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Figure 3. Myocardial expression of hypertrophic and fibrotic markers. Expression of ANF (A), B-type natriuretic peptide (BNP; B),
collagen-l (C), connective tissue growth factor (CTGF; D), and TGF-81 (E) in ventricular tissue. F, Protein expression of TGF-B1 in ven-
tricular tissue of CRPtg and control mice 1 and 4 weeks after TAC or sham operation. ‘P<0.05, **P<0.01 vs Sham/CON; tP<0.01 vs
Sham/CRPtg; tP<0.05, $1P<0.01 vs TAC/CON. 1W indicates 1 week; 4W, 4 weeks.

vated in TAC/CRPtg compared to that in TAC/CON, peaking
at | week after TAC operation (Figure S2A). NO and iNOS
expression were significantly decreased in TAC/CRPtg com-
pared to TAC/CON at both 1 and 4 weeks after TAC
operation (Figure S2B).

Macrophage Infiltration and Nuclear
Factor-«B/p65 Activation in Cardiomyocytes
Immunohistochemical staining showed an increase in the
number of infiltrating Mac-2-positive macrophages in TAC/
CRPtg compared to TAC/CON or Sham/CRPtg, peaking 1
week after TAC operation (Figure 5A and 5B). Myocardial
CD68 expression 1 week after operation was increased in
TAC-operated mice compared to sham-operated mice. TAC/
CRPtg mice had higher CD68 expression 1 week after
operation compared to TAC/CON.

The number of nuclear localization of phosphorylated
nuclear factor-kB (NF-«B)/p65 (p-p65)-positive cardiomyo-
cytes was higher in TAC/CRPtg than in sham-operated mice
or TAC/CON 1 week after operation, and it remained
elevated 4 weeks after operation in TAC/CRPtg compared to
TAC/CON (Figure 6A and 6B). In addition, EMSA demon-
strated that nuclear NF-«kB-DNA-binding activity was sig-
nificantly increased in TAC/CRPtg | week after TAC oper-
ation compared to the other groups (Figure 6C).

Discussion
The present study demonstrated direct evidence of the patho-
genic role of human CRP in pressure overload-induced
cardiac remodeling, including a fall in fractional shortening

and velocity of circumferential fiber shortening, promoted
cardiac hypertrophy and fibrosis, and enhanced inflamma-
tion, oxidative stress, and renin-angiotensin system (RAS)
activation. Interestingly, the deterioration of cardiac remod-
eling by CRP overexpression was preceded by an increase in
macrophage infiltration, phosphorylated NF-kB/p65 in car-
diomyocytes, myocardial expression of inflammatory cyto-
kines, oxidative stress and p38 MAPK signaling, and a
decrease in NO production. These findings suggest that CRP
may play an important role in pressure overload-induced
cardiac remodeling possibly through enhanced inflammation
and oxidative stress.

Cardiac hypertrophy is considered to be an adaptive
mechanism compensating for a chronic increase in pressure
overload mechanical stress. However, it can become mal-
adaptive if cardiac fibrosis develops and compensated hyper-
trophy evolves into cardiac failure, which is characterized by
inadequate cardiac pumping activity.!> As well as neurchor-
monal changes, activation of inflammatory signaling path-
ways by proinflammatory cytokines, such as TNF-a and
IL-1B, has been considered to promote both cardiac hyper-
trophy and fibrosis.’*!> Conversely, inhibition of inflamma-
tory signaling by NF-«B ablation in TNF-a-overexpressing
transgenic mice can attenuate the development of pressure
overload—induced cardiac hypertrophy.!¢ Xia et al'’ demon-
strated upregulation of proinflammatory cytokines and leu-
kocyte infiltration in pressure-overloaded myocardium, in
association with perivascular fibrotic changes and cardiac
hypertrophy, using a mouse TAC model. Although the
precise mechanism causing inflammatory changes in the
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Figure 4. Inflammation, oxidative stress, and RAS. A, Expression of mRNA coding for proinflammatory cytokines (IL-6 and TNF-q). B,
Protein expression of TNF-a. C, Expression of mRNA coding for oxidative stress markers (GPx3 and P47°"°%. D, ROS content by DHE
staining. Bars=500 um. E, Expression of mRNA coding for RAS (angiotensinogen and AT,R) in ventricular tissue of CRPtg and control

mice 1 and 4 weeks after TAC or sham operation. “P<0.05, "P<0.01 vs Sham/CON; tP<0.05, 1tP<0.01 vs Sham/CRPtg; $P<0.05,
11P<0.01 vs TAC/CON. 1W indicates 1 week; 4W, 4 weeks.

pressure-overloaded myocardium has not been clarified, me-
chanical strain on the cardiomyocyte is known to induce of ROS, proinflammatory cytokines including myocyte che-
production of IL-6, which activates the Janus kinase/signal moattractant protein-1 (MCP-1), and growth factors including
transducer and activator of transcription (JAK/STAT) path- TGF-BI, as well as RAS activation.'®20 MCP-1 overexpres-
way and is related to myocardial hypertrophy.'® Mechanical sion induced by mechanical stress and RAS activation result

strain of the arterial wall is also known to induce production
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in macrophage infiltration and accelerate local inflammation
in a positive-feedback manner.?! Therefore, inflammation
may play a pivotal role in the process of pressure overload—
induced cardiac remodeling. In fact, an inflammatory marker,
serum CRP, is known to increase in heart failure patients with
nonischemic etiology including hypertension and is a predic-
tor of long-term clinical outcomes.?

Sham 1W

In our results, p38 MAPK activation was enhanced in
TAC/CON and further augmented in TAC/CRPtg. p38
MAPK is activated by several types of stress and inflamma-
tion and is reported to play an important role in the develop-
ment of myocardial hypertrophy in a rodent chronic pressure-
overloaded model.??> Additionally, NO production was
reduced in TAC/CON and further decreased in TAC/CRPtg.

Figure 6. Activation of NF-kB/p65 in
cardiomyocytes. A and B, Nuclear local-

ization of phosphorylated NF-«B/p65
(p-p65) in cardiomyocytes of CRPtg and

control mice 1 and 4 weeks after TAC or
sham operation. Bar=30 um. C, Nuclear
NF-«B-DNA-binding activity by EMSA in
CRPtg and control mice 1 and 4 weeks
after TAC or sham operation. *P<0.05 vs
Sham/CON; tP<0.05, 11P<0.01 vs
Sham/CRPtg; $P<0.05, $1P<0.01 vs
TAC/CON. 1W indicates 1 week; 4W, 4
weeks.
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Previous study demonstrated that NO production is impaired
in the CRP overexpression mice model.?> Therefore, our
result suggests that CRP may activate p38 MAPK and impair
NO production via enhancing the inflammatory response and
oxidative stress.

CRP is a highly conserved acute-phase protein, secreted
predominantly from the liver in response to proinflammatory
cytokines, complement activation products, and hormones.?
CRP shares many functional activities with IgG molecules,
including the binding of specific ligands, opsonization of
foreign molecules, and binding to FcyRs on macrophages and
neutrophils. Activation of FcyR signaling results in produc-
tion of proinflammatory cytokines and ROS.2* In the setting
of cardiovascular disease, elevated serum CRP is known to be
associated with acceleration of atherosclerosis, increased
thrombosis,?¢ exaggerated neointima formation after vascular
injury,?” and mural thrombosis,?® cardiac rupture, and adverse
LV remodeling®® after myocardial infarction. Thus, CRP
plays an active role originally in protecting the host from
infection and injury; however, it may be related to the
pathogenesis of cardiovascular complications after endoge-
nous vascular and myocardial injury.

In the present study, overexpression of human CRP exac-
erbated pressure overload—induced cardiac remodeling in
association with increased expression of proinflammatory
cytokines, oxidative stress, p38 MAPK signaling, RAS acti-
vation, and impaired NO production. These factors synergis-
tically activate each other and form a vicious circle during the
process of cardiac remodeling. CRP overexpression might
exert its effect by amplifying this vicious circle through
activating each key component. The current data revealed a
significant increase in the number of macrophages, NF-«B/
pb5-expressing myocardial cells, nuclear NF-«B-DNA-
binding activity, and proinflammatory cytokine expression in
the LV of CRPtg preceding the development of cardiac
dysfunction after TAC operation. CRP is known to activate
monocytes, macrophages, neutrophils, and endothelial cells
by binding to their IgG FcyRs.!02730 Moreover, CRP is
capable of enhancing production of proinflammatory cyto-
kines, including IL-6 and TNF-q, in cultured monocytes via
an NF-«B-dependent mechanism.3! These findings suggest
that the effects of CRP may be mediated through activation of
immunocompetent cells infiltrating into the pressure-
overloaded myocardium. It could explain our observation
that, in sham-operated mice in which inflammatory cell
infiltration was almost absent, CRP overexpression did not
show any adverse effect on cardiac function. A previous
study showed that CRP itself increased fibrotic and inflam-
matory markers in mice fibroblasts in vitro.® However, the major
source of proinflammatory markers in vivo is inflammatory
cells, which infiltrated into the pressure-overloaded myocardium
prior to the development of cardiac fibrosis. Therefore, increased
expression of fibrotic and inflammatory markers in cardiac
fibroblasts might contribute less to the development of pressure
overload-induced cardiac remodeling.

CRP also promoted the expression of a profibrotic factor,
TGF-B1, which was increased in response to pressure over-
load. Increased TGF-B1 may trigger the TGF-B/Smad path-
way, activate fibroblasts,® and contribute to the promotion of

cardiac fibrosis. Since the combination of hypertrophy and
fibrosis causes a progressive decline in both systolic and
diastolic function, increased CRP expression could be one of
the determinants leading to decompensated heart failure in
pressure overload.

To examine the relationship between accelerated remodel-
ing and overexpression of human CRP, we performed anti-
inflammatory therapy using eicosapentaenoic acid (EPA),
which might prevent the development and progression of
heart failure, especially in pressure overload-induced cardiac
remodeling.3? A recent clinical study, the GISSI-HF (Gruppo
Italiano per lo Studio della Sopravvivenza nell’Infarto
Miocardico-heart failure) trial, showed that a low dose of
EPA administered to heart failure patients significantly de-
creased mortality compared to placebo.?® One of the possible
mechanisms by which EPA could prevent the development
and progression of heart failure is its strong anti-
inflammatory activity.32 We treated mice with 7% EPA for 2
weeks before TAC operation and then 1 or 4 weeks after
operation. Treatment with 7% EPA for 4 weeks after TAC
operation resulted in reduced heart and lung weights, in-
creased LV fractional shortening, and decreased LV end
diastolic pressure, cross-sectional area, and extent of cardiac
fibrosis compared to TAC/CRPtg without EPA treatment.
These changes were preceded by decreased 1L-6 and TNF-a
mRNA expression, Mac-2-positive cell infiltration, p-p65-
positive cardiomyocyte count, and oxidative stress (GPx3 and
p47°"°* mRNA expression) | week after TAC operation (data
not shown). These results suggest that EPA may suppress the
adverse effects of CRP overexpression on pressure overload—
induced cardiac remodeling, possibly through attenuation of
the enhanced inflammatory response and oxidative stress.
These findings also support the importance of an
inflammation-mediated mechanism in the process of pressure
overload-induced cardiac remodeling.

Perspectives

Our results showed CRP may play a pathogenic role in the
progression of cardiac remodeling, thus CRP could be a
candidate for a therapeutic target. Direct inhibition of CRP
may reduce or eliminate the progressive inflammation, fibro-
sis, and hypertrophy during pressure overload-induced car-
diac remodeling. This therapeutic strategy could be effective
in patients with hypertension and aortic valve stenosis asso-
ciated with an increased serum CRP level.

In conclusion, continuous overexpression of human CRP in
mice adversely affect pressure overload-induced cardiac re-
modeling preceded by enhanced inflammation and oxidative
stress.

CRP plays a pathogenic role in cardiac remodeling and
could be a therapeutic target for the treatment of heart failure
induced by pressure overload.
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Quantitative Analysis of Right Ventricular Function in Patients
With Pulmonary Hypertension Using Three-Dimensional
Echocardiography and a Two-Dimensional Summation Method
Compared to Magnetic Resonance Imaging

Tomoko Morikawa, MD™", Mitsushige Murata, MD, PhD"**, Shigeo Okuda, MD, PhD°,
Hikaru Tsuruta, MD?, Shiro Iwanaga, MD, PhD? Mitsuru Murata, MD, PhD",
Toru Satoh, MD, PhD¢, Satoshi Ogawa, MD, PhD*®, and Keiichi Fukuda, MD, PhD?

Magnetic resonance imaging (MRI) is considered the clinical reference standard for measuring
the right ventricular (RV) volume and ejection fraction, although real-time 3-dimensional
echocardiography (RT3DE) would be a preferred method owing to its convenience and avail-
ability for repetitive examinations. However, the feasibility, accuracy, and reproducibility of
RT3DE have not been fully examined. The present study sought to validate the correlation of
RT3DE with a 2-dimensional summation method compared to MRI for assessing the function
of the right ventricle and to evaluate the RV function in patients with pulmonary hypertension
(PH). Thirty patients with PH underwent both RT3DE and MRI. The right ventricle was
reconstructed with RT3DE using a 2-dimensional summation method to analyze the MRI
measurements. The RV end-diastolic volume, RV end-systolic volume, and RV ejection frac-
tion were measured. Fifteen normal subjects underwent the same echocardiographic protocol
for comparison. The RV end-diastolic volume index, RV end-systolic volume index, and RV
ejection fraction measured using RT3DE correlated well with those measured using MRI (R =
0.96, p <0.001; R = 0.96, p <0.001; p = 0.93, and p <0.001, respectively). All inter- and
intraobserver variability values for the RV end-diastolic volume, RV end-systolic volume, and
RV ejection fraction were <17%. Both the RV end-diastolic volume index and the RV
end-systolic volume index were significantly enlarged in those with PH compared to those in the
normal subjects (RVEDVI 123 + 42 mI/m’ vs 74 = 12 mi/m?% RVESVI 86 = 33 ml/m? vs
26 + S ml/m? in those with PH and the normal subjects, respectively, p <0.0001). In contrast,
the RV ejection fraction was significantly reduced in the patients with PH compared to that in
the normal subjects (30 = 12% vs 65 = 6%, respectively, p <0.01). Thus, RT3DE with a
2-dimensional summation method might provide comparable and feasible measurements of the

RV volume in patients with PH compared to MRI.

(Am J Cardiol 2011;107:484-489)

© 2011 Elsevier Inc. All rights reserved.

The present study sought to clarify the accuracy, feasi-
bility, and reproducibility of real-time 3-dimensional echo-
cardiography (RT3DE) with a 2-dimensional (2D) summa-
tion method for assessing the right ventricular (RV) volume
and function. We compared it to the reference standard of
magnetic resonance imaging (MRI) measurement. We also
evalualed the RV function in patients with pulmonary hy-
pertension (PH).
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Methods

We performed a cross-sectional study that enrolled 45
subjects (14 men; mean age 51 % 16 years). The group
included 15 subjects with echocardiographically normal
hearts and an estimated pulmonary artery systolic pres-
sure <30 mm Hg using 2D echocardiography and 30
patients with pulmonary hypertension (PH). PH was de-
fined by an estimated pulmonary artery systolic pressure
>50 mm Hg, as measured using Doppler echocardiogra-
phy. The patient group consisted of 7 patients with
chronic pulmonary embolism and 23 with pulmonary
arterial hypertension {15 patients with primary PH, 6
with autoimmune disease, and 2 with an atrial septal
defect). All patients with PH underwent both RT3DE and
MRI. All subjects underwent 2D echocardiography to
exclude left-heart disease and to assess the presence of
tricuspid insufficiency. The exclusion criteria were con-
traindications to MRI, the presence of arrhythmia, age
<20 or >70 years, and pregnancy. The ethics committee
of Keio University Hospital approved the study.
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Figure |. Data analysis by MRIL (A,B) A reference image was used to derive multiple parallel slices of the right ventricle. (C) Series of corresponding
contiguous vertical slice images of right ventricle from apex to RV outflow tract, as shown in Figure A. Endocardial borders were manually traced at
end-systole and end-diastole to calculate the RV volume and ejection fraction.

A

Figure 2. Off-line analysis of RT3DE data using disk summation algorithm
Four-chamber view and series of contiguous short-axis slices of right ventricle.

to calculate the RV volume and ejection fraction.

Cardiac MRI scans were obtained using a 1.5-Tesla clin-
ical scanner (GE Healthcare, Milwaukee, Wisconsin). For
the RV volume measurements, contiguous transverse im-
ages were acquired through the entire right ventricle using a
2D cine, steady-state, free precession technique with pro-
spective electrocardiographic gating (Figure 1). Each cross-
section image was obtained in a single breath hold with the
following parameters: repetition time 3.2 ms, echo time 1.6
ms, flip angle 45°, bandwidth 125 kHz, field of view 350 X
350 mm®, matrix size 224 X 192, slice thickness 10 mm
without a gap, and 20 phases during one cardiac cycle. The
in-plane resolution was 1.6 X 1.8 mm?. The cardiac MRI
examination time was approximately 30 minutes and in-
cluded short-axis images of the left ventricle to evaluate the
left ventricular function, after transverse images of the right
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for RV volume calculations at end-diastole. (A) RV reconstruction. (B)
Endocardial borders were traced manually at end-diastole and end-systole

ventricle. Post processing was performed on a workstation
(AdvantageWorkstation, GE Healthcare, Milwaukee, Wis-
consin). The endocardial borders of all images at end-diastole
and end-systole were manually traced by a radiologist with 10
years’ experience of cardiac MRI. The end-diastolic volume,
end-systolic volume, and ejection fraction were automatically
calculated using Simpson’s rule. The inclusion of the trabec-
ulae carneae in the RV volume was the same as that used in the
ultrasound methods for comparison. Fewer than 15 minutes
were required for RV volume measurement.

Figure 2 shows the 3D RV reconstruction using the
RT3DE analysis. Using iE33 (Philips Medical Systems,
Bothell, Washington), the RT3D echocardiographic im-
ages were obtained from the apical window with the
patient in the same position as for 2D echocardiography.
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Table 1
Clinical characteristics

Variable Normal Patients With PH
(n = 15) (n = 30)
Age (years) 56+ 19 50 £ 15
Women (n) 8 (53%) 21 (70%)
Hetight (cm) 161 =7 158 29
Body weight (kg) 55+9 55%13
Body surface area (m®) 1.6 202 1.5*x0.2
Left ventricular end-diastolic 43%3 39+8
diameter (mm)
Left ventricular end-systolic 26 £ 3 236
diameter (mm)
Left ventricular ejection fraction (%) 78%5 77 =13
Pulmonary artery systolic pressure 2715 99 * 22*

(mm Hg)

No significant difference was found in left ventricular function between
the 2 groups; however, pulmonary artery systolic pressure was significantly
increased in the PH group compared with that in the normal subjects.

*p <0.05 vs normal.

The images were also gathered for 5 cardiac cycles using
a matrix array transducer. The acquisition time for
RT3DE was 1 to 2 minutes. Off-line analyses were
blindly performed by 2 independent observers using a
General Imaging 3DQ Plug-in with the Advanced Q-
Laboratory analysis software (Philips Medical Systems).
The long axis from the apex to the area around the
tricuspid valve was determined, and 10 cross-sections
were observed at an even distance apart. The ellipse was
manually traced to the endocardial borders of each cross
section, just as for the MRI procedure. All the ellip-
ses were then stacked to reconstruct the whole intracar-
dial space of the right ventricle in 3 dimensions. The 3D
representation of the right ventricle was observed from
different directions and then revised with respect to the
inappropriate traces to complete the analysis. The mea-
surement time for RT3DE was approximately 10 to 30
minutes.

The pressure gradient of tricuspid regurgitation was mea-
sured using continuous wave Doppler imaging. The mean
right atrial pressure was estimated from the diameter and
collapsibility of the inferior vena cava, as reported previ-
ously.'* Next, the pulmonary arterial systolic pressure was
calculated by summation of the pressure gradient of the
tricuspid regurgitation and right atrial pressure.

The results for the RV end-diastolic volume, end-systolic
volume, and ejection fraction are presented as the mean *
SD. Correlations were determined between the echocardio-
graphic and MRI measurements, and agreement was ex-
pressed according to the Bland-Altman method. p Values
<0.05 were considered statistically significant. The statis-
tical analysis was performed using the Statistical Package
for Social Sciences, version 10 (SPSS, Chicago, Illinois).

Results

Table 1 lists the clinical characteristics for the normal
subjects and patients with PH. We first validated the
measurement for RV function using RT3DE compared
with that obtained using MRI analysis. Visualization of
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Table 2

Parameters measured with real-time three-dimensional echocardiography
(RT3DE) and magnetic resonance imaging (MRI) in patients with
pulmonary hypertension (PH)

Parameter RT3DE MRI
(n = 30) (n = 30)
Right ventricular end-diastolic volume (ml) 203 £ 60 202 £ 63
Right ventricular end-systolic volume (ml) 139 £ 53 137 £ 57
Right ventricular end-diastolic volume 203 £ 60 202 =63
index (ml/m?)
Right ventricular end-systolic volume 92 * 36 90 = 38
index (ml/m?)
Right ventricular ejection fraction (%) 32+13 3314

the RV free wall, tricuspid valve, RV outflow tract, and
apex were feasible with both RT3DE and MRI, although
poor endocardial definition in at least one view precluded
a quantitative assessment. The RV parameters measured
by both RT3DE and MRI included the RV end-diastolic
volume, RV end-diastolic volume indexed to the body
surface area (RV end-diastolic volume index), RV end-
systolic volume, RV end-systolic volume indexed to
body surface area (RV end-systolic volume index), RV
ejection fraction, and pulmonary artery systolic pressure.
The RV parameters measured with RT3DE by the 2
observers were averaged for comparison with those ob-
tained with MRI. The 2 sets of values were close for all
parameters (Table 2), and Figure 3 demonstrates the
strong correlation between RT3DE and MRI measure-
ments for the RV end-diastolic volume index, RV end-
systolic volume index, and RV ejection fraction.

A Bland-Altman plot showed small mean differences
and limits of agreement in the measurements of the RV
end-diastolic volume index, RV end-systolic volume index,
and RV ejection fraction between RT3DE and MRI (—9.0 =
12 mi/m?, =35 * 9.6 ml/m?, and —3.1 * 5.4%, respec-
tively; Figure 4).

Two independent observers performed the same analy-
ses. A good correlation in the RV end-diastolic volume
index measurements was obtained between them (Figure 5).
The Bland-Aliman plot of the differences by the 2 observers
showed a significant mean difference and limits of agree-
ment (Figure 5). The interobserver variability was —19 =
42 ml/m®, 6 = 16 mi/m? and —1 * 10% for the RV
end-diastolic volume, RV end-systolic volume, and RV
ejection fraction, respectively.

The intraobserver variability was also assessed. Two
analyses of the RV end-diastolic volume index measure-
ments by the same observer correlated strongly (Figure 5),
and the Bland-Altman plot of the differences by the same
observer showed low mean differences and limits of agree-
ment (Figure 5). The intraobserver variability was —0.4 *
4.0 ml/m*, —0.5 = 12 ml/m’, and 0.6 = 9% for the RV
end-diastolic volume, RV end-systolic volume, and RV
ejection fraction, respectively.

The RV function differed somewhat between those with
PH and the normal subjects (Figure 6). Both the RV end-
diastolic volume index and RV end-systolic volume index
were significantly enlarged, and the RV ejection fraction



Methods/RV Function Quantified by 3D Echocardiography 487

(momdy RVEDVI (mim?) RVESVI * RVEF
3001 2004 s
=0.96 R=0.96
250k  P<0.0001 150l PeO000! 50k P<0.0001
g z z4
Z 200F £ [
= 200l 2,
150 F 2
i 501
100} 1
50 1 i L 1 1 ( 1) L 1 1 L (mumzl (%
50 100 150 200 250 300 0 50 100 150 200 0 10 20 30 40 50 60
RT3DTE RT3DTE RT3DTE
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RT3DE-derived RV end-diastolic volume index (RVEDVI), RV end-systolic volume index (RVESVI), and RV ejection fraction (RVEF) against MRI
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Figure 6. RV volumes and ejection fractions in patients with PH. Com-
parison of RV end-diastolic volume index (RVEDVI), RV end-systolic
volume index (RVESVI), and RV ejection fraction (RVEF) between nor-
mal subjects (N, n 15) and PH (n 30). *p <0.01 versus normal
subjects; error bars indicate SD.

was reduced in the patients with PH compared to that of the
normal subjects.

Discussion

The assessment of RV function using conventional 2D
echocardiography remains difficult owing to the inher-
ently complicated geometry.*~> The results of the present
study have demonstrated that measuring the RV volume
and function using RT3DE with a 2D summation method
was feasible and reliable compared to MRI, validating
the method as an alternative technique in cardiac func-
tional assessment. A previous study provided some val-
idation of the RV measurement by RT3DE using a 3D
volume acquisition method against MRL.® However, the
present identical analysis using a 2D summation method
would be the preferred comparison because of its closer
similarity with the MRI analysis and consequent reduc-
tion in error owing to different algorithms being applied
to derive the RV reconstruction. In the present study, the
values of each RV parameter measured with our method
were very close to those determined using MRI, specif-
ically the RV end-diastolic volume index, RV end-sys-
tolic volume index, and RV ejection fraction. In addition,
we used a General Imaging 3DQ Plug-in with the Ad-
vanced Q-Laboratory analysis software equipped with a
Philips iE33 ultrasound machine for the 2D summation
method. Although cardiac 3DQ plug-ins are generally
used for left ventricular analysis, it was not deemed
suitable for RV analysis because of its auto-trace func-
tion. Considering the complex shape and structure of
variable intracardiac space in the right ventricle, auto-
tracing could be difficult to adopt for these atypical
shapes, resulting in inaccurate tracings as input for the
analysis. After prudent discussions with a radiologist
experienced in analyzing cardiac MRI before the present
study, we used manual tracing for the 2D summaltion
method, using sample images of the right ventricle from
cardiac MRI and RT3DE. We ensured that the intracar-
diac-border end points were identical for both MRI and
RT3DE, including the trabeculae carncae. In both meth-
ods, 9 to 10 cross-sections were traced in all subjects,
while maintaining the blind analysis.
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Cardiac MRI enables the structure of the right ventricle
to be visualized for measurements of the RV volume and
systolic function. However, problems such as the expense
and duration of the procedure and the limited availability to
patients with implanted devices did not allow us to monitor
the RV function analysis using repetitive MRI examination.
In addition, cardiac MRI requires a lengthy breath-hold for
the necessary acquisition of scanning, which could be pain-
ful for patients with heart failure. In contrast, echocardiog-
raphy is convenient, inexpensive, and tolerant for repetitive
examination even in patients with implantable devices.
Some patients with severe PH have intravenous infusion
pump devices fitted for continuous administration of med-
ication,”™ possibly rendering them ineligible for MRI. In
these cases, RT3DE would provide an ideal alternative for
evaluating the RV volume and function. :

The pulmonary artery systolic pressure is the hemody-
namic parameter taken to reflect the clinical severity of
PH.'” However, our data revealed a significant, but very
weak, correlation between the pulmonary artery systolic
pressure and the RV ejection fraction, suggesting that the
pulmonary artery systolic pressure does not reflect RV sys-
tolic dysfunction. Therefore, a symptomatic patient might
need to undergo RT3DE and careful evaluation of the RV
function even after their pulmonary artery systolic pressure
has been attenuated by medical therapy.

The differences in spatial resolution between RT3DE
and MRI might affect the comparison to a variable degree.
In MRI examinations, a contrast drug can enhance the
border between the intracardiac cavity and endocardium,
thus maintaining the spatial resolution. In contrast, the en-
docardial definition is sometimes difficult to discern in the
right ventricle by RT3DE owing to artifacts and the abun-
dant aberrant papillary muscles in the right ventricle. This
might cause a significant mean difference in the measure-
ments of the RV end-diastolic volume index between
RT3DE and MRI. However, this difference was small in the
present study, and RT3DE might therefore be sufficient to
evaluate the global RV systolic function,

RT3DE also has a limitation with respect to data
acquisition in patients with arrhythmias, including atrial
fibrillation and frequent extrasystoles, because acquisi-
tion of 5 consecutive, stable heart beats is necessary for
3D image reconstruction. Future technological develop-
ment in data acquisition with RT3DE is needed to over-
come this limitation.
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SUMMARY

Maintenance of skeletal muscle mass relies on the
dynamic balance between anabolic and catabolic
processes and is important for motility, systemic
energy homeostasis, and viability. We identified direct
target genes of the glucocorticoid receptor (GR) in
skeletal muscle, i.e., REDD1 and KLF15. As well as
REDD1, KLF15 inhibits mTOR activity, but via a
distinct mechanism involving BCAT2 gene activation.
Moreover, KLF15 upregulates the expression of the
E3 ubiquitin ligases atrogin-1 and MuRF1 genes and
negatively modulates myofiber size. Thus, GR is
a liaison involving a variety of downstream molecular
cascades toward muscle atrophy. Notably, mTOR
activation inhibits GR transcription function and effi-
ciently counteracts the catabolic processes provoked
by glucocorticoids. This mutually exclusive crosstalk
between GR and mTOR, a highly coordinated interac-
tion between the catabolic hormone signal and the
anabolic machinery, may be a rational mechanism
for fine-tuning of muscle volume and a potential ther-
apeutic target for muscle wasting.

INTRODUCTION

Muscle comprises ~40% of body mass and contributes not only
to the structure and movement of the body but also to nutrient
storage and supply {(Matthews, 1999}. in adult mammals, skeletal
muscle hypertrophy/atrophy is characterized by an increase/
decrease in the size (as opposed to the number) of individual
myofibers, respectively. The control of muscle mass is believed

to be determined by a dynamic balance between anabolic and
catabolic processes (Hoffman and Nader, 2004). Mammalian
target of rapamycin {(mMTORY) is a crucial component of the
anabolic machinery for protein synthesis. mTOR consists of
two complexes: mTORC1, which includes Raptor, signals to
S6K and 4E-BP1, controls protein synthesis, and is rapamycin
sensitive; and mTORC2, which includes Rictor, signals to Akt,
and is rapamycin insensitive. mTORC1 integrates four major
signals: growth factors, energy status, oxygen, and amino acids,
especially branched-chain amino acids (BCAAs). Prototypically,
insulin/IGF-1 activates mTOR via the PI3K-Akt pathway (Sen-
gupta et al., 2010). It is currently considered that mTORC1,
and not mTORC2, is essential for the maintenance of muscle
mass and function (Bentzinger et al., 2008; Risson et al., 2009).
Protein degradation in skeletal muscle cells is essentially medi-
ated by the activity of two conserved pathways: the ubiquitin-
proteasomal pathway and the autophagic/lysosomal pathway
{Sandri, 2008). The ubiquitin-proteasomal pathway is respon-
sible for the turnover of the majority of soluble and myofibriliar
muscle proteins. The activity of this pathway is markedly
increased in atrophying muscle due to the transcriptional activa-
tion of a set of E3 ligase-encoding genes, e.g., atrogin-t and
MuRF1 (Glass, 2003; Sandri et al., 2004). Autophagy also plays
an important role in the degradation of skeletal muscle, and is
indicated to be a consequence of an ordered transcriptional
program involving a battery of genes, e.g., LC3 and Bnip3
(Mizushima et al., 2008). These positive and negative pathways
are balanced in a highly coordinated manner for the determina-
tion of myofiber size and total muscle volume; however, distor-
tion of this balance with a relative increase in degradation results
in the generalized decrease of myofiber size and muscle atrophy
(Hoffman and Nader, 2004). Pioneering studies demonstrated
that muscle atrophy is a result of active processes that are tran-
scriptionally controlled through the expression of a particular
gene set; the forkhead box O (FoxO) transcription factors are
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common components of a number of atrophy models and act as
critical liaison molecules for protein degradation and autophagy
via the transcriptional regulation of, for example, atrogin-1,
MuRF1, LC3, and Bnip3 (Mammucari et al., 2007; Sandri et al.,
2004; Stitt et al., 2004; Zhao et al., 2007). In clear contrast, it is
evident that each disease has proper signaling pathways to
FoxOs and that other components of the cellular machinery often
participate in the progression of atrophy (Moresi et al., 2010;
Suzuki et al., 2007). Therefore, for the development of therapies
against muscle atrophy, it should be addressed how the tran-
scriptional program triggered by a particular atrophy pathway
is orchestrated and how the balance of muscle protein synthesis
and degradation is distorted in each disease.

Adrenal glucocorticoids produce their actions via a signal
pathway involving the ubiquitously expressed glucocorticoid
receptor (GR), a prototypic member of the nuclear receptor
superfamily, which acts as a ligand-dependent transcription
factor. Upon binding glucocorticoids, GR translocates into the
nucleus and binds to the glucocorticoid response element
(GRE) in the promoters of target genes. The binding of liganded
receptors to target DNA is followed by the recruitment of medi-
ators and coactivators to the proximity of GRE, resulting in the
recruitment of RNA polymerase Ii (RNAPI) to nearby transcrip-
tion start sites and the activation of transcription (Evans, 2005;
Meijsing et al., 2009). In skeletal muscle, glucocorticoids elicit
a variety of biological actions in the metabolism of glucose,
lipids, and proteins and contribute to metabolic homeostasis
(Munck et al., 1984). On the other hand, the prolonged overse-
cretion or exogenous administration of glucocorticoid gives
rise to undesirable effects including muscle atrophy (Munck
et al., 1984). Aithough many studies addressed the mechanism
of glucocorticoid-induced muscle atrophy, how the glucocorti-
coid-GR system generates the functional coupling between
metabolic regulation and volume adjustment in skeletal muscle
remains unsolved. Of note, many pathological conditions char-
acterized by muscle atrophy, e.g., sepsis, cachexia, starvation,
metabolic acidesis, and severe insulinopenia, are associated
with an increase in circulating glucocorticoid levels. Adrenalec-
tomy or treatment with the GR antagonist RU486 attenuates
muscle atrophy in sepsis, cachexia, starvation, and severe
insulinopenia (Menconi et al., 2007; Schakman et al., 2008).
Moreover, endogenous glucocorticoids were shown to be
essential for muscle atrophy in acute diabetic rodents (Hu
et al., 2009). Together, understanding the glucocorticoid-medi-
ated regulation of metabolism-volume coupling in muscle is
increasingly important for the management of not only muscle
atrophy but also these wasting/metabolic disorders.

Typically, glucocorticoid-induced muscle atrophy is charac-
terized by fast-twitch type Il glycolytic muscle fiber loss with
reduced or no impact on type | fibers. The mechanism of such
fiber specificity is yet unknown. Previous reports suggested
that the glucocorticoid-GR system has antianabolic and
catabolic effects and promotes degradation via the induction
of a set of genes including atrogin-1, MuRF1, and myostatin
(Menconi et al., 2007; Schakman et al., 2008). Although the
involvement of FoxO transcription factors is reported in the
gene regulation of atrogin-1 and MuRF1 under the presence of
excess glucocorticoids (Sandri et al., 2004; Stitt et al., 2004),
the biochemical role of GR in the transcriptional regulation of

muscle tissue has not yet been determined. Therefore, we inves-
tigated how GR-mediated gene expression coordinately modu-
lates antianabolic and catabolic actions to understand the func-
tional coupling of metabolism and volume regulation in muscle.

In the present study, we identified REDD1 and KLF15 genes as
direct targets of GR. REDD1 is known to be induced by various
stressors, including glucocorticoid, and to inhibit mTOR activity
via the sequestration of 14-3-3 and the increase of TSC1/2
activity (Wang et al., 2006; DeYoung et al., 2008). We clearly
identified the functional GRE via the promoter analysis of
REDD1 gene. On the other hand, KLF15 is a recently discovered
transcription factor that is involved in several metabolic
processes in skeletal muscle; e.g., KLF15 transcriptionally upre-
gulates the gene expression of branched-chain aminotrans-
ferase 2 (BCAT2), a mitochondrial enzyme catalyzing the first
reaction in the catabolism of BCAA to accelerate BCAA degrada-
tion and alanine production in skeletal muscle (Gray et al., 2007).
Moreover, phenotypic analysis of cardiac-specific KLF15
knockout mice revealed marked left ventricular hypertrophy,
indicating the negative regulatory role of KLF15 on muscle
mass (Fisch et al., 2007). We here demonstrated that KLF15
participates in muscle catabolism via the transcriptional regula-
tion of atrogin-1 and MuRF1. Moreover, KLF15 affects mTOR
through BCAA degradation and negatively modulates myofiber
size. mTOR activation inhibits GR-mediated transcription by
suppressing GR recruitment onto target genes, strongly sug-
gesting a mutually exclusive crosstalk between mTOR and GR.
Pharmacological activation of mTOR with BCAA attenuated
GR-mediated gene expression, leading to the substantial resto-
ration of muscle in glucocorticoid-treated rats. We, therefore,
indicate the critical importance of the interaction of GR and
mTOR in the regulation of metabolism-volume coupling in skel-
etal muscle.

RESULTS

REDD1 and KLF15 Are Target Genes of GR in Skeletal
Muscle
GR levels were relatively high in type ll-rich gastrocnemius and
tibialis anterior muscles compared to type |-rich soleus muscie
in rats (Figure 1A). Figure 1B illustrates the comparison of the
effects of a 3 hr treatment with dexamethasone (DEX) on
mRNA expression of various genes between the gastrocnemius
and soleus muscles. Hormonal induction of mRNA expression of
REDD1, atrogin-1, MuRF1, KLF15, FoxO1, FoxO3, and myosta-
tin, as well as the well-known GR target gene FKBPS5 (Yoshikawa
etal., 2009), was observed in both muscles, but to a lesser extent
in the soleus muscle. Among the genes induced by DEX at 3 hr
(Figure 1B), the promoter regions of MuRF1 (Waddell et al,,
2008) and myostatin (Ma et al., 2001), but not atrogin-1 {Sandri
et al., 2004), contain functional GREs. In addition, REDD1 and
KLF15 were also considered as candidates of GR target genes
(see the Supplemental Information available online).
Concerning KLF15, we showed, in gastrocnemius muscle and
L6 myotubes but not in liver, that KLF15 mRNA and protein
expression was induced in a GR-dependent manner (Figure 2A).
The promoter region spanning from —4676 to +116 of KLF15
gene was not respansive to DEX; however, the activity of the
region spanning —-2108 to +1331 was induced by DEX, and
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Figure 1. GR Protein Expression and Glucocorticoid-Dependent
mRNA Expression of Atrophy-Related Genes in Rat Skeletal Muscles
(A) GR protein levels in rat gastrocnemius (Gas), soleus (Sol), and tibialis ante-
rior (Tib). Left, representative immunoblots. Right, quantified protein levels of
GR relative to GAPDH (n = 9).

(B) Induction of mRNA levels of atrophy-related genes by dexamethasone
(DEX). Expression levels of the indicated mRNA in the muscles from rats 3 hr
after intraperitoneal injection with DEX were assessed in quantitative RT-
PCR (qRT-PCR). Results are shown as fold induction to vehicle-treated rats
(n=6).

(A and B) Error bars show SD. *p < 0.05, p < 0.05 versus vehicle-treated rats.

this induction was inhibited by a GR antagonist RU486. The
deletion and mutational analyses of KLF15 promoter indicated
that both upper GRE1 and lower GRE2 sites were functional
(Figures 2B and 2C). The transient transfection assays using
the reporter constructs conveying these minimal GRE sites
clearly showed that each GRE is independently functional (Fig-
ure 2D). A chromatin immunoprecipitation (ChiIP) assay revealed
that both GRE-like sequences were targeted by GR and that
RNAPII was incorporated onto the coding region of KLF15
gene in the presence of DEX in L6 cells (Figure 2E). We also
confirmed the DEX-dependent recruitment of endogenous GR
onto the KLF15 promoter in a skeletal muscle-specific manner
in vivo (Figure 2F). Similarly, we identified the functional GRE
on the REDD1 promoter region and confirmed REDD1 as a GR
target gene as well (Figure S1).

KLF15 Transactivates atrogin-1 and MuRF1 Genes

Next, we studied the alteration in the gene expression profile after
the direct injection of a KLF15-expressing adenovirus into the rat
tibialis anterior muscle. The exogenous expression of KLF15
increased KLF15 protein levels by approximately 5-fold (Fig-
ure 3A) and significantly induced mRNA expression of its target
gene BCAT2 as anticipated (Figure 3B). Moreover, mRNA
expression of atrogin-1, MuRF1, FoxO1, and FoxO3 was stimu-
lated by KLF15 (Figure 3B). We then focused on atrogin-1 and
MuRF1 and asked whether the DEX-mediated induction of their
mRNA expression was dependent on KLF15. For that purpose,
we tested the effect of knocking down the expression of GR or
KLF15 on mRNA expression of KLF15, atrogin-1, and MuRF1

Cell Metabolism
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as well as another GR target gene REDD1 as a control. In L6
myoblasts, GR knockdown diminished the DEX-dependent
mRNA induction of all of these GR target genes. However,
KLF15 knockdown affected that of atrogin-1 and MuRF1 but
not REDD1 (Figure 3C). These results strongly indicate the critical
involvement of the GR-KLF15 cascade in the DEX-mediated up-
regulation of atrogin-1 and MuRF1 gene expression. To address
the role of KLF15in the transcriptional regulation of atrogin-1 and
MuRF1, we constructed luciferase reporter plasmids driven by
the promoter of rat atrogin-1 or MuRF1, and tested the effect of
the exogenous expression of KLF15in L6 myoblasts. The expres-
sion of the reporter genes was upregulated in a KLF15-depen-
dent manner (Figure 3D). Since the promoter regions of atrogin-
1 and MuRF1 contain a number of putative KLF15 recognition
sites, we performed ChlIP analyses; both promoters had multiple
KLF15 binding sites and some of them were located in the prox-
imity of FoxO binding sites and GRE (Figure 3E), and at least one
of these KLF15 sites of each promoter recruited KLF15 in a DEX-
dependent manner in vivo as well (Figure 3F). Note that atrogin-1
and MuRF1 were originally identified as FoxO target genes (San-
drietal.,2004; Waddell et al., 2008) and that KLF15 induced FoxO
mRNA expression (Figure 3B). Indeed, the combination of KLF15
and FoxO significantly enhanced the promoter activity of atrogin-
1 and MuRF1 when compared to their individual effects (Fig-
ure 3G). Moreover, the direct injection of the adenovirus express-
ing constitutively active FoxO1 or KLF15 significantly increased
atrogin-1 and MuRF1 mRNA expression, and the expression of
both resulted in synergistic or additive effects in tibialis anterior
(Figure 3H). Therefore, it is likely that KLF15 and FoxO transcrip-
tion factors cooperatively upregulate the expression of atrogin-1
and MuRF1 genes.

GR-KLF15 Axis Modulates BCAA Metabolism and mTOR
Activity

Next, we studied the effects of glucocorticoids, GR, and KLF 15 on
BCAT2 and BCAA catabolism in skeletal muscle cells. In gastroc-
nemius muscle, mMRNA expression of KLF15 preceded that of
BCAT? after treatment with DEX (Figure 4A). Overexpression of
KLF15 increased the BCAT2 promoter-luciferase reporter activity
(Figure 4B). Moreover, DEX-induced BCAT2 promoter activation
was inhibited by either RU486 or siKLF15 (Figure 4C), indicating
that KLF15 is mandatory for GR-mediated BCAT2 gene activa-
tion. BCAT2 enzyme activity was stimulated by DEX, and this
effect was abolished in the presence of RU486 (Figure 4D). In ti-
bialis anterior muscle and L6 myotubes, the adenovirus-mediated
exogenous expression of KLF15 significantly induced BCAT2
enzyme activity even in the absence of DEX (Figure 4E).

The measurement of intracellular amino acid levels clearly
revealed the accelerated catabolism of BCAA by KLF15 in
myotubes; the exogenous expression of KLF15 decreased the
levels of Val, Leu, and lle, with a reciprocal increase in Ala and
Glu without significant alterations in, for example, Gly, Trp, Gin,
Tyr, and Phe, in L6 myotubes (Figure 4F). Amino acids, especially
BCAA, are believed to activate mTOR and to increase in associ-
ation with Rheb-mTOR (Sancak et al., 2010). We showed that
overexpression of KLF15 in C2C12 myotubes suppressed
mTOR activity as demonstrated by the decrease in the phosphor-
ylated form of S6K1. Moreover, mTOR activity was comple-
mented by the addition of excess BCAA (Figure 4G). Of note,
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Figure 2. Identification of KLF15 as a Direct GR Target Gene

(A) GR-dependent mRNA (left) and protein (right) expression of KLF15 in L6 myotubes treated with DEX and RU486 for 6 hr and in DEX-treated rat gastrocnemius
(see legend for Figure 1B).

(B) Identification of GREs in rat KLF15 promoter. Left, schematic of rat KLF15 promoter-luciferase reporter constructs. Positions of the primers for chromatin
immunoprecipitation (ChIP) in (E) and (F) are shown. Right, GR-dependent activation of rat KLF15 promoter-reporter genes. COS-7 cells were transfected
with the reporter constructs and 100 ng of GR expression plasmid and treated with DEX and RU486 for 18 hr.

(C) GR-dependent activation of rat KLF15 promoter-reporter genes in L6 myoblasts treated with DEX and RU486 for 18 hr.

(D) GR-dependent activation of reporter genes containing KLF15 promoter GREs. L6 myoblasts were transfected with the luciferase reporter constructs contain-
ing the GREs from rat KLF15 with GR expression plasmid and treated with DEX and RU486 for 18 hr.

(E) DEX-dependent recruitment of GR and RNAPII onto rat KLF15 gene. L6 myotubes treated with 1 uM DEX for 2 hr were subjected to ChiP.

(F) Skeletal muscle-specific recruitment of GR onto rat KLF15 gene by DEX. DEX-treated rat gastrocnemius (Gas) and liver (see legend for Figure 1B) were
subjected to ChlIP.

(A-F) Error bars show SD (n = 5). “p < 0.05.
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Figure 3. Transcriptional Regulation of Atrogenes by KLF15 and FoxOs

(A and B) KLF15-dependent mRNA expression of atrophy-related genes. Recombinant adenovirus Ad-KLF15 was infected to rat tibialis anterior for 7 days.
(A) Immunoblot detection of ectopic KLF15. (B) gRT-PCR.

(C) Effects of knockdown of KLF15 or GR on DEX-dependent mRNA expression of atrophy-related genes. L6 myoblasts were transfected with control siRNA,
siRNA against KLF 15, or siRNA against GR and treated with DEX for 18 hr.

(D) KLF15-dependent activation of rat atrogin-1 (left) and MuRF1 (right) promoter-reporter genes in L6 myoblasts.

(E) Mapping of the binding sites for KLF 15, FoxOs, and GR in rat atrogin-1 and MuRF1 promoters. Top, putative binding sites identified in in silico promoter anal-
ysis (see the Experimental Procedures and the Supplemental Information). Bars indicate the positions of the primers for ChIP. Bottom, recruitment of KLF 15 onto
rat atrogin-1 and MuRF1 promoters. L6 myotubes were infected with Ad-KLF 15 for 5 days and subjected to ChIP using anti-KLF 15 antibody.

(F) DEX-dependent recruitment of KLF15 onto rat atrogin-1 and MuRF1 promoters in rat gastrocnemius (see Figure 1B).

(G and H) Effects of FoxOs and KLF15 on rat atrogin-1 and MuRF 1 promoter-reporter gene expression in L6 myoblasts (G) and on atrogin-1 and MuRF1 mRNA
expression in rat tibialis anterior (H). (G) Luciferase assay of L6 myoblasts transfected with the reporter constructs with or without FoxO1 and/or KLF 15 expression
plasmids. (H) qRT-PCR analysis of rat tibialis anterior expressing ectopic KLF15 and/or constitutive active FoxO1 (3AFoxO1) for 3 days.

(B-H) Error bars show SD (n = 5). *p < 0.05, 'p < 0.05 versus vehicle-treated cells, 'p < 0.05 versus mock-transfected cells, "p < 0.05 versus ChIP with normal IgG,
p < 0.05 versus mock-infected rats.
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the diameter of C2C12 myotubes was shortened by KLF15 and
rescued by BCAA (Figure 4G). Moreover, exogenous KLF15
reduced mTOR activity with fiber type-independent atrophy in
the tibialis anterior muscle (Figure 4H). Taken together, these
data indicate that KLF 15 is a liaison molecule for GR in the induc-
tion of atrogenes and the acceleration of BCAA catabolism and
mTOR repression to decrease myofiber size.

mTOR Affects GR-Mediated Transcriptional Regulation
Since little is known about how glucocorticoid-mediated cata-
bolic signal transduction is shut off, we next examined the effects
of mTOR blockade using rapamycin on GR-mediated gene
expression in L6 myotubes. Surprisingly, rapamycin significantly
enhanced the DEX-induced mRNA expression of a number of
GR target genes, including REDD1, atrogin-1, MuRF1, KLF15,
FoxOs, and FKBPS5 (Figure 5A). These results strongly suggest
that mTOR blockade selectively enhances mRNA expression
of GR target genes, i.e.,, mTOR activation appears to have
a negative impact on GR-mediated gene expression. To further
address this negative modulation of GR function by mTOR, we
performed transient transfection assays using GR-responsive
KLF15 promoter-Luc and GRE-Luc reporter genes in L6
myoblasts. A constitutively active mutant of Rheb, RhebS16H,
which autonomously activates mTOR, repressed DEX-mediated
reporter gene activation, and rapamycin inhibited these negative
effects of RhebS16H (Figure 5B). Moreover, a major endogenous
mTOR activator IGF-1 slightly enhanced S6K1 phosphorylation
and did not affect DEX-induced GRE-Luc expression when
cultured in amino acid-rich media. In clear contrast, in amino
acid-deprived media, DEX-dependent induction of GRE-Luc
was approximately doubled, and IGF-1 strongly phosphorylated
S6K1 and suppressed DEX-induced GRE-Luc expression (Fig-
ure 5C). These results indicated that, regardless of the upstream
pathways for mTOR activation, endogenous GR activity is nega-
tively controlled by mTOR in L6 myoblasts.

We then asked the underlying mechanisms for mTOR-medi-
ated GR suppression. To test whether mTOR-mediated GR
repression is via global protein synthesis downstream of
mTOR, we examined luciferase MRNA expression in transient
transfection assay using GRE-Luc reporter plasmid in the pres-
ence or absence of the protein synthesis inhibitor cycloheximide.
Cycloheximide did not influence on either GR-mediated GRE
activation or BCAA-mediated GR suppression (Figure 5D).
Therefore, BCAA inhibits the transcriptional effects of GR via
mTOR activation but not via de novo protein synthesis. Immuno-
blotting using L6 myotubes revealed that GR protein levels were
unaltered in the presence of DEX, BCAA, or rapamycin. Treat-
ment with DEX clearly promoted the nuclear translocation of
GR, and such a process was not affected by BCAA or rapamycin
(Figure 5E). Concerning the promoter regions spanning the puta-
tive GREs in KLF15 and REDD1, DEX-induced GR recruitment
was significantly enhanced by rapamycin, suggesting that
mTOR negatively influences the access of GR to these pro-
moters. Such an enhancement of GR promoter binding by rapa-
mycin was paralleled by RNAPII recruitment onto the coding
regions of KLF15 and REDD1 (Figure 5F). Thus, cellular mTOR
activity negatively modulates GR transcriptional function, most
possibly by altering the intranuclear behavior of GR. We finally
examined the effect of constitutive mTOR activation by studying

Cell Metabolism 13, 170-182, February 2, 2011 ©2011 Elsevier Inc.

the impact of adeno-associated virus-driven RhebS16H expres-
sion on S6K1 activity and the gene expression profile of the tibia-
lis anterior muscle from DEX-treated rats. RhebS16H-injected
muscle had elevated levels of S6K1 phosphorylation and signif-
icant decreases in the induction response to DEX of a number of
glucocorticoid-inducible genes, including REDD1, atrogin-1,
MuRF1, FoxOs, KLF15, and FKBPS, when compared to mock-
injected muscle (Figures 5G and 5H).

mTOR Activation Attenuates Glucocorticoid-Induced
Muscle Atrophy

It should be noted that numerous studies examined the effects of
BCAA on mTOR activity in glucocorticoid-induced atrophy
models with conflicting results, the reason for which might be vari-
ations in the protocols used in those in vivo studies (Menconi et al.,
2007; Schakman et al., 2008). We showed that the bolus admin-
istration of a BCAA cocktail via a gastric tube just before the peri-
toneal injection of DEX (Supplemental Information) resulted in
sufficientand reproducible mTOR activation in the gastrocnemius
muscle; the phosphorylated form of S6K1 was increased at
30 min after BCAA administration and returned to the baseline
level after 90-180 min, even in the presence of DEX (Figure 6A).
We then tested the effects of DEX, BCAA, and rapamycin on the
protein levels and phosphorylation status of mMTOR and its down-
stream effectors S6K1 and 4E-BP1 as well as Akt, the upstream
activator of mTOR, in the rat glucocorticoid-induced atrophy
model (5 day intraperitoneal DEX administration, see the Supple-
mental Information). In GR-rich gastrocnemius muscle, treatment
with DEX suppressed the phosphorylation of S6K1 and 4E-BP1,
without a significant alteration in p-Akt, indicating that DEX in-
hibited mTOR function in an Akt-independent fashion in this
model. In clear contrast, in either the soleus muscle or liver,
DEX treatment did not affect mTOR activity. When BCAA was
supplemented, the levels of p-S6K1 and p-4E-BP1 were effi-
ciently restored. Of note, rapamycin canceled these effects of
BCAA (Figure 6B). In this model, BCAA administration sup-
pressed the glucocorticoid-induced expression of REDD1, atro-
gin-1, MuRF1, KLF15, FoxOs, and FKBP5 mRNA (Figure 6C),
and there was a decrease in GR recruitment onto the promoters
of KLF15, REDD1, MuRF1, and FKBPS5 (Figure 6D). BCAA admin-
istration also repressed the expression of BCAT2, GLUT4, Bnip3,
and LC3 mRNA, and treatment with rapamycin inhibited the
effects of BCAA (Figure 6C). In contrast, in the soleus muscle,
treatment with DEX alone or DEX plus BCAA only marginally influ-
enced mTOR activity and the gene expression profile, if at all
(Figures 6B and 6C).

In this glucocorticoid-induced muscle atrophy rat model, there
was a decrease in the body weight of the DEX, DEX plus BCAA,
and DEX plus BCAA plus rapamycin groups (Figure 7A). The
DEX plus BCAA group revealed a significant restoration of muscle
strength as determined by a grip test and the weight of the
gastrocnemius muscle when compared with DEX group (Figures
7B and 7C). Histological examination of the gastrocnemius
muscle demonstrated typical type Il fiber-dominant atrophy in
the DEX group; however, the DEX plus BCAA group showed
less impairment in the gastrocnemius muscle that was repre-
sented by the prevention of type Il fiber loss. Semiquantitative
analysis using cross-sectional area (CSA) analysis of myofibers
strongly supported this notion; the leftward shift in myofiber size
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Figure 4. KLF15-Mediated Modulation of BCAA Metabolism and Myofiber Size

(A) Time course of mRNA expression of KLF15 and BCAT2 in rat gastrocnemius after intraperitoneal DEX-injection (n = 5).

(B) KLF15-dependent activation of rat BCAT2 promoter-reporter gene expression in L6 myoblasts (n = 5).

(C) Diminished GR-dependent activation of rat BCAT2 promoter-reporter gene by knockdown of KLF15 in L6 myoblasts (n = 5).

(D) GR-dependent activation of BCAT activity in rat gastrocnemius. Rats were treated with RU486 and/or DEX for the indicated time periods (left) or 6 hr (right) and
subjected to BCAT activity measurement as described in the Supplemental Information (n = 5).

(E) KLF15-dependent activation of BCAT activity (n = 5).

(F) Effects of ectopic KLF15 on intracellular amino acid concentrations. L6 myotubes were infected with Ad-KLF15 for 2 days, cultured in amino acid-deprived
DMEM for 24 hr, and subjected to quantification of intracellular amino acids as described in the Supplemental Information (n = 3).

(G) Effects of KLF15 and BCAA on mTOR activity and myotube diameter. C2C12 myotubes were infected with GFP-expressing adenovirus and Ad-KLF15 for
2 days and further cultured in amino acid-deprived DMEM supplemented with or without 10 mM BCAA cocktail for 24 hr. Left, representative immunoblots
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was observed in the DEX group, but not in the DEX plus BCAA
group. In contrast, there was no significant difference in the size
of slow type | fibers among the three treatment groups. Moreover,
the therapeutic effects of BCAA were inhibited by rapamycin
(Figures 7B-T7E). Therefore, we conclude that the administration
of BCAA elicits mTOR activation and intervenes in GR-dependent
catabolic transcriptional regulation to ameliorate DEX-induced
muscle atrophy.

DISCUSSION

In skeletal muscle, we suggested that GR activates a secondary
transcription network driven by KLF15; that the promoter regions
of atrogin-1 and MuRF1 contain KLF15 binding sites as well as
those of FoxOs; and that KLF15 induces the expression of these
atrogenes. Although the molecular mechanism remains elusive,
the functional cooperativity of GR, FoxOs, and KLF15 in the
expression of the atrogenes may represent the molecular basis
for the involvement of GR in muscle atrophy associated with
a number of pathological conditions including diabetes and
sepsis. From the metabolic viewpoint, these GR-driven tran-
scriptional cascades appear to be relevant for providing rapid
and integrated cues toward muscle breakdown and nutrient
supply from muscle to other organs, i.e., to the liver, under
stressful conditions associated with excess levels of
glucocorticoids.

BCAT2 catalyzes the initial step for BCAA degradation, and
BCAT?2 activity is a critical determinant of cellular BCAA content
in skeletal muscle; mice with systemic inactivation of BCAT2
gene are reported to have approximately ten times or higher
concentrations of plasma BCAA (She et al., 2007). We demon-
strated that BCAA content was decreased with a reciprocal
increase in alanine levels in L6 myotubes after the exogenous
expression of KLF15 (Figure 4F). Although it is generally known
that BCAA is supplied via protein breakdown during skeletal
muscle atrophy (Wagenmakers, 1998; Yu et al., 2010), it was
reported that net increase in muscle BCAA concentrations after
glucocorticoid treatment (~150% increase compared to
control) were strikingly lower than those of diabetic rats
(~400% increase compared to control) (Aftring et al., 1988;
Hundal et al., 1991). This difference in BCAA concentrations is
most likely to be due to increased BCAT2 activity in glucocorti-
coid-treated rats. The glucocorticoid-driven GR-KLF15-BCAT2
axis may negatively modulate the intracellular availability of
BCAA and result in a negative impact on mTOR function in skel-
etal muscle. Indeed, exogenous KLF15 increased mRNA
expression of the atrogenes and BCAT2 and decreased
mTOR activity and BCAA concentrations in cultured myotubes
(Figures 4E-4G). Moreover, the introduction of KLF15
decreased myofiber size in cultured myotubes and caused

atrophy in the tibialis anterior muscle, even in the absence of
glucocorticoids (Figures 4G and 4H). Therefore, we may
conclude that KLF15 is a crucial GR target gene acting as
a catabolic modulator of skeletal muscle.

In addition to the KLF15-BCAT?2 axis, it should be noted that
a number of glucocorticoid-induced products can repress
mTOR activity in skeletal muscle cells. Among others, myostatin
(Ma et al., 2001; Gilson et al., 2007) and REDD1 (Figure S1)
(DeYoung et al., 2008) are direct targets of GR. Moreover, atro-
gin-1 was recently reported to inhibit S6K1 activity via elF3f
(Csibi et al., 2010). Therefore, it is likely that the mTOR system
is negatively regulated by a variety of factors in the presence
of excess glucocorticoids in a distinct fashion. Given that the
glucocorticoid-GR axis is a major catabolic regulator for homeo-
static control (Munck et al., 1984), this multimodal repression of
mTOR via the GR axis appears to be rational. In any case, this
type of negative mTOR modulation is not reported in other types
of muscle atrophy, and may be a striking feature in glucocorti-
coid-induced muscle atrophy. Interestingly, muscle-specific
inactivation of mTOR was reported to exacerbate the myopathic
features of type | and type Il fiber-rich muscles in a distinct
fashion; type | fiber-rich muscles showed prominent dystrophic
features with less impact on muscle mass and CSA compared
to type |l fiber-rich muscles, and a decrease in muscle mass
and CSA are characteristic of type Il fiber-rich muscles with
less dystrophic appearance (Bentzinger et al., 2008; Risson
et al., 2009). Therefore, we speculate that type Il fiber-rich glyco-
lytic muscles have an evolutionally preserved role for the storage
of nutrients under the control of the glucocorticoid-GR axis and
that the GR-triggered gene expression program is a purposeful
and efficient compensatory mechanism for nutrient supply
from those muscles.

An important question is how the GR-driven proteolytic
cascades can be shut down when necessary in skeletal muscle.
We clearly demonstrated that mTOR activation negatively
modulated GR-mediated transcription. Given that the effect of
mTOR is rapamycin sensitive, the involvement of mTORC1 is
strongly indicated in this interaction. The role of the mTOR
pathway in the determination of glucocorticoid sensitivity has
not yet been highlighted, except in certain hematologic malig-
nancies (Beesley et al., 2009; Gu et al., 2008; Yan et al.,
2006a). It was postulated that the treatment of cultured cells
with FK506 or rapamycin enhances glucocorticoid-inducible
reporter gene expression, most possibly via their interaction
with heat shock proteins and the promotion of the ligand-
dependent nuclear entry of GR (Ning and Sanchez, 1993). In
contrast, we documented that rapamycin, without any alteration
in the cytoplasmic-nuclear distribution of GR, increased GR
recruitment onto the promoter (Figures 5E and 5F), and these
effects were not reproduced by FKS506 (data not shown).

and quantified band densities of S6K1 and p-S6K1(T389) relative to GAPDH (n = 5). Right, representative fluorescent microscopic images of the myotubes and

quantified diameters of the myotubes (500 < n < 510)

(H) Effects of ectopic KLF15 expression on mTOR activity and myofiber cross-sectional area (CSA) in rat tibialis anterior. Left, representative immunoblots and
quantified band densities (n = 5). Right, immunostaining for type I1B myosin heavy chain (MHC IIB, red in left photographs), type | myosin heavy chain (MHC |, red
in right photographs), and type IV collagen (green) of transverse cryosections. CSA distribution of MHC IIB fibers (left) and MHC | fibers (right) are presented as

frequency histograms (500 < n < 510).

(A-H) Error bars show SD. “p < 0.05, ‘p < 0.05 versus vehicle-treated rats. 'p < 0.05 versus mock-transfected cells.
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Figure 5. Negative Regulation of GR-Mediated Transcription by mTOR

(A) gRT-PCR analysis of L6 myotubes treated with DEX and rapamycin (Rapa) for 24 hr.

(B) Attenuation of GR-dependent reporter gene expression by mTOR. L6 myoblasts were transfected with rKLF 15 promoter-LUC or GRE-LUC, with or without the
expression plasmid for a constitutive active Rheb (RhebS16H), and treated with DEX and rapamycin for 18 hr.

(C) Effects of IGF-1 on mTOR activity and GR-dependent reporter gene expression. L6 myoblasts were transfected with GRE-LUC and cultured in amino acid-
deprived DMEM (lanes 1-4) or normal DMEM (lanes 5-8) in the presence or absence of IGF-1 and/or DEX for 9 hr. Top, luciferase activities. Bottom, representative
immunoblots.

(D) Effects of DEX, BCAA, cycloheximide, and rapamycin on GR-dependent reporter gene expression. L6 myoblasts were transfected with GRE-LUC and
cultured in amino acid-deprived DMEM in the presence or absence of 10 mM BCAA cocktail, cycloheximide, rapamycin, and DEX for 6 hr.

(E) Effects of DEX, BCAA, and rapamycin on protein levels and subcellular localization of GR. L6 myotubes were cultured in amino acid-deprived DMEM in the
presence or absence of DEX, 10 mM BCAA cocktail, and rapamycin for 30 min. Representative immunoblots of the nuclear extracts (NE), cytoplasmic fractions
(CF), and whole-cell extracts (WCE) are shown (n = 3).

(F) Effects of rapamycin on DEX-dependent recruitment of GR onto target gene promoters. L6 myotubes were treated with 1 uM DEX and rapamycin for 2 hr
(for KLF15) or 20 min (for REDD 1) and processed for ChIP assays.

(G and H) Effects of ectopic expression of RhebS16H on mTOR activity and DEX-mediated mRNA expression. AAV-RhebS 16H was infected to rat tibialis anterior
for 7 days. (G) Representative immunoblots (n = 7). (H) qQRT-PCR analysis of the muscles from the rats 6 hr after intraperitoneal injection with DEX.

(A-D, F, and H) Error bars show SD (n = 5). *p < 0.05, "p < 0.05 versus ChIP with normal IgG, 'p < 0.05 versus vehicle-treated rats.
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