGF-B prevented anoxia-reoxygenation-induced
apoptosis and improved myocardial function in rat hearts
injured by ischemia—reperfusion [31]. The exact reasons

for this need further research to be discovered. Moreo-
ver, the function of TGF-B1 on cell apoptosis is closely
related to cell type and cell niche [32]. Dunker believed
that TGF-B1l-induced apoptosis played an important
role in the development of limbs [33]. Smads protein is
a downstream signaling molecule of TGF-p family, and is
the only substrate of TGF-B1. Myocardial fibrosis is asso-
ciated with up-regulation of TGF-f1 and the downstream
Smad2 and Smad3 proteins, as well as down-regulation
of Smad7 expression [34]. In our results, after transfec-
tion of primary cardiomyocytes with TGF-B1 gene silenc-
ing, the gene and protein expression of TGF-f1, CTGF
and Smad2/3 in 10 Gy radiation +ES+siTGF-B1 siRNA
group was remarkably higher than those of radiotherapy
or ES alone, indicating that ES in combination with radi-
otherapy worsened cardiomyocyte apoptosis. We specu-
late that the TGFB1/Smads/CTGF signaling pathway may
participates in cardiac fibrosis and remodeling by regu-
lating downstream CTGF gene. However, this needs to be
verified in a follow-up study.

Conclusion

Rradiotherapy with ES may aggravate myocardial
cell injury more seriously than 10 Gy radiation or ES
treatment alone. Moreover, the combination treat-
ment-induced myocardial cell injury may be related to
TGFP1/Smads/CTGF signaling pathway. Moreover, this
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study suggests that the combination therapy of ES and
radiotherapy should be avoided in patients at critical

dose.

a-S

Abbreviations

CA: Alpha-sarcomeric actin; AKT: Protein kinase B; CTGF: Connective tissue

growth factor; DAPI: 4,6-Diamidino-2-phenylindole; ES: Endostatin; ELISA:

Enzyme-linked immunosorbent assay; GAPDH: Glyceraldehyde-3-phosphate
dehydrogenase; HEK293: Human Embryonic Kidney 293; MTT: Methy! thiazolyl
tetrazolium; NC: Negative control; NSCLC: Non-small cell lung cancer; OD:
Optical density; PBS: Phosphate buffered saline; PVDF: Poly vinylidene fluoride;



Ouyang et al. BMC Cardiovascular Disorders (2022) 22:97

rh-ES: Recombinant human ES; TGF-B1: Transforming growth factors-31; TEM:
Transmission electron microscope.

Supplementary information

The online version contains supplementary material available at https://doi.
org/10.1186/512872-022-02499-8.

Additional file 1. Figure S1. Flow chart. Figure S2. Expression of
apoptosis-related factors.

Acknowledgements
Not applicable.

Authors’ contributions

WWOY and BL designed the study. SMF, LKL, SFS, XZ, JZ, DXL, LNL, WJD, and
DDC conducted experiments and performed data entry. WWOQY, SFS, ZXH, and
BL were responsible for statistical analysis and data interpretation. WWOY, SMF,
XZ, SFS, and BL prepared the manuscript. All authors read and approved the
final manuscript.

Funding

This study was funded by the National Science Foundation of China (Grant
No. 81660507), Project of the Science and Technology Department of Guizhou
Province (Grant no. [2014]7135), Guizhou Province Application of Basic
Research Program Major Projects (Grant No. [2015]2003), Guizhou Provincial
Department of Education Innovation Group Research Project (Grant No.
[2016]032), and China International Medical Exchange Foundation (Grant

No. Z-2014-06-19393). The Affiliated Hospital of Guizhou Medical University
and the Affiliated Cancer Hospital of Guizhou Medical University (Grant No.
1-2020-22,YJ2019). The funders did not take part in the study design, data col-
lection and analysis or preparation and publishing of the manuscript.

Availability of data and materials

The datasets used and/or analysed during the current study are available

from the corresponding author on reasonable request. Data sharing is not
applicable to this article as no datasets were generated or analysed during the
current study.

Declarations

Ethics approval and consent to participate

All animal experiments were performed based on the National Institutes

of Health guidelines for care and use of laboratory animals, and in compli-
ance with the Basel Declaration and the Animal Research: Reporting of in
Vivo Experiments (ARRIVE) guidelines. The study was approved by the Ethics
Committee of the Affiliated Hospital of Guizhou Medical University (Guizhovu,
China) (SYXK 2012-001).

Consent for publication
Not applicable.

Competing interests
The authors declare no competing interests.

Author details

'Department of Thoracic Oncology, The Affiliated Hospital of Guizhou Medical
University and The Affiliated Cancer Hospital of Guizhou Medical Univer-

sity, No. 1 Beijing Road West, Guiyang 550004, China. 2Stem Cell and Tissue
Engineering Research Center, Guizhou Medical University, Guiyang 550025,
China. *Department of Pathology, The Affiliated Hospital of Guizhou Medical
University and the Affiliated Cancer Hospital of Guizhou Medical University,
Guiyang 550004, China.

Received: 27 April 2021 Accepted: 3 February 2022
Published online: 12 March 2022

Page 9 of 10

References

1. Charununtakorn ST, Shinlapawittayatorn K, Chattipakorn SC, Chattipakorn
N. Potential roles of humanin on apoptosis in the heart. Cardiovasc Ther.
2016;34(2):107-14.

2. ZhuW, CuiY, Feng X, LiY, Zhang W, Xu J, et al. The apoptotic effect and
the plausible mechanism of microwave radiation on rat myocardial cells.
Can J Physiol Pharmacol. 2016;94(8):849-57.

3. Sharma UG, Sonkawade SD, Spernyak JA, Sexton S, Nguyen J, Dahal S,
et al. A small peptide Ac-SDKP inhibits radiation-induced cardiomyopa-
thy. Circ Heart Fail. 2018;11(8):e004867.

4. Madan R, Benson R, Sharma DN, Julka PK, Rath GK. Radiation induced
heart disease: pathogenesis, management and review literature. J Egypt
Natl Canc Inst. 2015;27(4):187-93.

5. Zhang P, Hu X, Yue J, Meng X, Han D, Sun X, et al. Early detection of
radiation-induced heart disease using (99m) Tc-MIBI SPECT gated myo-
cardial perfusion imaging in patients with oesophageal cancer during
radiotherapy. Radiother Oncol. 2015;115(2):171-8.

6. Xing P, Hao X, Hu X, Wang Y, Li J. Recombinant human endostatin in the
treatment of advanced lung squamous cell carcinoma. Zhongguo Fei Ai
Za Zhi. 2016;19(10):670-4.

7. LiX,GuG, Soliman F, Sanders AJ, Wang X, Liu C. The evaluation of
durative transfusion of endostar combined with chemotherapy in
patients with advanced non-small cell lung cancer. Chemotherapy.
2018,63(4):214-9.

8. Qin J. Cardiotoxicity of recombinant human endostatin and its mecha-
nism [in Chinese]. Southern Medical University. 2008; 1-101.

9. Andratschke N, Maurer J, Molls M, Trott KR. Late radiation-induced heart
disease after radiotherapy Clinical importance, radiobiological mecha-
nisms and strategies of prevention. Radiother Oncol. 2011; 100(2): 160-6.

10. Li A Zhang J, Zhang X, Wang J, Wang S, Xiao X, et al. Angiotensin Il
induces connective tissue growth factor expression in human hepatic
stellate cells by a transforming growth factor beta-independent mecha-
nism. Sci Rep. 2017;7(1):7841.

11. WanY, Ouyang W, Shengfa Su, Zhang J, Li Q, Ma Z, Geng Y, Yang Y, Shilin
Xu, Bing Lu. Endor exacerbates the development of radiation myocardial
fibrosis through the TGF-B1/SMAD signaling pathway. Acta Medica
Mediterranea. 2020;3(36):1993.

12. Dorn LE, Lasman L, Chen J, Xu X, Hund TJ, Medvedovic M, et al. The N(6)-
Methyladenosine mRNA Methylase METTL3 controls cardiac homeostasis
and hypertrophy. Circulation. 2019;139(4):533-45.

13. Gao G, ChenW, Yan M, Liu J, Luo H, Wang C, et al. Rapamycin regu-
lates the balance between cardiomyocyte apoptosis and autophagy
in chronic heart failure by inhibiting mTOR signaling. Int J Mol Med.
2020;45(1):195-209.

14. Feng S, Gao L, Zhang D, Tian X, Kong L, Shi H, et al. MiR-93 regulates vas-
cular smooth muscle cell proliferation, and neointimal formation through
targeting Mfn2. Int J Biol Sci. 2019;15(12):2615-26.

15. Zhang J,Li Z, Chen F, Liu H, Wang H, Li X, et al. TGF-betal suppresses
CCL3/4 expression through the ERK signaling pathway and inhibits
intervertebral disc degeneration and inflammation-related pain in a rat
model. Exp Mol Med. 2017;49(9):e379.

16. Wong SSY, Yip CCY, Sridhar S, Leung KH, Cheng AKW, Fung AMY, et al.
Comparative evaluation of a laboratory-developed real-time PCR assay
and RealStar(R) Adenovirus PCR Kit for quantitative detection of human
adenovirus. Virol J. 2018;15(1):149.

17. Qiu Z HeY, Ming H, Lei S, Leng Y, Xia ZY. Lipopolysaccharide (LPS) Aggra-
vates High Glucose- and Hypoxia/Reoxygenation-Induced Injury through
Activating ROS-Dependent NLRP3 Inflammasome-Mediated Pyroptosis
in HOC2 Cardiomyocytes. J Diabetes Res. 2019;2019:8151836.

18. Dahlmann J, Awad G, Dolny C, Weinert S, Richter K, Fischer KD, et al. Gen-
eration of functional cardiomyocytes from rat embryonic and induced
pluripotent stem cells using feeder-free expansion and differentiation in
suspension culture. PLoS One. 2018;13(3):e0192652.

19. Zhang DX, Ma DY, Yao ZQ, Fu CY, Shi YX, Wang QL, et al. ERK1/2/p53
and NF-kappaB dependent-PUMA activation involves in doxorubicin-
induced cardiomyocyte apoptosis. Eur Rev Med Pharmacol Sci.
2016;20(11):2435-42.

20. Zhang ZY, LiY, Li R, Zhang AA, Shang B, Yu J, et al. Tetrahydrobiopterin
protects against radiation-induced growth inhibition in H9¢2 cardiomyo-
cytes. Chin Med J (Engl). 2016;129(22):2733-40.


https://doi.org/10.1186/s12872-022-02499-8
https://doi.org/10.1186/s12872-022-02499-8

Ouyang et al. BMC Cardiovascular Disorders

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31

32.

33.

34.

(2022) 22:97

Zhang F, Lin X, Yu L, LiW, Qian D, Cheng P, et al. Low-dose radiation
prevents type 1 diabetes-induced cardiomyopathy via activation of

AKT mediated anti-apoptotic and anti-oxidant effects. J Cell Mol Med.
2016;20(7):1352-66.

LingY,YangY, Lu N, You QD,Wang S, Gao Y, et al. Endostar, a novel recom-
binant human endostatin, exerts antiangiogenic effect via blocking
VEGF-induced tyrosine phosphorylation of KDR/Flk-1 of endothelial cells.
Biochem Biophys Res Commun. 2007;361(1):79-84.

Li DN, Wang L, Wang L, Li S, Wang YB. Expression of inhibitor of differen-
tiation-1 and its effects on angiogenesis in gastric cancer. Cancer Biother
Radiopharm. 2016;31(7):233-7.

Xing S, Fan Z, Shi L, Yang Z, Bai Y. Successful treatment of brain radiation
necrosis resulting from triple-negative breast cancer with Endostar and
short-term hyperbaric oxygen therapy: a case report. Onco Targets Ther.
2019;12:2729-35.

Li K, Shi M, Qin S. Current status and study progress of recombinant
human endostatin in cancer treatment. Oncol Ther. 2018;6(1):21-43.

Xu HX, Huang XE, Qian ZY, Xu X, Li Y, Li CG. Clinical observation of
Endostar(R) combined with chemotherapy in advanced colorectal cancer
patients. Asian Pac J Cancer Prev. 2011;12(11):3087-90.

Qin J, Qian XY, Ai-Min LI, Luo RC, Chemotherapy DO, Hospital ZC, et al.
Target and mechanism of cardiotoxicity of recombinant human endosta-
tin. Adverse Drug React J. 2013;015(006):336-41.

Chen Q, Chen R, Dong Y. Inhibitory effect of endostar combined with
radiotherapy on gastric cancer animal models. World J Surg Oncol.
2020;18(1):165.

You ZY, Zhao Y, Liu F, Zhang YD, Wang JJ. The radiosensitization effects of
Endostar on human lung squamous cancer cells H-520. Cancer Cell Int.
2010;10:17.

Jiang XD, Qiao Y, Dai P, Chen Q Wu J, Song DA, et al. Enhancement

of recombinant human endostatin on the radiosensitivity of human
pulmonary adenocarcinoma A549 cells and its mechanism. J Biomed
Biotechnol. 2012; 2012: 301931.

WangY, Zong L, Wang X. TGF-beta improves myocardial function and
prevents apoptosis induced by anoxia-reoxygenation, through the
reduction of endoplasmic reticulum stress. Can J Physiol Pharmacol.
2016;94(1):9-17.

Dunker N, Schmitt K, Krieglstein K. TGF-beta is required for programmed
cell death in interdigital webs of the developing mouse limb. Mech Dev.
2002;113(2):111-20.

Dooley S, Ten Dijke P. TGF-beta in progression of liver disease. Cell Tissue
Res. 2012;347(1):245-56.

ZhaiY, Gao X, Wu Q, Peng L, Lin J, Zuo Z. Fluvastatin decreases

cardiac fibrosis possibly through regulation of TGF-beta(1)/Smad 7
expression in the spontaneously hypertensive rats. Eur J Pharmacol.
2008;587(1-3):196-203.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in pub-
lished maps and institutional affiliations.

Page 10 of 10

Ready to submit your research? Choose BMC and benefit from:

fast, convenient online submission

thorough peer review by experienced researchers in your field

rapid publication on acceptance

support for research data, including large and complex data types

gold Open Access which fosters wider collaboration and increased citations

maximum visibility for your research: over 100M website views per year

K BMC

At BMC, research is always in progress.

Learn more biomedcentral.com/submissions




	Recombinant human endostatin combined with radiotherapy promotes cardiomyocyte apoptosis in rats via TGFβ1SmadsCTGF signaling pathway
	Abstract 
	Purpose: 
	Method: 
	Results: 
	Conclusion: 

	Introduction
	Material and methods
	Experimental grouping
	Isolation and primary culture of cardiomyocytes
	Morphological study of primary cardiomyocytes
	Immunofluorescence
	Methyl thiazolyl tetrazolium (MTT) assay
	TGF-β1 siRNA screening
	Adenovirus packaging
	Quantitative real-time PCR
	Flow cytometry
	Western blot analysis
	Structural change of cells under transmission electron microscope (TEM)
	Statistical analysis

	Results
	TGF-β1 interference screening and adenovirus packaging
	Effect of different treatments on rat cardiomyocytes apoptosis
	The expression levels of TGF-β1, Smad2, Smad3 and CTGF were detected by Q-PCR and Western blot

	Discussion
	Conclusion
	Acknowledgements
	References


