
Original Article

Dose-Response:
An International Journal
January-March 2023:1–11
© The Author(s) 2023
Article reuse guidelines:
sagepub.com/journals-permissions
DOI: 10.1177/15593258231155789
journals.sagepub.com/home/dos

Low-Dose Radiation Reduces
Doxorubicin-Induced Myocardial Injury
Through Mitochondrial Pathways

Di Zhao1
, Xin Jiang1, Xinxin Meng1, Dandan Liu1, Yanwei Du2, Lijing Zhao3, and

Hongyu Jiang1

Abstract
The use of doxorubicin (DOX) as an anthraquinone antineoplastic agent is limited due to its cardiotoxicity. Our previous study
suggested that low-dose radiation (LDR) could mitigate the cardiotoxicity induced by DOX via suppressing oxidative stress and
cell apoptosis. However, the molecular targets and protective mechanism of LDR are not understood. In the present study, we
sought to investigate the mechanisms underlying LDR’s cardioprotection. Balb/c mice were randomly divided into four groups:
Control group (no treatment), DOX group, LDR group (75 mGy), and LDR-72 h-DOX group (LDR pretreatment followed by
intraperitoneal injection of DOX). Electron microscopy, PCR, and Western blot analyses indicated that LDR pretreatment
mitigated changes in mitochondrial morphology caused by DOX, upregulated activity of mitochondrial complexes, and restored
ATP levels in cardiomyocytes that were decreased by DOX. Whole genome microarray and PCR analyses showed that
mitochondrial-related genes were altered by LDR pretreatment. Thus, our study showed that LDR can protect cardiomyocytes
against DOX through improving mitochondrial function and increasing ATP production. This research could inform DOX
chemotherapy strategies and provide new insight into the molecule mechanisms underlying the cardioprotective effects of LDR.
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Introduction

Doxorubicin (DOX) was first introduced in the 1970s and
became one of the most commonly used anthracycline
antibiotics for the treatment of hematological and solid
tumors.1 Anthracyclines are currently used to treat various
cancers, including leukemia, lymphoma, melanoma, uter-
ine, breast, and gastric cancers.2 However, within one year
of completing anthracycline chemotherapy, 9% of patients
present with impaired left ventricular (LV) ejection fraction
(EF% <50%).3 Anthracycline-induced cardiotoxicity is
caused by multiple molecular processes that converge to
functionally alter cardiomyocytes, subsequently resulting
in cell death.2 Dox inhibits DNA and RNA syntheses
through inhibiting topoisomerase II.4,5 While DOX can
delay the development and progression of multiple ma-
lignant tumors, its eminent use is subdued by several side
effects, primarily cardiotoxicity.6

The cardiotoxic effects of chemotherapy initially manifest
as subclinical myocardial damage and progressively result in
early asymptomatic reduction of LVEF% and ultimately
symptomatic, and often intractable, heart failure.7 Some
clinical studies have demonstrated that troponins can be used
to assess the cardiotoxicity induced by chemotherapy, espe-
cially trastuzumab8 and several tyrosine kinase inhibitors.9
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Similarly, natriuretic peptides including brain natriuretic
peptide (BNP), atrial natriuretic peptide (ANP), and their N-
terminal counterparts (NT-pro BNP and NT-pro ANP) can be
used as biomarkers of heart failure and have been explored as
predictors of chemotherapy-induced cardiotoxicity.10-12 Ox-
idative stress, mitochondrial impairment, increased apoptosis,
dysregulated autophagy, and increased fibrosis have also been
shown to play important roles in the process of DOX-induced
cardiotoxicity.

Low-dose radiation (LDR), proposed in 1986 by the United
Nations Committee on the effect of atomic radiation (UN-
SCEAR), refers to a radiation dose <.1 Gy within low LET
(linear energy transfer) or a radiation dose <.05 Gy within high
LET.13,14 In 2006, LDR was revised as 100 mSV.15,16 Al-
though LDR can induce gene mutations and carcinogenesis,17

it also exerts protective effects against type 1 diabetes-induced
cardiomyopathy and resistance to diabetic renal damage.18,19

The biological effects of LDR mainly manifest as hormesis
and adaptive responses.20 Hormesis is a biphasic dose–
response phenomenon, characterized by a low-dose stimu-
lation and a high-dose inhibition. Hormesis exhibits a “wake-
up” function to induce adaptive responses to prepare living
organisms to cope more efficiently with high-dose challenges
of ionizing radiation (IR) or other damaging agents.21 The
effects of hormesis include increasing longevity, enhancing
growth, enhancing immune function, and increasing embryo
production.22,23 Low doses of IR (<.1 Gy) tend to affect cell
homeostasis by producing hormesis, adaptive responses, low-
dose hypersensitivity, immunological effects, and genomic
instability.24 Adaptive responses induced by LDR are defined
by the use of a very low priming dose of radiation to stimulate
cellular processes that result in an enhanced resistance to a
second but larger challenge dose of radiation, reducing the
side effects of chemotherapy drugs.25

Studies have shown that various factors, such as helium,
benzopyran, and certain drugs, can be used as cardioprotective
agents.26-28 Our team has been focusing on the biological
effects of LDR. Our previous studies showed that LDR
pretreatment can reduce DOX-induced cardiotoxicity through
protecting cardiomyocytes.29 Our previous studies have
shown that LDR does not induce tumor cell proliferation
in vitro and in vivo and that LDR pretreatment can improve the
excitatory effect and adaptive response of normal cells, en-
hance the tolerance of normal tissues to radiotherapy and
chemotherapy, and promote damage repair, without effecting
tumor cells.30 LDR pretreatment can reduce DOX-induced
myocardial toxicity by preserving mitochondrial function. An
expression profile microarray suggested that LDR pretreat-
ment can reduce myocardial toxicity induced by chemo-
therapy drugs by regulating energy metabolism. Our team has
also confirmed mitochondrial dysfunction in the myocardium
in response to chemotherapy.31,32

Although we have evidence of LDR’s protective effects,
the molecular targets and mechanisms underlying the car-
dioprotection conferred by LDR remain unclear. In this study,

a DOX-induced cardiotoxicity mouse model was used to
investigate the potential protective effects and underlying
mechanism of LDR pretreatment. We further sought to
identify the role of mitochondria in this process and confirmed
that LDR pretreatment can protect myocardial mitochondria.
Our results indicate that LDR pretreatment may attenuate
DOX-induced mitochondrial damage and increase ATP syn-
thesis by improving mitochondrial function, deepening our
understanding of how LDR pretreatment can protect the heart.

Materials and Methods

Animals and Treatment

Eight-week-old Balb/c female mice (Experimental Animal
Center of Norman Bethune Medical College, Jilin University)
were housed under temperature-controlled (22 ± 2°C) and
light-controlled (12-h light and 12-h dark cycles) conditions,
with free access to food and water. The experimental protocol
was approved by the Animal Ethics Review Committee of
Basic Medical Sciences, Jilin University, in accordance with
the regulations of the Institutional Committee for the Care and
Use of Laboratory Animals. All mice were housed in specific
pathogen-free conditions at a constant temperature and hu-
midity, with free access to food and water. The bedding was
replaced regularly. The mice were randomly divided into four
groups: Control group, DOX group, LDR group, and LDR-
72 h-DOX group, and each group included 12 mice. The
groups were treated as follows: (1) Control group (vehicle
treatment): mice were irradiated with 0 mGy and were treated
with a .9% NaCl solution through intraperitoneal injection
72 h later; (2) LDR group: mice received whole body irra-
diation with LDR 72 h before injection of a .9%NaCl solution.
A deep X-ray machine model was used to deliver the LDR
whole-body irradiation at a dose of 75 mGy at a rate of
12.5 mGy/min; (3) DOX group: mice were sham irradiated
with X-ray and then injected with 7.5 mg/kg DOX 72 h later ;
and (4) LDR-72 h-DOX group: mice were irradiated with
75 mGy and injected with 7.5 mg/kg DOX at 72 h later. Five
days after the injection, mice were anesthetized via injection of
.1 mL pentobarbitone (1%) before harvesting the heart. The
LV myocardium was separated for mitochondrial mRNA and
protein isolation (Figure 1).

Transmission Electron Microscopy

Transmission electron microscopy was utilized to observe the
ultrastructural changes of cardiomyocytes and mitochondria.
Three mice were tested in each group. Briefly, the isolated
heart apex was immediately fixed in 2% glutaraldehyde and
embedded in resin. Ultrathin sections (50–70 nm) were made
using the Leica EMUCUltrathin microtome and stained with a
3% uranyl acetate and lead citrate double staining reagent. The
ultrastructure of the cardiomyocytes and their mitochondria
was shown in electron micrographs.33,34
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Isolation of Mitochondria

Three myocardium samples were taken from each group.
Cytoplasmic and mitochondrial proteins were isolated using
the Tissue Mitochondrial Isolation Kit (Beyotime, C3606)
according to the kit’s instructions. The kit contained a mi-
tochondrial isolation reagent, trypsin digestion solution, mi-
tochondrial storage solution, and mitochondrial lysis solution.
Briefly, tissues were incubated in 1 mL ice-cold mitochondrial
lysis buffer for 10 min and then transferred into a glass ho-
mogenizer to be homogenized for 10 strokes on ice. The
homogenate was centrifuged at 800 r/min for 10 min at 4°C.
The supernatant was collected and centrifuged again at 12 000
r/min for 25 min at 4°C to obtain the cytosolic (supernatant)
and mitochondrial (deposition) fractions. Samples of mito-
chondria were dissolved in lysis buffer, and proteins were
detected using Western blot analysis as described. For pro-
teomics and Western blot assays, 150 to 200 μL of mito-
chondrial lysate was added to the isolated mitochondrial from
50 to 100 mg of the LV tissue. Protein concentrations were
quantified using a Bio-Rad assay reagent.

Microarray Analysis

For microarray analysis, we included two mice from each group
to achieve biological replicates. Total RNAwas extracted from the
LV using TRIzol (Sigma-Aldrich), and RNA integrity was an-
alyzed using the Agilent RNA 6000 Nano assay. Qubit was used
to determine RNA quality. The same amount of total RNA
(100 ng) was used for each sample. Targets were prepared using
an Eberwine-based amplificationmethod with the OneArray plus
RNA amplification kit (Phalanx Biotech Group, CA San Diego,
USA) to generate amino-allyl antisense RNA. Aminoallyl-RNA
probes labeledwithNGS-Cy5were hybridized at 50°C for 16 h to
the Mice Whole Genome One Array Version 2.0. The hybridized
array was scanned with the Agilent Microarray Scanner
(G2505 C) under 100% and 10% PMT, respectively, at a 10 μM
resolution. After scanning, the raw intensity data were analyzed
with Gene Pix� 4 to determinemRNA levels. The data were pre-
processed using the Rosetta Resolver® System (Rosetta

Biosoftware). Differentially expressed genes were those with a
log2 (fold change) ≥1 and P < .05.

PCR

RNA Extraction and Quantification. Myocardial tissue samples
were homogenized in TRI Reagent (1 mL), and 200 μL
chloroform was added. The sample was centrifuged at
12 000 g (4°C, 15 min), and the supernatant was transferred to
a sterile centrifuge tube. Isopropanol (500 μL) was added to
the supernatant, mixed, and then centrifuged again at 12 000 g
(4°C, 10 min). The upper layer of transparent liquid was
removed and 1 mL of 75% ethanol was added. This step was
repeated 5 to 10 times. After the final ethanol wash, the sample
was centrifuged at 7600 g (4°C, 5 min), placed at room
temperature for 3 to 5 min, air dried, and dissolved in RNase-
free water (30 μL).

mRNAwas reverse transcribed to synthesize cDNA, followed
by PCR. Each PCR assay used 1 μg RNA per 20 μL reaction.
The experiment was performed according to the manufacturer’s
instruction (PCR array kit: Mouse Mitochondrial Energy
Metabolism, SABiosciences, Qiagen, PAMM-008Z). Briefly,
every reaction was performed using 10 ng cDNA per 25 μL
reaction volume. Quantitative PCR was performed under the
following conditions: 95°C 10 min; 40 cycles of 95°C, 15 sec
and 60°C, 1 min. The assays were performed on a Bio-Rad CFX
ConnectTM Real-Time PCR Detection System. The qPCR
master mix (QIAGEN, 330 523) was used for qPCR assay.

Quality control. We used PCR array reproducibility, RTC
(reverse transcription controls), and PPC (Positive PCR
Control) for quality control. B2m and Gapdh were used as the
reference genes.

Mitochondrial complex assays. Three samples were collected
for each group. Activities of mitochondrial complexes I–V
were measured using enzyme assay kits according to the
manufacturer’s protocols (Abcam: ab109721, ab109905,
ab109911, and ab109714). Mitochondrial pellets were sus-
pended in PBS supplemented with 10% detergent provided in

Figure 1. Animal disposal process.
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the kits. Protein concentrations of the mitochondrial lysates
were estimated, and 25 μg (for complexes I, III, IV, and V) or
100 μg (for complex II) mitochondrial protein was used per
reaction. Enzyme activities were measured using a spectro-
photometric method in duplicate and expressed as change of
absorbance per minute per mg protein.

Measurement of Myocardial Mitochondria
ATP Content

Total intracellular ATP content was measured using a mito-
chondrial ATP detection assay kit (Abcam, ab113849) ac-
cording to manufacturer’s protocol. The absorbance was read
using a Tecan Infinite M1000 Pro plate reader, and ATP
content was calculated based on a standard curve generated
from ATP standards on the same 96-well plate.

Western Blot Analysis

Mitochondrial and cytoplasmic protein markers were detected
using Western blot analysis. Briefly, mitochondria were dis-
solved in lysis buffer, and mitochondrial protein concentra-
tions were detected using a Bio-Rad detergent-compatible
protein assay kit (Bio-Rad, USA). Cell lysates were separated
by 10% SDS-PAGE and transferred onto nitrocellulose
membranes. The membranes were blocked with 5% (w/v)
non-fat dry milk in TBS-T-buffered saline for 1 h at room
temperature and incubated with primary antibodies overnight
at room temperature. After being washed, the bound anti-
bodies were detected with an HRP-conjugated secondary
antibody and visualized using the ECL detection reagent
(Thermo Fisher Scientific) according to the manufacturer’s
instruction. β-tubulin (1:1000; Proteintech) was used as a
cytoplasmic protein marker, and ATP5A (1:1000; Proteintech)
was used as a mitochondrial protein marker.

Statistical Analysis

Data are presented as means ± standard error (SE). Statistical
analyses were performed with SPSS 17.0. Differences among
groups were compared with a one-way ANOVA and the
Newman–Keuls test. P < .05 was considered statistically
significant.

Results

LDR Pretreatment Reduces DOX-Induced
Mitochondrial Morphological Alterations and Injury

Hao et al have demonstrated that the mechanism of DOX–
induced cardiotoxicity is related to mitochondrial injury.35

To further explore whether LDR could mitigate the mito-
chondrial injury caused by DOX, we used electron micros-
copy to observe changes in cardiomyocyte ultrastructure. In
the Control group, the cardiac muscle fibers were arranged

regularly and the cell morphology was normal. Compared
with the Control group, the cardiac muscle fibers in the DOX
group became disordered, mitochondria were swelled, and the
number of mitochondrial cristae was decreased. Compared
with the DOX group, the cardiac muscle fibers in the LDR-
72 h-DOX group were relatively regularly arranged, and the
mitochondria were only slightly swelled. The representative
micrographs in Figure 2 suggest that LDR pretreatment could
lessen the mitochondrial structural damage caused by DOX
and increase the number of mitochondria in the myocardium.

LDR Affects the Expression ofMitochondria-Related Genes

To further determine themolecular targets of LDRpretreatment,we
performed whole genome expression microarray to detect differ-
entially expressed genes. The dashed red and green lines in
Figure 3, respectively, represent the thresholds for P-values and
multiple screening. Compared with the Control group, the LDR
group had 35 upregulated genes and 490 downregulated genes
(Figure 3(A)). Compared with the Control group, DOX-treated
mice showed a total of 343 differentially expressed genes
(Figure 3(B)). Gene ontology (GO) analysis revealed that these
differentially expressed genes were assigned to the cellular com-
ponent process and were mainly involved in mitochondria (77
differentially expressed genes) and endoplasmic reticulum (63
differentially expressed genes) (Figure 4(A)). Compared with the
LDR group, 258 genes were upregulated and 204 genes were
downregulated in the LDR-72 h-DOX group (Figure 3(C)).
Compared with the DOX group, the LDR-72 h-DOX-treated mice
showed a total of 204 differentially expressed genes (Figure 3(D)).
GO analysis revealed that these differentially expressed genes were
mainly involved in plasma membrane (79 differentially expressed
genes) and mitochondria (42 differentially expressed genes)
(Figure 4(B)). These data confirmed that LDR confers its protective
effects by altering mitochondrial gene expression.

To further validate that the effects of LDR are related to the
expression of mitochondrial genes, we conducted PCR
analysis to measure mitochondria-related gene levels. Com-
pared with the Control group, the transcription levels of
Atp6v0d2 and Cox8c were downregulated by 9.69- and 2.10-
fold in the DOX group, respectively. However, compared with
the DOX group, the transcription levels of Atp6v0d2 and
Cox8c were upregulated by 20.64- and 4.63-fold in the LDR-
72 h-DOX group, respectively. In addition to Atp6v0d2 and
Cox8c, other important genes involved in mitochondrial
function, including Atp4a, Atp6v1c2, Atp6v1e2, Atp6v1g3,
Cox5b, and Cox7a2, were also upregulated to varying degrees
(Table 1).

LDR Pretreatment Protects Mitochondrial Function
and ATP Production in DOX-Treated Mice

Since mitochondrial metabolism is expected to change with
altered mitochondria-related gene expression, we next

4 Dose-Response: An International Journal



measured mitochondrial oxidative phosphorylation (OX-
PHOS) in the myocardium tissue. We found that the activity of
complexes I, II, and IV decreased in the DOX group compared
with the Control group, and these changes were recovered in
the LDR-72 h-DOX group. These results indicate that DOX
decreases mitochondrial NADH dehydrogenase, cytochrome
oxidase, and cytochrome reductase activities, resulting in
disordered ATP production disorder and subsequent myo-
cardial injury. These data also indicate that pretreatment with
LDR could mitigate the mitochondrial dysfunction induced by
DOX (Figure 5(A)-(D)). Compared with the Control group,
the activity of complex III in the DOX group was increased,
while the activity in the LDR-72 h-DOX group was decreased.
These data confirm that LDR pretreatment could mediate the
generation of reactive oxygen species (ROS) as a protective
complex III signaling molecule (Figure 5(C)). We also
measured mitochondrial ATP concentrations in different
groups. DOX treatment significantly decreased the ATP
concentration while pretreatment with LDR increased the ATP

concentration compared with the DOX-treated group
(Figure 5(F)).

LDR Pre-treatment Altered DOX-Induced Alterations
in the Expression of Mitochondrial
Complex-Associated Proteins in Cardiocytes

To assess the effects of LDR on mitochondria, we measured
expression of mitochondrial complex-associated proteins
using Western blot analysis. We previously found that the
downregulation of NDUFV1, ATP5f1, and CYC1 was as-
sociated with mitochondrial complex I, III, and V functions,
respectively. Therefore, after confirming changes in mito-
chondrial complex function and the protective effect of LDR
pretreatment, we focused on the expression of these three
proteins. Both LDR and DOX treatment decreased the ex-
pressions of NDUFV1, ATP5f1, and CYC1 compared with the
Control group. However, expressions of these proteins did not
differ between the LDR-72 h-DOX group and the Control

Figure 2. Transmission electron micrograph of myocardial mitochondria (×7500) in different groups. (A) Cardiomyocytes from the Control
group showing normal myocardial ultrastructure with regularly arranged mitochondria. (B) Cardiomyocytes from the LDR group showing
normal myocardial ultrastructure, and the number of mitochondria was increased. (C) Cardiomyocytes from the DOX group showing large
vacuoles and damaged mitochondrial structures. (D) Cardiomyocytes from the LDR-72 h-DOX group showing relatively normal myocardial
ultrastructure and slight injury of mitochondria.
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group, indicating that LDR pretreatment protects against
DOX-induced changes of mitochondrial functional proteins
(Figure 6).

Discussion

Mitochondria play an important role in energy production,
programmed cell death, cell division, cell metabolism, and
proliferation.36 The abundance of mitochondria in car-
diomyocytes closely links mitochondrial bioenergetics with
myocardial function and viability, and mitochondrial dys-
function has recently been recognized as a pivotal factor in

the development of DOX-induced cardiotoxicity.37 In our
previous study, we observed that pretreatment with LDR
could reduce DOX-induced oxidative damage (ROS for-
mation, protein nitrification, and lipid peroxidation) and
increase antioxidant activity (superoxide dismutase and
glutathione peroxidase) in the hearts of LDR/DOX mice.
DOX-induced cardiac apoptosis (TUNEL-stained and
cleaved caspase-3) and mitochondrial apoptotic pathways
(increased expressions of p53, Bax, and caspase-9; decreased
Bcl2 expression; and δψM dissipation) were also reduced.
These results suggest that LDR attenuates DOX-induced cell
death, possibly by inhibiting mitochondrial oxidative stress
and apoptotic signaling.38 It has been reported that DOX

Figure 3. Gene expression profile. (A) Differential gene expression between LDR and Control groups. (B) Differential gene expression
between DOX and Control groups. (C) Differential gene expression between the LDR-72 h-DOX and LDR groups. (D) Differential gene
expression between LDR-72 h-DOX and DOX groups.
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treatment leads to mitochondrial swelling, fusion, dissolu-
tion, and pronounced disorientation of the cristae and vac-
uoles within the cytoplasm,39 which is consistent with the
findings in the current study. Here, we further demonstrated
the benefit of LDR pretreatment for mitochondrial function,
respiratory chain complex activity, and ATP production,
deepening our knowledge of how LDR protects against
DOX-induced cardiotoxicity. Our results also showed that

mice pretreated with LDR had fewer and less extensively
swollen mitochondria with less disorientation of the cristae
and vacuoles within the cytoplasm. These findings suggest
that the protective effects of LDR are related to preserving
mitochondrial function (Figure 7).

Our study demonstrated that mitochondria-related genes
such as Cox5b, Cox7a2, Cox8c, Atp4a, Atp6v0d2,
Atp6v1c2, Atp6v1e2, and Atp6v1g3 were downregulated by

Figure 4. GO analysis in different groups. (A) GO analysis of differential genes between Control and DOX groups. (B) GO analysis of
differential genes between DOX and LDR-72 h-DOX groups.
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DOX and that LDR pretreatment reversed the effects of
DOX, further validating that the cardioprotective effects of
LDR are related to mitochondrial function. Complex IV
(CcO), encoded by Cox5b, Cox7a2, and Cox8c, is the last

enzyme in the respiratory electron chain of mitochondria and
might be responsible for the mitochondrial dysfunction
leading to myocardial damage.40 H+/K+-ATPase, encoded by
Atp4a, maintains calcium transfer and exchange of

Table 1. Expression of mitochondrial-related genes in the LDR-72 h-DOX group comparing with the DOX-treated mice.

Gene Symbol Gene Fold Change (DOX Vs Control) Fold Change (LDR-72 h-DOX Vs DOX)

Atp6v0d2 ATPase H+ transporting V0 sbunit d2 �9.69 20.64
Atp6v1g3 ATPase H+ transporting V1 sbunit g3 �1.33 6.14
Cox8c Cytochrome c oxidase subunit 8C �2.10 4.63
Atp6v1c2 ATPase H+ transporting V1 sbunit c3 �1.43 4.01
Cox7a2 Cytochrome c oxidase subunit 7A2 �1.60 3.16
Atp4a ATPase H+/K+ transporting subunit alpha �1.78 2.34
Atp6v1e2 ATPase H+ transporting V1 sbunit e2 �1.53 2.30
Cox5b Cytochrome c oxidase subunit 5B �1.99 2.12

DOX group: doxorubicin administration to induce myocardial damage.
LDR-72 h-DOX group: doxorubicin was intraperitoneally injected 72 h after 75 mGy LDR irradiation; LDR: A deep X-ray machine model was used to deliver
LDR whole-body irradiation at a dose of 75 mGy at a dose rate of 12.5 mGy/min.

Figure 5. LDR pre-treatment could mitigate the mitochondrial deficiency induced by DOX in the hearts of mice. (A) Mitochondrial complex I
activity. (B) Mitochondrial complex II activity. (C) Mitochondrial complex III activity. (D) Mitochondrial complex IV activity. (E) Mitochondrial
complex V activity. (F) ATP concentration (*P < .05, **P < .01).
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potassium with hydronium; DOX treatment has been shown
to cause calcium overload and ion disturbance in car-
diomyocytes.41 Vacuolar-type H+-ATPase (V-ATPase), en-
coded by Atp6v0d2, Atp6v1c2, Atp6v1e2, and Atp6v1g3, is
a highly evolutionary conserved enzyme that can aggravate
cardiomyocyte autophagy.42 As suggested above, LDR ex-
erted protective effects on cardiomyocytes by lessening
mitochondrial morphological injury and regulating the ex-
pression of mitochondria-related genes. Both mRNA levels
and protein expression of mitochondria-related genes were
affected by DOX in our study. The levels of mitochondrial
complex-related proteins, NDUFV1, ATP5f1, and CYC1,
were downregulated by DOX, which was consistent with
previous studies.43,44

The mitochondrial respiratory chain consists of four enzyme
complexes: complex I (NADH dehydrogenase), complex II

(succinate dehydrogenase), complex III (cytochrome c reduc-
tase), and complex IV (cytochrome c oxidase). These complexes
are responsible for generating 90% of the energy needed for
proper heart function.45 ATP synthesis via the respiratory chain
involves two coupled processes: electron transport andOXPHOS
machinery. Both processes are highly dependent on the function
of the mitochondrial complexes. Thus, any mitochondrial
complex-related damage could have a big impact on heart
function.46 In the present study, DOX inhibited the activity of
complexes I, II, and IVand reduced ATP synthesis significantly,
while LDR pretreatment restored these DOX-related effects.
DOX also increased the activity of complex III, and LDR
pretreatment decreased its activity, consistent with other
studies.47-49 Activity of the mitochondrial complex in the LDR-
72 h-DOX group was higher than that in DOX and LDR groups,
indicating that LDR pretreatment can initiate adaptive responses

Figure 6. Expression of mitochondrial complex-relative proteins NDUFV1, ATP5f1, and CYC1 (A)Western blot images. (B) Relative optical
density (*P < .05, ***P < .005).

Figure 7. Protective mechanism of LDR pretreatment on DOX via mitochondrial pathways.
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of mitochondria, and when there is no secondary stimulation,
activity of the mitochondrial complex decreased (LDR-alone
group). However, when DOXwas used as a second stimulus, the
complexwas excited (hormesis) and the activity increased (LDR-
72 h-DOX group).

There are some limitations of our study that should be noted.
We acknowledge that the mice used in this study were healthy
andwe did not include a tumor mouse model. To address this, we
will establish a DOX-induced myocardial injury model in breast
cancer tumor-bearing mice to demonstrate the synergistic anti-
tumor effects of LDR and DOX and the myocardial protective
effect of LDR in future studies.

In conclusion, the results in the present study demonstrated
that LDR pretreatment protected against DOX-induced
myocardial injury, and this protection might be related to
changes in mitochondrial gene regulation and protein ex-
pression, activity of mitochondrial complexes, and overall
mitochondrial function. Therefore, our data suggest that LDR
pretreatment might be a promising candidate to prevent the
cardiotoxic side effects of DOX during chemotherapy. Our
findings provide new insights into the underlying protective
mechanisms of LDR.
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40. Grandjean F, Brémaud L, Robert J, Ratinaud M-H. Alterations
in the expression of cytochrome c oxidase subunits in
doxorubicin-resistant leukemia K562 cells. Biochem Pharma-
col. 2002;63(5):823-831.

41. Santos DL, Moreno AJ, Leino RL, et al. Carvedilol protects
against doxorubicin-induced mitochondrial cardiomyopathy.
Toxicol Appl Pharmacol. 2002;185(3):218-227.

42. Ramachandran N, Munteanu I, Wang P, et al. VMA21 deficiency
prevents vacuolar ATPase assembly and causes autophagic vacu-
olar myopathy. Acta Neuropathol. 2013;125(3):439-457.

43. Chandran K, Aggarwal D, Migrino RQ, et al. Doxorubicin
inactivates myocardial cytochrome c oxidase in rats: car-
dioprotection by mito-Q. Biophys J. 2009;96(4):1388-1398.

44. Dhingra R, Margulets V, Chowdhury SR, et al. Bnip3 mediates
doxorubicin-induced cardiac myocyte necrosis and mortality
through changes in mitochondrial signaling. Proc Natl Acad Sci
U S A. 2014;111(51):E5537-E5544.

45. Ventura-Clapier R, Garnier A, Veksler V. Energy metabolism in
heart failure. J Physiol. 2004;555(Pt 1):1-13.

46. Pereira GC, Pereira SP, Tavares LC, et al. Cardiac cytochrome c and
cardiolipin depletion during anthracycline-induced chronic depres-
sion of mitochondrial function. Mitochondrion. 2016;30:95-104.

47. capital KCCSV, Bezdrobna LK, Stepanova LI, et al. Oxidative
phosphorylation in mitochondria of small-intestinal enterocytes
at chronic and single exposure to low power ionizing radiation
[J]. Probl Radiac Med Radiobiol. 2014;19:482-489.

48. Chien L, Chen WK, Liu ST, et al. Low-dose ionizing radiation
induces mitochondrial fusion and increases expression of mi-
tochondrial complexes I and III in hippocampal neurons. On-
cotarget. 2015;6(31):30628-30639.

49. Dong X, Mattingly CA, Tseng MT, et al. Doxorubicin and
paclitaxel-loaded lipid-based nanoparticles overcome multidrug
resistance by inhibiting p-glycoprotein and depleting ATP.
Cancer Res. 2009;69(9):3918-3926.

Zhao et al. 11


	Low-Dose Radiation Reduces Doxorubicin-Induced Myocardial Injury Through Mitochondrial Pathways
	Introduction
	Materials and Methods
	Animals and Treatment
	Transmission Electron Microscopy
	Isolation of Mitochondria
	Microarray Analysis
	PCR
	RNA Extraction and Quantification
	Quality control
	Mitochondrial complex assays

	Measurement of Myocardial Mitochondria ATP Content
	Western Blot Analysis
	Statistical Analysis

	Results
	LDR Pretreatment Reduces DOX-Induced Mitochondrial Morphological Alterations and Injury
	LDR Affects the Expression of Mitochondria-Related Genes
	LDR Pretreatment Protects Mitochondrial Function and ATP Production in DOX-Treated Mice
	LDR Pre-treatment Altered DOX-Induced Alterations in the Expression of Mitochondrial Complex-Associated Proteins in Cardiocytes

	Discussion
	Author Contributions
	Declaration of Conflicting Interests
	Funding
	ORCID iD
	References


