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Abstract
Cardiac injury is a major complication for oxidative stress-generating anticancer agents exemplified
by Adriamycin (ADR). Recently, several histone deacetylase inhibitors (HDACIs) including
phenylbutyrate (PBA) have shown promise in the treatment of cancer with little known toxicity to
normal tissues. PBA has been shown to protect against oxidative stress in normal tissues. Here, we
examined whether PBA might protect heart against ADR toxicity in a mouse model. The mice were
i.p. injected with ADR (20 mg/kg). PBA (400 mg/kg/day) was i.p. injected one day before and daily
after the ADR injection for two days. We found that PBA significantly decreased the ADR-associated
elevation of serum lactase dehydrogenase (LDH) and creatine kinase (CK) activities, and diminished
ADR-induced ultrastructual damages of cardiac tissue by more than 70%. Importantly, PBA
completely rescued ADR-caused reduction of cardiac functions exemplified by ejection fraction and
fraction shortening, and increased cardiac MnSOD protein and activity. Our results reveal a
previously unrecognized role of HDACIs in protecting against ADR-induced cardiac injury, and
suggest that PBA may exert its cardioprotective effect, in part, by the increase of MnSOD. Thus,
combining HDACIs with ADR could add a new mechanism to fight cancer while simultaneously
decrease ADR-induced cardiotoxicity.
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Introduction
Adriamycin (ADR) is a potent anticancer drug that is used in treating both haematological and
solid tumors [1]. However, severe cardiomyopathy and heart failure have been observed in
ADR-treated cancer patients [2], which limits the clinical dosage of ADR in cancer treatments,
i.e. 450 mg/m2 body surface [1]. The anticancer activity and cardiotoxicity of ADR are
mediated via different mechanisms [3]. DNA intercalation and DNA topoisomerase II
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inhibition underscore ADR anticancer activity [4]. Oxidative stress is generally held as the
mediating mechanism in the multiple biological processes leading to ADR cardiotoxicity, e.g.
redox mediated superoxide radical production [5,6], tissue-specific mitochondrial DNA
damage [7], and disturbances of calcium [8,9] or iron homeostasis [10,11]. Structurally, ADR
is a quinone, which can generate a large amount of O2•- via a redox cycling reaction catalyzed
by several endogenous reductases [5] and endothelial isoform of nitric oxide synthase [6].
O2•- in turn gives rise to a variety of more active reactive oxygen species (ROS), including
H2O2, •OH and ONOO-., which trigger further oxidation of bio-molecules [12]. Despite its
side effects, ADR remains as an important component in most chemotherapeutic regimens,
due to its efficacy in treating a broad-spectrum of cancers. Numerous research have focused
on prevention of ADR-induced cardiac injuries [2]. Co-administration of cardioprotective
agents, which do not attenuate the anticancer activity of ADR, is one approach [13-17].

Acetylation homeostasis is a major epigenetic mechanism in cancer development and heart
dysfunction [18-20], which is tightly regulated by the opposing histone acetyltransferases
(HATs) and histone deacetylases (HDACs) [21,22]. Acetylation of histones opens chromatin
structure for gene transcription; and acetylation also stabilizes and activates transcription
factors for an increased activation of target genes [21]. Acetylation is negatively regulated by
HDACs. In mammals, there are four classes of HDACs (class I, IIa, IIb, III and IV) categorized
based on homology to yeast HDACs [23]. Acetylation homeostasis can be easily modulated
by the ever-growing members of HDAC inhibitors (HDACIs) [21,24], which currently
categorized into six structurally distinct groups: short-chain fatty acids, hydroxamates, cyclic
tetrapeptides, benzamides, electrophilic ketone, and miscellaneous [23,25].

Phenylbutyric acid (PBA) is a short chain fatty acid that has been clinically tested as an
anticancer drug [26]. Towards the normal tissues it not only shows little toxicity, but also
provides protections against various stimuli [27-32]. The anticancer activity of PBA is
generally attributed to its function as an HDACI [23,26]. However, multiple activities can be
assigned to its protection of normal tissues, such as the activity of an HDACI [28], of a chemical
chaperone [27,29,30], and of an ammonia sink [31,32].

Based on the previous reports that PBA protects normal tissues against oxidative stress [27,
28], we envisioned a possibility that PBA might protect heart from ADR injury. In this study,
we investigated the effects of PBA on acute ADR cardiotoxicity in wild type C57BL/6 mice,
by echocardiographic characterization, ultrastructural pathology analysis, and measurement of
serum lactate dehydrogenase (LDH) and creatine kinase (CK) activities. We also examined
the protein and activity levels of the primary antioxidant enzyme, manganese superoxide
dismutase (MnSOD), in PBA-treated cardiac tissues.

Materials and methods
Reagents

Regents of the highest grade available were purchased from Sigma (St. Louis, MO, USA),
unless otherwise specified. Adriamycin (doxorubicin hydrochloride) was purchased from
Pharmacia, Inc. (Kalamazoo, MI, USA). PBA was obtained from Scandinavian Formulas Inc.
(Sellesville, PA, USA).

Mice and treatment
Wild-type male mice of inbred strain C57BL/6, 8-12 weeks of age and 22-28 grams of body
weight, were randomly divided into four groups, saline, ADR, PBA, and ADR+PBA, and were
treated according to Scheme 1. Further characterizations were performed after the treatments.
Animal experiments were performed in accordance with NIH policies on the humane care and
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use of laboratory animals and approved by the Institutional Animal Care and Use Committee,
University of Kentucky.

Echocardiography
Five mice were used in the saline and PBA treatment and seven were used ADR and PBA
+ADR treatment. After the treatments, the mice being anesthetized with 2% isoflurane, and
echocardiographic images were taken with a Vevo 660 high-resolution Imaging system
(VisualSonic, Toronto, Ontario, Canada) equipped with a high-frequency 30 MHz probe. Short
axis motion mode (M-mode) images were recorded at the papillary muscle level for cardiac
function analysis.

Ultrastructural examination of cardiac tissues
Ultrastructural injury in cardiac tissues was evaluated by electron microscopic analysis on four
mice from each treatment groups, using methods described by Yen et al. [33] with minor
modifications. Heart tissue was cut into 1 mm3 pieces and fixed in fullstrength Karnovsky′s
fixative [4% paraformaldehyde and 5% glutaraldehyde in 0.1 mol/L sodium phosphate buffer
(pH 7.4)] for 4 to 5 hours, and then postfixed in Caulfield′s osmium tetroxide with sucrose for
30 to 60 minutes at 4°C. Tissue was dehydrated in graded ethanol series and 100% propylene
oxide and embedded in Embed 812. Thin sections were cut with an LKB ultramicrotome
(Ultratome NOVA, LKB 2188, Bromma, Sweden) and transferred to copper grids. The grids
were stained with lead citrate and uranylacetate, and observed with a Hitachi H-600 electron
microscope. Systematic random sampling was achieved by scanning the grid at low
magnification so that cell injury was not apparent. Grids were scanned continuously in equal
spaces from top to bottom and left to right. Thirty cardiomyocytes were photographed and
analyzed for each mouse. Quantification of mitochondrial damage was performed following
the strict criteria for mitochondrial injury and image analysis techniques as previously
described [34]. Investigators performing morphometry were blinded as to the categories of the
samples.

Western blot
To analyze MnSOD protein, heart tissue homogenates were separated by SDS-PAGE and
electro-transferred to nitrocellulose membranes. MnSOD and GAPDH (loading control) was
first probed with anti-MnSOD (1: 20,000) and anti-GAPDH (1:5,000) (Upstate Biotechnology,
Lake Placid, NY, USA), and then hybridized with horseradish peroxidase-conjugated anti-
rabbit IgG (1:2,000) (Santa Cruz Biotechnology, Santa Cruz, CA, USA). The signals were
developed with an enhanced chemiluminescence (ECL Plus) detection system (Amersham
Pharmacia Biotech, Piscataway, N.J.), recorded with a fluorescent imager, Storm 860
(Molecular Dynamics, Sunnyvale, CA, USA), and quantified with Quantity One (Bio-Rad
Laboratories, Hercules, CA, USA).

MnSOD activity
Manganese superoxide dismutase (MnSOD) activity was measured by a modified nitroblue
tetrazolium (NBT) assay, which is based on the competition scavenging of superoxide radicals,
generated by xanthine/xanthine oxidase, between SOD and NBT [35]. Briefly, 20 μL of
different amounts of total protein from heart tissue homogenate were added to the 160 μL of
reaction buffer (50 mM potassium phosphate, pH 7.8, 1 mM diethylenetriaminepenta acetic
(DETAPAC), 10 U/ml CAT, 56 μM NBT, 0.1 mM xanthine) in the presence of 5 mM NaCN,
a copper-zinc-SOD inhibitor. The rate of reaction was followed for 2 min at 560 nm
immediately after adding 20 μL of properly diluted xanthine oxidase. One unit of MnSOD is
defined as the amount of protein providing 50% inhibition of NBT reduction.
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Serum LDH and CK activity
Within 2 h after blood being collected into serum separator tubes (Becton Dickinson,
Rutherford, NJ, USA), serum was obtained by centrifugation at 6,000 g for 6 min. Serum CK
and LDH activity in serum was analyzed as previously described [33].

Statistics
Analysis of variance was performed for multiple samples, and statistical significance was
determined by using ANOVA. P value < 0.05 was considered to be statistically significant.
All data were presented as mean ± SEM.

Results
Echocardiography

Noninvasive and sensitive, echocardiography is used clinically for detecting ADR-induced
cardiomypathy [2]. In order to determine whether PBA treatment has any effect on cardiac
functions, we performed echocardiographic measurements of mouse left ventricles (Fig. 1A),
after the mice received different treatments (Scheme 1). Ejection fraction and fraction
shortening were calculated. Prior to receiving any treatment, the mice did not show any
difference in the basal values for both parameters (data not shown). After the treatments, the
changes of ejection fraction and fraction shortening were normalized as the percentage of the
animals’ own basal values (Fig. 1B and C). Compared with the saline control, PBA alone did
not significantly change any cardiac function parameters (Fig. 1B and C), indicating PBA had
no cardiac toxicity. In contrast, ADR alone significantly decreased both ejection fraction and
fraction shortening (Fig. 1B and C). In the combined treatment of PBA and ADR, PBA
completely rescued ejection fraction and fraction shortening to the levels of the saline control.

Ultrastructural pathology
Electron micrographs showed that heart tissues from PBA-treated mice displayed similar
ultrastructural features as those from saline-treated mice, demonstrating normal cardiac muscle
with numerous mitochondria (M), prominent myofilaments (Myo) and lipid (Lip) (Fig. 2A),
confirming the results of echocardiographic analysis that PBA had no cardiac toxicity (Fig. 1).
Profound damages were observed in the heart tissues of ADR-treated mice, especially in
mitochondria, e.g. mitochondrial vacuolization (V), the presence of myelin figures in
mitochondria (solid arrow), disruption of mitochondrial membrane (D), and degeneration of
mitochondria (open arrow) (Fig. 2A). Mice that received the combined treatment of PBA and
ADR showed much less ultrastructural damages in their heart tissues (Fig. 2). Quantitative
analysis of mitochondrial and cellular damages in cardiomyocytes confirmed the visual
observation (Fig. 2B). Mice treated with saline and PBA alone showed minimal damages, while
ADR-treated mice the highest level on damages. When PBA and ADR were combined, PBA
decreased ADR-induced mitochondrial and total cellular ultrastructural damages by ∼ 75%
and ∼ 70%, respectively (Fig. 2B). Electron micrographic analysis clearly demonstrated the
efficacy of PBA in the reduction of ADR-induced cardiomyocyte injury, revealing the
ultrastructural basis for a mechanism by which PBA may rescue cardiac functions upon ADR
treatment (Fig. 1).

MnSOD
Electron micrographic analysis revealed that PBA rescued severe structural damages of the
cardiac mitochondria manifested in the ADR treatment (Fig. 2). Our previous study has shown
that induction of MnSOD, the primary antioxidant enzyme residing in mitochondrion, mediates
the cardioprotective mechanism of Tamoxifen, an anticancer drug used in breast cancer
treatment [17]. Using heterozygous MnSOD knockout (MnSOD+/-) and human MnSOD
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transgenic mice, we have also demonstrated that increase of MnSOD activity alone leads to
protection against ADR cardiotoxicity [17,33,36]. To explore whether MnSOD played a role
in the observed cardioprotective effects of PBA, we examined MnSOD levels in the heart
samples after mice were treated with ADR or/and PBA. Compared with the saline control,
ADR or PBA increased MnSOD both at protein and activity levels (Fig. 3A and B), and
combination of PBA and ADR achieved higher increases of MnSOD protein and activity than
ADR alone (Fig. 3A and B). There existed a strong linear correlation (R2 = 0.98, P < 0.05)
between MnSOD protein and activity levels (Fig. 3C), indicating that the increased MnSOD
protein was functionally active.

Serum LDH and CK
Even though not as specific as echocardiographic and ultrastructural pathological analysis, the
activities of serum LDH and CK have been widely used clinically as parameters for the
diagnosis of cardiac diseases. We tested whether serum LDH and CK could be used as a quick
and easy way to characterize the cardioprotective effects of PBA. As shown in Table 1,
compared with the saline control, PBA treatment alone did not change the serum level of LDH,
but slightly increased the serum level of CK, even though not significantly different from the
saline treatment (Tab. 1). ADR alone increased the serum LDH and CK levels by 12 and 38
folds over the saline control, respectively (Tab. 1). The serum LDH and CK in the combined
treatments of PBA and ADR were greatly decreased to values that were not significant higher
than that of the saline control (Tab. 1).

Discussion
We investigated effects of PBA on ADR cardiotoxicity in wild type C57BL/6 mice. Our cardiac
functional study showed that PBA improved cardiac functions in ADR-treated mice (Figure
1). Consistent with the functional results, PBA attenuated ADR-induced cardiac
unltrastructural damages, decreasing cardiac mitochondrial and total cellular damages by about
75% and 70%, respectively (Fig. 2). Cardiac mitochondria, which occupy about 40% of total
intracellular volume of cardiomyocytes [37], are the most affected organelle in ADR-induced
oxidative stress [7]. It has been reported that mitochondrial defects leads to cardiomyopathy
and heart failure [37], suggesting mitochondrial damages may play a pivotal role in ADR-
induced cardiomyopathy and heart failure. We have previously demonstrated that modulation
of MnSOD, the primary antioxidant enzyme that resides only in mitochondria, protects against
ADR cardiotoxicity [17,33,36]. Consistent with the previous results, our current result
demonstrated that PBA increased MnSOD at both protein and activity levels (Fig. 3). Using
the human MnSOD transgenic mice model, we have shown that a two-fold increase of MnSOD
protein and activity alone leads to a protection against ADR cardiotoxicity [17,33,36].
Interestingly, in the current study there was a two-fold increase of MnSOD protein and activity
where PBA demonstrated a protection against ADR cardiac toxicity (Fig. 3), suggesting that
MnSOD might play an important mechanistic role in the observed PBA cardio-protective
effects. We also showed that PBA greatly decreased the ADR associated elevations of serum
LDH and CK activities (Tab. 1), two non-specific but widely used cardiac injury markers.
Taken together, our data indicated that PBA protected against ADR cardiotoxicity.

PBA has multiple biological activities, including as HDAC inhibition [28], chemical
chaperoning upon endoplasmic reticulum (ER) stress [38,39], ammonia scavenging in urea
cycle dysfunction [31,32]. Urea cycle dysfunction in heart has never been reported after
decades of intensive research of ADR cardiotoxicity. ER stress has been reported to provide
unexpectedly beneficial protection towards ADR toxicity [40]. Thus, it seemed more likely
that the cardioprotective effects of PBA observed in our experiment was mediated through
HDAC inhibition.
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Upon the ADR-induced oxidative insult, transcription of protective genes [41,42] requires the
acetylation of histones (H2A,H2B, H3, and H4) and transcription factors, such as RelA, Sp1,
and p53 [22,24,43,44]. HDAC inhibitors (HDACIs) may sustain the activation of target genes
via inhibition of HDACs [21,24]. More importantly, in cardiac cells, ADR leads to the
degradation of p300, a major nuclear histone acetyltransferase, via a p38-mediated
phosphorylation-dependent pathway [45,46]; in such a scenario, inhibition of HDACs may
attenuate the decrease of acetylation levels due to the destruction of p300.

Even though our current data did not delineate the mechanism by which PBA induced MnSOD,
the discovery of Maehara et al provides some helpful insights [24]. They have shown that, in
a mouse myoblast cell line (C2C12), HDAC1 (a member of class I HDACs) executes a
localized deacetylation of H3 and H4 in the proximal promoter region of MnSOD gene,
suppressing MnSOD transcription; and this suppression can be removed by a class I HDACs
specific inhibitor, trichostatin A (TSA) , resulting in activation of MnSOD transcription [24].
PBA is also a class I HDAC specific HDACI [23,47]. Thus, PBA should be able to induce
MnSOD by inhibiting HDAC1, which might explain the increase of MnSOD in the observed
PBA protection against ADR cardiac toxicity.

In current studies of ADR cardiotoxicity, the single high dose model [33,34,48,49] and the low
dose chronic model [50,51] are two widely used dosage models, which both provided valuable
biological insights in of ADR-induced cardiac injury. For the single high dose model, the
dosage, 20 mg/kg, is equivalent to a high dose single injection in cancer patients, such as
patients with small cell lung cancer [52]. For the low dose chronic model, a small dose of ADR
(e.g. 2 mg/kg) was periodically given to experimental animals over a period of several weeks
until the total dosage reaches an equivalent dosage received by patients (e.g. 2,520 mg/70 kg
man) [50]. In the current study, we applied the single high dose model (20 mg/kg) and studied
that PBA protected heart from acute ADR toxicity. Rosenoff et al. reported that subacute
cardiomyopathy occurred four days after a single high dosage of ADR, which is similar to the
accumulative ADR-induced cardiomyopathy noted in human [48]. Similarly, our previous and
current results revealed mitochondrial ultrastructural injury after a single high dose of ADR
(20mg/kg) [33]. Thus, the single high dose model is biologically relevant and serves as a
valuable tool to study fatal ADR cardiotoxicity.

In summary, our data showed PBA provided protection against ADR cardiotoxicity, indicating
that combining HDACIs with ADR could decrease ADR-induced cardiotoxicity in treatment
of cancer. PBA greatly decreased the ADR-associated elevation of serum LDH and CK, ADR-
mediated mitochondrial and total cellular ultrastructural damages, completely rescued ADR-
caused reduction of ejection fraction and fraction shortening, and increased MnSOD protein
and activity in the heart tissues, suggesting that PBA may exert an antioxidant function, via
modulation of MnSOD, to protect cardiac tissue against ADR-induced injury.
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Figure 1.
Chemical structures of Adriamycin (ADR) and sodium phenylbutyrate (PBA).
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Scheme 1.
Treatment schedule. C57BL/6 mice were divided into four groups: saline, ADR, PBA, and
ADR+PBA, and treated with i.p. injection ADR (20 mg/kg) or PBA (400 mg/kg/day). The
same volume of saline was used in control treatment.
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Figure 2.
Echocardiograhic analysis of cardiac function. The mice were treated with saline (N = 5), ADR
(N = 7), PBA (N = 5), and PBA+ADR (N = 7), respectively. Echocardiographic images were
taken after the mice being anesthetized with 2% isoflurane. Short axis motion mode (M-mode)
images were recorded at the papillary muscle level for cardiac functional analysis (A). Changes
of ejection fraction (B) and fraction shortening (C) were plotted as percentage changes of the
basal line values. Data were represented as mean ± SEM * P < 0.05 compared with saline,
PBA, and PBA+ADR.
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Figure 3.
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PBA protects heart from ADR injuries. (A) Representative electron micrographs (× 11, 800)
of mouse cardiomyocytes after the wide type C57BL/6 mice were treated with saline (a), ADR
20 kg/kg (b), PBA 400 mg/kg/day (c), or PBA+ADR (d), respectively, and each treatment
group contained four mice. Mice treated with saline and PBA show normal ultrastructural
features of cardiac muscle with numerous mitochondria (M), prominent myofilaments (Myo)
and lipid (Lip). Mice treated with ADR show profound mitochondrial damage with
pathological features such as mitochondrial vacuolization (V), the presence of myelin figures
(solid arrow), degeneration of mitochondria (D), and disruption of mitochondrial membrane
(open arrow). Mice treated with PBA+ADR show significantly less injuries than mice treated
with ADR. (B) Quantitative analysis of damaged area in cardiomyocytes. * P < 0.05 compared
with saline control. # P < 0.05 compared with PBA+ADR. + P < 0.05 compared with PBA.
Mitochondrial injury = mitochondrial damage/total mitochondrial area
Cellular injury = total cellular damage (mitochondria + cytoplasm)/total cellular area excluding
nuclei.
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Figure 4.
PBA treatment increased MnSOD. The mice were treated with saline, ADR, PBA, and PBA
+ADR. (A) Western blot analysis showed protein level changes of MnSOD. Data were plotted
as mean ± SEM. * P < 0.05 compared to the saline treatment. # P < 0.05 compared to the ADR
treatment. (B) Activity level changes were revealed by MnSOD activity assay. Data were
plotted as mean ± SEM. * P < 0.05 compared to the saline treatment. # P < 0.05 compared to
the ADR treatment. + P < 0.01 compared to the PBA treatment. (C) Correlation between
MnSOD protein and activity. Data plotted were the mean values from Western blot analysis
and activity assay.
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Table 1
Serum levels of LDH and CK

Saline ADR PBA PBA+ADR

LDH activity (μmole/L) 195 ± 46 2335 ± 522* 263 ± 46 615 ± 96
N 7 8 7 8

CK activity (IU/L) 419 ± 66 16022 ± 3217** 2315 ± 695 4792 ± 889
N 5 8 7 8

Three measurements were performed for each sample.

There are no significant differences among saline, PBA and PBA-ADR (P > 0.05).

*
P < 0.001 compared to saline, PBA and PBA-ADR.

**
P < 0.001 compared to saline, PBA and PBA-ADR.
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