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Abstract. Oxidative stress is widely accepted as a key factor of 
doxorubicin (Doxo)‑induced cardiotoxicity. There is evidence 
to indicate that nitrosative stress is involved in this process, and 
that Doxo interacts by amplifying cell damage. Mitochondrial 
connexin 43 (mitoCx43) can confer cardioprotective effects 
through the reduction of mitochondrial reactive oxygen 
species production during Doxo‑induced cardiotoxicity. The 
present study aimed to evaluate the involvement of mitoCx43 
in Doxo‑induced nitrosative stress. Rat H9c2 cardiomyoblasts 
were treated with Doxo in the absence or presence of radicicol, 
an inhibitor of Hsp90, the molecular chaperone involved in 
Cx43 translocation to the mitochondria that underlies its role 
in cardioprotection. FACS analysis and RT‑qPCR revealed 
that Doxo increased superoxide dismutase, and catalase gene 
and protein expression. As shown by hypodiploid nuclei and 
confirmed by western blot analysis, Doxo increased caspase 9 
expression and reduced procaspase 3 levels, which induced 
cell death. Moreover, a significant increase in the activation of 
the NF‑κB signaling pathway was observed. It is well known 
that the increased expression of inducible nitric oxide synthase 
results in nitric oxide overproduction, which then rapidly 
reacts with hydrogen peroxide or superoxide generated by the 
mitochondria, to form highly reactive and harmful peroxyni-
trite, which ultimately induces nitrotyrosine formation. Herein, 
these interactions were confirmed and increased effects were 
observed in the presence of radicicol. On the whole, the 
data of the present study indicate that an interplay between 

oxidative and nitrosative stress is involved in Doxo‑induced 
cardiotoxicity, and that both aspects are responsible for the 
induction of apoptosis. Furthermore, it is demonstrated that 
the mechanisms that further increase mitochondrial super-
oxide generation (e.g., the inhibition of Cx43 translocation into 
the mitochondria) significantly accelerate the occurrence of 
cell death.

Introduction

Connexin 43 (Cx43) is a major gap‑junction protein that medi-
ates intercellular communication by promoting the passage 
of small molecules and ions  (1). In cardiomyocytes, Cx43 
regulates electrical coupling and synchronous contraction (2). 
Alterations to Cx43 expression and distribution have been 
reported for several cardiopathological conditions, such as 
heart failure. The decreased expression and/or heterogeneous 
distribution of Cx43 has been demonstrated in the myocar-
dium of patients with hypertrophic cardiomyopathies, dilated 
cardiomyopathies, ischemic cardiomyopathies and clinical 
congestive heart failure (3).

In addition to the well‑known role of Cx43 in the cell 
membrane, in recent years, ample attention has been paid 
to the mitochondrial isoform of Cx43 (mitoCx43). It is well 
known that Cx43 translocates to the mitochondrial membrane 
through a mechanism that involves Hsp90 as its chaperone and 
Tom20 as a mitochondrial translocase (4). Previous studies 
have reported that mitoCx43 plays an important role in the 
balance of reactive oxygen species (ROS) for redox signal-
ling (5,6). MitoCx43 is also involved in cardioprotection, as 
it has been demonstrated that it is overexpressed in ischemic 
pre‑conditioning (7), as well as in other forms of cardioprotec-
tion, through the control of the initiation of apoptosis (8). The 
authors have previously demonstrated an increase in mitoCx43 
expression in H9c2 cells (9) and in hearts of mice treated with 
doxorubicin (Doxo) (10). This overexpression is an adaptive 
response that can be activated to counteract the intracel-
lular Ca2+ overload, ROS production and the propagation of 
apoptotic signals induced by Doxo. Indeed, Doxo is widely 
used as a chemotherapeutic agent, although its clinical use is 
hampered by its potential to elicit cardiotoxicity. The onset of 
Doxo‑induced cardiomyopathy can occur without warning, 
and this condition can be rapidly abrogated; moreover, 
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oxidative stress has been recognized as the main cause in 
this process (11). A variety of mechanisms are involved in 
Doxo‑induced cardiotoxicity, such as oxidative stress, the 
dysregulation of calcium homeostasis and inflammation (12), 
and these all converge on the mitochondria (13). The induc-
tion of free radical stress by Doxo results in mitochondrial 
membrane depolarization and the release of cytochrome c into 
the cytoplasm, which can then trigger apoptosis (9).

In addition to oxidative stress, there is evidence to indicate 
that nitrosative stress is involved in Doxo‑induced cardio-
toxicity, as increases in reactive nitrogen species (such as 
peroxynitrite) have been reported (14). Peroxynitrite is a potent, 
reactive and cytotoxic free radical that is formed through a 
reaction that involves nitric oxide (NO) and the superoxide 
anion (O2

‑). In Doxo‑treated cardiomyocytes, large amounts 
of NO are produced by the inducible isoform of NO synthase 
(iNOS), a downstream effector of the nuclear transcription 
factor NF‑κB (15). Both of these oxidative species (i.e., NO, 
O2

‑), are mediators of inflammatory conditions.
ROS are oxygen‑based chemical species that show high 

reactivity. These include free radicals, such as OH‑ and O2
‑, and 

non‑radicals that can generate free radicals, such as hydrogen 
peroxide (H2O2). O2

‑ is a primary radical that can lead to the 
formation of other types of ROS, such as H2O2 and OH‑. OH‑ 
is also generated by the reduction of H2O2 in the presence of 
endogenous iron, through the Fenton reaction. In addition, 
OH‑ can arise from electron exchange between O2

‑ and H2O2, 
via the Harber‑Weiss reaction. Furthermore, when both O2

‑ 
and NO are synthesized within a few cell diameters, they can 
combine spontaneously to form peroxynitrite (ONOO‑), which 
is a potent, reactive and cytotoxic free radical (16,17).

Three isoforms of NOS have been defined: Endothelial NOS 
(eNOS or NOS3), neuronal NOS (nNOS or NOS1) and induc-
ible NOS (iNOS or NOS2). NOS1 and NOS3 are constitutive 
enzymes that are controlled by intracellular Ca2+/calmodulin; 
NOS2 is inducible at the level of gene transcription, and it is 
Ca2+‑independent and expressed by macrophages and other 
tissues in response to (pro)inflammatory mediators, such as 
NF‑κB, which was observed to be increased in the present 
study.

There is ample evidence to indicate that oxidative stress 
and inflammation are implicated in the pathogenesis of conges-
tive heart failure. Indeed, Doxo itself is a potent activator 
of NF‑κB (18), the main nuclear transcription factor that is 
involved in inflammation. A sustained inflammatory/oxidative 
environment leads to damage to cells, which can then remain in 
a vicious circle of impaired pathways (17,19,20). Furthermore, 
an increase in NO production in the myocardium in itself can 
result in the nitration of actin and other cytoskeletal proteins, 
thus altering their structures and resulting in harmful effects 
on the contractile function of myofilaments (21).

NO is necessary for the regulation of cardiac function 
during normal cardiac physiology, including for coronary 
vasodilatation, the inhibition of platelet and neutrophil adhe-
sion and activation, and the modulation of cardiac contractile 
function. NO also plays a protective role against the ischemic 
and/or failing heart. This protective role is mediated through 
several mechanisms, which include the stimulation of soluble 
guanylyl cyclase. This leads to a decrease in the concentra-
tion of intracellular Ca2+ and inhibition of oxidative stress. 

Therefore, O2
‑ can exert cytotoxic effects not only directly 

due to O2
‑ itself, but also mediated through the inactivation 

of cytoprotective NO and the formation of the highly reac-
tive oxidant ONOO‑, which is produced following interactions 
between NO and O2

‑.
It was hypothesized that as a regulator of mitochondrial 

ROS production, mCx43 is also involved in the regulation of 
antioxidant enzymes and in the production of downstream 
effectors of oxidative/nitrosative signaling pathways. For this 
purpose, a well‑designed in‑vitro model of Doxo‑induced 
cardiotoxicity with embryonic rat heart cardiomyoblasts 
(H9c2 cells) was used, as these cells are generally accepted as 
a good model to study the mechanisms of cellular and cardiac 
protection  (9). To achieve this goal, the H9c2 cells were 
treated with Doxo and radicicol, a well‑established Hsp90 
inhibitor (22) that, as previously reported, was used herein to 
inhibit the translocation of Cx43 to the mitochondria (9). The 
present study provides evidence that Doxo‑induced cardiotox-
icity occurs not only via caspase‑mediated apoptosis, but also 
through the NF‑κB signaling pathway. Oxidative and nitrosa-
tive stress‑induced damage is amplified in H9c2 cells in which 
the translocation of Cx43 to the mitochondrion is inhibited, 
which thus confirms the cardioprotective effects of mitoCx43 
(Fig. S1).

Materials and methods

Materials and cell culture. Doxo was obtained from Baxter 
Manufacturing Spa. Radicicol and L‑NAME were from 
Sigma‑Aldrich; Merck KGaA. The H9c2 embryonic rat heart 
cardiomyocyte‑derived cell line was purchased from the 
American Tissue Culture Collection (ATCC), with myco-
plasma testing carried out. The H9c2 cells were grown to 
confluence in Dulbecco's modified Eagle's medium (DMEM; 
Microgem) with 10% fetal bovine serum (FBS; Microgem) 
and antibiotics (25 U/ml penicillin; 25 U/ml streptomycin) 
under an atmosphere of 95% air/ 5% CO2 at 37˚C.

Experimental protocol. The H9c2 cells were treated with 
1  µM Doxo for 3or 6  h in DMEM, 10% FBS. MitoCx43 
translocation was inhibited with 1 µM radicicol, an Hsp90 
inhibitor. Radicicol was administered 30 min prior to the 
Doxo treatments.

Cell morphology. The H9c2 cells were seeded on glass cover-
slips, and after 24 h they were treated with Doxo and radicicol 
according to the protocol described above. At the indicated 
time points, the H9c2 cells were fixed with 70% ethanol and 
stained with 1% toluidine blue solution (TAAB Laboratories 
Equipment Ltd.) for 15 min at room temperature. Images of 
approximately 50 random fields of view at a magnification of 
x20 were obtained using a light microscope (Axioskop 40; Carl 
Zeiss) equipped with a videocamera (Coolsnap; Photometrics). 
The images were analyzed using Axio Vision software, SE64.

Total RNA isolation and RT‑qPCR analysis. The H9c2 cells 
were seeded at a density of 7.0x105 cells/well into 100‑mm 
culture dishes (Corning, Inc.) and treated as described above. 
Total RNA was extracted using EuroGold TriFast (EuroClone 
S.p.A.), according to the manufacturer instructions. RNA 
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concentrations and quality were determined by absor-
bance measurements using a UV‑Vis spectrophotometer 
(NanoDrop 2000; Thermo Fisher Scientific, Inc.). The ratios 
of the absorbance at 260 to 280 nm and at 260 to 230 nm 
were used to determine the purity of the total RNA samples, 
which were then stored at ‑70˚C. Reverse transcription reac-
tions were carried out using reverse transcription‑quantitative 
PCR (RT‑qPCR; GoTaq 2‑Step system; Promega Corp.). The 
cDNAs were synthesized starting from 1 µg purified total RNA, 
according to the manufacturer instructions. The expression 
level of the catalase (CAT), manganese superoxide dismutase 
(MnSOD) and iNOS genes were evaluated using SYBR‑Green 
RT‑qPCR analysis (StepOne 2.0; Applied Biosystems; Thermo 
Fisher Scientific, Inc.). The cycling conditions were performed 
as follows: 10 min at 95˚C and 40 cycles of 15 sec at 95˚C 
followed by 1 min at 60˚C and final elongation of 15 sec at 95˚C. 
The data were analyzed using the comparative Cq method, 
and are illustrated graphically as 2‑ΔΔCq ± standard deviation 
(SD) (23). Targets and reference genes were amplified sepa-
rately in triplicate, in 10 µl containing 1 µl template cDNA, 
0.2 µl primers mixture, and 5 µl enzyme mix (GoTaq 2‑Step 
RT‑qPCR system; Promega Corp.). For the RT‑qPCR assays, 
the primers were designed using Allele ID (Premier Biosoft 
International) and IDT SciTools, Inc. (TEMA Ricerca), and 
are presented in Table I. The products of real‑time PCR were 
electrophoresed on a 1,5% agarose gel with ethidium bromide 
and then captured using the Gel Doc EZ Imaging System with 
Image Lab software 5.0 (Bio‑Rad Laboratories, Inc.).

Measurement of mitochondrial superoxide with MitoSOX 
red. Mitochondrial superoxide formation was evaluated 
using MitoSOX red (Molecular Probes, Invitrogen; Thermo 
Fisher Scientific, Inc.). Briefly, the H9c2 cells were plated at 
4.0x105 cells/well in 6‑well tissue culture plates, and were 
treated as described above. Following the indicated incuba-
tions, 2.5 µM MitoSOX red was added for 15 min at 37˚C. 
MitoSOX red is a fluorogenic dye for the highly selective 
detection of superoxide in the mitochondria of living cells and, 
once targeted to the mitochondria, it is oxidized by superoxide 
and emits red fluorescence. MitoSOX red is readily oxidized 
by superoxide, but not by other ROS‑generating systems. Cell 
fluorescence was measured using fluorescence‑activated cell 
sorting (FACS, BD Biosciences) by counting 10,000 events/min, 
and analyzed using CellQuest software, (version 5.2.1). These 
data are reported as percentages of positive cells, as referred 

at the ‘gate’, which was the sequential identification and 
refinement of the cellular population using MitoSOX red as 
the marker that was visualized by fluorescence as a unique 
emission spectrum.

Measurement of mitochondrial membrane depolarization. 
Mitochondrial membrane depolarization was measured using 
FACS scans and the fluorescent dye tetramethylrhodamine 
methyl ester (TMRE). Due to its positive charge, TMRE 
readily accumulates in active mitochondria in inverse propor-
tion to Δψm according to the Nernst equation. The H9c2 
cells were seeded at 4.0x105 cells/well in 6‑well tissue culture 
plates, and treated as described above. The H9c2 cells were 
then collected, washed twice with phosphate‑buffered saline 
(PBS), and incubated in PBS containing 5 nM TMRE at 37˚C. 
After 30 min, cell fluorescence was evaluated using FACS, and 
analyzed using CellQuest software, version 5.2.1.

Mitochondrial protein extraction and western blot analysis 
for mitochondrial Cx43. The H9c2 cells were seeded at 
1.0x106 cells/well in 100‑mm culture dishes (Corning, Inc.), 
and treated as described above. Mitochondrial protein extrac-
tion was carried out as previously described (9). Briefly, the 
H9c2 cells were lysed in buffer A (250 mM sucrose, 20 mM 
K+ Hepes, pH 7.5, 10 mM KCl, 1.5 mM MgCl2, 1 mM EDTA, 
1 mM EGTA, protease inhibitors, 50 mM NaF, 0.2 mM Na3VO, 
1 mM phenylmethylsulfonyl fluoride, 1 mM dithiothreitol and 
0.025% digitonin). The H9c2 cells were then centrifuged at 
16,000 x g for 2 min at 4˚C. The supernatants were discarded, 
and the pellets were resuspended in lysis buffer B [150 mM 
NaCl, 0.1% Triton‑X, 0.5% sodium deuteroxide, 1% sodium 
dodecyl sulfate (SDS), 50 mM Tris/HCl, pH 7.4; all from 
Sigma‑Aldrich; Merck KGaA], to obtain the mitochondrial 
proteins. Protein concentrations were determined using protein 
assays (Bio‑Rad Laboratories, Inc.). Equal amounts of protein 
were loaded onto an acrylamide gel (50 µg protein/lane), 
and separated by 10% SDS‑PAGE under denaturing condi-
tions. The blots were incubated overnight at 4˚C with the 
primary antibodies as anti‑Cx43 (1:8,000, cat. no. 610062; BD 
Transduction Laboratories) or anti‑TOM20, used as a loading 
control, (1:250, cat. no. sc‑17764; Santa Cruz Biotechnology, 
Inc.). Following incubation with the primary antibodies and 
washing in PBS/0.1% Tween, the appropriate secondary anti-
bodies were added for 1 h at room temperature, as anti‑rabbit or 
anti‑mouse (each diluted 1:4,000, rabbit conjugate horseradish 

Table I. Nucleotide base sequences of primers designed for the RT‑qPCR assays.

Genes	 Forward (5'→3')	 Reverse (5'→3')

ACTB	 GGGAAATCGTGCGTGACATT	 TACCCAGGAAGGAAGGCTGG
CAT	 ACAACTCCCAGAAGCCTAAGAATG	 GGCTTGTGCCCTGCTTCATG
NOS2	 CAAGGTCTACGTTCAAGACAT	 AAAGTGGTAGCCACATCCCG
MnSOD	 ATTAACGCGCAGATCATGCA	 GGCTGAAGAGCAACCTGAGTT
HPRT1	 CAGTCCCAGCGTCGTGATTAGT	 ATCCAGCAGGTCAG

ACTB, actin beta; CAT, catalase; NOS2, nitric oxide synthase 2; MnSOD, manganese superoxide dismutase; HPRT1, hypoxanthine 
phosphoribosyltransferase 1.
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peroxidase, cat. no. GtxRb‑003‑DHRPX and mouse conju-
gate horseradish peroxidase, cat. no. GtxMu‑003‑DHRPX; 
Microtech). Immunoreactive protein bands were detected 
by chemiluminescence using enhanced chemiluminescence 
reagents and blot imaging (LAS 4000; GE Healthcare); 
densitometry was performed using ImageJ, 1.52t (Wayne 
Rasband) To determine the purity of mitochondrial protein 
extraction, western blot analysis was performed for proteins 
expressed only in the mitochondria (Ox‑Phos Complex II; 
Abcam) without including proteins expressed in other cellular 
compartments (e.g., Na+/K+ ATPase; Abcam) (24).

Total protein extraction and western blot analysis. The H9c2 
cells were seeded at 7.0x105 cells/well in 100‑mm culture 
dishes (Corning, Inc.), and treated as described above. Total 
protein was extracted from the cells by freeze/thawing in lysis 
buffer (50 mM NaF, 150 mM NaCl, 50 mM Tris/HCl, pH 7.4, 
1%  Nonidet P40, 1  mM EDTA, 0.2  mM Na3VO4, 1  mM 
phenylmethylsulfonyl fluoride and protease inhibitors; all from 
Sigma‑Aldrich; Merck KGaA). Protein concentrations were 
determined using protein assays (Bio‑Rad Laboratories, Inc.). 
Total cell extracts containing equal amounts of protein (50 µg 
protein/lane) were separated on 10% SDS‑polyacrylamide gels 
under denaturing conditions, and transferred to nitrocellulose 
membranes (Amersham, GE Healthcare) using a semi‑dry 
transfer apparatus (Bio‑Rad Laboratories, Inc.). The blots were 
blocked with 5% non‑fat dry milk powder in PBS for 1 h at 
room temperature. The membranes were then incubated for 
1 h at 4˚C with the primary antibodies, as anti‑procaspase 3, 
anti‑caspase 9, anti‑iKKα (all diluted 1:200; cat. nos. sc‑56052, 
sc‑76548, sc‑7606, Santa Cruz Biotechnology, Inc.), and 
anti‑iNOS (diluted 1:8,000; cat.  no.  sc‑7271, Santa Cruz 
Biotechnology, Inc.). Gapdh (diluted 1:1,000; cat. no. sc‑32233, 
Santa Cruz Biotechnology, Inc.) was used as the loading 
control. After washing in PBS/ 0.1% Tween, the appropriate 
secondary antibodies were added for 1 h at room temperature, 
as anti‑rabbit (diluted 1:5,000; rabbit conjugate horseradish 
peroxidase, cat. no. GtxRb‑003‑DHRPX; Microtech) or 
anti‑mouse (diluted 1:4,000, mouse conjugate horseradish 
peroxidase, cat. no. GtxMu‑033‑DHRPX; Microtech). The 
immunoreactive protein bands were detected using enhanced 
chemiluminescence immunoassay reagents and blot imaging 
(LAS 4000; GE Healthcare), densitometry was performed 
using ImageJ, 1.52t (Wayne Rasband).

Flow cytometric analysis. The H9c2 cells were cultured at 
4.5x105 cells/well in 6‑well plates and allowed to grow for 
24 h. They were then treated as described above to determine 
the CAT, MnSOD, p‑IKB and nitrotyrosine levels. The H9c2 
cells were collected using a scraper, treated with fixing buffer 
(4% formaldehyde, 0.1% NaN3, 2% FBS, in PBS) for 20 min, 
and then permeabilized using a fixation and permeabilization 
buffer (fixing buffer containing 0.1% Triton X) for 30 min. 
Subsequently, these cells were incubated with the anti‑CAT 
(diluted 1:250; cat. no. sc‑271803; Santa Cruz Biotechnology, 
Inc.), anti‑MnSOD (diluted 1:250; cat. no. sc‑137254; Santa 
Cruz Biotechnology, Inc.), anti‑p‑IKB and anti‑nitrotyrosine 
antibodies (both diluted 1:250; cat. no. sc‑137254 and sc‑32757 
respectively; Santa Cruz Biotechnologies) for 1 h at 4˚C, as 
required, followed by the respective anti‑rabbit or anti‑mouse 

FITC antibodies as the secondary antibodies (diluted both 
1:5,000; cat. nos. A120‑208F and A90‑146F, respectively; 
Bethyl Laboratories), for 1 h at 4˚C. The cells were collected 
and analyzed by FACS (FACSscan; BD Biosciences) and the 
data obtained were processed using the CellQuest software, 
version 5.2.1. These data are shown as percentages of positive 
cells.

Analysis of apoptosis. The H9c2  cells were plated at 
4.5x105 cells/well in 6‑well plates and allowed to grow for 
24 h, and then treated as described above. In order to esti-
mate specifically the pro‑apoptotic effect of iNOS and its 
products in Doxo‑treated cells, in other experiments, the H9c2 
cells were treated with L‑NAME (1 µM), a specific iNOS 
inhibitor, administered 30 min prior to Doxo treatment. The 
H9c2 cells were washed twice with PBS, and incubated in 
500 µl 0.1% Triton X‑100, 0.1% sodium citrate, and 50 µg/ml 
propidium iodide, at 4˚C for 30 min in the dark. The prop-
idium‑iodide‑stained cells were analyzed by FACS, using 
CellQuest software, version 5.2.1. These data are expressed as 
the percentages of cells in the hypodiploid region.

Measurement of nitrite/nitrate (NOx) concentrations. NOx 
concentrations provide a surrogate marker for NO generation, 
and this was measured for the cell medium of the H9c2 cells, as 
previously described (25). The cell medium was incubated with 
0.1 U/ml nitrate reductase, 1 mM NADPH, and 50 µM flavin 
adenine dinucleotide, at 37˚C. After 15 min, the samples were 
incubated with 100 U/ml lactate dehydrogenase and 10 mM 
sodium pyruvate, for 5 min. The total NOx concentrations in 
the samples were measured using the Griess reaction, with the 
addition of 100 µl Griess reagent (0.1% naphthyl ethylenedi-
amide dihydrochloride in H2O, 1% sulfanilamide in 5% conc. 
H2PO4; 1:1) to 100 µl samples, carried out in triplicate. The 
optical densities at 550 nm (OD550) were measured in a micro-
plate reader (Titertek; Dasit). Total NOx concentrations (µm) 
were calculated from the standard curve with sodium nitrate.

Statistical analysis. The data are presented as the means ± stan-
dard error of the mean (SEM) for at least 3 independent 
experiments, with each performed in duplicate. The RT‑qPCR 
data are presented as the means ± SD for at least 3 indepen-
dent experiments, each performed in triplicate. Statistical 
analysis was performed using one‑way ANOVA, with multiple 
comparisons using Bonferroni's tests. P<0.05 was considered 
to indicate a statistically significant difference.

Results

Inhibition of Cx43 translocation to the mitochondria alters 
H9c2 cell morphology. Morphological modifications of the 
H9c2 cells treated with Doxo alone, with radicicol alone, 
or both in combination were evaluated using toluidine blue 
staining. As depicted in Fig. 1, the untreated control cells 
exhibited a characteristic spindle shape, with the nuclei 
clearly visible as round and central. There were also a number 
of nucleoli and an abundant cytoplasm component at both 
3 and 6 h of incubation. Treatment with radicicol alone, which 
inhibits Cx43 translocation to the mitochondria, did not alter 
the morphology of these cells at 3 or 6 h of treatment. For the 
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H9c2 cells treated with Doxo for 3 h, the nuclei acquired an 
atypical, wrinkled appearance, and the cytoplasm component 
appeared reduced. These cells lost their cylindrical shape, and 
acquired an irregular shape. Moreover, following 6 h of Doxo 
treatment, nuclear and cytoplasmic involution changes were 
observed. Indeed, the untreated control cells were cylindrical, 
in contact, with roundish nuclei and evident nucleoli and 
abundant cytoplasm component. The treated cells, instead, 
exhibited a thin form, and the nuclei exhibited atypical and 
wrinkled aspects. Radicicol pre‑treatment increased these 
Doxo‑induced morphological changes at both 3 and 6 h of 
treatment.

Inhibition of Cx43 translocation to the mitochondria increases 
the Doxo effects on ROS signaling and cell death. The admin-
istration of 1 µM Doxo for 3 and 6 h induced an increase in 
mitochondrial Cx43 expression, which was inhibited in the 
radicicol pre‑treated cells (Fig. 2A). The inhibition of Cx43 
translocation to the mitochondria was increased significantly 
under Doxo‑induced mitochondrial ROS production and 
mitochondrial membrane depolarization (P<0.05; Fig.  2B 
and C). In particular, ROS formation was determined as the 
mitochondrial superoxide formation with MitoSOX red, which 
once targeted to the mitochondria, was oxidized by superoxide 
and exhibited red fluorescence that was proportional to the 
amount of enzyme present (Fig. 2B). Mitochondrial membrane 
depolarization was measured using FACSscan with the fluo-
rescent dye, TMRE. Due to its relative negative charge, TMRE 
is normally stored in active mitochondria, whereas mitochon-
dria with a decreased membrane potential, and depolarized 
or inactive mitochondria, fail to sequester TMRE (Fig. 2C). 
Aerobic organisms have developed efficient defense systems 
of enzymatic and non‑enzymatic antioxidants to ameliorate 
and cope with injury from oxidative damage and to maintain 
redox homeostasis, such as MnSOD and catalase (26). In the 
present study, to evaluate the effects of Doxo administration on 

MnSOD and catalase, the H9c2 cells were treated as described 
above, and MnSOD and catalase gene and protein expression 
were evaluated by RT‑qPCR and cytofluorimetric techniques, 
respectively.

The enzyme MnSOD belongs to the class of oxidoreduc-
tases, and it catalyzes the dismutation of superoxide anion into 
H2O2 and molecular oxygen, according to the following reac-
tion: 2O2

‑ + 2H+↔ O2 + H2O2. Following treatment with 1 µM 
Doxo for 3 h, a small, and non‑significant increase in MnSOD 
expression was induced, which was not observed after 6 h of 
treatment (Fig. 3A). The cytofluorimetric analysis revealed 
that Doxo treatment significantly increased MnSOD expres-
sion (P<0.05; Fig. 3B), after 6 h of treatment. Furthermore, in 
the H9c2 cells pre‑treated with radicicol, at both experimental 
times, MnSOD expression was higher than that in the cells 
treated with Doxo alone, as well as showing a significant 
increase compared to the untreated control cells (P<0.05; 
Fig. 3B).

In the H9c2 cells treated with Doxo and radicicol, an 
increase in CAT expression was observed after 3 h, and, in 
particular, a significant additive effect (P<0.05) was observed 
following co‑treatment for 3 h. On the contrary, following 
co‑treatment for 6 h, CAT expression was significantly down-
regulated (P<0.005; Fig. 4A). Agarose gel electrophoresis was 
used to monitor the PCR products, which confirmed the data 
obtained (Fig. 4B). The results of FACS analysis supported the 
RT‑qPCR data, with a significant increase observed in CAT 
expression following treatment for 3 and 6 h (P<0.05). Indeed, 
as shown in Fig. 4C, the inhibition of Cx43 translocation to 
the mitochondria significantly increased Doxo‑induced CAT 
expression at 3 h (P<0.05), while no significant differences 
were observed between the cells treated with Doxo alone and 
those treated with Doxo and radicicol for 6 h.

ROS are considered to be responsible for the apoptotic 
effects of Doxo  (14). Indeed, if a large amount of O2

‑ is 
produced within the mitochondria, this cannot pass through 

Figure 1. Effects of treatments with Doxo alone and in combination with radicicol on H9c2 cell morphology. Doxo (1 µM) was administered for 3 and 6 h, and 
where indicated, radicicol (1 µM) was administered 30 min before Doxo. The H9c2 cells were treated with 1% toluidine blue, a basophilic dye, to highlight 
their morphology, and observed under light microscopy (magnification, x20), with representative images shown. Doxo, doxorubicin; Rad, radicicol.
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the mitochondrial membrane, and can thus damage the 
mitochondrial DNA  (27), which then induces the release 
of cytochrome c from the mitochondria (28). In the present 
study, treatment with Doxo induced an increase in the apop-
totic response, significantly (P<0.005) after 6 h of treatment, 
as shown by the hyplodiploid nuclei in Fig. 5A. Indeed, it is 
known that Doxo induces apoptosis through caspase activa-
tion via the mitochondrial pathway in cardiomyocytes (29). In 
the Doxo‑treated cells at both treatment times, western blot 
analysis revealed an increase in caspase 9 expression (Fig. 5B), 
and a concomitant decrease in procaspase 3 levels (Fig. 5C). 
The inhibition of Cx43 translocation to the mitochondria 

promoted by radicicol enhanced all the pro‑apoptotic effects 
induced by Doxo (Fig. 5).

Inhibition of Cx43 translocation to the mitochondria 
increases Doxo‑induced nitrosative stress. Doxo‑derived ROS 
have been reported to activate the NF‑κB signaling pathway, 
which results in an imbalance between the pro‑apoptotic and 
anti‑apoptotic proteins (30). NF‑κB is a key orchestrator of 
inflammation, as it induces expression of the main inflam-
matory cytokines, adhesion molecules, and NO synthase (31). 
Usually, the NF‑κB proteins are bound to and inhibited by 
the IκB proteins. Various external stimuli activate the iKK 

Figure 2. Effects of treatments with Doxo alone and in combination with radicicol on (A) mitochondrial Cx43 expression, (B) mitochondrial ROS produc-
tion, and (C) mitochondrial membrane potential of H9c2 cells. Doxo (1 µM) was administered for 3 and 6 h, and where indicated, radicicol (1 µM) was 
administered 30 min prior to Doxo. (A) Mitochondrial Cx43 expression was detected by western blot analysis. TOM20 protein expression was used as the 
loading control. Inset, top panel, representative western blot for Na+/K+ATPase and Ox‑phos complex II is shown as markers of mitochondria and sarcolemma, 
respectively, to demonstrate the purity of the mitochondrial extracts. (B) Mitochondrial superoxide production evaluated using MitoSOX red in the H9c2 cells 
by flow cytometry, as the percentages of MitoSOX Red‑positive cells. (C) Mitochondrial membrane potential was evaluated by flow cytometry analysis with 
tetramethylrhodamine ethyl ester (TMRE), a cell permeant, positively charged, red‑orange dye that penetrates cells and accumulates in the mitochondria in 
inverse proportion to the membrane potential. A low percentage of TMRE‑positive cells indicates that the TMRE dye was not trapped within the mitochon-
drial membranes, due to its depolarization. Data are the means ± SEM of fluorescence intensity, from at least 3 independent experiments, each performed in 
duplicate. *P<0.05, **P<0.005, ***P<0.001 vs. control; ˚P<0.05, ˚˚P<0.005 vs. cells treated with Doxo under the same conditions (one‑way ANOVA and multiple 
comparisons by Bonferroni's test). Doxo, doxorubicin; Rad, radicicol.
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Figure 3. Effects of treatments with Doxo alone and in combination with radicicol on MnSOD (A) gene and (B) protein expression of the H9c2 cells. Doxo 
(1 µM) was administered for 3 and 6 h, and where indicated, radicicol (1 µM) was administered 30 min prior to Doxo. (A) MnSOD mRNA levels were 
evaluated in the H9c2 cells by RT‑qPCR, with the data normalized to the HPRT1 gene, The data are presented as the means ± SD for at least 3 independent 
experiments, which each performed in triplicate. (B) Superoxide dismutase (MnSOD) levels in the cytosol revealed by flow cytometry of the H9c2 cells. Data 
are the means ± SEM for the percentages of MnSOD‑positive cells, from at least 3 independent experiments, each performed in duplicate. *P<0.05 vs. control; 
(one‑way ANOVA and multiple comparisons by Bonferroni's test). Doxo, doxorubicin; Rad, radicicol.

Figure 4. Effects of treatments with Doxo alone and in combination with radicicol on catalase (A and B) gene and (C) protein expression in the H9c2 cells. 
Doxo (1 µM) was administered for 3 and 6 h, and where indicated, radicicol (1 µM) was administered 30 min prior to Doxo. (A) CAT mRNA levels analyzed 
by RT‑qPCR, with the data normalized to the HPRT1 gene, The data are presented as the means ± SD for at least 3 independent experiments, which each 
performed in triplicate. (B) Representative agarose gel of RT‑qPCR products of the data shown in (A). (C) Catalase levels in the cytosol, using flow cytometry 
for the H9c2 cells. Data are means ± SEM for the percentages of catalase‑positive cells, from at least 3 independent experiments, each performed in duplicate. 
*P<0.05, **P<0.005 vs. control, ˚˚P<0.005 vs. cells treated with Doxo under the same conditions (one‑way ANOVA and multiple comparisons by Bonferroni's 
test). Doxo, doxorubicin; Rad, radicicol.



PECORARO et al:  MITOCHONDRIAL CONNEXIN 43 COUNTERACTS DOXORUBICIN-INDUCED CARDIOTOXICITY1204

complex (such as iKKβ, iKKα and NEMO), which phosphory-
lates the IκB proteins, and thus free NF‑κB to translocate to 
the nucleus (32). In the present study, western blot analysis 
revealed that Doxo treatment significantly enhanced iKKα 

expression (P<0.005; Fig.  6A) at 3  h of treatment, and in 
agreement with the canonical NF‑κB pathway, there was an 
increase in the levels of phosphorylated IKB, as detected by 
flow cytometry (Fig. 6B). The inhibition of Cx43 translocation 

Figure 5. Effects of treatment with Doxo alone and in combination with radicicol on the apoptotic pathway of the H9c2 cells. Doxo (1 µM) was administered for 
3 and 6 h, and where indicated, radicicol (1 µM) was administered 30 min prior to Doxo. (A) The H9c2 cells were stained by propidium iodide and fluorescence 
of individual nuclei was measured by flow cytometry. Data are the means ± SEM for the percentages of hyplodiploid nuclei, from at least 3 independent 
experiments, each performed in duplicate. (B and C) Caspase 9 (B) and procaspase 3 (C) expression detected by western blot analysis, with Gapdh expression 
as the loading control. Insets: Representative western blots. Data are the means ± SEM, from at least 3 independent experiments, each performed in duplicate. 
*P<0.05, **P<0.005, vs. control; ˚P<0.05 and ˚˚P<0.005 vs. cells treated with Doxo under the same conditions (one‑way ANOVA and multiple comparisons by 
Bonferroni's test). Doxo, doxorubicin; Rad, radicicol.



INTERNATIONAL JOURNAL OF MOlecular medicine  46:  1197-1209,  2020 1205

to the mitochondria activated the NF‑κB signaling pathway 
from following 3 h co‑treatment with Doxo (Fig. 6A).

The translocation of NF‑κB to the nucleus induces the tran-
scription of iNOS. Thus, the present study investigated iNOS 
expression in this experimental model. iNOS is not normally 
expressed in cardiomyocytes, but it can be activated under 
intracellular stress conditions. Therefore, due to its genera-
tion of free radicals, iNOS represents an indirect marker of 
intracellular stress. In the present study, indeed, in both the 
untreated control and Doxo‑treated H9c2 cells, there was a low 
iNOS expression, as shown in Fig. 7A. However, following 6 h 
of co‑treatment with Doxo plus radicicol, there was a signifi-
cant increase in iNOS expression (P<0.005). Western blot 
analysis revealed that following 6 h of treatment, there was 
anincrease in iNOS expression in the Doxo‑treated H9c2 cells, 
and a significant (P<0.05) increase in the radicicol‑pre‑treated 
cells (Fig. 7B). The quantitative protein analysis of iNOS by 
western blot analysis confirmed the data from RT‑qPCR.

Nitrite release represents an indirect indicator of NO 
production, and this was measured in the medium of the H9c2 
cells to determine the enzymatic activity of iNOS. However, 
the nitrite levels were not quantifiable under the current exper-
imental conditions (data not shown). As NO rapidly reacts in 
the presence of high O2

‑ levels to form peroxynitrite, which can 
then induce nitration of the aromatic side‑chains of tyrosine 
in proteins, the levels of nitrotyrosine were investigated in 

the H9c2 cells treated as described above. Fig. 7C illustrates 
the data from the cytofluorimetric analysis that revealed an 
increase in nitrotyrosine levels in the Doxo‑treated H9c2 cells. 
Indeed, the inhibition of Cx43 translocation to the mitochon-
dria significantly (P<0.005) enhanced the nitrotyrosine levels 
following 6 h of treatment.

Finally, to determine the contribution of iNOS and its 
products to Doxo‑induced apoptosis, L‑NAME, a specific 
iNOS inhibitor, was used (33). The data obtained by FACS 
indicated that L‑NAME significantly decreased Doxo‑induced 
apoptosis (P<0.05) after 3 h of treatment. The inhibition of 
Cx43 translocation to the mitochondria reduced the protective 
effects of L‑NAME on Doxo‑induced apoptosis, particularly 
after 6 h of treatment (Fig. 7D).

Discussion

The survival of cancer patients has significantly increased over 
the past 20 years. However, to obtain these benefits, a large 
price has to be paid in terms of the side‑effects associated 
with the use of intensive anticancer treatments. In particular, 
chronic cardiotoxicity can compromise the clinical efficacy 
of chemotherapies, which will affect the survival and quality 
of the life of patients, regardless of the oncological prognosis. 
Indeed, cardiotoxicity is the main limitation to the clinical 
use of Doxo. The proposed mechanisms for Doxo‑induced 

Figure 6. Effects of treatment with Doxo alone and in combination with radicicol on NF‑κB activation of the H9c2 cells. Doxo (1 µM) was administered 
for 3 and 6 h, and where ˚ indicated, radicicol (1 µM) was administered 30 min prior to Doxo. (A) iKKα expression was examined by western blot analysis, 
with Gapdh expression as the loading control. Insets: Representative western blots. (B) p‑IKB levels using flow cytometry of the H9c2 cells. Data are the 
means ± SEM for the percentages of pIKB‑positive cells, from at least 3 independent experiments, each performed in duplicate. *P<0.05, **P<0.005 vs. control; 
˚P<0.05 vs. cells treated with Doxo under the same conditions (one‑way ANOVA and multiple comparisons by Bonferroni's test). Doxo, doxorubicin; Rad, 
radicicol.
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Figure 7. Effects of treatment with Doxo alone and in combination with radicicol on iNOS (A) gene and (B) protein expression, and (C) nitrotyrosine formation, 
and with the (D) addition of L‑NAME for apoptosis, of the H9c2 cells. Doxo (1 µM) was administered for 3 or 6 h, and where indicated, radicicol (1 µM) was 
administered 30 min prior to Doxo. (A) iNOS mRNA levels analyzed by RT‑qPCR, with the data normalized to the HPRT1 gene The data are presented as the 
means ± SD for at least 3 independent experiments, which each performed in triplicate. (B) iNOS expression was detected by western blot analysis, with Gapdh 
expression as the loading control. Insets: Representative western blots. (C) Nitrotyrosine levels using flow cytometry of the H9c2 cells. Data are the means ± SEM 
for the percentages of nitrotyrosine‑positive cells, from at least 3 independent experiments, each performed in duplicate. (D) Effects of L‑NAME on apoptosis 
induced under the same conditions. Data are the means ± SEM for the percentages of hypodiploid nuclei, from at least 3 independent experiments, each 
performed in duplicate. *P<0.05, **P<0.005, vs. control; ˚P<0.05 vs. cells treated with Doxo under the same experimental conditions; and #P<0.05 and ##P<0.005, 
for cells co‑treated with Doxo and L‑NAME vs. Doxo (one‑way ANOVA and multiple comparisons by Bonferroni's test). Doxo, doxorubicin; Rad, radicicol.
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cardiotoxicity are complex, and they involve increased 
oxidative/nitrosative stress and the activation of downstream 
effector pathways  (15). As the involvement of Cx43 in 
Doxo‑induced mitochondrial dysfunction and oxidative stress 
was recently demonstrated (9), the present study was designed 
to determine whether mitochondrial Cx43 is also involved 
in Doxo‑induced nitrosative stress. For this purpose, H9c2 
cells were treated with 1 µM Doxo for 3 and 6 h, in both the 
absence and presence of radicicol, an Hsp90 inhibitor. Indeed, 
although it is well known that Hsp90 is involved in a number 
of other cellular processes (22), radicicol is widely used as a 
pharmacological tool to block the Doxo‑induced transloca-
tion of Cx43 to the mitochondria (4,9), just as another Hsp90 
inhibitor has been used to study the role of mitochondrial 
Cx43 in cardioprotection (35).

In a previous study, the authors reported data obtained by 
FACS on the effects of Doxo on mitochondrial ROS production 
and on mitochondrial membrane depolarization (10). These data 
were repeated in the present study as part of the background to the 
present the investigation (as shown in Fig. 2), to confirm that the 
experimental conditions were suitable to reproduce the cardio-
toxic effects of Doxo and its consequences on mitochondrial 
Cx43 expression. The deleterious effects of Doxo on the H9c2 
cells treated for 3 and 6 h were also confirmed using Toluidine 
blue staining. The morphological variations observed following 
these treatments are in agreement with those of another study 
that described atypical and wrinkled aspects of the nuclei of 
the damaged cells (34). Once the increase in intracellular ROS 
was confirmed herein through MitoSox and TMRE analyses, 
the various antioxidant systems that were activated in response 
to this were investigated. Two antioxidant enzymes were evalu-
ated: MnSOD and CAT, which are known to cooperate in the 
defense mechanisms against free radicals. Interesting data 
emerged herein regarding these two enzymes. The expression of 
MnSOD was shown to increase following treatment with Doxo 
for 3 h, which represents the nuclear response that was aimed at 
intensifying the production of MnSOD, to reduce the high ROS 
concentrations detected by the intracellular sensing systems. 
Conversely, following 6 h of Doxo treatment, no changes in 
MnSOD expression were observed. CAT expression analysis 
revealed a similar trend. Indeed, after 3 h of Doxo treatment, the 
expression of CAT was enhanced, with an evident additive effect 
observed with co‑treatment with radicicol, while at 6 h of Doxo 
treatment, it was also diminished. However, the data obtained 
by FACS demonstrated that the expression of both the MnSOD 
and CAT proteins remained high, even in the cells treated with 
Doxo for 6 h.

The apparent contrast between the data obtained by 
FACS on the expression of these enzymes, where there was 
a time‑dependent increase in MnSOD, with the data obtained 
by RT‑qPCR, can be explained by consideration that the 
cellular concentrations of proteins usually correlate with the 
abundances of their corresponding mRNAs, although not 
necessarily strongly. Further data addressing this issue indi-
cate that in almost every organism, the transcript abundance 
only partially predicts the protein levels, which suggests that 
other modes of regulation need to be invoked to explain how 
proteins levels are indeed set within cells (37).

Moreover, as Vogel and Marcotte previously reported (36), 
in mammalian cells, mRNAs are produced at much lower 

rates than the proteins are; similarly, the mRNAs are less 
stable than the proteins. This condition may be complicated 
by the post‑transcriptional mechanisms involved in turning 
mRNAs into proteins. In addition, the data of the present 
study can be explained by the activation of programmed cell 
death, which was strongly initiated following 6 h of Doxo 
treatment, compared with 3 h. Indeed, the activation of the 
apoptotic pathway would inhibit the nuclear response in terms 
of the modulation of gene expression, by shifting the cellular 
energies towards the activation of these ‘controlled’ death 
mechanisms, hence reducing mRNA production.

It is well known that Doxo also induces the NF‑κB 
signaling pathway  (37). The data of the present study 
demonstrated that Doxo induced an increase in iKKα and 
p‑IKB expression, thus indicating the activation of NF‑κB 
in the current experimental model. This activation of NF‑κB 
results in an increase in iNOS gene and protein expression. 
Nitrite and nitrate release into the medium of these treated 
H9c2 cells as indicators of NO production was not evaluable 
herein, although elevated levels of nitrotyrosine were shown. 
Indeed, in agreement with previous reports, it was found that 
the NO produced by iNOS will rapidly react with H2O2 or 
O2

‑ generated by the mitochondria, to form the highly reactive 
and harmful peroxynitrite (21,38), which then finally induces 
nitrotyrosine formation (28,39). Furthermore, and for the first 
time, to the best of our knowledge, it was demonstrated herein 
that the inhibition of Cx43 translocation to the mitochondria, 
and the consequent increase in mitochondrial superoxide 
release, significantly increases the deleterious effects of 
Doxo‑induced iNOS overexpression. Indeed, the inhibition of 
iNOS alone in the presence of L‑NAME did not completely 
block Doxo‑induced apoptosis.

In conclusion, the present study supports the concept that 
Doxo induces both oxidative and nitrosative stress, and that 
these are closely related to each other. However, the present 
study we focused mainly on the role of the mitochondria. It was 
hypothesized that mitochondrial damage appears at an earlier 
stage, as indicated by the compensatory mechanisms imple-
mented by the cells (e.g., mitoCx43 overexpression, increased 
MnSOD and CAT gene expression). However, if the increase 
in mitochondrial ROS production cannot be counteracted, this 
will also amplify the damage produced by activation of the 
NF‑κB‑mediated pathway. This is in agreement with the findings 
of previous studies that have reported that mitochondrial super-
oxide generation occurs within minutes of Doxo administration, 
whereas cell death becomes evident only at a later stage, when 
significant amounts of peroxynitrite have been generated (15). 
Indeed, the present study demonstrated that the mechanisms 
that further increase the mitochondrial superoxide generation 
(e.g., the inhibition of Cx43 translocation to the mitochondria) 
can significantly accelerate the occurrence of cell death.

Further studies are scheduled to determine whether the 
oxidative stress observed in cells in which Cx43 transloca-
tion to the mitochondria is blocked can be rescued using 
antioxidants, as the protective effects of antioxidants against 
Doxo‑induced toxicity have been reported (40).
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