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Aims b-Adrenergic receptor (b-AR) stimulation induces apoptosis in adult rat ventricular myocytes (ARVMs) via the acti-
vation of glycogen synthase kinase-3b (GSK-3b) and mitochondrial pathways. However, b-AR stimulation induces
apoptosis only in a fraction (�15–20%) of ARVMs. We hypothesized that ARVMs may secrete/release a survival
factor(s) which protects 80–85% of cells from apoptosis.

Methods
and results

Using two-dimensional gel electrophoresis followed by MALDI TOF and MS/MS, we identified ubiquitin (Ub) in the
conditioned media of ARVMs treated with b-AR agonist (isoproterenol). Western blot analysis confirmed increased
Ub levels in the conditioned media 3 and 6 h after b-AR stimulation. Inhibition of b1-AR and b2-AR subtypes inhib-
ited b-AR-stimulated increases in extracellular levels of Ub, whereas activation of adenylyl cyclase using forskolin
mimicked the effects of b-AR stimulation. Incubation of cells with exogenous biotinylated Ub followed by western
blot analysis of the cell lysates showed uptake of extracellular Ub into cells, which was found to be higher after
b-AR stimulation (1.9+ 0.4-fold; P , 0.05 vs. control, n ¼ 6). Pre-treatment with Ub inhibited b-AR-stimulated
increases in apoptosis. Inhibition of phosphoinositide 3-kinase using wortmannin and LY-294002 prevented anti-
apoptotic effects of extracellular Ub. Ub pre-treatment inhibited b-AR-stimulated activation of GSK-3b and c-Jun
N-terminal kinase (JNK) and increases in the levels of cytosolic cytochrome c. The use of methylated Ub suggested
that the anti-apoptotic effects of extracellular Ub are mediated via monoubiquitination.

Conclusion b-AR stimulation increases levels of Ub in the conditioned media. Extracellular Ub plays a protective role in b-AR-
stimulated apoptosis, possibly via the inactivation of GSK-3b/JNK and mitochondrial pathways.
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1. Introduction
Apoptosis occurs in the myocardium of patients with end-stage heart
failure and myocardial infarction, and in animal models of myocardial
hypertrophy and failure.1 Stimulation of b-adrenergic receptor (b-AR)
induces apoptosis in cardiac myocytes in vitro and in vivo.2 –6

b-AR-stimulated apoptosis in adult rat ventricular myocytes
(ARVMs) is demonstrated to occur via the c-Jun NH2-terminal
kinase (JNK)-dependent mitochondrial death pathway.7 Recently, we
provided evidence that b-AR stimulation increases glycogen synthase
kinase-3b (GSK-3b) activity, and activation of GSK-3b plays a

pro-apoptotic role in b-AR-stimulated apoptosis via the involvement
of the mitochondrial death pathway.8

Ubiquitin (Ub) is a highly conserved low molecular weight
(8.5 kDa) protein of 76 amino acid residues found in all eukaryotic
cells. The most important intracellular function of Ub is to regulate
protein turnover and to protect the cells from damaged or misfolded
proteins by the Ub–proteosome pathway.9 Ub–proteosome system
may regulate receptor internalization, hypertrophic response, apopto-
sis, and tolerance to ischaemia and reperfusion in cardiac myocytes.10

Ub is normally present in trace amounts in body fluids. Elevated levels
of Ub are described in the serum or plasma of patients with parasitic
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and allergic diseases,11 alcoholic liver disease,12 type 2 diabetes,13

b2-microglobulin amyloidosis,14 and chronic haemodialysis patients.15

Patients with traumatic brain injury are shown to have increased Ub
levels in the cerebrospinal fluid.16 Extracellular Ub is proposed to
have pleiotropic functions including regulation of immune response,
anti-inflammatory, and neuroprotective activities,17–20 as well as
growth regulation and apoptosis control in haematopoetic cells.21

The biological functions of extracellular Ub, however, remain
poorly understood. In particular, the mechanism of action of extra-
cellular Ub in cell survival or apoptosis in cardiac myocytes has not
yet been explored.

b-AR stimulation induces apoptosis only in a fraction of ARVMs
(�15–20%), although all the cells are exposed to the same stimulus.
On the basis of this observation, we hypothesized that ARVMs may
secrete some survival factor(s) which may protect �80–85% of
ARVMs from b-AR-stimulated apoptosis. This hypothesis led us to
search for survival factor(s) in the conditioned media. Using two-
dimensional (2D) gel electrophoresis followed by MALDI TOF and
MS/MS, we identified Ub in the conditioned media of ARVMs. b-AR
stimulation increased levels of extracellular Ub in the media. Impor-
tantly, we provide evidence that extracellular Ub plays a protective
role in b-AR-stimulated apoptosis, possibly via the inactivation of
GSK-3b/JNK and mitochondrial death pathways.

2. Methods

2.1 Cell isolation and culture
Calcium-tolerant ARVMs were isolated from the hearts of adult male
Sprague–Dawley rats (200–240 g) as described.22,23 ARVMs were
plated in Dulbecco’s modified Eagle’s medium (DMEM; Mediatech) sup-
plemented with HEPES (25 mM), bovine serum albumin (BSA, 0.2%), cre-
atine (5 mM), L-carnitine (2 mM), taurine (5 mM), and 0.1% penicillin–
streptomycin at a density of 30–50 cells/mm2 on 100 mm tissue culture
dishes (Fisher Scientific) or coverslips pre-coated with laminin (1 mg/
cm2). The chemicals, if not mentioned otherwise, were purchased from
Sigma-Aldrich, USA. The investigation conforms with the Guide for the
Care and Use of Laboratory Animals published by the US National Insti-
tutes of Health (NIH Publication No. 85-23, revised 1996). The animal
protocol was approved by the University Committee on Animal Care.

2.2 Cell treatment
ARVMs, cultured for 24 h, were treated with isoproterenol (ISO, 10 mM),
angiotensin II (AngII, 1 or 100 nM), L-norepinephrine (NE; 10 mM), forsko-
lin (FSK, 10 mM; Calbiochem), or hydrogen peroxide (100 mM) for indi-
cated time points. For treatment with ISO and NE, dishes were
supplemented with ascorbic acid (100 mM). To selectively stimulate
b-AR using NE, prazosin (PZ, 100 nM) was added 30 min prior to NE.
Ub (10 mg/mL), biotinylated Ub (BiotUb, 0.5 mg/mL, Boston Biochem),
methylated Ub (MeUb, 10 mg/ml, Boston Biochem), wortmannin
(WORT, 0.5 mM), LY-294002 (LY, 1 mM; Sigma), CGP 20712A (CGP,
0.3 mM; Sigma), or ICI 118,551 (ICI, 0.1 mM; Sigma) was added for
30 min prior to ISO treatment.

2.3 Two-dimensional, MALDI TOF, and MS/MS
ARVMs, cultured for 24 h, were washed three times with serum-free
media to remove non-adherent cells. The cells were then treated with
ISO (10 mM) in serum-free media for 3, 6, and 24 h. The collected con-
ditioned media were centrifuged to remove non-adherent cells and lyo-
philized to dryness. The pellet was dissolved in 2D sample buffer (7 M
urea, 2 M thiourea, 4% CHAPS, 0.5% Triton X-100, 10 mM DTT, and
0.5% carrier ampholyte, pH 5–8). Isoelectric focusing was performed

using ReadyStrip IPG strips of pH range 5–8 (Bio-Rad). The second
dimension was accomplished using a Criterion cell and 8–16% precast
polyacrylamide gels (Bio-Rad). The gels were stained with SYPRO Ruby
fluorescent stain and photographed. The protein spots of interest were
identified by MALDI TOF and MS/MS (Applied Biosystems).

2.4 Adenovirus infection
ARVMs were infected with adenoviruses expressing a constitutively active
form of GSK-3b (S9A-GSK; courtesy of Dr Morris J. Birnbaum, Howard
Hughes Medical Institute, University of Pennsylvania—School of Medicine,
Philadelphia, PA, USA), or green fluorescence protein (GFP) at a multi-
plicity of infection of 50–100 for a total period of 48 h.

2.5 Terminal deoxynucleotidyl
transferase-mediated nick end-labelling assay
Terminal deoxynucleotidyl transferase-mediated nick end-labelling
(TUNEL) staining was performed on ARVMs plated on thermanox cover-
slips using in situ death detection kit according to the manufacturer’s
instructions (Roche Molecular Biochemicals). The percentage of TUNEL-
positive cells (relative to total ARVMs) was determined by counting �200
cells in 10 randomly chosen fields per coverslip for each experiment.

2.6 Analysis of cytosolic cytochrome c
Cytosolic fractions were prepared as described.8 The cytosolic fractions
were analysed by western blot using anti-cytochrome c antibody (Santa
Cruz).

2.7 Western blot analyses
ARVMs were lysed in cell lysis buffer [10 mM Tris–HCl (pH 7.4), 150 mM
NaCl, 1 mM EGTA, 1 mM EDTA, 0.2 mM sodium orthovanadate, 0.5%
Nonidet P-40, 1% Triton X-100, and 1 mM phenylmethylsulfonyl fluoride].
To measure the levels of Ub in the conditioned media, conditioned media
collected at the end of treatment period were centrifuged at 1000 g for
5 min and freeze-dried. The samples were reconstituted in distilled
water (500 mL) and subjected to several rounds of desalting using Micro-
con centrifugal filter devices (Millipore). Equal amounts of total proteins
(50–100 mg) from the cell lysates or conditioned media (0.5–5 mg)
were analysed by western blot as described.24 The primary antibodies
used were Ub, P-JNK, or cytochrome c (Santa Cruz). The membranes
were stripped and probed with anti-GAPDH antibody (Santa Cruz) to
normalize protein loading. To detect biotin-labelled Ub, the membranes
were incubated overnight in extra-avidin peroxidase (Sigma; 1:2000
dilution in TBST). The biotin-labelled Ub was visualized using chemilumi-
nescence reagents.

2.8 Measurement of GSK-3b activity
GSK-3b activity was measured by immune-complex kinase assay using
phosphoglycogen synthase peptide-2 (Upstate) as described.25

2.9 Plasma membrane integrity
Integrity of plasma membrane was measured using propidium iodide
(PI)/Hoechst and Trypan Blue staining.

2.10 Statistical analyses
All data are expressed as mean+ SE. Statistical analysis was performed
using the Student’s t-test or a one-way analysis of variance followed by
the Student–Newman–Keuls test. Probability (P) values of ,0.05 were
considered to be significant. The number (n) indicates the number of bio-
logical replicates.
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3. Results

3.1 b-AR stimulation increases levels of Ub
in the conditioned media
Visual analysis of SYPRO Ruby fluorescent-stained 2D images
revealed that b-AR stimulation increased intensities of several
protein spots. There was a consistent presence of a low molecular
weight protein in ISO-treated samples at all time points (3, 6, and
24 h). Figure 1 represents a proteome map of conditioned media
from control (CTL) and ISO-treated (3 h) samples. MALDI TOF
and MS/MS identified this protein as Ub with 99.56% confidence.
The amino acid sequence, EGIPDDQQR, matched completely with
the amino acid sequence of Ub (from residues 30–38).

To confirm thatb-AR stimulation indeed increases levels of extracellu-
lar Ub, ARVMs were washed with serum-free DMEM and treated with
ISO for 3 and 6 h. Analysis of concentrated conditioned media by
western blot using anti-Ub antibodies detected the presence of extra-
cellular Ub with an apparent molecular weight of 8.5 kDa in the con-
ditioned media of ARVMs (Figure 2A). Levels of extracellular Ub were
increased by 2.6+0.4-fold (P , 0.01, n ¼ 7) and 2.6+0.5-fold (P ,

0.05, n ¼ 4) 3 and 6 h after b-AR stimulation, respectively. Western
blot analysis of cell lysates indicated no significant change in the intracellu-
lar levels of Ub (fold change vs. CTL; 0.93+0.1; P ¼ NS vs. CTL; n ¼ 5).

To examine the effect of another b-AR agonist on the levels of Ub
in the conditioned media, cells were treated with NE (10 mM) in the
presence of a-AR antagonist PZ (100 nM) for 3 h. NE in the presence
of PZ induces apoptosis to a similar extent as ISO in ARVMs.22 Analy-
sis of conditioned media by western blot indicated that treatment
with NE þ PZ increased levels of extracellular Ub to a similar
extent as ISO (Figure 2B). AngII, shown to induce cardiac myocyte
apoptosis,26 also slightly but significantly increased extracellular
levels of Ub (Figure 2B).

To rule out the possibility that increased levels of Ub in the con-
ditioned media were due to the loss of plasma membrane integrity,
live cells were stained with PI and Hoechst 33342 (Hoechst).
Hoechst, readily taken up by all cells, is a UV-excitable nucleic acid
stain with blue fluorescence. In contrast, PI only enters cells with com-
promised plasma membranes and stains nucleic acid to yield red flu-
orescence.27 To study plasma membrane integrity, 24 h plated
ARVMs were treated with ISO (10 mM) for 3 h. As a positive
control, ARVMs were treated with H2O2 (100 mM) for 3 h. H2O2 is

shown to induce cytotoxicity in various cells, including cardiac
myocytes.28,29 The cells were then incubated with PI (10 mM) and
Hoechst (10 mM) for 10 min. Live (unfixed) cells were visualized
using fluorescent microscope (Nikon Eclipse TE2000-S) and photo-
graphed. CTL and ISO-treated cells exhibited blue nuclear staining
for Hoechst, while exhibiting only rare positive PI-stained cells
(Figure 2C). H2O2 treatment clearly increased the number of
PI-stained cells (.90%; red nuclear staining). Similar data were
obtained using Trypan Blue staining (data not shown). These data
suggest that the increased presence of Ub in the conditioned media
following b-AR stimulation is unlikely due to the loss of membrane
integrity.

3.2 Involvement of b-AR subtypes
and adenylyl cyclase
Stimulation of b1-AR increases apoptosis, whereas that of b2-AR inhi-
bits apoptosis.30 To study the involvement of b1- or b2-AR subtype in
the increased levels of Ub in the conditioned media, ARVMs were
pre-treated with CGP (0.3 mM; b1-AR-selective antagonist) or ICI
(0.1 mM; b2-AR-selective antagonist) for 30 min followed by treat-
ment with ISO for 3 h. Analysis of concentrated conditioned media
by western blot using anti-Ub antibodies demonstrated that both
CGP and ICI significantly inhibit b-AR-stimulated increases in the
levels of extracellular Ub (fold change vs. CTL; ISO, 2.3+ 0.8*;
ICI þ ISO, 1.0+ 0.06#; CGP þ ISO, 0.9+0.09#; *P , 0.05 vs. CTL;
#P , 0.05 vs. ISO; n ¼ 6; Figure 2D). Treatment with FSK (10 mM)
for 3 h also increased extracellular levels of Ub (Figure 2D).

3.3 b-AR stimulation increases cellular
interaction/uptake of extracellular Ub
To investigate cellular interaction/uptake of extracellular Ub, ARVMs
were pre-treated with BiotUb (0.5 mg/mL) in the presence of
unlabelled Ub (10 mg/mL) for 30 min followed by treatment with
ISO for 3 h. Cells incubated only with unlabelled Ub served as con-
trols. Analysis of cell lysates by western blot using extravidin peroxi-
dase to identify biotin-labelled Ub showed a clear band for Ub with
apparent molecular weight of �8.5 kDa in the cell lysates prepared
from ARVMs treated with BiotUb. Interestingly, the intensity of this
band was significantly enhanced following b-AR stimulation (1.85+
0.37-fold vs. CTL; *P , 0.05; n ¼ 5; Figure 3). No bands were detect-
able in cells incubated only with unlabelled Ub (Figure 3; CTL). This

Figure 1 Proteome map of conditioned media from CTL and ISO-treated samples. ARVMs were treated with ISO (10 mM) for 3 h. Proteins from
the concentrated conditioned media were resolved by 2D gel electrophoresis, stained with SYPRO Ruby fluorescent stain, and photographed. The
circled protein was identified as Ub by MALDI TOF and MS/MS. CTL, control; MW, molecular weight ladder (kDa).
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finding suggests that cellular interaction/uptake of exogenous Ub is
possible in AVRMs, and that b-AR stimulation enhances the cellular
interaction/uptake of exogenous Ub.

3.4 Ub inhibits b-AR-stimulated apoptosis
via the involvement of phosphoinositide
3-kinase pathway
To study the role of extracellular Ub in b-AR-stimulated apoptosis,
ARVMs were pre-treated with purified bovine Ub at concentrations
ranging from 0.01 to 10 mg/mL for 30 min followed by treatment with
ISO for 24 h. Analysis of apoptosis using TUNEL staining assay indicated
that lower concentrations of Ub (0.01, 0.1, and 1 mg/mL) partially inhibit
b-AR-stimulated apoptosis (data not shown). However, at a concen-
tration of 10 mg/mL, Ub almost completely inhibited b-AR-stimulated
apoptosis (per cent apoptosis; CTL, 5.1+0.2; ISO, 18.1+ 0.7*;
Ub þ ISO, 7.97+ 0.55#; *P , 0.05 vs. CTL, #P , 0.05 vs. ISO; n ¼
3–6; Figure 4A). Protective effects of Ub were preserved even when

cells were treated with Ub (10 mg/mL) 30 min after b-AR stimulation
(ISO þ Ub, Figure 4A). BSA (10 mg/mL) had no effect on b-AR-
stimulated apoptosis (data not shown).

Recently, we have provided evidence that inhibition of phosphoino-
sitide 3 (PI3)-kinase inhibits the protective effects of b1-integrin in
b-AR-stimulated apoptosis.8 To determine whether protective
effects of extracellular Ub are mediated via the activation of
PI3-kinase, cells were pre-treated for 30 min with WORT (0.5 mM)
or LY (1 mM; Sigma) followed by treatment with Ub (10 mg/mL;
30 min) and ISO (10 mM; 24 h). Analysis of apoptosis using TUNEL-
staining assay showed that wortmannin prevents the anti-apoptotic
effects of Ub (per cent apoptosis, Ub þ ISO, 7.31+ 1.51#; Ub þ
ISO þWORT, 19.72+1.24&; #P , 0.05 vs. ISO; &P , 0.05 vs.
Ub þ ISO; n ¼ 3–5, Figure 4B). Similar data were obtained using pre-
treatment with LY (per cent apoptosis, CTL, 2.5+0.7; ISO, 10.7+
2.8*; Ub þ ISO, 2.5+ 1.0#; Ub þ ISO þ LY, 6.8+ 1.0&; *P , 0.05
vs. CTL; #P , 0.05 vs. ISO; &P , 0.05 vs. Ub þ ISO; n ¼ 3–5,
Figure 4C).

Figure 2 b-AR stimulation increases levels of extracellular Ub without affecting membrane integrity. (A) ARVMs were treated with ISO for 3 and
6 h. (B) ARVMs were treated with ISO, or norepinephrine þ prazosin (NE/PZ; NE, 10 mM; PZ, 100 nM) or AngII (100 nM) for 3 h. Concentrated
conditioned media were subjected to western blot analysis using anti-Ub antibodies. (A) *P , 0.01 vs. CTL; n ¼ 4–7; (B) *P , 0.05 vs. CTL;
n ¼ 5. (C) ARVMs were treated with ISO or H2O2 for 3 h. The cells were stained with Hoechst 33258 (10 mM) and PI (10 mM) for 10 min, and
visualized using fluorescent microscope and photographed. (D) ARVMs were treated with CGP or ICI for 30 min followed by the treatment with
ISO for 3 h. To activate adenylyl cyclase, ARVMs were treated with FSK for 3 h. Concentrated conditioned media were subjected to western blot
analysis using anti-Ub antibodies. *P , 0.01 vs. CTL; #P , 0.05 vs. ISO; n ¼ 6.
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3.5 Extracellular Ub inhibits
b-AR-stimulated activation of GSK-3b and
JNKs, and GSK-3b acts upstream in the
activation of JNKs
We have provided evidence that b-AR-stimulated activation of
GSK-3b plays a pro-apoptotic role.8 To study whether extracellular
Ub inhibits b-AR-stimulated activation of GSK-3b activity, ARVMs
were pre-treated with Ub (10 mg/mL) for 30 min followed by treat-
ment with ISO for 15 min. GSK-3b activity was measured in total
cell lysates using immune-complex kinase assay.8 This analysis indi-
cated increased GSK-3b activity following b-AR stimulation. This
increase in GSK-3b activity was inhibited by Ub pre-treatment (fold
change vs. CTL; ISO, 4.1+ 0.7*; Ub, 1.2+0.4; Ub þ ISO, 1.8+
0.2#; *P , 0.05 vs. CTL; #P , 0.05 vs. ISO; n ¼ 3; Figure 5A).

b-AR-stimulated activation of JNK pathway is demonstrated to play a
pro-apoptotic role in b-AR-stimulated apoptosis.7 To determine
whether extracellular Ub inhibits b-AR-stimulated activation of JNK,
cell lysates (prepared as above) were analysed by western blot using
phospho-specific JNK antibodies. This analysis showed increased JNK
phosphorylation following b-AR stimulation. Ub pre-treatment com-
pletely reversed the b-AR-stimulated increases in JNK phosphorylation
(fold change vs. CTL; ISO, 2.2+ 0.5*; Ub, 1.0+ 0.3; Ub þ ISO, 0.6+
0.2#; *P , 0.05 vs. CTL; #P , 0.05 vs. ISO; n ¼ 6; Figure 5B). Collec-
tively, these data suggest that extracellular Ub exerts its anti-apoptotic
effects via the inhibition of GSK-3b and JNK pathways.

In cells of non-cardiac origin, GSK-3b is suggested to act
upstream in the activation of JNKs.31,32 To evaluate the possibility
that GSK-3b acts upstream of JNKs in ARVMs, cells were infected
with adenoviruses overexpressing a constitutively active form
(S9A) of GSK-3b or GFP (CTL) for 48 h. The cell lysates were

analysed by western blot using phospho-specific JNK antibodies.
Overexpression of constitutively active GSK-3b clearly increased
JNK phosphorylation when compared with CTL (*P , 0.01 vs.
CTL; n ¼ 4; Figure 5C).

Figure 3 b-AR stimulation increases cellular interaction/uptake of
Ub. ARVMs were pre-treated with BiotUb (0.5 mg/mL) together
with Ub (10 mg/mL) for 30 min before treatment with ISO (3 h).
Cell lysates were analysed by western blot using extravidin peroxi-
dase to measure the levels of BiotUb. GAPDH immunostaining indi-
cates protein loading. *P , 0.05 vs. CTL; n ¼ 6.

Figure 4 Extracellular Ub inhibits b-AR-stimulated apoptosis.
(A) ARVMs were pre-treated with Ub (10 mg/mL) for 30 min fol-
lowed by treatment with ISO (Ub þ ISO) or pre-treated with ISO
for 30 min followed by treatment with Ub (ISO þ Ub) for 24 h.
The number of apoptotic cells was measured using TUNEL-staining
assay. *P , 0.01 vs. CTL; #P , 0.01 vs. ISO; n ¼ 3–6. (B) ARVMs
were pre-treated with WORT (0.5 mM) for 30 min followed by
treatment with Ub (10 mg/mL; 30 min) and ISO (10 mM) for 24 h.
The number of apoptotic cells was measured using TUNEL-staining
assay. *P , 0.05 vs. CTL; #P , 0.05 vs. ISO; &P , 0.05 vs. Ub þ ISO;
n ¼ 3–5. (C ) ARVMs were pre-treated LY for 30 min followed by
treatment with Ub (10 mg/mL; 30 min) and ISO (10 mM) for 24 h.
The number of apoptotic cells was measured using TUNEL-staining
assay. *P , 0.05 vs. CTL; #P , 0.05 vs. ISO; &P , 0.05 vs. Ub þ ISO;
n ¼ 4–6.
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3.6 Extracellular Ub inhibits
b-AR-stimulated increases in the levels
of cytochrome c
Activation of GSK-3b and JNKs plays a pro-apoptotic role in
b-AR-stimulated apoptosis via the involvement of mitochondrial
death pathway.7,8 To determine whether extracellular Ub affects the
mitochondrial death pathway, ARVMs were pre-treated with Ub
(10 mg/mL) for 30 min followed by treatment with ISO (10 mM) for
6 h. Cytosolic fractions were analysed by western blot using
anti-cytochrome c antibodies. As shown previously,8 b-AR stimulation
increased the levels of cytosolic cytochrome c (Figure 5D).
Pre-treatment with extracellular Ub almost completely inhibited
b-AR-stimulated increases in cytosolic cytochrome c (fold change
vs. CTL; ISO, 1.65+ 0.26*; Ub þ ISO, 0.62+0.23#; *P , 0.05 vs.
CTL, #P , 0.05 vs. ISO; n ¼ 4; Figure 5D).

3.7 Anti-apoptotic effects of extracellular
Ub are exerted via monoubiquitination
There is growing evidence that while formation of multi-Ub chains
targets proteins for destruction by the proteosomal complex,

monoubiquitination mediates more diverse functions such as
protein transport and transcription regulation.33 –35 To investigate
whether anti-apoptotic signalling by extracellular Ub is brought
about by monoubiquitination of cellular proteins, we used a methyl-
ated analogue of Ub (MeUb). In MeUb, methyl groups are covalently
attached to lysine residues, thereby preventing polyubiquitination. To
study the role of MeUb in b-AR-stimulated apoptosis, ARVMs were
pre-treated with MeUb (10 mg/mL) for 30 min followed by treatment
with ISO (10 mM, 24 h). Analysis of apoptosis using TUNEL-staining
assay indicated that MeUb inhibits b-AR-stimulated apoptosis to a
similar extent as Ub (per cent apoptosis; CTL, 4.4+ 0.2; ISO,
17.3+2.6*; Ub þ ISO, 8.5+0.8#; MeUb þ ISO, 7.3+0.9#; *P ,

0.05 vs. CTL, #P , 0.05 vs. ISO; n ¼ 4, Figure 6). These data suggest
that the protective effects of extracellular Ub are exerted by mono-
ubiquitination of cellular proteins.

4. Discussion
Stimulation of b-AR induces apoptosis in cardiac myocytes in vitro and
in vivo.2 – 6 In vitro, b-AR stimulation increases apoptosis in only a frac-
tion of cardiac myocytes. This observation led us to search for

Figure 5 Extracellular Ub inhibits b-AR-stimulated activation of GSK-3b and JNKs and increases in the levels of cytosolic cytochrome c. (A and B)
ARVMs were treated with Ub (10 mg/mL) for 30 min before treatment with ISO (15 min). Cell lysates were analysed by immune-complex kinase assay
to measure GSK-3b activity (A) or by western blot using phospho-specific anti-JNK antibodies (B). *P , 0.05 vs. CTL; n ¼ 3; #P , 0.05 vs. ISO; n ¼ 3–
5. (C ) ARVMs were infected with adenoviruses expressing constitutively active GSK-3b (S9A-GSK) for 48 h. Cell lysates were analysed by western
blot using phospho-specific anti-JNK antibodies. GAPDH immunostaining indicates protein loading. *P , 0.05 vs. CTL. (D) ARVMs were pre-treated
with Ub (10 mg/mL) for 30 min followed by treatment with ISO (10 mM, 6 h). Cytosolic cytochrome c levels were measured using western blot analy-
sis. GAPDH immunostaining indicates protein loading. *P , 0.05 vs. CTL, #P , 0.05 vs. ISO; n ¼ 4.
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potential anti-apoptotic proteins present in the conditioned media fol-
lowing b-AR stimulation. This study is the first to describe the pres-
ence of Ub in the conditioned media of adult cardiac myocytes and its
role in cardiac myocyte apoptosis. The major new findings of the
present study are: (i) b-AR stimulation increases extracellular levels
of Ub in ARVMs; (ii) extracellular Ub plays a protective role in
b-AR-stimulated apoptosis; (iii) extracellular Ub inhibits
b-AR-stimulated activation of GSK-3b and JNKs and increases in
the levels of cytosolic cytochrome c; (iv) GSK-3b acts upstream in
the activation of JNKs; and (v) protective effects of extracellular Ub
are mediated, at least in part, via monoubiquitination of cellular
proteins.

The most important intracellular function of Ub is to regulate
protein turnover by the Ub–proteosome pathway.21 Ub is a normal
constituent of plasma. Increased systemic levels of Ub in the plasma
are observed during several diseases.11–14,16,21 Using cell transfection
assay, Daino et al.21 demonstrated increased secretion of intracellu-
larly synthesized Ub in the conditioned media of murine pro-B (Ba/
F3) and human kidney (293T) cell lines. Extracellular levels of Ub
were also found to be increased in packed red blood cells during
storage.36 Using a proteomic approach and western blot analyses,
we provide evidence for the first time that Ub is present in the con-
ditioned media of ARVMs. b-AR stimulation using two different
stimuli, ISO and NE þ PZ, increased the levels of Ub in the con-
ditioned media. At least two factors may be responsible for the
increased extracellular levels of Ub in the conditioned media: loss
of membrane-integrity and/or increased secretion of Ub following
b-AR stimulation. Using PI- and Trypan Blue-exclusion assays, we
provide evidence that b-AR-stimulated loss of membrane integrity
may not be responsible for the increased extracellular levels of Ub.
Furthermore, an increased rate of cardiac myocyte apoptosis starts
to become apparent 6 h after b-AR stimulation,22 while the increased
levels of Ub in the conditioned media are readily detectable 3 h after
b-AR stimulation. These observations point towards the possibility
that increased secretion is the most probable mechanism leading to
enhanced levels of Ub in the conditioned media following b-AR stimu-
lation. This possibility is supported by the observation that stimulation

of adenylyl cyclase also increases extracellular levels of Ub. ICI and
CGP each inhibited b-AR-stimulated increase in extracellular
Ub, suggesting involvement of both b1- and b2-AR subtypes in Ub
secretion. The ability of b1-AR to increase extracellular levels of Ub
suggests that this subtype can activate both apoptotic and anti-
apoptotic pathways. Of note, treatment with another pro-apoptotic
factor, AngII, also increases levels of extracellular Ub, although to a
lesser extent than b-AR agonists.

Biological functions of extracellular Ub are not yet completely
understood. A limited number of studies suggest pleiotropic effects
of extracellular Ub on immune function, cytokine production, and
host defence mechanisms.17 –21 Majetschak et al.18,19 reported that
Ub is released into the extracellular space in a number of critical con-
ditions and acts as a cytokine-like protein playing an important role in
the regulation of cellular immune responses. In animal models,
exogenous Ub decreased tumour necrosis factor-a production after
trauma and endotoxic shock.19 Recently, Ub treatment was shown
to enhance the Th2 cytokine response in post-ischaemic lungs
during reperfusion, reduce lung oedema formation, and improve pul-
monary function during lung ischaemia–reperfusion injury, suggesting
anti-inflammatory properties of Ub.37 A decapeptide of Ub with
amino acid sequence LEDGRTLSDY (located in the external loop
of the molecule) is demonstrated to have immunosuppressive
effects on cellular and humoral immune responses, comparable to
cyclosporine. Cyclization of this peptide, which was designed to
mimic the conformation in the native protein, also selectively sup-
pressed the cellular immune response in vivo.38 It is interesting to
note that this Ub decapeptide contains a retro-RGD sequence. The
RGD sequence is known to be important in extracellular matrix pro-
teins for cell adhesion interactions.39 Very little is known about the
role of extracellular Ub in the regulation of cell survival and apoptosis.
Exogenous Ub is shown to prolong skin graft survival.40 In haemato-
poietic cells, extracellular Ub induced apoptosis via the involvement
of STAT3 degradation by proteosome pathway.21 In contrast, we
observed that extracellular Ub plays an anti-apoptotic role in
b-AR-stimulated apoptosis in ARVMs. Exogenously added Ub dose-
dependently inhibited b-AR-stimulated apoptosis in ARVMs. These
studies point towards the possibility the effects of extracellular Ub
on cell survival and apoptosis may be cell-type specific.

Using N-terminal biotin-labelled Ub, we provide evidence for the
cellular interaction/uptake of exogenous Ub. Furthermore, this inter-
action/uptake is enhanced �1.9-fold upon b-AR stimulation. Uptake
of N-terminal fluorescein-labelled Ub into human peripheral blood
mononuclear cells and monocytic leukaemia cells has been demon-
strated using fluorescence and confocal microscopy.41 Inflammatory
stimuli increased uptake of labelled Ub up to two-fold. In the mean-
time, a significant decrease in Ub–protein conjugates was found in
human peripheral blood mononuclear cells during sepsis.42 These
data point to the possibility that uptake of extracellular Ub could
be directed towards restoring intracellular Ub equilibrium. Apoptotic
myocytes may secrete Ub, hence increasing concentrations of extra-
cellular Ub. This, in turn, may enhance cellular interaction/uptake of
Ub and protect the remaining non-apoptotic cells against
b-AR-stimulated apoptosis.

Intracellular signals initiated by extracellular Ub are not yet known.
Recently, extracellular Ub was shown to conjugate to intracellular
proteins in leukaemia cell lines.41 The identity of these Ub conjugating
proteins remains unknown. b-AR-stimulated activation of JNKs plays a
pro-apoptotic role via the involvement of the mitochondrial death

Figure 6 Anti-apoptotic effects of extracellular Ub are mediated
via monoubiquitination. ARVMs were pre-treated with MeUb
(10 mg/mL) for 30 min followed by treatment with ISO (24 h). The
numbers of apoptotic cells were measured using TUNEL-staining
assay. *P , 0.05 vs. CTL; #P , 0.05 vs. ISO; n ¼ 4.
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pathway.7 Previously, we have shown that b-AR stimulation increases
GSK-3b activity, and that GSK-3b plays a pro-apoptotic role in
b-AR-stimulated apoptosis via the involvement of mitochondrial
death pathway.8 We hypothesized that by analogy with non-cardiac
cells,31,32 GSK-3b acts upstream in the activation of JNKs in cardiac
myocytes. Indeed, expression of constitutively active GSK-3b in
ARVMs increased JNKs phosphorylation, suggesting that GSK-3b
acts upstream in the activation of JNKs. Using an immune-complex
kinase assay and western blot analyses, we show that exogenous
Ub inhibits b-AR-stimulated activation of both GSK-3b and JNKs.
Exogenous Ub also inhibited b-AR-stimulated increases in cytosolic
cytochrome c, a biomarker of mitochondrial death pathway of apop-
tosis. Activation of PI3-kinase-Akt plays an important role in the regu-
lation of GSK-3b activity.43 We have shown that b1-integrin-mediated
activation of PI3-kinase inhibits b-AR-stimulated activation of
GSK-3b.8 Inhibition of PI3-kinase using WORT or LY reversed anti-
apoptotic effects of Ub. Collectively, these data suggest that Ub acti-
vates PI3-kinase and inhibits b-AR-stimulated activation of GSK-3b
and JNKs and mitochondrial death pathway of apoptosis.

Monoubiquitination, contrary to polyubiquitination, performs a
variety of regulatory functions such as transcriptional regulation,
internalization signalling in endocytosis, and virus budding.33–35 The
mechanism by which monoubiquitin exerts these functions remains
generally unknown. It has been hypothesized that monoubiquitination
of proteins modifies their conformation or oligomeric state.33 In the
present work, we demonstrated that MeUb, incapable of forming
polyubiquitin chains, inhibits b-AR-stimulated apoptosis in cardiac
myocytes. These data suggest that the anti-apoptotic effects of
exogenous Ub in cardiac myocytes are exerted by monoubiquitina-
tion of cellular proteins.

The data presented here are novel and of significant interest since
stimulation of b-AR increases extracellular levels of Ub and extra-
cellular Ub plays a protective role against b-AR-stimulated apoptosis.
We also provide evidence that the anti-apoptotic effects of extracellu-
lar Ub are mediated via the involvement of GSK-3b–JNKs pathway. A
clear understanding of the signalling mechanisms leading to
Ub-mediated activation of PI3-kinase and inactivation of GSK-3b–
JNKs pathway may uncover novel strategies for the treatment of
heart failure.
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