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Abstract
β-Adrenoceptor (β-AR) subtypes act through different signaling pathways to regulate cardiac
function and remodeling. Previous in vivo data show a markedly enhanced cardiotoxic response to
doxorubicin in β2−/− mice, which is rescued by the additional deletion of the β1-AR. We
determined whether this differential response was myocyte specific by examining the effects of
doxorubicin in myocytes and fibroblasts from WT and β1, β2 and β1/β2−/− mice. Cells were
exposed to doxorubicin at 1–50 µM and viability and apoptosis assessed at 6, 24 and 48 h. WT
myocytes showed a time and dose-dependent decrease in viability (42% decrease at 1 µM after 24
h). β2−/− Myocytes showed a greater decrease in viability vs. WT (20.8% less at 6 h; 14% less at
24 h, P < 0.05); β1−/− and β1/β2−/− myocytes showed enhanced survival (β1−/− 11%; β1/β2−/−
18% greater than WT, P < 0.05). TUNEL staining demonstrated a similar differential
susceptibility (WT 26% apoptotic nuclei, β2−/− 45.9%, β1/β2−/− 16.8%, P < 0.05). β2−/−
Fibroblasts also showed enhanced toxicity. Pertussis toxin pretreatment of WT cells decreased
survival similar to the β2−/−, suggesting a role for Gi signaling. JNK was differentially activated
in β2−/− myocytes after doxorubicin and its inhibition increased cardiotoxicity. In conclusion, the
differential cardioprotective/cardiotoxic effects mediated by β1 vs. β2-AR subtypes in knockout
mice are recapitulated in myocytes isolated from these mice. β2-ARs appear to play a
cardioprotective role, whereas β1-ARs a cardiotoxic role.
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1. Introduction
Chronic activation of the sympathetic nervous system plays an important role in the
pathogenesis of dilated cardiomyopathy [1–4]. A central signaling abnormality in most
forms of dilated cardiomyopathy is the selective downregulation of β1-adrenoceptors (ARs),
usually sparing the β2-subtype [5]. Restoration of normal β-AR signaling has thus been the
basis for successful pharmacologic therapies of cardiomyopathy, such as β-AR antagonists.
However, there is considerable heterogeneity between β1 and β2-ARs beyond their different
ligand affinities: their localization in subcellular domains, ability to internalize after agonist
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stimulation, binding to different G proteins, and crosstalk with other signaling pathways [6–
16].

The exact balance between stimulatory/inhibitory and functional/structural signaling
pathways regulated by β-ARS and how this homeostasis is altered by the disease processes
resulting in cardiomyopathy is still not well understood. One such process that has been
studied extensively in vitro is myocyte apoptosis. Evidence points to a differential role for β-
AR subtypes in apoptosis and cell survival. In rat myocytes, stimulation of β1-ARs increases
apoptosis via a cAMP-dependent mechanism [17,18], whereas β2-ARs inhibit apoptosis via
a pertussis toxin (Gi) sensitive pathway [19]. β2-ARs may play a dual role: acute β2-AR
stimulation activates the Akt anti-apoptotic pathway via Gi-Gβγ-PI3K. However, inhibition
of this cascade converts β2-AR signaling from anti- to pro-apoptotic [20]. Taken together
these studies indicate that the balance between cell death and survival could be mediated by
differential activation of β-AR subtype-dependent pathways.

Doxorubicin is a quinone-containing anthracycline, which has been effective in treating a
wide range of malignancies [21]. However, the clinical utility of doxorubicin therapy is
severely limited by its cardiotoxicity [22,23]. Doxorubicin has been widely utilized as a
model to study the mechanisms of acquired, as opposed to genetic, cardiomyopathy. We
have previously shown a differential response to doxorubicin in mice lacking one or both β1
and β2-AR subtypes [24]. Wild-type (WT) or β1−/− mice exposed to a single high dose (15
mg/kg) of doxorubicin manifest no acute cardiotoxicity, whereas β2−/− mice develop severe
acute cardiotoxicity and die within 30 min. This increased lethality was associated with
differential activation of several MAPK family members. The additional deletion of the β1-
receptor (β1/β2 double knockout mice) rescues this lethality completely.

To further study the signaling pathways that are involved in the differential regulation by β-
ARs of doxorubicin cardiotoxicity, we sought to evaluate if the differential cardiotoxicity/
cardioprotection observed in vivo was recapitulated in cardiomyocytes isolated from β-AR
knockout mice, and whether this response was myocyte specific or was also present in
fibroblasts from these same mice.

2. Materials and methods
2.1. Cell culture

Primary cardiac myocytes and fibroblasts were obtained from β1−/−, β2−/−, β1/β2−/− and
WT neonatal mice at 1–2 d of age. β1−/− Mice were on a mixed C57BL/6, DBA/2, 129/Sv
background, β2−/− mice were on a congenic FVB or mixed 129/Sv, FVB background,
whereas β1/β2−/− mice were on a mixed C57BL/6, 129/Sv, FVB, DBA/2 background. All
comparisons between knockout mice and WT were performed using littermate mice from
matched strain backgrounds. One litter was used for each experiment. Mice were sacrificed,
hearts were extracted and chopped into small fragments (3–4 mm each) that were subject to
enzymatic digestion in a solution of calcium and bicarbonate free Hanks with HEPES (in
mM, NaCl 136.9, KCl 5.36, MgSO4·7H2O 0.81, glucose 5.5, KH2PO4 0.44,
Na2HPO4·7H2O 0.31, HEPES (pH 7.4) 20) and collagenase type 2 (Worthington
Biochemical Corp., Lakewood, NJ). Serial cycles of agitation at 37 °C for 10 min were
performed. After each cycle, cells were resuspended in DMEM with 10% fetal bovine serum
and 5% horse serum and plated into a 100 mm culture dish. Cells were preplated for 1.5 h at
37 °C, to obtain cardiomyocytes and non-myocyte cells, predominantly cardiac fibroblasts.
All procedures on animals were approved by the Stanford University Administrative Panel
on Laboratory Animal Care.
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2.2. Cell treatments
2.2.1. Doxorubicin treatment—Cells were exposed to doxorubicin (Ben Venue
laboratories, Bedford, OH) 0.1–50 µM for 3–48 hours to obtain dose and time response
curves. These studies were performed both in the presence and absence of fetal bovine
serum.

2.2.2. MAPK inhibition—Cells were exposed to MAPK Inhibitors (Calbiochem, La Jolla,
CA) as follows: SB203580 (p38) 10 µM, PD98059 (ERK) 10 µM or SP600125 (JNK) 10
µM 30 min before doxorubicin 1 uM for 24 h.

2.2.3. Gi signaling inhibition—Cells were pretreated with 1 µg/ml Pertussis Toxin
(Sigma, St. Louis, MO) for 3 h hours before doxorubicin treatment, as previously described
in [19].

2.3. Methyl thiazol tetrazolium (MTT) assay
After doxorubicin treatment, cells were incubated in DMEM containing 2 mM MTT (Sigma,
St. Louis, MO) for 60 min at 37 °C in room air containing 5% CO2. During this incubation
the tetrazolium component of the dye is reduced in metabolically active cells to a formazan
dye that will be solubilized in DMSO. The absorbance of formazan is then measured at 540
nm by spectrophotometry [25].

2.4. TUNEL assay
TUNEL staining (Roche Molecular Biochemicals, Indianapolis, IN) was performed in
cardiomyocytes treated with doxorubicin. Cells were plated on glass coverslips, fixed and
permeabilized, and TUNEL mixture was added. Co-staining was performed using DAPI and
cells were visualized with a fluorescence microscope. TUNEL-positive-staining cells were
counted at 60× magnification in 10 randomly chosen fields in triplicate plates and expressed
as percentage of total cells then compared to WT.

2.5. Western blot analysis
Cells were lysed, total protein content was measured by Lowry assay, then proteins were
electrophoretically separated and transferred to nitrocellulose membranes, and probed
against rabbit polyclonal anti-phospho-specific p38 MAPK, p44/42 (Cell Signaling
Technology, Beverly, MA), JNK (Santa Cruz Biotechnology, Santa Cruz, CA) and Bad
Ser-128 (Bio-source, Camarillo, CA) antibodies. Protein loading was normalized using anti-
GAPDH (Advanced Immunochemical, Long Beach, CA). LumiGLO chemiluminescent
reagents (Cell Signaling Technology) were used for signal detection.

2.6. Statistical analysis
Comparisons of the effects of specific treatments were performed using Student’s t-test.
Comparisons of effects across multiple genotypes were performed by repeated measures
ANOVA with post-hoc testing by Scheffe’s test. All values are expressed as mean ± 1 S.D.
The accepted level of significance was P < 0.05.

3. Results
3.1. Effect of doxorubicin on myocyte and fibroblast viability in cells derived from WT mice

To determine whether the cardiotoxic/cardioprotective effects of β-AR signaling in
doxorubicin-induced cardiomyopathy were myocyte-specific, doxorubicin was administered
to myocytes directly. One hour after a single intravenous dose of 15–90 mg/m2, peak serum
concentrations of doxorubicin reach 0.1–5 µM [26]. However, doxorubicin is highly
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concentrated within myocardial cells, and at therapeutic plasma doxorubicin concentrations
the intramitochondrial concentration is as high as 50–100 µM [26]. Neonatal myocytes were
successfully isolated with viability rates of 80–90%. Doxorubicin decreased viability in a
time and dose-dependent manner: after 24 h of treatment (N = 3), at both 1 and 10 µM,
viability was reduced by 42% (P < 0.01), whereas at 50 µM viability was reduced by 90%
(Fig. 1). These results are in concordance with previous reports using similar doses [27,28].
With shorter periods of doxorubicin exposure (3 and 6 h, N = 4), there were no significant
decreases in viability at doses up to 10 µM. However, at 50 µM viability at 6 h was
decreased by 40%, and at an extremely high dose, 230 µM, viability was decreased by 80%.

Similar experiments were performed on WT cardiac fibroblasts. Doxorubicin decreased
viability in fibroblasts, but the response was delayed compared with the response in
myocytes. For example, at 24 h there was only a 20% decrease in viability in fibroblasts
compared to the 40% observed in myocytes. At 48 h, viability in fibroblasts was decreased
by 40%.

3.2. Effect of β-AR subtypes on doxorubicin-induced myocyte toxicity
In β1−/− cardiomyocytes, there was a dose and time-dependent decrease in doxorubicin
toxicity: after 6 h of treatment at 50 µM, survival was improved by 15 ± 4% compared to
WT (N = 4) (Fig. 2). A similar response was observed in cells treated for 24 h (N = 3);
survival was increased by 11% at 1 µM (P < 0.05) and by 18% at 10 µM (P < 0.05).

In contrast, in β2−/− myocytes there was a time and dose-dependent increase in doxorubicin
toxicity: after 6 h this increased toxicity was present even at low doses which did not
decrease viability in WT myocytes. At concentrations of 1, 10 and 50 µM, doxorubicin
resulted in a decrease in viability of 7.4 ± 4%, 20.8 ± 4% and 12 ± 4%, respectively, in β2−/
− myocytes compared to WT (P < 0.05) (Fig. 2). At 24 h, this effect was present at 1 µM,
with viability decreased by 14.1 ± 1% (P < 0.05) compared to WT. However, at higher
doses, the level of viability was similar between β2−/− and WT, potentially due to the
prolonged higher level of toxicity at these concentrations of drug.

Similar to our observations in vivo, the additional deletion of the β1-AR (in cells derived
from β1/β2−/− mice) protected against doxorubicin toxicity. At 6 h and 50 µM there was a
31.4 ± 4% increase in survival in β1/β2−/− myocytes compared to WT (P < 0.01) (Fig. 2).
This effect persisted at 24 h with an increase in survival of 18.1 ± 1% and 39.9 ± 1% (P <
0.01) at 1 and 10 µM, respectively.

3.3. Effect of Gi inhibition on doxorubicin-induced cardiomyocyte toxicity
WT myocytes were pretreated with pertussis toxin (PTX) 1 µg/ml for 3 h before doxorubicin
was administered. When PTX-treated cells were then exposed to doxorubicin 50 µM, after 6
h there was a 13 ± 3.7% (P = 0.05) decrease in viability compared to cells that received
doxorubicin alone. When PTX-treated cells were exposed to doxorubicin 10 µM, after 24 h
there was a 17.9 ± 3.6% (P < 0.01) decrease in viability compared to cells that received
doxorubicin alone.

3.4. Effect of β-AR subtypes on doxorubicin-induced fibroblast toxicity and effect of
conditioned media

Similar to results in cardiomyocytes, cardiac fibroblasts isolated from β2−/− mice showed
enhanced doxorubicin toxicity, with a 60% decrease in viability at 48 h compared to WT.
Previous reports have shown that conditioned media from fibroblasts can influence the
response of myocytes to different stimuli, e.g. the hypertrophy associated with β-agonist
stimulation [29,30]. Thus, we tested whether conditioned media from doxorubicin-treated
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fibroblasts could enhance the effect of doxorubicin on cardiomyocytes. Conditioned media
was obtained from β2−/− fibroblasts treated for 48 h with 10 µM doxorubicin, and added to
β2−/− myocytes also exposed to 10 µM doxorubicin. There was no difference in viability
compared to β2−/− myocytes not exposed to conditioned media.

3.5. Effect of doxorubicin on cardiomyocyte apoptosis
Cardiomyocyte apoptosis was quantified by TUNEL assay after 6 h of doxorubicin exposure
(N = 3 for each genotype). At this time point, 1 µM doxorubicin was sufficient to induce a
significant number of TUNEL positive cells. Fig. 3a through d are micrographs showing co-
staining of TMR Red with DAPI. WT myocytes, with DAPI staining, in the absence of
doxorubicin were used as control (Fig. 3a). When doxorubicin was administered to WT
cardiomyocytes, 26 ± 10% of nuclei were co-stained red, indicative of apoptosis (Fig. 3b).
In concordance with our survival data, in β2−/− myocytes treated with doxorubicin, there
was a marked increase in TUNEL positive nuclei (Fig. 3c) with 44.9 ± 1.5% positive for
TUNEL staining (P < 0.05 vs. WT). However, in β1/β2−/− myocytes treated with
doxorubicin, there was a marked decrease in TUNEL staining (16.8 ± 11.4; Fig. 3d). Taken
together, these results demonstrate that myocytes lacking the β2-AR have enhanced
apoptosis after exposure to doxorubicin and that myocytes lacking the β1-AR have enhanced
survival (Fig. 4). Absence of both receptors, in the β1/β2 double knockout, rescued the
enhanced toxicity seen in the β2−/− and these myocytes were the least affected by
doxorubicin. These results were independent of the presence or absence of serum in the
medium.

3.6. Differential activation of MAPK in β2−/− cardiomyocytes
In our previous in vivo experiments, MAPK activity was increased after doxorubicin
exposure. Marked activation of p38 compared to WT was observed in β2−/− mice given a
single dose of 15 mg/kg doxorubicin. There were also increases in activation of p44
(ERK1), p42 (ERK2) and JNK, predominantly in the β2−/− mice, although to a lesser extent
than p38. To determine whether these same signaling pathways played a role in the
cardiotoxic/cardioprotective effects mediated by β-AR subtypes in myocytes, activation of
these MAPKs was assessed during the first 2 h after 1 µM doxorubicin administration,
which has been documented as the time course of MAPK activation in previous studies [31].
In β2−/− myocytes, JNK activation was increased 2.4-fold (P < 0.05) compared to baseline
at 30 min after doxorubicin, and this activation was persistent at 2 h. In comparison, in WT
myocytes there was no difference in JNK activation at any time during the 2 hours post-
doxorubicin (Fig. 5a). Differential phosphorylation of downstream signaling components
associated with JNK could be involved in its intricate regulation of cardiotoxicity/
cardioprotection. We examined phosphorylation of the pro-apoptotic protein Bad at Ser-128
[32,33]. There was no baseline difference in Bad phosphorylation between WT and β2−/−
myocytes. Furthermore, there was no change when the cells were treated with doxorubicin at
the same time points previously chosen to assess JNK activation (data not shown).

Activation of ERK1 (p44) and ERK2 (p42) was increased two to threefold in β2−/− cells
compared to WT at baseline (before doxorubicin) and at any time observed after
doxorubicin, but the activation of ERK1/2 did not increase with doxorubicin in either WT or
β2−/− myocytes (Fig. 5c, d). In contrast, there were no differences in the activation of p38
between WT and β2−/− myocytes and in neither genotype did p38 increase with
doxorubicin although there was a trend towards an increase at 30 min in β2−/− cells which
did not reach statistical significance (Fig. 5b).
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3.7. MAPK inhibition in β2−/− cardiomyocytes
In order to test if the differential MAPK activation in β2−/− myocytes had an effect on cell
survival, MAPK inhibitors were administered prior to 1 µM doxorubicin. Inhibition of either
ERK (PD98055) or JNK (SP600125) activity resulted in a further decrease in viability in
β2−/− myocytes compared to cells without addition of the inhibitor. In contrast, p38
inhibition with SB203580 did not affect viability when β2−/− cells were treated with
doxorubicin (Fig. 6).

4. Discussion
β-AR subtypes play an important role in regulating cardiac function and in regulating
cardiac remodeling in conditions of cardiac stress. The differential role of β-AR subtypes in
regulating cell death and survival has been reported previously [20,34,35], however, the
present study shows the differential cardiotoxic/cardioprotective role of β-AR subtypes in
the development of a clinically relevant toxic cardiomyopathy, induced by the anthracycline
anti-tumor agent doxorubicin. Cardiomyocytes isolated from β2−/− mice showed
significantly increased apoptosis and decreased viability compared to cells isolated from WT
mice. In contrast, cardiomyocytes isolated from β1−/− and β1/β2−/− mice showed less
apoptosis and enhanced survival compared with β2−/− myocytes, with cells from the double
knockout the least affected by doxorubicin. Cardiac fibroblast viability is also decreased by
doxorubicin, although this response was delayed and less severe than that in
cardiomyocytes. Similar to myocytes, β2−/− fibroblasts also showed enhanced doxorubicin
toxicity. These data demonstrate that both cell types may play a role in chronic doxorubicin
cardiotoxicity, however that cardiomyocytes are clearly the more vulnerable. Although
previous reports have shown that conditioned media from fibroblasts can influence the
response of myocytes to remodeling stimuli, such as β-agonists [29,30] we have ruled out a
role for such diffusible factors in doxorubicin cardiotoxicity.

Inhibition of Gi with pertussis toxin enhanced doxorubicin toxicity in WT cardiomyocytes
to a magnitude similar to that observed with doxorubicin alone in β2−/− cardiomyocytes.
These results suggest that the differential toxicity related to β-AR subtypes is at least
partially mediated through a Gi-dependent pathway. Human ventricular myocytes have
probably the strongest contribution of β2-ARs to contractility of any species, and this effect
seems to be predominantly mediated through Gs coupling. Gong et al. found that the β2-AR
inverse agonist ICI 118,551 had a negative inotropic effect in myocytes from failing human
hearts. This effect was blocked by pertussis toxin, suggesting the involvement of Gi.
However, this was not the case in myocytes isolated from non-failing hearts [36,37]. While
this area remains controversial, we urge caution in the extrapolation of our findings in the
murine model to human cardiomyopathy.

Anthracycline cardiotoxicity is a well characterized model of dilated cardiomyopathy
[38,39]. There are several mechanisms by which doxorubicin is thought to induce cell
damage, including interference with DNA synthesis, generation of free radicals, DNA
adduct formation and cross-linking, interference with DNA helicase activity, direct
membrane effects, inhibition of enzymes such as topoisomerase II and the induction of
apoptosis [40]. The direct effects of doxorubicin on DNA are thought to mediate its anti-
tumor toxicity, whereas the generation of free radicals and membrane effects have been
thought to mediate its cardiotoxicity [40,41]. There is evidence that β-AR signaling
alterations are present in doxorubicin cardiomyopathy as they are in other forms of dilated
cardiomyopathy. Animal models show increased circulating norepinephrine, downregulation
of β-ARs, downregulation of Gs and upregulation of Gi [42,43]. β-Blockers have been
shown to improve cardiac function in both rats and humans with established doxorubicin
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cardiomyopathy [44,45]. However, no previous studies have examined the role of β-AR
subtypes in the pathogenesis of doxorubicin cardiotoxicity.

One potential pathway for mediation of doxorubicin cardiotoxicity, and one which has been
studied previously, is the activation of members of the MAPK family. MAPKs are involved
in many aspects of eukaryotic cellular regulation, including cell survival and adaptation to
stress [46,47]. There is ample evidence linking β-ARs to MAPK signaling. ERK1/2 are
activated by β2-ARs through activation of Gi, dissociation of Gβγ [48] and recruitment of β-
arrestin to the sarcolemmal membrane as part of a Src-protein kinase complex [49]. Others
have shown that β2-AR activation of p38 MAPK is mediated by PKA rather than by Gi or
Gβγ [50]. p38 plays a role in both ischemia/reperfusion injury [51–53] and in
preconditioning [54,55], although studies have differed as to whether p38 mediates
cardiotoxicity or cardioprotection [28,56–59]. In β-agonist-mediated myocyte apoptosis, β2-
ARs may play a dual role: under basal conditions, β2-ARs stimulate anti-apoptotic Akt
(through Gi, Gβγ and PI3K), phosphorylating GSK3β, inhibiting caspase 9, and activating
Bcl [20]. However, inhibition of Gi with pertussis toxin switches β2-AR signaling to pro-
apoptotic, mediated through p38 [20]. In mouse cardiomyocytes exposed to anthracyclines,
Kang et al. [28] found that activation of p38 mediated apoptosis, as this effect was blocked
by p38 inhibitors.

In β2−/− mice given a single dose (15 mg/kg) of doxorubicin in vivo, we found that p38
MAPK activation was increased 20-fold [24]. However we were not able to confirm a
similar differential activation of p38 MAPK in cardiomyocytes isolated from β2−/− mice,
and this result was in concordance with the inability of SB203580 to improve survival in
cells treated with doxorubicin. There are several possible explanations for this discrepancy
between our in vivo and in vitro experiments: the possibility of involvement of other cardiac
cells types in vivo, the effect of cell culture conditions on p38 activation, and the possibility
of developmental differences in p38 activation in response to doxorubicin. However, other
members of the MAPK family (ERK and JNK) were elevated in β2−/− myocytes, either at
baseline or with doxorubicin stimulation, indicating activation of pathways that have been
implicated in the modulation of survival or apoptosis. ERK1/2 were increased at baseline in
β2−/− myocytes compared to WT, and did not increase further with the administration of
doxorubicin, as we had observed in vivo. The increase in baseline activation of ERK1/2
suggests that this may be due to cell isolation, with the β2−/− myocytes more sensitive to
the stress of cell culture. ERK activation may act as a compensatory cardioprotective
mechanism in the absence of β2-ARs, since when ERK was inhibited further, cardiotoxicity
was enhanced.

In contrast to the other MAPKs, JNK is differentially activated in β2−/− myocytes after
doxorubicin. Furthermore, JNK inhibition increases toxicity, suggesting that JNK is
cardioprotective in this model. In accord with these results, our previous in vivo studies
showed that inhibition of JNK did not rescue the β2−/− mice, evidence that JNK was not
mediating cardiotoxicity. Previous studies have implicated activation of JNK in both pro-
and anti-apoptotic signaling [46,47,60–63] and JNK activation has also been implicated in
doxorubicin toxicity. In H9c2 cardiac muscle cells, Kim et al. [64] found that increased JNK
activity was associated with doxorubicin-induced apoptosis. In Jurkat cells, Panaretakis et
al. [65] found that δPKC lies upstream of JNK in doxorubicin-induced cell death. In
contrast, the involvement of JNK in activation of anti-apoptotic pathways has been
suggested in both hematopoietic [62] and tumor cells [63].

Thus, JNK may be activated in acute doxorubicin cardio-toxicity in vitro as a compensatory,
cell-survival promoting, mechanism. Differential phosphorylation of downstream signaling
components associated with JNK could be involved in its intricate regulation of
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cardiotoxicity/cardioprotection. One of these components, the pro-apoptotic protein Bad
[60,61], has been implicated in doxorubicin cardiotoxicity [66]. At least two Bad
phosphorylation sites have been associated with JNK activation: Thr-201 may be
responsible for the anti-apoptotic functions of JNK [62], and Ser-128 responsible for its pro-
apototic effects [32,33]. We examined Bad phosphorylation at Ser-128 and found no
baseline difference between WT or B2−/− myocytes, and no change when the cells were
treated with doxorubicin. Thus, it appears that JNK signaling may function in a cell type-
dependent and stimulus-dependent manner in regulating the balance between cardiotoxicity
and cardioprotection. Further characterization of crosstalk between β-ARs and members of
the MAPK family under different cardiac stress conditions will be required.

One limitation of our study is that our experiments were confined to neonatal
cardiomyocytes. Numerous developmental differences in signaling pathways and
susceptibility to oxidant stress have been described between neonatal and adult
cardiomyocytes that could alter the effect we have described for β-ARs on doxorubicin
toxicity [67]. Additional studies in adult cardiomyocytes could be potentially informative,
although differences and limitations in adult myocyte culture techniques could confound
interpretation of any differences. The best evidence that the differential effect of β-AR
subtypes on doxorubicin cardiotoxicity holds true in adult myocytes is that it occurs in adult
mice in vivo.

In summary, we have shown that β2-ARs modulate cardio-protection during exposure of
isolated cardiomyocytes to doxorubicin, whereas β1-ARs appear to enhance doxorubicin
cardiotoxicity. These results are qualitatively similar to our previous studies in vivo.
Cardiomyocytes isolated from β-AR knockout mice thus represent an excellent model
system in which to examine β-AR crosstalk with other signaling pathways which regulate
cardiotoxicity/cardioprotection. Developing a better understanding of the role of β-AR
subtypes in cardiotoxic/cardioprotective signaling has important therapeutic consequences:
if β1-ARs are cardiotoxic and β2-ARs are cardioprotective, as our data suggest, then future
therapy of heart failure could be tailored to address these receptor-specific effects.
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Fig. 1.
Doxorubicin decreases viability in WT cardiomyocytes in a time and dose-dependent
manner. Doxorubicin 1, 10 and 50 µM was administered to neonatal cardiomyocytes
obtained from WT mice. Viability was assessed at 6 and 24 h by MTT assay. At 6 h viability
was decreased only at 50 µM, whereas at 24 h viability was decreased at both 1 and 10 µM
and severely decreased at 50 µM. * P < 0.05 vs. baseline.
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Fig. 2.
Disruption of β1 vs. β2-AR has opposite effects on viability of cardiomyocytes exposed to
doxorubicin. Doxorubicin 1, 10 and 50 µM was administered to neonatal cardiomyocytes
obtained from WT and β-AR knockout mice. After 6 h viability was assessed by MTT assay.
A differential response to doxorubicin was observed in β-AR knockout myocytes: slightly
improved survival in β1−/− myocytes, markedly decreased survival in β2−/− myocytes, and
markedly improved survival in β1/β2−/− myocytes. *P < 0.05.
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Fig. 3.
Effect of β-AR disruption on doxorubicin-induced cardiomyocyte apoptosis. TUNEL
staining of isolated cardiomyocytes from WT and β-AR knockout mice shows a differential
susceptibility to doxorubicin. Cells were exposed to doxorubicin 1 µM for 6 h. (a) WT
myocytes without doxorubicin (control), (b) WT myocytes with doxorubicin, (c) β2−/−
show increased apoptotic nuclei with doxorubicin, (d) β1/β2−/− myocytes show decreased
apoptotic nuclei with doxorubicin.
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Fig. 4.
Cardiotoxic/cardioprotective effects of β-AR subtypes during exposure of cardiomyocytes to
doxorubicin. (a) Changes in cell viability compared to WT. Cardiomyocytes were exposed
to 1 µM doxorubicin for 24 h. Myocytes lacking the β2-AR showed increased toxicity; in
contrast, myocytes lacking the β1-AR showed enhanced survival. Absence of both receptors
(β1/β2−/−), rescued the increased toxicity in the β2−/−. (b) Changes in apoptosis compared
with WT. Cardiomyocytes were exposed to 1 µM doxorubicin for 24 h. Myocytes lacking
the β2-AR showed increased apoptotic nuclei after doxorubicin compared with WT; in
contrast, myocytes lacking both β1 and β2-receptors showed decreased apoptosis compared
with both WT and β2−/−. * P < 0.05.
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Fig. 5.
Differential activation of MAPK in β-AR knockout cardiomyocytes after exposure to
doxorubicin. Western blot and graphic representation for phospho-JNK (a), p38 (b), and
ERK1/2 (p44/p42) (c, d) showing increased phosphorylation of JNK in β2−/−
cardiomyocytes after doxorubicin compared to baseline (B), no significant change in p38
activity, and increase in ERK1/2 (p44/p42) activity compared to WT. † P < 0.05, compared
to baseline, * P < 0.05, compared to WT. AU = Arbitrary Units.
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Fig. 6.
Effect of MAPK inhibitors on doxorubicin-induced toxicity in β2-AR knockout
cardiomyocytes. Myocytes derived from β2−/− mice were exposed to MAPK inhibitors:
SB203580 10 µM for p38, PD98059 10 µM for ERK and SP600125 10 µM for JNK.
Inhibition of both ERK and JNK further decreased viability. † P < 0.05, compared to
control, * P < 0.05, compared to doxorubicin-treated cells.
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