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Abstract. Nuclear factor κB (NF-κB) is activated by a wide 
range of inducers and is able to mediate gene transcription. We 
investigated the role of NF-κB in adriamycin-induced myocar-
dial injury in rats and its mechanism of action. A total of 30 
male Wistar rats were randomly divided into 3 groups: control, 
anthracycline antibiotic adriamycin (ADR) and ADR + pyrro-
lidine dithiocarbamate (PDTC). Myocardial apoptosis was 
detected by TUNEL assay; myocardium p53 gene expression 
was examined by RT-PCR analysis; location and distribution 
of p53 was observed by immunohistochemical assay; myocar-
dial expression of p53 protein was assessed by Western blot 
analysis and activity of NF-κB was evaluated by electropho-
retic mobility shift assay. The binding activity of NF-κB, 
myocardial apoptotic index and expression of p53 increased 
significantly in the ADR groups. All of these changes induced 
by ADR were inhibited by PDTC. It was concluded that NF-κB 
activation may be pro-apoptotic through regulation of the 
expression of p53 in adriamycin-induced myocardial injury.

Introduction

The anthracycline antibiotic adriamycin (ADR) is one of the 
most effective and useful antineoplastic agents for the treat-
ment of hematological, as well as solid, malignancies (1,2). 
However, its major adverse side effect is the frequent onset 
of acute and chronic myocardial injury (3,4). Recent studies 
have shown that acute doxorubicin cardiotoxicity involved 
cardiomyocyte apoptosis (5). Several investigators have 
aimed to understand the signaling pathways responsible for 
ADR-induced apoptosis (6,7). One of the major signaling 

pathways is the nuclear transcription factor nuclear factor κB 
(NF-κB).

NF-κB was first found in the nucleus of B-lymphocytes 
as a transcription factor that binds to an enhancer of the 
immunoglobulin κ-light chain gene. Since then, NF-κB has 
been identified in numerous cells and is found to be activated 
by a wide range of inducers, including cytokines, ultraviolet 
irradiation and chemotherapeutic agents, while pyrrolidine 
dithiocarbamate (PDTC) was found to selectively inhibit 
NF-κB activation (8). In quiescent cells, NF-κB is maintained 
as an inactive form in the cytoplasm where it is bound to IκB 
inhibitor proteins, which prevent NF-κB from entering the 
nuclei. Upon cellular activation by extracellular stimuli, IκB 
is phosphorylated and proteolytically degraded by proteases. 
This proteolytic process causes the release and translocation 
of the NF-κB complex into the nucleus, where it mediates gene 
transcription by binding to specific sequences in the promoter 
regions of its target genes. Products of these target genes 
initiate or regulate the inflammatory response, apoptosis and 
carcinogenesis. NF-κB has been shown to promote or inhibit 
programmed cell death (9,10). The opposing effects of NF-κB 
are thought to be dependent on cell type and/or on the nature 
of stimuli. Moreover, different activation pathways of NF-κB 
may mediate the expression of various proteins that promote or 
inhibit apoptosis. It remains unclear as to whether NF-κB plays 
an essential role in ADR-induced myocardial injury.

Apoptosis-related genes govern commitment of apoptosis 
(e.g. Fas, c-myc, p53, TRAF2, IAP and Bcl-2). p53 plays an 
essential role in the cellular response to DNA damage by 
managing a cell cycle checkpoint that is critical for preserving 
the integrity of the genome. p53 levels increase in cells exposed 
to DNA damaging agents including UV light, anticancer drugs 
and γ-irradiation.

In the present study, we investigated the role of NF-κB 
in adriamycin-induced myocardial injury in rats. Our results 
provide evidence that NF-κB activation is pro-apoptotic 
through regulating the expression of p53 in adriamycin-induced 
myocardial injury.

Materials and methods

Animals. Adult, male Wistar rats weighing 150-170 g (total 
n=30) were purchased from the Central Animal Laboratory, 
The Second Affiliated Hospital of Harbin Medical University, 
China. The Wistar rats were randomly divided into 3 groups: 
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control (n=10), ADR (10 mg/kg, n=10) and ADR + PDTC 
(100 mg/kg, n=10). The rats had free access to standard rodent 
chow and water, and 10 mg/kg of ADR (Wanle Co., Ltd., 
Shenzhen, China) was administered by intraperitoneal (i.p.) 
administration in the ADR group. Instead of ADR, the same 
volume of physiological saline was injected into the control 
rats. Rats in the ADR + PDTC group were injected with 
100 mg/kg PDTC (Sigma, St. Louis, MO, USA) i.p. 1 h prior 
to administration of ADR 10 mg/kg. Rats were sacrificed by 
exsanguination 48 h following the beginning of administration 
of ADR or saline.

Electrophoretic mobility shift assay. Nuclear extract was 
prepared according to the manufacturer's instructions 
included in the Nuclear Extract kit (Active Motif Co., 
USA). To detect NF-κB binding activity, the LightShift® 
Chemiluminescent EMSA kit (20148; Pierce Co., USA) was 
used. A double-stranded oligonucleotide with the sequence 
5'-AGTTGAGGGGACTTTCCCAGGC-3'; 3'-TCAACT 
CCCCTGAAAGGGTCCG-5' that was end-labeled with 
digoxin was obtained from Shanghai Shenggong Co. (China). 
Gel Shift Assay was carried out according to the Gel Shift 
Assay Systems protocol (Pierce Co.).

In situ terminal deoxynucleotidyl transferase assay (TUNEL 
method). The fragmented DNA on the 3-mm sections was 
labeled with the ApopTag apoptosis detection kit (Roche, 
USA). Briefly, following pretreatment with proteinase K, 
paraffin-fixed slides were incubated with the reaction mixture 
containing working solution of TdT and digoxigenin-conju-
gated dUTP for 1 h at 37˚C. Labeled DNA was detected by 
peroxidase-conjugated anti-digoxigenin conjugate antibody. 
The bound complex was stained with a DAB-based substrate. 
To quantitate the degree of apoptosis, apoptotic cells were 
counted by three independent observers blinded to the experi-
mental protocol. The apoptotic index was expressed as the 
percentage of the total number of myocardial cells.

Reverse transcription-polymerase chain reaction analysis. 
Total RNA was extracted from fresh-frozen myocardium using 
the TRIzol reagent (Invitrogen, CA, USA). Complementary 
DNA (cDNA) was synthesized according to the manufac-
turer's instructions provided in the Reverse Transcription 
kit (Promega, Madison, WI, USA), and then cDNA was 
amplified with a Multiplex PCR kit (Takara, Japan) with the 
following primers: β-actin, sense: 5'-gcccctgaggagcaccctgt-3'; 
antisense: 5'-acgctcggtcaggatcttca-3' (300 bp prod-
ucts); p53, sense: 5'-attctgcccaccacagcgac-3'; antisense: 
5'-ccgtcaccatcagagcaacg-3' (464 bp products). Cycling param-
eters were as follows: A total of 30 sec for annealing at 56˚C 
and PCR amplification for 30 cycles. PCR products (8 µl) were 
analyzed by electrophoresis on a 1.5% agarose gel. Further 
semiquantity of PCR product was determined by Kodak 
2.0 software.

Immunohistochemical assay. Paraffin sections of the heart 
were deparaffinized, and endogenous peroxidase activity was 
inactivated with 3% H2O2 for 10 min. The primary antibody 
(rabbit anti-rat p53, Santa Cruz Biotechnology, CA, USA) or 
normal blocking serum was added and incubated overnight. 

Biotin-conjugated goat anti-rabbit immunoglobulin G (IgG) 
was used as the secondary antibody and incubated for 30 min. 
An avidin-biotin enzyme reagent was sequentially added and 
incubated for 20 min. A peroxidase substrate was added and 
incubated until the desired stain intensity developed. Finally, 
cover sections with a glass coverslip were observed by light 
microscopy.

Western blot analysis. Proteins were extracted from 
fresh-frozen left ventricle myocardium. Heart tissues were 
homogenized and then lysed in a lysis buffer (0.5% Nonidet 
P-40, 10 mM Tris-HCl (pH 7.5), 150 mM NaCl, 1 mM phenyl-
methylsulfonyl fluoride and 5 mM aprotinin) for 1 h at 4˚C. 
Protein extract (100 ng/lane) was run on a 10% SDS-PAGE gel, 
and then transferred to a nitrocellulose membrane (Shanghai 
Huashun Co., China). The membrane was incubated with poly-
clonal rabbit anti-rat p53 antibody (Santa Cruz Biotechnology), 
diluted at 1:1000 and visualized by the ProtoBlot®II AP system 
(Promega).

Results

Electrophoretic mobility shift assay of NF-κB activation. The 
activation of NF-κB was measured in terms of its DNA-binding 
activity. The NF-κB activation in the nuclear extracts was 
examined by EMSA. As shown in Fig. 1, ADR treatment 
induced activation of NF-κB. To further investigate the change 
of NF-κB in ADR-induced myocardium injury, we used a 
NF-κB nonspecific inhibitor, PDTC. Rats were injected with 
PDTC and then treated with ADR. Pre-treatment with PDTC 
reversed the NF-κB DNA-binding activity induced by ADR 
(Fig. 1). These findings suggest that ADR induces an increase 
in NF-κB activation and that PDTC inhibits ADR-induced 
NF-κB activation in rat hearts.

TUNEL assay for apoptosis. In general, cells undergoing 
apoptosis display a characteristic pattern of structural 
changes in the nucleus and cytoplasm, including rapid bleb-
bing of plasma membrane and nuclear disintegration. The 
nuclear collapse is associated with extensive damage to 
chromatin and DNA-cleavage into oligonucleosomal length 

Figure 1. EMSA assay for nuclear factor κB (NF-κB) activation in the rat 
hearts. Lane 1, control group; lane 2, ADR group (10 mg/kg); lane 3, anthra-
cycline antibiotic adriamycin (ADR) + pyrrolidine dithiocarbamate (PDTC) 
group (100 mg/kg).
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DNA fragments. TUNEL methods were used to detect and 
quantify myocardial apoptosis in all experimental rat hearts, 
based on the labeling of DNA strand breaks. TUNEL-positive 
apoptotic cells were a very rare event in the control animals 
(Fig. 2). In response to ADR, induction of apoptotic cells was 
observed in rat hearts. To investigate the role of NF-κB in 
ADR-induced myocardial apoptosis, rats were injected with 
PDTC prior to ADR treatment. Pre-treatment with PDTC 
significantly inhibited the myocardium apoptosis induced by 
ADR. Meanwhile, these TUNEL-positive cells were mainly 
scattered under the epicardium.

Expression of the p53 gene. To determine the ability of 
NF-κB to regulate the expression of the p53 gene in the heart, 
changes in the expression of p53 mRNA in heart tissues were 
monitored by RT-PCR method. We quantified p53 bands by 

densitometry and normalized these to their corresponding 
β-actin bands. As shown in Fig. 3, ADR treatment was associ-
ated with an increase in p53 mRNA levels compared with the 
control group. A semi-quantitative study disclosed that ADR 
increased the p53:β-actin ratio. Increases in p53 mRNA levels 
following ADR challenge were prevented by PDTC treatment. 
A semi-quantitative study revealed that PDTC suppressed 
ADR-induced increases in the p53:β-actin ratio.

Location and distribution of the p53 protein. Immuno-
histochemistry was performed to determine the histological 
localization of p53 in the rat hearts. A control specimen 
revealed the trivial immunoreactivity for p53 (Fig. 4). By 
contrast, there was a dramatic increase in staining for p53 

Figure 2. Myocardial apoptosis of rats. (A and D) Control group, (B and E)
anthracycline antibiotic adriamycin (ADR) group (10 mg/kg) and 
(C and F) ADR + pyrrolidine dithiocarbamate (PDTC) group (100 mg/kg). 
(A-C) Representative images of TUNEL assay in the sections of cardiac tissue 
(magnification, x10). (D-F) Representative images of TUNEL assay in the 
sections of cardiac tissue at high magnification (x40) of A-C, respectively.

Figure 4. p53 immunohistochemistry of heart tissue in the rat groups. 
(A and D) Control group, (B and E) anthracycline antibiotic adriamycin 
(ADR) group (10 mg/kg) and (C and F) ADR + pyrrolidine dithiocarbamate 
(PDTC) group (100 mg/kg). (A-C) Representative images of TUNEL assay 
in the sections of cardiac tissue (magnification, x10). (D-F) Representative 
images of TUNEL assay in sections of cardiac tissue at high magnification 
(x40) of A-C, respectively.

Figure 5. Western blot assay of the expression of (A) p53 and (B) β-actin 
proteins. M, marker; lane 1, control group; lane 2, anthracycline antibiotic 
adriamycin (ADR) group (10 mg/kg); lane 3, ADR + pyrrolidine dithiocarba-
mate (PDTC) group (100 mg/kg).

Figure 3. RT-PCR assay for the expression of p53 and β-actin mRNA extracted 
from rat hearts. M, marker; lane 1, control group; lane 2, anthracycline 
antibiotic adriamycin (ADR) group (10 mg/kg); lane 3, ADR + pyrrolidine 
dithiocarbamate (PDTC) group (100 mg/kg).
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and this was localized predominantly under the epicardial 
surface. p53 was slightly stained in the myocardium in the 
PDTC + ADR group.

Expression of the p53 protein. To determine the level of p53 
induction in myocardium, the Western blot and semi-quantitative 
analyses using the NIH Image system for p53 were performed. 
The Western blotting with anti-rat p53 antibody revealed that 
levels of p53 were higher in the rats injected with ADR compared 
to the rats with physiological saline alone (Fig. 5). Pre-treatment 
with PDTC suppressed the expression of the p53 protein.

Discussion

In the present study, we determined a significant induc-
tion of myocardial apoptosis and NF-κB activation in the 
early phase following ADR administration in rats. PDTC 
as an inhibitor of NF-κB inhibited NF-κB activation and 
myocardial apoptosis. Activation of NF-κB mediated 
expression and translation of apoptosis-related gene, p53. 
These findings strongly suggest that NF-κB activation is 
pro-apoptotic through regulating the expression of p53 in 
adriamycin-induced myocardial injury.

The anthracycline antibiotic, ADR, is one of the most 
effective and useful antineoplastic agents for the treatment of 
hematological, as well as solid, malignancies (1,2). However, 
its practical therapeutic use is sometimes limited by the not 
infrequent induction of acute cardiotoxicity (3,4). Previous 
studies regarding the mechanisms of ADR cardiotoxicity have 
reported that the formation of free reactive oxygen radicals 
(11,12), release of cardiotoxic cytokines (13,14), cytoskeletal 
changes (15) and intracellular calcium overload (16,17) may be 
involved in the mechanisms of ADR cardiotoxicity. Recently, 
evidence has accumulated to suggest that apoptotic mecha-
nisms are involved in acute and chronic myocyte loss in various 
heart disorders (18,19). In this study, data revealed that acute 
ADR administration induces myocardial apoptosis in vivo. 
These results are in accordance with other studies (5). Several 
investigators have made efforts to understand the signaling 
pathways responsible for ADR-induced apoptosis (6,7). One of 
the major signaling pathways is NF-κB. Our results revealed 
that acute ADR administration induces NF-κB activation.

NF-κB has been reported to be involved in the regula-
tion of ADR-induced apoptosis in various carcinomas, 
including T-cell lymphoma (20), melanoma (21), pancre-
atic (22), bladder (23) and breast cancer (24). Activation of 
NF-κB induced by ADR in tumor cells results in resistance 
to apoptosis. The present data provide evidence that NF-κB 
activation promotes ADR-induced apoptosis in the myocar-
dium. Inhibition of NF-κB by PDTC was shown to inhibit 
ADR-induced myocardial apoptosis. Therefore, our data 
suggest that NF-κB activation is pro-apoptotic in adriamycin-
induced myocardial injury.

It appears that the role of NF-κB in apoptosis is quite 
complex and dependent on cell type and/or the nature of 
stimuli. Moreover, different activation pathways of NF-κB 
may mediate the expression of various proteins that promote 
or inhibit apoptosis. Several genes that may play a role in 
promoting apoptosis and whose expression is regulated 
by NF-κB have been identified, including Fas ligand (25), 

Fas (26) and c-Myc (27). Here, we reported that ADR is a 
potent inducer of p53 and NF-κB transcription factors in the 
myocardium in a dose-related manner. Pre-treatment of rats 
with PDTC inhibited p53 expression and NF-κB activation 
induced by ADR. Therefore, our data suggest that the pro-
apoptotic role of NF-κB might be due to its direct regulation 
of p53, which is critical in mediating apoptotic signaling. 
Another proposed mechanism is that NF-κB down-regulates 
the expression of certain anti-apoptotic genes, for example 
Bcl-2 (28). In addition, the role of NF-κB in managing the 
cell cycle could also be a mechanism for its pro-apoptotic 
effect (24).

In conclusion, the present study indicates that NF-κB 
activation is pro-apoptotic via regulation of the expression of 
p53 in adriamycin-induced myocardial injury. Regulation and 
control of NF-κB activation may be a powerful therapeutic 
strategy for reducing ADR-induced myocardial damage. In 
addition, controlled regulation of NF-κB activation possibly 
increases the sensitivity of tumor cells to antitumor therapy. 
However, intense research is required to further elucidate the 
role and function of this important nuclear factor in health and 
pathogenesis.
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