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a b s t r a c t

We had reported that increased levels of endogenous ghrelin during the progression of doxorubicin-
induced cardiomyopathy and heart failure might provide a compensatory self-protective effect. We
investigated which pathway(s) produced these protective effects in vitro. Primary cultured cardiomy-
ocytes were induced with doxorubicin in the presence or absence of ghrelin or a tumor necrosis
factor-alpha (TNF-alpha) antagonist (etanercept). Ghrelin up-regulated TNF-alpha in a time- and dose-
dependent manner. It significantly reduced cell apoptosis and markers of oxidative stress, such as
malondialdehyde (MDA) content and lactate dehydrogenase (LDH) activity; it also increased anti-oxidative
enzyme activity such as superoxide dismutase (MnSOD) and catalase (CAT), retained mitochondrial mem-
brane potential and energy metabolism compared with doxorubicin alone. Moreover, ghrelin increased
mitochondrial anti-apoptosis related gene protein expression such as bcl-2 and MnSOD, reduced cyto-
plasmic cytochrome C (Cyt C) release and strengthened the activation of NF-�B. All these effects were
abrogated by etanercept. This suggests ghrelin affects the TNF-alpha/NF-�B activation pathways, up-
regulating TNF-alpha, to produce anti-oxidative and anti-apoptotic effects that protected cardiomyocytes
from doxorubicin-induced cytotoxicity.

© 2008 Elsevier Ireland Ltd. All rights reserved.

Adriamycin-induced cardiomyopathy (AIC) and heart failure
is an important clinical problem (Wouters et al., 2005). Ghre-
lin, a new brain-gut peptide, is found mainly in the stomach and
hypothalamus, where it regulates energy balance and body weight
homeostasis (Kojima et al., 1999; Van der Lely et al., 2004). How-
ever, it is also synthesized and secreted by isolated murine and
human cardiomyocytes in a paracrine/autocrine fashion and is
involved in cardioprotection (Iglesias et al., 2004). Ghrelin can
protect against heart failure and cachexia through multiple mech-
anisms, such as improved cardiac function and energy metabolism
(Nagaya and Kangawa, 2003; Garcı́a and Korbonits, 2006; Xu et al.,
2007). Studies also indicate that ghrelin and des-acyl ghrelin treat-
ment can inhibit doxorubicin-induced cell death and apoptosis in
H9c2 cardiomyocytes (Baldanzi et al., 2002).

TNF-alpha is an important pro-inflammatory cytokine and
apoptosis inducer. It is up-regulated in patients with congestive
heart failure, particularly those with cardiac cachexia (Levine et al.,
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1990; Murray and Freeman, 2003). Although the first results from
human therapeutic studies with the TNF-alpha antagonist etaner-
cept and the anti-TNF-alpha antibody infliximab were promising
(Fichtlscherer et al., 2001; Bozkurt et al., 2001), these drugs did not
improve heart function parameters and body composition in large
studies (Chung et al., 2003; Mann et al., 2004). Moreover, research
shows that up-regulation of cytokines such as TNF-alpha is not
involved in AIC—in fact, heart failure may be worsened by down-
regulation of myocardial TNF-alpha (Lou et al., 2004). It appears
that endogenous TNF-alpha production exerts a protective effect
at the intracellular level against doxorubicin-induced cytotoxicity.
It does this by up-regulating mitochondrial MnSOD, which is the
main anti-oxidative enzyme, via NF-�B activation (Watanabe et
al., 1996). How TNF-alpha is down-regulated in AIC needs further
investigation.

In this in vitro study we examined the protective role
of ghrelin in doxorubicin-induced cardiotoxicity. Specifically,
we looked at whether up-regulation of TNF-alpha by ghrelin
contributed to ghrelin’s protective effects, such as antioxi-
dation and mitochondrial anti-apoptosis related gene protein
expression.

0300-483X/$ – see front matter © 2008 Elsevier Ireland Ltd. All rights reserved.
doi:10.1016/j.tox.2008.02.018
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1. Materials and methods

1.1. Materials

Sera and media (GIBCO, U.S.A.); ghrelin peptide (Pheonix Co., U.S.A.); dox-
orubicin (Wanle Pharma Co., Shenzhen, China); MTT assay kit (Sigma, U.S.A.);
nucleotides standards for HPLC (Amresco, U.S.A.) Mitochondria/Cytosol Fraction-
ation Kit (BioVison Co., U.S.A.); other chemicals (from commercial suppliers unless
otherwise stated).

1.2. Primary cardiomyocytes culture

One-to-three-day old Wistar rats were sterilized and sacrificed in accor-
dance with Chinese Council on Animal Care guidelines. The beating heart was
immediately surgically removed, kept in cold Hanks buffer, washed, and minced
with fine scissors into 1–3 mm3 pieces. The minced tissue was transferred to a
40 ml flask containing trypsin (0.08%, 0.5 ml per rat). The flask was settled on
ice for 20 min for preconditioning, as previously described (Harary and Farley,
1960; Fu et al., 2006), and the cardiomyocytes were isolated by serial enzy-
matic digestion and centrifugation. Finally, the harvested cells were incubated in
flasks at 37 ◦C in a humidified atmosphere (5% CO2, 95% air) to allow the attach-
ment of non-myocardiocytes. The majority of myocardiocytes remained in culture
medium, which were then collected and plated at a density of 5× 105 ml−1 into
a new culture flask or plate. 5-Bromo-2′-deoxyuridine (BrdU, 0.1 mmol/l) was
added to the culture medium for the first 48 h to prevent proliferation of non-
myocardiocytes. At the 6th days cells were exposure in serum-free conditions with
or without ghrelin and with or without etanercept for indicated experimental
time.

1.3. Detection of TNF-alpha in medium by ELISA

The cardiomyocytes (5 × 105 cells/well) were treated with 0.1–1 �M doxorubicin
in the presence or absence of 10−9 to 10−6 M ghrelin for 1, 4, 8, or 16 h. The culture
media were collected and centrifuged (1000 rpm) at 4 ◦C for 5 min, and the super-
natant was collected. Quantitative levels of TNF-alpha in the culture media were
obtained according to the manufacture’s instruction (ELISA Kit, Jingmei Biotech,
China). As previously described (El Eter et al., 2007), the second antibodies were
conjugated to streptavidin peroxidase. The optical density was measured by using
an automatic plate reader (Spectra Image; Tecan) at 450 nm, and values obtained
from standard curves generated with the limits of detection of 7 pg/ml (n = 8 in each
group).

1.4. Cell viability and apoptosis assay

Cell viability was assessed using MTT (3-[4,5-dimethylthiazol-2-yl]-2,5-
diphenyltetrazolium bromide) with a method described previously (Baldanzi et al.,
2002). MTT is absorbed into cells and transformed into formazan by mitochondrial
succinate dehydrogenase. Formazan accumulation directly reflects mitochondrial
activity, which is an indirect measure of cell viability. Cells (5× 104 cells/well) were
seeded on 96-well plates. After treatment with doxorubicin in the presence or
absence of ghrelin or etanercept for 16 h, the cells were incubated with 0.5 mg/ml
MTT for 30 min at 37 ◦C. The medium was aspirated, and the formazan prod-
uct solubilized with 100 �l DMSO. Viability was assessed at 570 nm absorbance
using an ELISA plate reader, and values were normalized to OD values for an iden-
tical condition with no cells. Results were expressed as percentages of control
group.

The cells (5 × 105 ml−1) seeded on 6-well plates were harvested after treat-
ment. Apoptotic cells can be recognized and distinguished from necrotic cells
using flow cytometric analysis of the cellular DNA (Nicoletti et al., 1991). The
percentage of apoptotic cells was determined from a DNA histogram as the ratio
of the hypo-diploid cell population (the sub-G1 peak) to the total number of
cells.

1.5. Determination of oxidative stress and cell damage state

After 4 h treatment, cytotoxicity induced by doxorubicin was reflected by
spectrophotometric measurement of MDA content and LDH activity in the
medium. Briefly, the content of MDA, served as an indicator of lipid peroxi-
dation (LPO), was determined using the thiobarbituric acid (TBA) method as
we described previously (Xu et al., 2007). LDH activity in the supernatant was
determined by measuring absorbance at 340 nm by the method of Kornberg
(1955). Antioxidant enzymes SOD in the medium was measured based on the
inhibition of the autoxidation of pyrogallol as we described (Xu et al., 2007).
CAT activity was determined by measuring the rate of decomposition of H2O2

by the method of Aebi (1974). Both enzymes activities were measured using
Biochemical Analysis Kit (Jiancheng Biotechnology Co., Nanjin, China), respec-
tively.

Determination of intracellular adenine nucleotides content. Using a previously
described method (Fürst and Hallström, 1992; Xu et al., 2007), the presence of ade-
nine nucleotides was determined. After removal from the culture medium, the cells

were rapidly digested, collected in iced PBS, and centrifuged (1000 rpm). The cell
pellet was immediately homogenized with 0.5 ml of 0.5 mol/l perchloric acid in
a pre-cooled mill. After thawing on ice and centrifugation (10,000 rpm) at 2 ◦C,
the supernatant was neutralized with 0.5 M potassium hydroxide. HPLC (Agilent
chemstation for LC, Germany) separation was carried out using a BDS C-18 (2)
5 �m column (300 mm × 4.6 mm; Hypersil, U.S.A.) with a stainless-steel frit filter
(2 �m). Detector signals (absorbance at 254 nm for ATP, ADP, and AMP) were calcu-
lated with a computer; LC/MS System (Agilent) was used for data requisition and
analysis.

Assay of mitochondrial membrane potential (�� m) change and cellular NF-
�B translocation. JC-1 easily penetrates cells and healthy mitochondria. A green
fluorescent JC-1 probe exists as a monomer at low membrane potentials; how-
ever, at higher potentials, JC-1 forms red-fluorescent ‘J-aggregates.’ The ratio of
red/green JC-1 fluorescence is dependent only on the mitochondrial membrane
potential and not on other factors that may influence single-component fluo-
rescence signals, such as mitochondrial size, shape, and density (Reers et al.,
1991; Alexandratou et al., 2005). Briefly, after treatment, the cells were incu-
bated at 37 ◦C for 1 h with 5 mg/l JC-1 (Beyotime Biotech, Nantong, China), then
washed twice with PBS and placed in fresh medium without serum. Lastly, images
were viewed and scanned by confocal laser microscope (Fluoview, Olympus,
Japan) at 490 excitation and 530 emission for green, and at 540 excitation and
590 emission for red. The ratios of red/green fluorescent densities were calcu-
lated.

The cells were immunofluorescence-labeled according to the manufacturer’s
instruction using a Cellular NF-�B Translocation Kit (Beyotime Biotech) by the
method of Musa et al. (2006). Briefly, after washing and fixing, cells were incu-
bated with a blocking buffer for 1 h to suppress non-specific binding. Next, cells
were incubated with the primary NF-�B p65 antibody for 1 h, followed by incuba-
tion with a Cy3-conjugated secondary antibody for 1 h, then with DAPI for 5 min
before observation. p65 protein and nuclei fluoresce red and blue, respectively,
and can be simultaneously viewed by laser confocal microscope at an excitation
wavelength of 350 nm for DAPI and 540 nm for Cy3. To create a two-color image,
the red and blue images were overlaid, producing purple fluorescence in areas of
co-localization.

1.6. RT-PCR for TNF-alpha, MnSOD, and bcl-2 mRNA

As previously described (Wu et al., 2002), total RNA was isolated using
TRIzol reagent (Sigma) and 2 �g total RNA was back-transcribed into cDNA
using a RETRO-script Kit (Promega, U.S.A.). The primers of bcl-xl/xs, bcl-
2, MnSOD, TNF-alpha, and beta-actin were designed as follows: bcl-xl/xs
sense: AAAATGTCTCAGAGCAACCGG and anti-sense: TCACTTCCGACTGAAGAGTGA
(705 bp), TNF-alpha sense: TACTGAACTTCGGGGTGATTGGTCC and anti-sense: CAGC-
CTTGTCCCTTGAAGAGAACC (295 bp), MnSOD sense: CGCCTCAGCAATGTTGTGTC
and anti-sense: ATAGCCTCCAGCAACTCTCC (372 bp), bcl-2 sense: GTATGATAAC-
CGGGAGATCG and anti-sense: GTATGCACCCAGAGTGATG (654 bp), �-actin sense:
GCTACAGCTTCACCACCACA and anti-sense: TAGAGCCACCAATCCACACA (444 bp).
The PCR amplification protocol accompanying the RT-PCR Kit (Promega) was fol-
lowed. Next, 6 �l of the final reaction product was separated by electrophoresis in a
1.5% agarose gel. The bands were visualized and quantified (Bio-Rad), using �-actin
as control.

1.7. Western blots

Cells were collected and homogenized according to the manufacturer’s instruc-
tions using the Mitochondria/Cytoplasm Protein Extraction Kit (BioVison Co.).
Briefly, cell lysates were centrifuged at 10,000 × g for 30 min, and then the super-
natants (as cytoplasmic protein) and the pellet (as mitochondrial protein) were
stored at −80 ◦C until use. The isolated protein amount of the samples was mea-
sured with a Bio-Rad protein assay using bovine serum albumin as a standard, and
lysates (30 �g per lane) were analyzed by SDS-12% polyacrylamide gel and trans-
ferred to nitrocellulose paper (pore size: 0.2 �m, AMC Co.). The membranes were
immunoblotted with anti-rat MnSOD antibody and anti-Cyt C antibody (Chemi-
con, U.S.A.), anti-rat COX-IV antibody (Cellsignal, U.S.A.), and anti-rat actin antibody
(Beyotime Biotech), followed by the addition of horseradish peroxidase-conjugated
secondary antibody. After the final wash, the membranes were probed using ECL
(Beyotime Biotech) and autoradiographed by the method of Zhao (Zhao et al.,
2007). The intensity of the bands was determined using densitometric analy-
sis.

1.8. Statistical analysis

Results are shown as means ± S.D. for at least three independent experiments.
Data were analyzed using SPSS version 11.0 (SPSS Inc., Chicago, IL). Statistical signif-
icance was estimated by one-way ANOVA followed by the Student–Newman–Keuls
test for comparison of two groups. A P value <0.05 was considered statistically
significant.
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Fig. 1. Ghrelin inhibited doxorubicin-induced decreased TNF-alpha production. Neonatal rat cardiocytes (5× 105 cells/well) were plated onto 24-well plates and exposed to
0.1–1 �M doxorubicin (Adr) in the presence or absence of 10−9 to 10−6 M ghrelin (Ghr) for 1, 4, 8, and 16 h; Next, TNF-alpha in the medium was measured by ELISA. The data
represent means ± S.D. of three independent experiments. *P < 0.05, **P < 0.01 compared with control at each time point; �P < 0.05, ��P < 0.01 compared with 1Adr group at
each time point.

2. Results and discussion

2.1. Ghrelin prevents the decrease of TNF-alpha in
cardiomyocytes induced by doxorubicin

The pathophysiology of doxorubicin-induced cardiotoxicity
is multifactorial and complex, but the main mechanisms are
increased damage from oxidative stress and cardiomyocyte loss
from apoptosis (Li et al., 2000). We found a time- and dose-
dependent decrease in TNF-alpha secretion following exposure to
doxorubicin (Fig. 1), which is consistent with a previous report
that TNF-alpha levels dropped in the late stage of doxorubicin-
induced heart failure (Lou et al., 2004). TNF-alpha is known to
exert anti-apoptotic effects through the activation of NF-�B signal-
ing (McGowan et al., 2003) which suggests that, at least to a certain
extent, TNF-alpha may play a protective role in AIC and heart failure.

TNF-alpha is generally considered to be harmful, but there are
studies reporting that TNF-alpha administration can improve left
ventricle systolic performance (Murray and Freeman, 1996), be
involved in cardiac adaptation to stress by stimulating the produc-
tion of heat shock proteins (Haudek et al., 2001) and provoke a
hypertrophic growth response (Dibbs et al., 2003). TNF-alpha may,
therefore, have different effects depending on its mode of secretion,
the species and type of cell, and the nature of the stimulus. Our
findings are the first evidence that ghrelin can reverse the decrease

in TNF-alpha secretion that follows myocyte exposure to doxoru-
bicin and that, in vitro; it does this in a time- and dose-dependent
manner (Fig. 1). The highest TNF-alpha levels occurred after 4 h of
treatment with ghrelin, after which there was a plateau (Fig. 1). Fur-
ther investigation is needed to explore the regulatory mechanisms
of TNF-alpha secretion in cardiomyocytes damaged by doxorubicin.

2.2. Ghrelin prevents the cell apoptosis and oxidative stress
damage induced by doxorubicin

In this doxorubicin-induced cardiotoxicity study, cell apoptosis
and oxidative stress damage – reflected as depressed cell viability
(Fig. 2A), increased cell apoptosis (Fig. 2B and C), decreased MnSOD
and CAT activity (Table 1), and increased MDA content and LDH
activity (Table 1) – were all prevented by ghrelin. Ischemia and
reperfusion increases production of myocardial MDA and LDH, but
this was attenuated by ghrelin in one study (Chang et al., 2004).
Another study showed that peripherally administered ghrelin was
protective during gastric ischemia and reperfusion injury and that
this protection was provided by an antioxidant pathway: ghrelin
inhibited reactive oxygen species (ROS) generation by human poly-
morphonuclear cells in a dose-dependent manner (El Eter et al.,
2007). Ghrelin can also protect endothelial cells from high glucose
by inhibiting ROS generation (Zhao et al., 2007). Correlation analy-
sis of a previous in vitro study performed by our group found that

Fig. 2. Ghrelin inhibited doxorubicin-induced cell death and apoptosis. (A) Neonatal rat cardiocytes (5× 104 cells/well) were plated onto 96-well plates and the cells were
treated with 1 �M doxorubicin (black bars) in the presence or absence of 10−6 M ghrelin and in the presence or absence of 10 �g/ml anti-T (TNF-alpha antagonist, etanercept).
After 16 h, cell death was measured by MTT assay. (B and C) Cultured cardiocytes (5× 105 ml−1) were treated with 1 �M doxorubicin (Adr) in the presence or absence of 10−6 M
ghrelin (Ghr) and in the presence or absence of 10 �g/ml anti-T (TNF-alpha receptor antagonist, etanercept). Phase-contrast images (200×) were taken after 4 h of treatment
(B), and the apoptotic cells (A0 or sub-G1 cells) were measured by flowcyotomete analysis (C). Data are presented as mean± S.D. from three independent experiments.
**P < 0.01 compared with control; ��P < 0.01 compared with Adr group; �P < 0.05, ��P < 0.01 compared with Adr + Ghr group.
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Table 1
Ghrelin prevents oxidative stress and impaired energy metabolism state in adriamycin-induced cardiotoxicity

Group (n = 9) Control Adr Adr + Ghr Adr + Ghr + Anti-T

Oxidative stress
MnSOD (U/ml) 1.884 ± 0.205 1.593 ± 0.254* 1.889 ± 0.165� 1.574 ± 0.103�

CAT (U/ml) 6.373 ± 0.322 5.492 ± 0.203* 6.061 ± 0.238� 6.037 ± 0.356
LDH (U/l) 0.312 ± 0.015 0.469 ± 0.049** 0.320 ± 0.024�� 0.380 ± 0.039��

MDA (nmol/l) 0.555 ± 0.043 2.331 ± 0.182** 0.829 ± 0.082�� 1.592 ± 0.134��

Energy metabolism
ATP/ADP 10.16 ± 0.455 4.809 ± 0.182** 6.119 ± 0.252� 5.247 ± 0.121�

EC 0.936 ± 0.003 0.802 ± 0.003* 0.900 ± 0.005� 0.830 ± 0.001�

Adr, adriamycin; Ghr, ghrelin; Anti-T, TNF-alpha antagonist (etanercept); MnSOD, manganese superoxide dismutase; CAT, catalase; LDH, lactate dehydrogenase; MDA,
malondialdehyde; EC = (ATP + 0.5 ADP)/(AMP + ADP + ATP). All data were presented as mean± S.D.

* P < 0.05 compared with control.
** P < 0.01 compared with control.
� P < 0.05 compared with Adr group.

�� P < 0.01 compared with Adr group.
� P < 0.05 compared with Adr + Ghr group.

�� P < 0.01 compared with Adr + Ghr group.

myocardial apoptosis was significantly related to oxidative stress in
doxorubicin-induced heart failure (Xu et al., 2007). That study sug-
gested that ghrelin’s anti-apoptotic effect was partly attributable to
its anti-oxidative effect. An increase in the intrinsic anti-oxidative
activity of MnSOD and CAT (Table 1) may have been the mechanism
by which ghrelin prevented doxorubicin-induced oxidative stress
in cardiomyocytes in the present study.

2.3. Ghrelin prevents the impaired mitochondrial bioenergetics
induced by doxorubicin

Mitochondria, as the primary site of cellular energy gener-
ation and oxygen consumption, represent a likely pathway for
doxorubicin-induced apoptosis and oxidative stress. In a previous
in vivo study, we reported characteristic mitochondrial ultrastruc-
tural damage and energy metabolism dysfunction as early events in
AIC and showed that endogenous ghrelin levels had a significantly

positive correlation with energy reserves, such as myocardial ATP,
in doxorubicin-induced heart failure. ATP/ADP and energy charge
(EC) are crucial parameters reflecting the energy level and ener-
getic situation of the cell. EC was calculated according to following
formula: EC = (ATP + 0.5 ADP)/(AMP + ADP + ATP).

In the present in vitro study, ghrelin inhibited the decrease
in the intracellular ATP/ADP ratio and EC ratio caused by dox-
orubicin (Table 1). This is consistent with earlier reports that
ghrelin attenuated the deficiency of or depletion of rat myocar-
dial ATP that resulted from ischemia and reperfusion (Chang et
al., 2004). Decreased ATP/ADP and EC ratios, however, not only
stimulate mitochondrial oxidative phosphorylation, but also lead
to reduced free energy and mitochondria membrane potential
(�� m) (Kammermeier et al., 1982). �� m fluctuations have been
associated with the opening of the mitochondria permeability tran-
sition pore (MPTP). ROS are also known to promote MPTP opening.
Reduced ATP could prolong this transition in mitochondria that

Fig. 3. Ghrelin inhibited doxorubicin-induced decreased mitochondrial membrane potential (�� m), decreased anti-oxidative protein manganese superoxide dismutase
(MnSOD), and increased pro-apoptosis protein cytochrome C (Cyt C) release. A and B, Cultured cardiocytes were treated with 1 �M doxorubicin (Adr) in the presence or
absence of 10−6 M ghrelin (Ghr) and in the presence or absence of 10 �g/ml anti-T (TNF-alpha antagonist, etanercept). After 4 h of treatment, the cells were co-incubated with
the fluorescence probe JC-1 for 30 min at 37 ◦C, images (600×) were scanned by confocal laser microscopy (A), and red/green fluorescence intensity value was calculated
(B). (C and D) After 4-h treatment as indicated, cellular cytoplasmic (Cyto) and mitochondrial (Mito) proteins were extracted, respectively, from the cell lysate and analyzed
by Western blot with specific anti-Cyt C antibodies, anti-actin antibodies, specific anti-MnSOD antibodies and anti-COX-IV antibodies (C), with densitometric analysis of the
relative protein levels (D). Data are presented as means± S.D. **P < 0.01 compared with control; �P < 0.05, ��P < 0.01 compared with Adr group; �P < 0.05, ��P < 0.01 compared
with Adr + Ghr group.
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have become so permeable that they are unable to maintain a suf-
ficient �� m to retain cytochrome C (Cyt C). Cyt C, released from
the mitochondria into the cytoplasm, kills cells in two ways: (i)
by activating caspases via Apaf-1 and (ii) by interrupting the elec-
tron transport chain, thus preventing oxidative phosphorylation,
promoting free-radical production, and eventually depriving the
cell of ATP (Reed, 1997). In this study, we observed that ghrelin
significantly prevented impaired mitochondrial bioenergetics by
retaining �� m (Fig. 3A and B), increasing anti-oxidative enzyme
MnSOD protein expression (Fig. 3C and D), and reducing pro-
apoptotic protein Cyt C release induced by doxorubicin (Fig. 3C
and D). This prevention of impaired mitochondrial bioenergetics
by ghrelin was TNF-alpha dependent.

2.4. Ghrelin reduces mitochondrial-related apoptosis, involves
TNF-alpha/NF-�B activation

A key finding was that ghrelin could strengthen doxorubicin-
induced NF-�B nuclear translocation. Doxorubicin and TNF-alpha
both proved to be potent activators of NF-�B (Fig. 4A and B). It is
well known that over-expression of TNF-alpha activates both anti-
apoptotic and pro-apoptotic pathways in the myocardium (Kubota
et al., 2001). By activating NF-�B, TNF-alpha induces a number of
anti-apoptotic genes (including c-FLIP, cIAP1, cIAP2, A1, A20, TRAF1
and TRAF2, and MnSOD) that strongly oppose its pro-apoptotic
potential (Pinkus et al., 1996; Bouwmeester et al., 2004).

Induction of MnSOD by TNF-alpha is a possible protective mech-
anism (Wong and Goeddel, 1988). Over-expression of MnSOD has
been shown to protect against AIC in animals, via increased anti-
oxidative activity (Yen et al., 1996). It is likely in our study that
ghrelin-induced up-regulation of mRNA and protein expression
of MnSOD (Fig. 4C and D, and Fig. 3C and D) corresponded with

up-regulated TNF-alpha/NF-�B activation (Fig. 1, and Fig. 4A and
B). Up-regulation of intrinsic anti-oxidants such as MnSOD may
explain why the protective effects of ghrelin were TNF-alpha depen-
dent (Figs. 2 and 3).

NF-�B activation is critical for mitochondrial MnSOD and for the
mitochondrial Bcl-2 family, whose members are key regulators of
apoptosis and which includes anti-apoptotic proteins (such as bcl-2
and bal-xl) and pro-apoptotic proteins (such as bcl-xs) (Barkett and
Gilmore, 1999). In our study, mRNA expression of bcl-2 and bcl-xl
was reduced by doxorubicin (Fig. 4C and D), consistent with other
in vitro experiments (Wu et al., 2002). Bcl-2 and Bcl-xL can control
apoptosis by blocking pro-apoptotic Cyt C release from mitochon-
dria (Skulachev, 1998). We found that ghrelin up-regulated the
mRNA expression of protective proteins from the Bcl-2 family and
that this process was TNF-alpha dependent (Fig. 4C and D).

Increased TNF-alpha gene expression (Fig. 4C and D) by ghrelin
may be attributable to NF-�B activation (Fig. 4A and B), something
which needs further research. Doxorubicin could activate NF-�B
nuclear translocation, which is known to be pro-apoptotic (Wang
et al., 2002). However, ghrelin could enhance TNF-alpha signaling
and so strengthen NF-�B translocation, which appeared to be anti-
apoptotic in our in vitro study. Another study reported that ghrelin
up-regulated the expression of Bcl-2/Bax, which then had a neuro-
protective effect (Miao et al., 2007). Whether ghrelin up-regulation
of protective members of the Bcl-2 family is NF-�B dependent is
unknown.

In conclusion, this study showed that ghrelin had anti-oxidative
and anti-apoptotic effects that prevented doxorubicin-induced car-
diotoxicity and that these processes involved up-regulation of
TNF-alpha. The mechanisms by which ghrelin prevented impair-
ment of mitochondrial bioenergetics and reduced mitochondrial
pathways of apoptosis involved TNF-alpha/NF-�B activation.

Fig. 4. Ghrelin strengthened doxorubicin-induced NF-�B p65 protein nuclear translocation and increased TNF-alpha, MnSOD, and mitochondrial pathway of apoptosis related
gene mRNA expression. (A and B) Cultured cardiocytes were treated with 1 �M doxorubicin (Adr) in the presence or absence of 10−6 M ghrelin (Ghr) and in the presence or
absence of 10 �g/ml anti-T (TNF-alpha antagonist, etanercept). After 4 h of treatment, the cells were incubated with p65 antibody and Cy3 fluorescein-conjugated secondary
antibody, and nuclei were stained with DAPI. The images (600×) were obtained by confocal laser microscopy and overlay; the pink fluorescence (as white arrows show above)
indicates location of p65 protein in nuclei (A), and p65 fluorescence intensity value in nuclei were calculated (B). (C and D) RT-PCR assay for TNF-alpha, MnSOD, bcl-2, and
bcl-xl/xs mRNA in cardiocytes after 4 h of treatment as indicated. Total RNA was isolated and 2 �g of RNA used for cDNA synthesis before amplification by PCR with specific
primers. RT-PCR products were detected by agarose gel electrophoresis (C); �-actin gene was used as an internal control and the relative mRNA abundance was analyzed (D).
Data are presented as means ± S.D. *P < 0.05, **P < 0.01 compared with control; �P < 0.05, ��P < 0.01 compared with Adr group; �P < 0.05 compared with Adr + Ghr group.
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Kammermeier, H., Schmidt, P., Jüngling, E., 1982. Free energy charge of ATP-
hydrolysis: A causal factor of early hypoxic failure of the myocardium? J. Mol.
Cell. Cardiol. 14, 267–277.

Kornberg, A., 1955. Lactic dehydrogenase of muscle. In: Colowick, S.P., Kaplan, N.O.
(Eds.), Methods in Enzymology, 1. Academic press, New York, pp. 441–443.

Kojima, M., Hosoda, H., Date, Y., Nakazato, M., Matsuo, H., Kangawa, K., 1999. Ghre-
lin is a growth-hormone-releasing acylated peptide from stomach. Nature 402,
656–660.

Kubota, T., Miyagishima, M., Frye, C.S., Alber, S.M., Bounoutas, G.S., Kadokami, T.,
Watkins, S.C., McTiernan, C.F., Feldman, A.M., 2001. Overexpression of tumor
necrosis factor-alpha activates both anti- and pro-apoptotic pathways in the
myocardium. J. Mol. Cell. Cardiol. 33, 1331–1344.
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