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Abstract

Background Three-dimensional (3D) mapping has been widely used in the clinical radiofrequency abla-

tion of arrhythmia; however, the dose of intraoperative radiation exposure has not been determined. Moreover,
whether a single instance of intraoperative radiation exposure has an effect on myocardial tissue or exacerbates
diabetic heart injury remains uncertain.

Methods and results In this study, we evaluated the dose of intraoperative radiation generated during radiof-
requency ablation via 3D mapping. ELISA, Western blot, flow cytometry, and oxygen consumption rate detection
were used to identify the effects of the intraoperative radiation dose on cardiomyocyte apoptosis via the mito-
chondrial pathway and its specific mechanism. These results indicated that the exposure radiation used in radiofre-
quency ablation guided by 3D mapping for all types of arrhythmia was low-dose radiation (LDR; the doses were all
less than 200 mGy). Although LDR (50, 100 and 200 mGy) had no significant effect on the mitochondrial apoptosis
of normal cardiomyocytes, the 200 mGy radiation dose reduced the mitochondrial apoptosis of cardiomyocytes sub-
jected to high glucose and high lipid (HG/HL) treatment. Mechanistically, an LDR of 200 mGy improved the expression
of IL-10, reversed the accumulation of IL-6, ROS, disruption of Aym, and the impairment of mitochondrial function
caused by HG/HL. Additionally, 200 mGy radiation promoted the expression of Bcl-xI while reducing the expression
of Bax in cardiomyocytes treated with HG/HL.

Conclusion In summary, this study demonstrated that the exposure radiation dose used in radiofrequency ablation
guided by 3D mapping was low-dose radiation (LDR), which had no effect on the mitochondrial apoptosis pathway
in normal cardiomyocytes and even had a protective effect on cardiomyocytes treated with HG/HL via increased IL.-10
levels and the suppression of IL-6, ROS, and mitochondrial damage induced by HG/HL.

Highlights

« The exposure radiation dose of radiofrequency ablation guided by 3D mapping for all kinds of arrhythmia was low-
dose radiation (less than 200 mGy).
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+LDR (50, 100 and 200 mGy) had no significant effect on the mitochondrial pathway in normal cardiomyocytes.

- Radiation (200 mGy) reduced mitochondrial apoptosis in myocardial cells after treatment with HG/HL by increasing
IL-10 and suppressing the ROS, IL-6 and mitochondrial damage induced by HG/HL.

Keywords 3D mapping, Radiofrequency ablation, Low-dose radiation, Mitochondria apoptosis pathway,

Mitochondrial damage

Introduction

During the initial period, accurate target localization
in radiofrequency ablation was feasible for all types of
arrhythmias by means of electrophysiological signals and
fluoroscopy [1]. The adoption of 3D mapping systems,
which are supposed to appropriately combine both ana-
tomical and electrophysiological characteristics in recent
years, has provided new therapeutic options for radiofre-
quency ablation of arrhythmias. It has great value for the
diagnosis and ablation of cardiac arrhythmias and facili-
tates the diagnosis and treatment of complex arrhyth-
mias [2]. These improvements can reduce procedural and
fluoroscopic times, which leads to a decrease in radiation
exposure in radiofrequency ablation [3, 4]. However, the
radiation dose for radiofrequency ablation under the 3D
mapping system has not been determined.

Like all ionizing radiation (IR), fluoroscopy is a major
hurdle in operation [5]. Exposure to IR during cardiac
catheterization may have harmful consequences for
patients and the medical staff involved in the proce-
dures [6]. Clinical and experimental results consistently
demonstrate that the risk of heart disease is distinctly
increased in people exposed to IR [7]. The myocardial
tissue of patients who undergo radiofrequency ablation
is closest to the radiation source used during the opera-
tion [8]. Whether the radiation generated during radiof-
requency ablation guided by 3D mapping has a negative
effect on the patient’s heart is unknown. In addition,
diabetes has become a public health issue and increases
the risk of cardiac arrhythmias. Approximately 20% of
patients with atrial fibrillation also have diabetes melli-
tus [9]. Some studies have shown that the heart tissue of
diabetic patients is more vulnerable to IR [10-12]. While,
studies indicate that low dose radiation (LDR) prevents
diabetic cardiomyopathy and in normal cardiomyocytes,
LDR induces slight changes in oxidative responses [13,
14]. Therefore, the effect of the intraoperative radia-
tion dose on normal or diabetic cardiomyocytes is still
unknown and the molecular mechanisms responsible for
radiation in diabetes is still not fully understood.

Apoptosis plays an important role in maintaining many
cellular functions, such as cell fragmentation and heter-
ophagy [15]. Mitochondria play a crucial role in regulat-
ing cell death and appear to be the central executioners
of apoptosis [16, 17]. The mitochondrial pathways of

apoptosis are essential during the development of mul-
titudinous cardiovascular diseases, such as coronary
heart disease, radiotherapy-induced cardiomyopathy,
and heart failure [18]. Radiation increases the release of
inflammatory mediators, which leads to oxidative stress
and mitochondrial apoptosis and is reduced by the
interleukin-1B-blocking agent canakinumab [19]. There-
fore, determining the mechanism underlying the effect of
the dose of radiation produced during 3D-guided radi-
ofrequency ablation and exploring the effects of radiation
on myocardial cells may be promising therapeutic tools
for treating cardiovascular disease.

We hypothesized that the intraoperative radiation gen-
erated during radiofrequency ablation via 3D mapping
affects the mitochondrial apoptosis of cardiomyocytes
and can also affect the diabetic myocardium. Therefore,
the purposes of this study were 1) to identify the dose of
intraoperative radiation generated during radiofrequency
ablation under 3D mapping, 2) to detect the effect of
the intraoperative radiation dose on normal or diabetic
cardiomyocytes, and 3) to clarify its specific molecular
mechanism.

Materials and methods

Radiation dose measurements in patients

A total of 280 patients (182 men and 98 women) were
enrolled in this study. These patients first underwent
radiofrequency ablation due to a variety of arrhythmias,
including frequent ventricular premature beat (FVPB)
(43), paroxysmal supraventricular tachycardia (PSVT)
(128), atrial fibrillation (AF) (57), atrial flutter (AFL) (27)
and other types of arrhythmias (25). Radiofrequency
ablation was guided by 3D mapping (CARTO®, Biosense
Webster Inc., Diamond Bar, CA, USA), and fluoroscopic
guidance was provided with a Philips C biplane image
intensifier system (Philips, Cleveland, USA). We col-
lected data regarding the release of kinetic energy from
air in matter (Kerma), which was measured in milligrays
(mGy) [3]. Blood samples were randomly collected pre-
operatively and immediately postoperative for the detec-
tion of related inflammatory factors, including IL-2, IL-4,
IL-6, IL-10, TNF-a and IFN-y. The dose of radiation was
obtained from the C biplane workstation. All study pro-
tocols were approved by the Ethics Committee of the
First Hospital of Shanxi Medical University in accordance
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with the Declaration of Helsinki (K-SK033). Written
informed consent was obtained from all the subjects
prior to study inclusion.

Cell culture and treatments

Human cardiomyocyte-like AC16 cells were purchased
from American Type Culture Collection (ATCC; Rock-
ville, MD, U.S.A.). All the cell lines were authenticated by
short tandem repeat (STR) profiling and were routinely
tested for Mycoplasma contamination. Foetal bovine
serum was obtained from CellMax (Beijing, China,
#SA211.02). All other cell culture-related reagents were
purchased from Boster Biological Technology (Wuhan,
China). AC16 cells were cultured in cardiocellular growth
medium containing 10% foetal bovine serum, 2 mM glu-
tamine, 100 U/ml penicillin and 100 pg/ml streptomycin
in a humidified atmosphere of 5% CO, at 37 °C. Foe-
tal bovine serum was obtained from CellMax (Beijing,
China; #SA211.02). All other cell culture-related rea-
gents were purchased from Boster Biological Technol-
ogy (Wuhan, China). The AC16 cells were randomized
to receive the following treatments after reaching 80%
confluence: the control group (normal glucose/nor-
mal lipid, control, normal glucose containing 5.5 mM
D-glucose+19.5 mM L-glucose) and the high glucose/
high lipid group (HG/HL, 25 mM D-glucose/250 uM
palmitate, 24 h incubation) [20]. The cells were then
directly irradiated under the X-ray emitter after HG/HL
intervention for 24 h. The dose of the radiation (50, 100
or 200 mGy) was checked according to the metre on the
X-ray emitter [21, 22].

Enzyme-linked immunosorbent assay

The level of IL-6 in the cell culture supernatant was deter-
mined via human IL-6 ELISA kits (Abcam, ab178013;
Shanghai, China). The level of IL-10 in the cell culture
supernatant was determined via human IL-10 ELISA kits
(Abcam, ab185986; Shanghai, China) following the man-
ufacturer’s instructions.

Western blotting

A total of 50 ug of total protein per sample was separated
via gel electrophoresis and transferred to polyvinylidene
fluoride (PVDF) membranes followed by blocking with
5% skim milk at room temperature for 1 h. Then, the
membranes were incubated with the appropriate pri-
mary antibodies against cleaved caspase-3/caspase-3
(dilution, 1:1000; Cell Signaling Technology, #9661/9662;
Danvers, MA, U.S.A.), cleaved caspase-9/caspase-9 (dilu-
tion, 1:1000; Cell Signaling Technology, #9509/9504;
Danvers, MA, U.S.A.), Bcl-xl (dilution, 1:1000; Abcam,
ab32124; Cambridge, MA, U.S.A.), Bax (dilution, 1:1000;
Abcam, ab182733, Cambridge, MA, U.S.A.), and B-Actin
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(dilution, 1:1000; BA2913, Boster, Shanghai, China) at
4 °C overnight. After washing with Tris-buffered saline
with Tween (TBST) three times, the membranes were
incubated with the secondary HRP-conjugated antibody
(anti-mouse or anti-rabbit antibody, 1:10,000 dilution;
Boster, Shanghai, China) for 1 h. Images were captured
on a ChemiDoc MP Imaging System (Bio-Rad, CA,
USA), and the density was quantified with Image] (NIH).

Flow cytometry

The intracellular reactive oxygen species (ROS) level was
measured via a ROS assay kit (Jiancheng Bioengineering
Institute, Nanjing, China) based on 2;7’-dichlorodihydro-
fluorescein diacetate (DCFH-DA) staining following the
manufacturer’s instructions. Cell apoptosis was deter-
mined with an Annexin V-FITC Apoptosis Detection
Kit (KeyGEN BioTECH, KGA105, Nanjing, China). After
treatment, the cells were collected via trypsin diges-
tion without ethylene diamine tetraacetic acid (EDTA),
washed in phosphate-buffered saline (PBS) and resus-
pended in 200 pl of binding buffer. Then, the cells were
stained with 5 pl of Annexin V-FITC, 5 ul of propidium
iodide or 5 ul of DCFH-DA. Following incubation for
30 min at 37 °C in the dark, the cells were subjected to
a FACS cell flow cytometer (BD Biosciences) equipped
with CellQuest software.

The measurement of JC-1 or 5,5 ,6,6 -tetrachloro-
1,1°,3,3 -tetraethyl-imidacarbocyanine in cells was per-
formed with a JC-1 Mitochondrial Membrane Potential
Fluorescent Probe (YEASEN Biotech, 40705ES03, Shang-
hai, China). A decrease in the mitochondrial membrane
potential indicates the early stage of apoptosis. At high
mitochondrial membrane potentials, JC-1 aggregates in
the mitochondrial matrix and forms J-aggregates, which
can produce red fluorescence. At a low mitochondrial
membrane potential, JC-1 cannot accumulate in the
matrix of mitochondria, and JC-1 is a monomer that
can produce green fluorescence. After treatment, the
cells were collected via trypsin digestion without EDTA,
washed in PBS and resuspended in 500 pl of JC-1 work-
ing medium in the dark. After incubation for 15-30 min
in the dark, the cells were centrifuged and resuspended
in 0.5 ml of PBS. The following flow analysis was per-
formed via a FACS cell flow cytometer (BD Biosciences)
equipped with CellQuest software.

Oxygen consumption rate detection

Oxygen consumption rate (OCR) measurements were
performed via Seahorse XF96 Extracellular Flux and
software (Seahorse Biosciences, North Billerica, MA).
The mitochondrial respiration was monitored in real
time according to a previous report [23]. Approximately
6x10° cells in 80 pL of cell culture growth medium
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were seeded per well in a Seahorse XFp Cell Culture
Miniplate and allowed to adhere overnight in a 37 °C
humidified incubator with 5% CO,. The cells were ran-
domized to receive the treatments for 24 h after adher-
ence. In addition, the sensor cartridge was hydrated in
an Agilent Seahorse extracellular flux (XF) calibrant at
37 °C in a non-CO, incubator overnight. On the day of
analysis, the assay medium was prepared with XF base
medium (102353-100), 1 mM pyruvate, 2 mM glu-
tamine, and 10 mM glucose (adjusted to pH 7.4 at 37 °C).
The cells were washed three times with the assay medium
described above, and the cell culture miniplates were
placed in a 37 °C incubator without CO2 for 1 h prior
to the assay. Simultaneously, 1.5 uM oligomycin, 1.0 uM
trifluoromethoxy carbonylcyanide phenylhydrazone,
carbonyl cyanide 4-(trifluoromethoxy) phenylhydrazone
(FCCP), and 0.5 uM rotenone/antimycin A were pre-
pared with the assay medium and loaded into the ports
on the sensor cartridge. The loaded XF sensor cartridge
with the XF utility plate was subsequently placed into the
analyser and calibrated. After calibration, the utility plate
was removed, and the Seahorse XFp Cell Culture Mini-
plate was placed on the tray. The basal OCR, ATP pro-
duction-linked, maximal, proton leak-linked OCR, spare
respiratory capacity and nonmitochondrial respiration
were subsequently detected.

Statistical analysis
Statistical analyses were conducted using GraphPad
Prism 10. Data normality was assessed via the Shap-
iro—Wilk test. For normally distributed data with three
or more groups, one-way analysis of variance (ANOVA)
followed by post-hoc multiple comparisons tests was
employed. In cases involving two categorical independ-
ent variables affecting a continuous dependent variable
or multiple groups over time, two-way ANOVA was uti-
lized, complemented by Tukey’s post-hoc multiple com-
parison test. Post-hoc comparisons were annotated with
adjusted P-values to indicate statistical significance in the
graphical representations. Normally distributed data are
presented as mean *standard error of the mean (SEM).
Non-normally distributed data or those with sample sizes
less than six were analyzed using non-parametric meth-
ods, specifically the Kruskal-Wallis test and Dunn’s mul-
tiple post-hoc comparison test. These data are reported
as median values with 95% confidence intervals. Survival
analysis was performed using Kaplan—Meier curves and
log-rank tests. This study did not employ full or cross-
test multiple testing corrections; instead, local correc-
tions were applied when necessary.

The sample size for each group represents the number
of independent experimental units, determined based on
prior experience and power analysis using a two-tailed
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Student’s t-test to ensure detection of at least a 20% dif-
ference, assuming a statistical power of 80% (=0.80)
and an alpha level of 0.05. All samples were included in
the analysis without exclusions. Statistical significance
was defined as a two-tailed P value less than 0.05.

Results
Low-dose radiation of radiofrequency ablation
was established via 3D mapping
Arrhythmia patients (FVPB, supraventricular tachy-
cardia, atrial fibrillation, ventricular tachycardia, etc.)
were recruited for this study from January 2019 to June
2021 at the First Hospital of Shanxi Medical University.
The exposure radiation dose of radiofrequency ablation
guided by 3D mapping was analysed. The results shown
in Table 1 indicate that the exposure radiation dose for
atrioventricular nodal reentrant tachycardia (AVNRT)
was 77.58 mGy, that for atrioventricular reentrant tachy-
cardia (AVRT) originating from the left accessory path-
way was 145.10 mGy, and that for the right accessory
pathway was 85.66 mGy. The FVPB stemming from the
left ventricle was 190 mGy, and that from the right ven-
tricle was 60.42 mGy. The incidence of paroxysmal atrial
fibrillation (PAF) was 146.20 mQGy;, persistent atrial fibril-
lation (PeAF) was 198.00 m@Gy, typical atrial flutter (AFL)
was 179.2 mGy, atypical AFL was 188.26 mGy, and other
types of arrhythmia (including atrial tachycardia and ven-
tricular tachycardia) were 78.91 mGy (Table 1).
According to the results above, we found that the radia-
tion dose of radiofrequency ablation with 3D mapping
applied in various arrhythmia patients was lower than
200 m@Gy. The definition of LDR has been proposed to be
below 200 mGy depending on the effects on the cardio-
vascular system [7]. In view of this, LDR was employed
in the following experiments. High-dose radiation is
detrimental to cardiovascular disease [24]; however, the
effect of low-dose radiation on cardiovascular disease has
not been investigated intensively. Recently, accumulating
evidence has demonstrated that LDR has potential as a
protective effect on myocardial tissue under certain cir-
cumstances [14]. Therefore, we focused on the effect of
LDR on myocardial tissue in subsequent experiments.

LDR (200 mGy) decreased IL-6 and increased IL-10

in diabetic patients with hyperlipidaemia

Radiation leads to the release of inflammatory media-
tors, but whether LDR leads to the release of inflam-
matory mediators is unknown. The above arrhythmia
patients were divided into a normal group and a
diabetic with hyperlipidaemia (DH) group accord-
ing to blood glucose/lipid and were roughly divided
into 50 mGy, 100 mGy and 200 mGy according to
the dose of intraoperative radiation. We retained the
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preoperative and immediate postoperative serum of
the patients for the detection of related inflammatory
mediators, including IL-2, IL-4, IL-6, IL-10, TNF-a and
IFN-y. The characteristics of the patient population
are shown in Table 2. After analysing the results, we
found that patients with DH presented an increase in
IL-6 and a decrease in IL-10, while LDR decreased IL-6
and increased the expression of IL-10, and 200 mGy
reversed the increase in IL-6 (P=0.0058) and decrease

Table 2 The characteristics of Patient population
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in IL-10 induced by DH (P=0.002) (Fig. 1A-B). How-
ever, no significant differences in the levels of IL-2,
IL-4, TNF-a or IFN-y were detected. To further verify
the above experimental results, we used control and
HG/HL-treated cardiomyocytes, irradiated them with
different doses of radiation (50, 100 and 200 mGy),
collected the supernatants of the cells for IL-6 and
IL-10 ELISA detection, and obtained the same results
(P=0.0112 and P=0.0045) (Fig. 1C-D).

Normal Diabetic with hyperlipidaemia Pvalue
0 mGy 50 mGy 100 mGy 200 mGy 0 mGy 50 mGy 100 mGy 200 mGy
Gender 14/13 8/5 6/8 8/6 7/7 4/9 7/6 7/6
Age(year)  63.19+2.084 57.08+3.668 6736+2475 64.29+2673 6321+2518 63.38+3419 67.54+2330 61.38+2.360 0.2324
BMI 2535+0.7317 2538+05129 2465+1.119 23.14+1.095 26.72+0.9481 24.56+0.8715 2345+09240  26.10+0.8563 01110
FBG 4.776+0.1184 4658+0.1951 4436+0.1790  4.935+0.1769  8.948+0.6923 0.763+0.7604  8719+0.6481 8.964+0.7391 <0.0001
TC 3.572+0.1368 3.746+0.2295 3.149+03714 3.504+0.1672 6.294+0.3559 6.848+0.3819 6.036+0.3857 6.204+0.3338 <0.0001
TG 1.064+0.08904  0.9900+0.1134  1.157+0.3026 1.076+0.0830  2.657+03378 3778+£06224 281703190  2.948+0.5651 <0.0001
LDL 2.109+0.0956 2.344+0.1357 1.856+£0.3069 2027+0.1311 3.800+0.1915 3.823+£0.2564 3.600+0.1697 3.893+0.1525 <0.0001

BMI Body mass index, FBG Fasting blood-glucose, TC Cholesterol, TG Triglyceride, LDL Low density lipoprotein
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Fig. 1 Detection of IL.-6 and IL-10. A IL-6 levels in patients were determined by ELISA. n=13-21/group. B IL-10 levels in patients were determined
by ELISA. n=13-20/group. C IL-6 levels were determined by ELISA in cardiomyocytes subjected to control or HG/HL conditions with or without LDR.
n=6/group. D IL-10 was determined by ELISA in cardiomyocytes subjected to control conditions or HG/HL conditions with or without LDR. n=6/
group. ** P<0.01 vs. the DH group, **P<0.01 vs. the HG/HL group. Statistical significance was evaluated by one-way ANOVA. Tukey tests were used
to correct for multiple comparisons. LDR, low-dose radiation; DH, diabetic with hyperlipidaemia; HG/HL, high glucose/high lipid
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LDR (200 mGy) reduced the degree of apoptosis induced
by HG/HL

Since cell apoptosis plays a considerable role in the
occurrence and development of cardiovascular diseases,
we sought to investigate whether the LDR generated dur-
ing radiofrequency ablation guided by 3D mapping was
involved in myocardial apoptosis. The following experi-
ments were conducted. First, the effect of LDR on myo-
cardial apoptosis was analysed via flow cytometry (FCM).
24 h after treatment, apoptosis was determined. In nor-
mal cardiomyocytes, LDR appeared to promote cardio-
myocyte apoptosis, however, no difference in apoptosis

A
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was detected between the control group with or without
LDR, statistical analysis did not reveal significant differ-
ences. In contrast, the rate of cardiomyocyte apoptosis
was significantly elevated following HG/HL intervention.
Whereas, the administration of LDR tended to reduce
cardiac apoptosis in the HG/HL group. Most impor-
tantly, the radiation dose of 200 mGy significantly attenu-
ated cardiac apoptosis compared with that in the HG/HL
group (P=0.0322) (Fig. 2A-B). These results indicated
that the administration of LDR reduced apoptosis in the
HG/HL group but did not affect the occurrence of apop-
tosis in normal cardiomyocytes which suggest that LDR
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Fig. 2 LDR regulates cardiomyocyte apoptosis in response to HG/HL treatment. A Apoptosis was determined by flow cytometry in cardiomyocytes
subjected to control or HG/HL conditions with or without LDR. B Quantification of the rate of apoptosis. The data are representative of 3 biological
replicates. **P<0.01 vs. the HG/HL group. Statistical significance was evaluated via one-way ANOVA. Tukey tests were used to correct for multiple

comparisons. LDR, low-dose radiation; HG/HL, high glucose/high lipid
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may potentially inhibit the progression of clinical dia-
betic cardiomyopathy; however, the precise mechanism
remains to be elucidated.

Therefore, we sought to investigate the downstream
signalling pathways contributing to the LDR-induced
antiapoptotic effect. Several mitochondrial apoptosis-
related cytokines play important roles in myocardial cell
apoptosis. The ratios of cleaved caspase-3/caspase-3 and
cleaved caspase-9/caspase-9 were measured in myocar-
dial cells after exposure to different doses of radiation.

Page 8 of 14

Similarly, 200 mGy reduced the ratio of cleaved cas-
pase-3/caspase-3 (P=0.0117) and cleaved caspase-9/
caspase-9 (P=0.0089) in cardiomyocytes subjected to
HG/HL treatment. However, no significant differences
in cleaved caspase-3/caspase-3 or cleaved caspase-9/cas-
pase-9 were detected in the control groups (Fig. 3A-B,
D-E). These results indicate that mitochondrial apoptosis
is involved in the LDR-induced antiapoptotic effect.
Next, to obtain evidence that LDR regulates car-
diomyocyte apoptosis, Bcl-xl and Bax were measured.
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Fig. 3 Mitochondrial apoptosis protein detection in cardiomyocytes. Cleaved caspase 3 (A), cleaved caspase- 9/caspase 9 (B), Bax (C), and Bcl-xI (D)
were evaluated by Western blot in control or HG/HL-treated cardiomyocytes with or without LDR. E-H The densities of caspase-3/caspase-3, cleaved
caspase-9/caspase-9, Bax and Bcl-xI were quantified. The data are representative of 3 biological replicates. *P <0.05, **P < 0.01 vs. the HG/HL group.
Statistical significance was evaluated by one-way ANOVA. Tukey tests were used to correct for multiple comparisons. LDR, low-dose radiation; HG/

HL, high glucose/high lipid
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Consistent with the results above, the expression of
Bax was lower in the HG/HL group with the 200 mGy
radiation dose (P=0.0032), whereas the expression
of Bcl-xl was greater in the HG/HL group with the
200 mGy radiation dose than in the HG/HL group
(P=0.0310). Similarly, the expression of Bax and Bcl-
xl did not significantly change in the control groups
regardless of exposure to radiation. These results dem-
onstrate that 200 mGy radiation upregulates antia-
poptotic proteins and downregulates proapoptotic
proteins in diabetic myocardiocytes but not in normal
myocardiocytes.
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LDR at 200 mGy reversed the accumulation of ROS,
disruption of Apm, and the impairment of mitochondrial
function caused by HG/HL

Mitochondrial damage plays a key role in cellular mito-
chondrial apoptosis largely through the production of
reactive oxygen species (ROS). As our in vitro results
indicate that an LDR of 200 mGy attenuated apopto-
sis, we next focused on the antioxidative properties of
the LDR. Several experiments were executed as fol-
lows. First, FCM was performed to observe the effect
of LDR on intracellular ROS accumulation. As shown
in Fig. 4A-B, there was no significant effect on ROS
accumulation in the control groups with or without
radiation. Consistent with the results of apoptosis, the
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Fig. 4 ROS evaluated in cardiomyocytes. A DCFH-DA staining was determined by flow cytometry in control or HG/HL-treated cardiomyocytes
with or without LDR. B Quantification of ROS production. The data are representative of 3 biological replicates. *P < 0.05 vs. the HG/HL group.
Statistical significance was evaluated by one-way ANOVA. Tukey tests were used to correct for multiple comparisons. ROS, reactive oxygen species;

LDR, low-dose radiation; HG/HL, high glucose/high lipid



Gao et al. BMC Cardiovascular Disorders (2025) 25:192

LDR of the 200 mGy radiation group slightly reversed
the increase in ROS induced by HG/HL (P=0.0239).
Second, to identify whether LDR causes mitochondrial
dysfunction, we evaluated the effect of LDR on mito-
chondrial function in cardiomyocytes treated with con-
trol or HG/HL. Changes in mitochondrial membrane
potential (Aym) in cardiomyocytes treated with LDR or
HG/HL were assessed with JC-1 via FCM. As shown in
Fig. 5A-B, no significant effect on JC-1 was detected in
control or HG/HL cardiomyocytes with 50 or 100 mGy
radiation. However, 200 mGy radiation reversed the
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increase in JC-1 induced by HG/HL (P=0.0152), but
not in control cardiomyocytes.

Third, in an attempt to prove the antioxidative effect
of LDR under diabetic conditions, a Seahorse XF24 ana-
lyser was used to confirm the oxygen consumption rate
(OCR) of cardiomyocytes in the LDR on mitochondrial
aerobic metabolism. As shown in Fig. 6A-F, no statisti-
cally significant differences were detected in the mito-
chondrial respiration parameters (nonmitochondrial
oxygen consumption, basal respiration, maximal respi-
ration and ATP production) of the control groups with

£ £ £ £ ]
e o1 o3 EF
91 o® 10! 102 103 104 e100 10! 102 100 10° 521 o 9100 10! 102 103 104
FL1-Height FL1-Height Jc-1
control 50mGy 200mGy
£ £ £ 0]
. s, z z
o4 ‘24 o4 ‘o3
9100 10! 102 103 104 9100 10! 102 103 104 9100 10! 102 108 104 9100 To! 102 108 104
Je-1 FL1-Height Jo-1 Jc-1
HG/HL HG/HL+50mGy HG/HL+100mGy HG/HL+200mGy
B *
254 I
204
- 154
S
104
5 -
i N [ ,
RadimGy) 0 50 100 200 0 50 100 200

HG/HL - - -

- + + o+ +
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or without LDR. Following HG/HL intervention, there
was a significant reduction in mitochondrial respiration
parameters of cardiomyocytes, including basal respira-
tion, maximal respiration, and ATP production. Fur-
thermore, an LDR of 200 mGy significantly reversed the
reduction in the basal respiration (P=0.0438), maximal
respiration (P=0.0022), and ATP production (P=0.0433)

of HG/HL group, moreover, LDR had the most obvious
effect on maximal respiration which was not detected in
the 50 or 100 mGy groups. Taken together, these results
demonstrated that an LDR of 200 mGy radiation, not 50
or 100 mGy, reduced ROS accumulation, mitochondrial
membrane damage and respiratory function decline in
cardiomyocytes in diabetic hearts which likely indicates
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the clinical efficacy of LDR in inhibiting apoptosis in
diabetic cardiomyopathy by safeguarding mitochondrial
aerobic respiration through its anti-oxidative stress
properties.

Discussion

Our research is the first to prove that the exposure
radiation dose of radiofrequency ablation guided by 3D
mapping for all kinds of arrhythmia is LDR (less than
200 mGy). Furthermore, this study demonstrated that
LDR (50, 100 and 200 mGy) had no significant effect on
the apoptosis of the mitochondrial pathway in normal
cardiomyocytes; however, 200 mGy radiation reduced
myocardial cell mitochondrial apoptosis after HG/HL
treatment via the suppression of ROS and mitochondrial
damage.

Nonetheless, we recognize that our study has several
limitations. First, it is uncertain whether frequent expo-
sure to LDR has any effect on the myocardial tissue of
surgeons performing interventional surgery. Prolonged
exposure to low-dose radiation, as experienced by medi-
cal personnel in radiology, has been demonstrated to
influence thyroid function and elevate the risk of devel-
oping thyroid nodules [25]. Besides, in the context of
the Fukushima nuclear accident, numerous studies have
examined the effects of long-term LDR exposure on ani-
mals and ecosystems [26]. Although the primary focus
has not been on cardiac muscle tissue, the research high-
lights that LDR can induce changes at the cellular and
tissue levels, such as oxidative stress and DNA damage,
which may potentially affect cardiac muscle tissue as well.
Second, the health effects of radiation exposure include
acute disorders and late onset disorders [37]. Our study
revealed that LDR did not significantly affect the mito-
chondrial apoptosis of cardiomyocytes in the acute stage,
but it is unknown whether there is a delayed effect on
mitochondrial apoptosis. Finally, the antiapoptotic effect
of LDR was not determined in diabetic animal models,
and further research is needed in the future.

Before the use of 3D mapping, radiofrequency cath-
eter ablation physicians experienced in performing the
procedure required a significant amount of fluoroscopic
imaging and resulted in a moderate amount of radiation
exposure to both the patients undergoing the procedure
and the physicians manipulating the electrode cath-
eters [27]. Moreover, radiation exposure is responsible
for increased sensitivity to injury in diabetic hearts [11].
Recently, radiofrequency ablation of various arrhythmias
under 3D mapping has become increasingly prevalent in
clinical radiofrequency ablation, including supracardial
tachycardia, atrial arrhythmias, and complex ventricu-
lar arrhythmias, and has even achieved zero fluoros-
copy (ZF) or near-ZF-guided catheter ablation for the
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treatment of arrhythmias in the paediatric or pregnant
population [28-30]. The use of 3D mapping reduces the
radio-exposure time and has no effect on the surgical
success rate or complications of radiofrequency ablation
in AVNRT patients [3]. However, few studies have con-
centrated on the statistical analysis of the radiation dose
used during surgery and the effects of single radiation
exposure on myocardial function in diabetic patients.

The negative effects of exposure to radiation on cardio-
vascular disease have been identified by long-term, large-
scale epidemiological studies [7, 31]. A life expectancy
study of Japanese atomic bomb survivors (LSSs) provided
evidence that there is a certain relationship between
the risk of circulatory disease and radiation dose; how-
ever, there is no definite linear relationship, especially at
lower doses [32]. The impact of LDR remains a subject
of considerable debate. While some studies have demon-
strated beneficial effects [14, 33, 34], such as stimulatory
responses, others have highlighted potential risks. The
threshold for adverse effects and the influence of individ-
ual genetic variations on LDR responses remain areas of
ongoing research and are not yet fully elucidated.

Multiple studies have highlighted the role of oxidative
stress in radiation-induced cardiovascular damage, which
is more severe in diabetic patients [11, 34, 35]. Mito-
chondria are target organelles of LDR and mitochondrial
response influences radiation sensitivity in human cells
[36]. LDR exert substantial effects on mitochondrial func-
tion, which subsequently influences cellular responses
such as apoptosis, DNA repair, and the management
of oxidative stress. While this radiation can potentially
damage sensitive cells, it may also serve a protective
role in certain contexts, including neurodegenerative
diseases. Additional research is essential to comprehen-
sively elucidate the mechanisms underlying the impact
of LDR on mitochondrial biology and its potential thera-
peutic applications. Our findings provide new insights
into cardiovascular risk estimation associated with LDR
exposure. Accumulating studies support the concept that
oxidative stress caused by elevated ROS, which may be
improved by nanoencapsulation of Coenzyme Q10, is a
potential mechanism governing the increased sensitivity
of the diabetic heart [37, 38]. In addition, mitochondrial
dysfunction contributes to oxidative stress, as it is both a
target and a source of ROS [39].

In summary, our study revealed that the LDR generated
during radiofrequency ablation under the guidance of
3D mapping does not alter the degree of apoptosis of the
mitochondrial pathway in normal cardiomyocytes and
can reverse HG/HL intervention in cardiomyocytes by
reducing ROS and maintaining mitochondrial function.
On the other hand, our study demonstrated that the pro-
tective effect of LDR on mitochondrial apoptosis induced
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by HG/HL also prompt us that LDR may be a novel thera-
peutic target with potential for preventing diabetic cardi-
omyopathy. Nonetheless, several challenges and research
gaps persist in the clinical application of LDR for diabetic
cardiomyopathy. Notably, there is a lack of robust direct
clinical evidence to substantiate its efficacy and safety.
Furthermore, determining an optimal therapeutic dose
remains critical, while long-term safety concerns, includ-
ing potential risks such as carcinogenesis, must be rigor-
ously assessed which is especially pertinent for diabetic
patients who often have comorbid conditions.
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