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(Background: It is not known whether a 3-blocker, metoprolol, induces physiological responses through B-arrestins in vivo.
Results: Long-term administration of metoprolol induced cardiac fibrosis in wild type but not B-arrestin2- or GRK5 knock-out

Conclusion: Metoprolol induced cardiac fibrosis in a G protein-independent and GRK5/B-arrestin2-dependent manner.
Significance: Our study provides a physiological significance of B-arrestin-mediated biased signaling pathway by a B-blocker in
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G-protein coupled receptors (GPCRs) have long been known
as receptors that activate G protein-dependent cellular signal-
ing pathways. In addition to the G protein-dependent pathways,
recent reports have revealed that several ligands called “biased
ligands” elicit G protein-independent and f3-arrestin-depen-
dent signaling through GPCRs (biased agonism). Several
B-blockers are known as biased ligands. All -blockers inhibit
the binding of agonists to the -adrenergic receptors. In addi-
tion to B-blocking action, some f-blockers are reported to
induce cellular responses through G protein-independent and
B-arrestin-dependent signaling pathways. However, the physi-
ological significance induced by the 3-arrestin-dependent path-
way remains much to be clarified in vivo. Here, we demonstrate
that metoprolol, a f3;-adrenergic receptor-selective blocker,
could induce cardiac fibrosis through a G protein-independent
and f-arrestin2-dependent pathway. Metoprolol, a 3-blocker,
increased the expression of fibrotic genes responsible for car-
diac fibrosis in cardiomyocytes. Furthermore, metoprolol
induced the interaction between f3;-adrenergic receptor and
B-arrestin2, but not f-arrestinl. The interaction between
B,-adrenergic receptor and f-arrestin2 by metoprolol was
impaired in the G protein-coupled receptor kinase 5 (GRK5)-
knockdown cells. Metoprolol-induced cardiac fibrosis led to
cardiac dysfunction. However, the metoprolol-induced fibrosis
and cardiac dysfunction were not evoked in f-arrestin2- or
GRK5-knock-out mice. Thus, metoprolol is a biased ligand that
selectively activates a G protein-independent and GRK5/f3-ar-
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restin2-dependent pathway, and induces cardiac fibrosis. This
study demonstrates the physiological importance of biased ago-
nism, and suggests that G protein-independent and f3-arrestin-
dependent signaling is a reason for the diversity of the effective-
ness of 3-blockers.

G protein-coupled receptors (GPCRs)? mediate physiologi-
cal responses to a variety of ligands, such as hormones, neu-
rotransmitters, and environmental stimuli, and are tightly reg-
ulated by several mechanisms (1). Among the mechanisms,
GPCR kinase (GRK) and B-arrestin-mediated events are known
as general mechanisms of GPCR functional regulation (2—6).
When an agonist binds to GPCR, it activates a cellular signal
transduction cascade through G proteins, but also induces
GRK/B-arrestin-mediated events to prevent excess stimula-
tion. GRKs phosphorylate the agonist-bound GPCRs, and 3-ar-
restins bind to the phosphorylated receptors, and then inhibit
further stimulation of G proteins by the agonist-bound recep-
tors through steric hinderance. As B-arrestins can also bind
clathrin and adaptor proteins, the phosphorylated and -arres-
tin-bound receptors are internalized into endocytic vesicles (7).
The internalized receptors then are recycled back to the plasma
membrane or directed to the degradation pathway by unde-
fined processes (8, 9). In addition to the receptor regulation, it
has been recently recognized that GRKs and S-arrestins medi-
ate cellular signaling by GPCRs independently of G protein
activation (2—4, 10, 11). However, these GRK- and B-arrestin-
dependent signaling pathways are largely demonstrated by in
vitro cellular systems. To establish the physiological impor-

2 The abbreviations used are: GPCR, G protein-coupled receptor; GRK, G
protein-coupled receptor kinase; BRET, bioluminescence resonance
energy transfer; FRET, fluorescence resonance energy transfer; CTGF, con-
nective tissue growth factor; Col1a, collagen 1«; Rluc, Renilla luciferase; KO,
knockout.
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tance of the signaling pathways, it is essential to demonstrate
GRK- and B-arrestin-dependent responses in vivo.

B-Adrenergic receptors are members of the G protein-cou-
pled receptor family and are pharmacologically and genetically
subdivided into three subtypes: 3;, B,, and 5 (12). The 3;-ad-
renergic receptor is involved in the regulation of cardiac func-
tions as well as in the induction and development of various
cardiovascular diseases including heart failure (13, 14). During
heart failure, a large amount of catecholamine is believed to be
released from synaptic ends (15, 16), and exerts harmful effects
on the heart. Therefore, administration of 3-adrenergic recep-
tor antagonists, B-blockers, is effective for patients in the early
stages of heart failure (17). So far, various kinds of B-blockers
have been developed, but many basic and clinical studies indi-
cate that the effect of each B-blocker is divergent (18). Several
reasons, including receptor selectivity, antioxidant property,
and membrane-stabilizing effects have been proposed for the
diversity, but there still remains much to be known. Under-
standing the reasons more properly would help to develop a
more efficient B-blocker with fewer side effects.

In addition to the blocking effects, some B-blockers have
been shown to evoke signal transduction through the B-adre-
nergic receptors in G protein-independent and B-arrestin-de-
pendent manner (19-21). Like B-blockers, some agonists for
seven-transmembrane receptors have been reported not only
to transmit the classic G protein signaling, but also to generate
the signaling in a G protein-independent fashion (22-25).
These agonists and phenomena are called “biased ligands” and
“biased agonism,” respectively (11). To date, the signal trans-
duction pathways by biased ligands have been intensively
unveiled by in vitro studies. However, the physiological
meaning of the biased ligand-mediated signaling is hardly
clarified in vivo.

We found that long-term administration of metoprolol, an
inverse agonist for the 3;-adrenergic receptor, to mice induced
cardiac fibrosis, which is thought to be deleterious for the heart
by stiffening it and inhibiting the electrical conductivity
between cardiomyocytes. We revealed that this fibrotic path-
way was mediated through the 3;-adrenergic receptor in a G
protein-independent manner. We also discovered that 3-arres-
tin2 and GRK5 are involved in this G protein-independent
fibrotic pathway not only in vitro but also in vivo.

EXPERIMENTAL PROCEDURES

Animals and Administration of B-Blockers—We purchased
ddY, C57BL/6] mice, and Sprague-Dawley rats from KYUDO
(Japan). GRK5-, GRK6-, and p-arrestin2-KO mice were
obtained by Drs. R. J. Lefkowitz and R. T. Premont (Duke Uni-
versity). Administration of B-blockers was started at 6 weeks of
age of male mice. B-Blockers (metoprolol, 30 mg/kg/day; carve-
dilol, 30 mg/kg/day; propranolol, 10 mg/kg/day) or saline were
orally administered twice a day for 3 months. All experiments
using mice and rats were approved by the guidelines of Kyushu
University.

Isolation of Cardiac Cells and Transfection—Rat neonatal
cardiomyocytes and cardiac fibroblasts were isolated as
described previously (26, 27). In brief, 1-day-old Sprague-Daw-
ley rats are deeply anesthetized and their hearts were expedi-
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tiously extirpated on ice. The atria of the extirpated hearts are
quickly removed by using sterilized forceps and scissors. The
remaining hearts were cut into small pieces and digested by
collagenase. The digested cells were plated on 10-cm plates for
1 hat 37 °Cand nonattached cells or attached cells were used as
cardiomyocytes or cardiac fibroblasts, respectively. The car-
diomyocytes are plated on gelatin-coated 6-well plates (3 X 10*
cells/well). When siRNAs were transfected into cardiomyo-
cytes, Lipofectamine 2000 was used. Plasmid DNAs were trans-
fected into the rat neonatal cardiomyocytes or H9¢2 cells by
electroporation and into HEK293 cells by FUuGENE6 (Roche
Applied Science).

BRET Assay—To evaluate the interaction between f3;-adre-
nergic receptor and 3-arrestin2, or the conformational changes
in B-arrestin2, BRET experiments were performed as described
previously (28, 29). The plasmids of 3,-adrenergic receptor-
Rluc, GFP>-B-arrestinl, and B-arrestin2-GFP? were trans-
fected into HEK293 cells, H9c2 cells, or rat neonatal car-
diomyocytes. Rluc-B-arrestin2-GFP? was expressed in HEK293
or H9c2 cells. These cells stably expressed the 3;-adrenergic
receptor. Forty-eight hours after the transfection, the cells were
collected and washed by DMEM/F12 (Invitrogen). The cells
were suspended in the assay buffer (0.1 g/liter of CaCl,, 0.1
g/liter of MgCl,-6H,0O, 1 g/liter of p-glucose, and 2 ug/ml of
aprotinin in PBS) to adjust 5 X 10* cells/ml. Then, 25 pl of the
cell suspension was distributed in a 96-well white microplate
and 25 ul of the drug solution was added. After a 5-min incu-
bation, DeepBlueCTM was added at a final concentration of 5
wM and the 400 nm (Rluc) and 515 nm (GFP?) emissions were
immediately measured using a Multilabel Reader Mithras LB
940 (Berthold Technologies).

FRET Assay—The FRET probe to monitor the changes of the
concentration of cAMP was constructed as reported previously
(30). HEK293 cells stably overexpressing the f;-adrenergic
receptor were plated on poly-L-lysine-coated 35-mm glass-bot-
tom base dishes and transfected with the FRET probe. Two days
after transfection, the culture medium was replaced by phenol
red-free medium (DMEM/F-12) containing 0.1% fetal bovine
serum, and more than 3 h later, the cells were imaged by the
microscopy (Olympus IX-81) in a heated chamber kept at
37 °C. In some experiments of B-blocker stimulation, drugs
other than B-blockers were added before the stimulation.
ICI118551 (50 uM) or pertussis toxin (100 ng/ml) were added
10 min or 16 h before the stimulation of B-blockers, respec-
tively. 3-Isobutyl-1-methylxanthine (1 mm) was added simulta-
neously with each B-blocker. The images for CFP, YFP, and
DIC were taken every 1 min. Image analysis was performed by
MetaMorph software (Universal imaging).

Histological Analysis—Hearts from mice were extirpated
and fixed by paraformaldehyde. The fixed hearts were em-
bedded and sectioned (3 wm thickness). The heart sections
were stained with hematoxylin and eosin (H&E), Masson’s
trichrome, or picrosirius red. The digital images for the stained
sections were taken by a Biozero microscope (BZ-8000, Key-
ence). The degree of fibrosis in the images was estimated by
BZ-analyzer (BZ-9000, Keyence).

Real Time RT-PCR—Total RNA was extracted from mouse
hearts using RNeasy fibrous tissue kit (Qiagen) according to the
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manufacturer’s instructions. Real time RT-PCR was performed
as described previously by TagMan RT-PCR (26). The results
were normalized to 18 S RNA or Gapdh. Sequences for PCR
primers and TagMan probes were described in a previous
report (26).

Echocardiographic and Hemodynamic Measurement—Left
ventricular functions were assessed by transthoracic echocar-
diography. Recordings were performed using Nemio GX
image analyzing system (SSA-580A, Toshiba Medical Sys-
tems). Under anesthesia, a micromanometer and conduct-
ance 1.4F catheter (SPR-671, Millar Instruments) was
inserted into left ventricle. After stabilization, the signals
were recorded. The signals were analyzed by Digi-Med Heart
Performance Analyzer (Micro-Med) and Digi-Med System
Integrator (Micro-Med).

Statistical Analysis—The results are presented as mean =
S.E. from at least three independent experiments. Statistical
comparisons were performed with Student’s ¢ test (for two
groups) or analysis of variance followed by Student-Newman-
Keuls procedure (for multiple groups).

RESULTS

Administration of Metoprolol to Wild Type Normal Mice
Induces Cardiac Fibrosis—During the analysis of the effects of
B-blockers on heart failure, we found that long-term treatment
with metoprolol, but not with propranolol and carvedilol, to
wild type normal ddY mice induced perivascular fibrosis in
their hearts (Fig. 1, A and B). The metoprolol-induced cardiac
fibrosis was confirmed by quantitative mRNA analysis, which
demonstrates that the expression of fibrotic genes, such as
Colla (encoding Collagen 1« (Colla)) and Ctgf (encoding con-
nective tissue growth factor (CTGF)) (31, 32), was increased in
metoprolol-treated mice (Fig. 1C). Although increased fibrosis
with metoprolol was observed with ddY mice, knock-out mice
are not available for ddY mice. We then examined the effects of
metoprolol on cardiac fibrosis in C57BL/6] mice (Fig. 1D) and
found that metoprolol-induced cardiac fibrosis is independent
of strain. We next examined whether metoprolol-induced
fibrosis affects cardiac morphology and functions. Echocar-
diography and catheter measurements of metoprolol-treated
mice revealed that ventricular wall thickness is decreased (sup-
plemental Fig. S1). Among the parameters of the cardiac func-
tions, one of the best indicators for defects of cardiac functions
by fibrosis is dP/dt,,;, (26, 33). The value of dP/dt,;, was sig-
nificantly decreased by metoprolol treatment (Fig. 1E), suggest-
ing that metoprolol-induced cardiac fibrosis is associated with
a decrease in dP/dt However, metoprolol did not induce
hypertrophy.

Metoprolol-induced Fibrotic Response Was Independent of
G-protein Signaling—T o investigate the molecular mechanism
of cardiac fibrosis with metoprolol, we first examined whether
metoprolol couples with G, or G;. HEK293 cells stably express-
ing the B;-adrenergic receptor were established, and cAMP
accumulation by various 3-blockers was then monitored in the
presence of ICI118551, a [3,-adrenergic receptor-selective
blocker. ICI118551 was included to exclude the involvement of
the B,-adrenergic receptor. In this study, cAMP accumulation
was measured by a fluorescence resonance energy transfer

min*
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probe, as described elsewhere (30). Fig. 2A shows that several
B-blockers increased cAMP accumulation, but metoprolol did
not. This result indicates that metoprolol does not activate G,.

We also examined whether metoprolol activates G;. Inclu-
sion of a phosphodiesterase inhibitor, 3-isobutyl-1-methylxan-
thine, increased cAMP accumulation. Metoprolol inhibited
cAMP accumulation (Fig. 2B), consistent with the report that
metoprolol is an inverse agonist (34). The decreased cAMP
accumulation by metoprolol was not affected by pertussis toxin
treatment, indicating that metoprolol did not activate G; (Fig.
2B). CGP-20712A is another inverse agonist and inhibited
cAMP response similarly to metoprolol (35). These results
demonstrate that metoprolol does not require G, and G; to
induce a fibrotic response.

Metoprolol Induced the Expression of Fibrotic Genes in
Cardiomyocytes—We examined whether metoprolol up-regu-
lates the expression of fibrotic genes in cardiomyocytes and
cardiac fibroblasts. Real time PCR experiments revealed that
treatment of rat neonatal cardiomyocytes with metoprolol
increased the expression of fibrotic genes, TgfB (encoding TGE-
B), Ctgf, and Colla (Fig. 3A). On the other hand, carvedilol
stimulation did not induce expression of TgfB in rat neonatal
cardiomyocytes (supplemental Fig. S2). In contrast to the
results in cardiomyocytes, metoprolol did not increase the
expression of fibrotic genes in cardiac fibroblasts, which mainly
contribute to cardiac fibrosis (Fig. 3B). These results suggest
that the induction of fibrotic genes by metoprolol is evoked
through the B-adrenergic receptor in cardiomyocytes.

Metoprolol-induced Response through ,-Adrenergic Recep-
tor Depends on B-Arrestin2—Recent reports demonstrated that
B-blockers activate (-adrenergic receptor-mediated and G
protein-independent signaling (19-21). In several studies, G
protein-independent signaling requires B-arrestins. Thus, we
examined whether the induction of cardiac fibrosis by meto-
prolol treatment required B-arrestins. At first, we examined
whether B-arrestinl/2 interacts with the (3;-adrenergic recep-
tor using by BRET assay. The BRET assay is a powerful tech-
nique to detect the weak interaction between an activated
receptor and its downstream molecules (24). The 3,-adrener-
gic receptor tagged with Renilla luciferase (Rluc) and B-arres-
tinl fused with GFP? or B-arrestin2 fused with GFP? (supple-
mental Fig. S3A) were transiently co-expressed in HEK293
cells. The metoprolol-stimulated BRET signal was then meas-
ured. Stimulation of the cells with isoproterenol, a full agonist
for B-adrenergic receptors, strongly increased the BRET ratio
in both cells expressing 3,-adrenergic receptor-Rluc and GFP>-
B-arrestinl or expressing f3;-adrenergic receptor-Rluc and
B-arrestin2-GFP?. When metoprolol were added to the cells,
the BRET ratio was increased only in cells expressing 3,-adre-
nergic receptor-Rluc and B-arrestin2, although the interaction
is fairly weak compared with that of isoproterenol (Fig. 4A).
This result indicates that the B;-adrenergic receptor interacts
weakly with B-arrestin2 but not -arrestinl by the binding of
metoprolol to the receptor. As HEK293 cells are different from
cardiomyocytes in some aspects, we further performed similar
experiments with cardiomyocytes and a rat heart myoblast cell
line, H9¢2. Isoproterenol increased the BRET ratios in H9¢c2
cells (Fig. 4B) and cardiomyocytes (Fig. 4C). Metoprolol also
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FIGURE 1. Metoprolol-induced cardiac fibrosis. A, picrosirius red staining of perivascular region of left ventricles of ddY mice after treatment of saline (Control
(Con)) or B-blockers (Metoprolol (Met), Propranolol (Pro), Carvedilol (Car)). Paraffin sections of hearts (3 wm thickness) were prepared from mice, to which each
B-blocker was administered. The sections were stained with picrosirius red and observed under microscopy. Representative images are shown. Scale bar, 15
um. B, quantification of collagen volume fraction from A (n = 5). **, p < 0.01. C, up-regulation of MRNA expressions of angiotensin converting enzyme (ACE),
Periostin, Collagen 1a (Col1a), a-skeletal actin, and Ctgf (CTGF) in mouse hearts by B-blockers. The expression levels of the fibrotic genes were evaluated by
real-time RT-PCR. The fold-increases were calculated by the values of saline-treated mice set as 1 (n = 3-5). **, p < 0.01. D, Masson’s trichrome staining of
perivascular and interstitial regions of left ventricles from saline- or metoprolol-treated C57BL/6J mice (n = 5-6). Typical images are shown. Arrows indicate the
fibrotic region. Scale bar: 15 pm on perivascularimages, 30 wm on interstitialimages. Collagen volume fraction on each image was quantified and the data were
shown below the images. *, p < 0.05. E, hemodynamic parameters (dP/dt,,,, or dP/dt, ;) of the saline- or metoprolol-treated C57BL/6J mice. Saline or
metoprolol was administered to mice for 3 months. After the administration, they were subjected to hemodynamic measurements. The parameters dP/dt,, .,
or dP/dt,,;, represent the maximal rate of pressure development, maximal rate of decay of pressure, respectively. Error bars show S.E. (n = 15). *, p < 0.05;
** p<0.01.

increased the BRET ratios in both cells, although the extents of  tin2 through the 3;-adrenergic receptor, we next examined the
metoprolol-induced BRET ratios in H9¢2 cells were small as  conformational changes of B-arrestin2 by metoprolol and iso-
compared with those in HEK293 cells. The reason of small proterenol stimulation by a BRET assay using a (B-arrestin2-
changes in metoprolol-induced BRET ratios in H9¢2 cells is based biosensor, Rluc-B-arrestin2-GFP?> (28) (supplemental
unknown. As isoproterenol and metoprolol activate B-arres- Fig. S3B). The biosensor was reported to detect the conforma-
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FIGURE 2. Metoprolol-induced fibrotic responses did not depend on G protein signaling. A, CAMP accumulation in HEK293 cells expressing 3,-adrenergic
receptors by B-blockers (10 um) in the presence of ICI118551 (50 um). HEK293 cells stably expressing 3,-adrenergic receptor were transiently transfected with
a FRET-based cAMP biosensor. After 15 min of pre-treatment with 1CI118551, B-blocker stimulation was performed on the cells and the changes of the
fluorescence were followed under microscopy. non, nonstimulated cell; Iso, isopreterenol; Met, metoprolol; CGP, CGP20712A; Bis, bisoprolol; ICl, 1CI18,551; Pro,
propranolol; Car, carvedilol; Lab, labetalol; Pin, pindolol. AFRET ratios were determined at 5 min after the stimulation. The experiments were repeated three
times and each result was obtained from 13 to 20 cells. **, p < 0.01; ***, p < 0.001. B, pertussis toxin (PTX) treatment did not influence cAMP accumulation by
metoprolol. PTX treatment (100 ng/ml) was performed 16 h before the co-addition of 3-isobutyl-1-methyxanthine (IBMX) (1 mm) and B-blockers (Metoprolol,
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FIGURE 3. Metoprolol up-regulated expressions of fibrotic genes in rat
neonatal cardiomyocytes but not in cardiac fibroblasts. Metoprolol-in-
duced induction of fibrotic genes in rat neonatal cardiomyocytes (A) or car-
diac fibroblasts (B) were determined (n = 3 for cardiomyocytes, and n = 8 for
cardiac fibroblast). Rat neonatal cardiomyocytes or cardiac fibroblasts were
stimulated with 10 um metoprolol. The expression levels of fibrotic genes
(TGF-B, Ctgf (CTGF), and Col1a (Col1a)) after the stimulation were determined
by real time RT-PCR. *, p < 0.05.

tional changes of B-arrestin2 caused by both G protein-depen-
dent and -independent pathways through GPCRs such as the
angiotensin II receptor (28, 36). As shown in Fig. 4, D and E, the
BRET ratios were increased by isoproterenol stimulation of
HEK?293 cells expressing the 3;-adrenergic receptor and H9¢2
cells expressing the 3;-adrenergic receptor. In contrast, meto-
prolol stimulation decreased it, indicating that conformation of
B-arrestin2 by metoprolol stimulation was different from that
by isoproterenol stimulation (Fig. 4, D and E).
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Metoprolol-induced Fibrosis in Mice Hearts Depends on
B-Arrestin2—Next, we examined whether B-arrestin2 is
required for metoprolol-induced cardiac fibrosis in vivo. Meto-
prolol was orally administered to B-arrestin2-KO mice twice a
day for 3 months. Cardiac functions and fibrosis were then
examined. Metoprolol treatment induced fibrosis in the
perivascular and interstitial regions of wild type but not -
arrestin2-KO hearts (Fig. 5, A and B). Up-regulation of a fibrotic
gene, Ctgf, with metoprolol was inhibited in B-arrestin2-KO
mice (Fig. 5C). Consistent with these results, metoprolol-in-
duced impairment of cardiac function was not observed in
B-arrestin2-KO mice (Fig. 5D). These results demonstrate that
B-arrestin2 is essential for metoprolol-induced cardiac fibrosis.

Metoprolol-induced Fibrosis in Mice Hearts Depends on
GRK5—As GRK5 and GRK®6 are often involved in a G protein-
independent and B-arrestin2-dependent pathway (20, 22, 23,
36, 37), we examined their potential involvement in meto-
prolol-induced cardiac fibrosis. At first, we knocked down
GRK5 or GRK6 in HEK293 cells (supplemental Fig. S4, A and B)
and measured the interaction between the [3,-adrenergic
receptor and B-arrestin2 with the BRET assay. Knockdown of
GRK5 but not GRK6 inhibited the metoprolol-stimulated
interaction of the B,-adrenergic receptor with B-arrestin2 (Fig.
6A). Metoprolol was next administered to GRK5- or GRK6-KO
mice. Cardiac dysfunction reflected by a decrease of dP/dt,,;,
was observed in wild type and GRK6-KO mice, but not in
GRK5-KO mice (Fig. 6B). Metoprolol-induced cardiac fibrosis
(Fig. 6, C and D) was not evoked in [-arrestin2-KO and
GRK5-KO mice. These results demonstrate that GRK5 but not
GRKG6 is required for metoprolol-induced cardiac fibrosis.

DISCUSSION

In this study, we demonstrated that metoprolol is a biased
ligand and could induce cardiac fibrosis through a G protein-
independent and GRK5/B-arrestin2-dependent pathway (Fig.
7). Accumulating evidence has implicated that B-arrestin-me-
diated biased signaling is elicited by stimulation of various sev-
en-transmembrane receptors with their corresponding ago-
nists (11, 22—25). However, there are only a few reports that the
physiological meaning of this biased signaling are clearly dem-
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FIGURE 4. Requirement of -arrestin2 for metoprolol-induced responses.
A-C, the changes in BRET ratios by metoprolol or isoproterenol stimulation
for 5 min in HEK293 cells (A), H9c2 cells (B), or cardiomyocytes (C). A, HEK293
cells were transfected with 8;-adrenergic receptor-Rluc and GFP?-B-arrestin1
(left panel, BArr1-B,AR) or B,-adrenergic receptor-Rluc and B-arrestin2-GFP?
(right panel, BArr2-3,AR) (n = 4). B and C, H9¢2 cells (B) or rat neonatal car-
diomyocytes (C) were transfected with 3;-adrenergic receptor-Rluc and B-ar-
restin2-GFP? (n = 3). They were harvested 48 h after the transfection, washed
with PBS, and splitinto 96-well plates. Then, they were incubated with isopro-
terenol or metoprolol at the indicated concentrations for 5 min. After the
incubation, Rluc substrate, DeepBlueC™ was added to a final concentration
of 5 um. BRET signal was determined by calculating the ratio of the light
emitted by the GFP? and the light emitted by RLuc. D and E, the cells were
transfected with Rluc-B-arrestin2-GFP? (n = 4 for HEK293 cells and n = 3 for
H9c2 cells). Then, the changes in BRET ratios of Rluc-B-arrestin2-GFP? were
determined after metoprolol (10 um) or isoproterenol stimulation (10 um) for 5
min in HEK293 cells expressing 3;-adrenergic receptor (D) or H9c2 cells express-
ing B;-adrenergic receptor (E). *, p < 0.05; **, p < 0.01; ***, p < 0.001.

onstrated in vivo (36, 38). In addition to those agonists, it has
been shown that some (-blockers also trigger the B-arrestin-
mediated biased signaling. Among S-blockers, carvedilol (21,
39) and alprenolol (20) have been reported to activate intracel-
lular signaling in HEK293 cells through the 8,- and 8, -adrener-
gic receptors in a B-arrestin-dependent manner. The B-arres-
tin-mediated signaling by alprenolol and carvedilol trans-
activates the EGF receptor, resulting in ERK activation.
However, how such a pathway by two B-blockers is related with
physiological or pathological responses still remains to be
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determined. In this study, we revealed that the G protein-inde-
pendent and [-arrestin2-dependent pathway evoked by a
B-blocker could influence physiological responses, cardiac
fibrosis, and impairment of diastolic function. The B-arrestin-
mediated biased signaling by metoprolol did not induce EGF
receptor transactivation (supplemental Movies S1 and S2).
Thus, the B-arrestin-mediated biased pathway seemed to be
different from that by carvedilol and alprenolol.

Metoprolol increased the expression of fibrotic genes in car-
diomyocytes but not cardiac fibroblasts in vitro (Fig. 3). This
result is consistent with previous reports that metoprolol is a
B,-adrenergic receptor-selective antagonist (40) and cardiac
fibroblasts express only 3,-adrenergic receptor subtype (41).
Metoprolol also induced the interaction of f3;-adrenergic
receptor with B-arrestin2 in different cell types, such as
HEK293 cells, H9¢c2 cells, and cardiomyocytes. From these
results, we propose that metoprolol directly acts on 3;-adre-
nergic receptors expressed on cardiomyocytes in vivo. This
would induce the release of the fibrotic factors from car-
diomyocytes, resulting in the activation of cardiac fibroblasts to
induce fibrosis.

GRKS5 but not GRKG6 is required for the G protein-indepen-
dent and B-arrestin2-dependent cardiac fibrosis by metoprolol.
Among GRK family proteins, GRK5 and GRK6 were reported
to be involved in seven-transmembrane receptor-mediated
biased signaling that is independent of G protein signaling and
dependent on B-arrestins (22, 23, 36, 37). In these reports, the
roles of GRK5 and GRK6 seem to be the same and functional
differences between two GRKs in the signaling have not been
detected. Accordingly, the specific contribution of GRK5 to
cardiac fibrosis induced by metoprolol is unique in G protein-
independent and B-arrestin-dependent signaling. For agonist-
promoted desensitization, the different sets of Ser or Thr on a
given GPCR undergo cell- and tissue-specific phosphorylation
by different kinases in a barcode-like fashion (42—44). It was
recently reported that CCL21 is a natural biased agonsit for
CCR?7, a seven-transmembrane chemokine receptor, and the
ligand recruits B-arrestin2 only by GRK6-promoted phosphor-
ylation of the receptor (45). Our results, together with their
report, suggest that different patterns of GPCR phosphoryla-
tion by GRK5 and GRK6 determine the downstream signaling
through B-arrestins. Specific interaction of B;-adrenergic
receptor with S-arrestin2, but not -arrestinl by metoprolol
stimulation also supports this hypothesis.

Our BRET assay using Rluc-B-arrestin2-GFP? demonstrated
that conformation of B-arrestin2 by metoprolol stimulation
was different from that by isoproterenol stimulation. Recent
progress with the structural analysis of GPCRs has revealed that
GPCRs can form several conformations by ligand binding. The
neutral antagonist, the agonist, and the inverse agonist for the
B,-adrenergic receptor induced its different conformational
states (46). In addition, two distinct conformations were
observed in different antagonist-bound f3;-adrenergic recep-
tors (47). Thus, metoprolol may induce a specific conformation
of the ;-adrenergic receptor to activate the GRK5/B-arres-
tin2-dependent signaling pathway.

Metoprolol is used as one of the 3-blockers for the treatment
of various heart diseases and its effectiveness has been verified
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FIGURE 5. Requirement of 3-arrestin2 for metoprolol-induced cardiac fibrosis. A and B, cardiac fibrosis in perivascular (A) or interstitial (B) regions of left
ventricles of wild type or B-arrestin2-KO mice by metoprolol. Metoprolol was orally administered to wild type or B-arrestin2-KO mice for 3 months. The degrees
of their cardiac fibrosis were evaluated by picrosirius staining using paraffin sections of their hearts. *, p < 0.05; ***, p < 0.001. C, CTGF mRNA expression by
metoprolol in wild type or B-arrestin2-KO mice. ¥, p < 0.05. Mouse heart total RNA was prepared from wild-type or B-arrestin2 knock-out mice (n = 3), which
underwent metoprolol administration for 3 months. CTGF expression levels were evaluated by real time RT-PCR. D, determination of dP/dt,,;, of wild type or
B-arrestin2-KO mice. The metoprolol-administered wild type or B-arrestin2-KO mice were subjected to hemodynamic measurements (n = 7-12). ***, p <
0.001.
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FIGURE 6. Requirement of GRKS5 for metoprolol-induced cardiac fibrosis. A, interaction between ,-adrenergic receptor and -arrestin2 by metoprolol (10
uMm) or isoproterenol (1 nm, 100 nm) stimulation in GRK5- or GRK6-knockdown cells (n = 4). HEK293 cells were transiently co-transfected with siRNA (control
siRNA, GRK5 siRNA, or GRK6 siRNA), B;-adrenergic receptor-Rluc, and B-arrestin2-GFP2. Two days after transfection, BRET measurement was performed. *, p <
0.05.B, the changes of dP/dt,;, in GRK5- or GRK6-KO mice (n = 7-14). Metoprolol was administered to wild type, GRK5-KO, or GRK6-KO mice for 3 months. After
the administration, they were subjected to hemodynamic measurements. *, p < 0.05; **, p < 0.01. C and D, cardiac fibrosis in perivascular (C) or interstitial (D)
regions of left ventricles of metoprolol-treated wild type or GRK5-KO mice (n = 5). The degrees of cardiac fibrosis in metoprolol-administered wild type or
GRK5-KO mice were evaluated by picrosirius staining using paraffin sections of their hearts. *, p < 0.05; ***, p < 0.001.

by several clinical tests (48, 49). In this study, we demonstrated
that long-term administration of metoprolol induced cardiac

beneficial effect on the treatment of heart failure patients. The
hearts of heart failure patients are overstimulated by cate-

fibrosis and impaired diastolic function. Although metoprolol
induced cardiac fibrosis, we think that metoprolol still has a

GRS
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cholamine, and metoprolol blocks the action of catecholamine.
The degree of metoprolol-induced fibrosis is fairly small when
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FIGURE 7. Schematic diagram depicting the model of metoprolol-medi-
ated cardiac fibrosis. Metoprolol induces cardiac fibrosis through B,-adre-
nergic receptor depending on GRK5 and B-arrestin2.

compared with the fibrosis induced by heart failure. Accord-
ingly, a small increase in fibrosis by metoprolol will be over-
come by the beneficial effects of the B-blocking action of meto-
prolol. However, it is interesting to compare the effects of
metoprolol to those of carvedilol and other B-blockers on the
treatment of the patients who have not suffered from fibrosis to
examine the role of B-blocker-induced fibrosis.

It was recently reported that B-blockers affect calcium sig-
naling through B-arrestin2-biased signaling in central nervous
system neurons (39). It was suggested that this B-arrestin2-
biased signaling explains some of the adverse effects of B-block-
ers on central nervous system functions. So far, B-blockers are
classified by affinity, subtype selectivity, duration of action and
so on (50). In this study, we focused on metoprolol in the acti-
vation of B-arrestin2-mediated biased signaling and the induc-
tion of cardiac fibrosis. This study, and studies from other
groups, will help to establish that B-arrestin2-dependent sig-
naling is another index for classifying B-blockers (20, 21, 39).
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