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Figure 10

PGD; protects against cardiomyocyte death induced by anoxia/reoxygenation injury via the DP receptor and ERK1/2 signaling. (A and B) Neona-
tal rat cardiomyocytes were stimulated with 30 nM PGD in the presence or absence of 10 M BWAB868C, 10 uM CAY10471, or 20 uM PD98059
(PD) and then subjected to glucose-free anoxia followed by reoxygenation. (A) Dead cells (red nuclei) and viable cells (green) were determined |
as described in Methods. Scale bars: 100 um. (B) Viable cells were quantified by counting 100 cells in 5 independent experiments (n =5). (C and
D) Neonatal rat cardiomyocytes were transfected with control-, DP-, or CRTH2-specific siRNA. Reductions in the expression levels of the target
genes were confirmed by Q-PCR (see Supplemental Figure 5). Cells were treated with 30 nM PGD. and then subjected to glucose-free anoxia
followed by reoxygenation. (C) Dead cells (red nuclei) and viable cells (green) were determined as described in Methods. Scale bars: 100 um.

(D) Viable cells were quantified by counting 100 cells in 5 independent experiments (n = 5). *P < 0.05; Student's t test.

itation, GR-selective agonists, such as DEX and betamerthasone,
may have clinical advantages over nonselective GR agonists (e.g.,
prednisolone and cortisol) in limiting infarct size and improving
mortality after myocardial infarction.

Methods

Animals. All animal experiments were reviewed and approved by the Institu-
tional Animal Care and Use Commuicree at the Keio University School of Medi-
cine. L-PGDS-knockout mice were generated as previously described (39).

Gene expression. Neonatal ventricular myocytes from 1- to 2-day-old Sprague-
Dawley rats were subjected to Percoll gradient centrifugarion and differen-
tial plating in order to enrich for cardiac myocytes and deplete nonmyocyte
populations (40). Total RNA was isolated and hybridized to the GeneChip
Rat Genome 230 2.0 Array (Affymetrix), composed of 31,042 probe sets rep-
resenting approximately 28,000 rat genes. Q-PCR was performed using the
ABI Prism 7700 sequence detection system (Applied Biosystems). Predesigned
gene-specific primer and probe sets (TagMan Gene Expression Assays) were
used. The 18s ribosomal RNA was amplified as an internal control.

Western blotting. Nuclear extracts were prepared as previously described
(41). Rabbit polyclonal antibodies against GR and goat polyclonal antibod-
ies against COX2 were purchased from Santa Cruz Biotechnology. Rabbit
polyclonal antibodies directed against COX-1 were purchased from Alex-
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is, and rabbit polyclonal antibodies directed against L-PGDS, mPGES1,
mPGES2, cytosolic PGE synthase, DP, and CRTH2 were purchased'from
Cayman Chemical. Protein expression was visualized using horseradish
peroxidase-conjugated secondary antibodies and enhanced chemilumi-
nescence (Amersham Biosciences) and was detected using the LAS-3000
luminoimage analyzer (Fujifilm).

ELISA. Neonatal rat cardiomyocytes were treated with 100 nM CVZ for
24 hours. The levels of PGD;, PGE;, and 6-keto-PGFq in the culture media
were measured using a commercial ELISA kit (Cayman Chemical) accord-
ing to the manufacturer’s instructions.

Oxidized phospholipid analysis by LC-MS/MS. The frozen hearts were homog-
enized in methanol that contained 2 internal standards (LTB4-d4 and 17:0-
LPC), and oxidative fatry acids and oxidarive phospholipids were extracted
using solid-phase extraction. LC-MS/MS analysis was performed using cthe
4000 Q-TRAP quadrupole linear ion-trap hybrid mass spectrometer (Applied
Biosystems/MDS Sciex) with the ACQUITY Ulrra Performance LC (Waters).
Specific detection was performed by multiple reaction monitoring (18).

Glucose-free hypoxia and reoxygenation. An anaerobic jar that contained
an Anaero Pack (Mitsubishi Gas Chemical) was used to expose the cells
to hypoxic stress (42). The medium used to grow the cardiomyocytes was
replaced with glucose-free DMEM before the cells were exposed to hypoxic
stress. After 5 hours of exposure of hypoxia, the medium was replaced
Number 6
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with 10% FBS-containing DMEM (reoxygenation medium). Cell viabil-
ity was determined by the LIVE/DEAD Viability/Cytotoxicity Assay Kit
(Invitrogen) based on the simultaneous determination of live and dead
cells wich the calcein AM and ethidium homodimer-1 probes, which are
specific for intracellular esterase activity and membrane integrity, respec-
tively. Fluorescence imaging of the cells was performed with a fluorescence
microscope (BZ-9000; Keyence): live cells were labeled green, whereas the
nuclei of dead cells were labeled red.

siRNA oligonucleotides and transfection. siRNA oligonucleotides against the
rat GR, Ptgs2, and Ptgds genes, as well as control siRNA, were purchased
from Ambion. Transfection of these siRNA oligonucleotides was per-
formed using the Lipofectamine RNAIMAX Reagenc (Invitrogen).

Langendorff perfusion of the heart. Hearts were excised rapidly from
heparinized mice, perfused with modified Krebs-Henseleit buffer
(120 mmol/I NaCl, 25 mmol/I NaHCQO3, 5.9 mmol/l KCl, 1.2 mmol/l MgSOs,
1.75 mmol/l CaCl;, and 10 mmol/l glucose), and gassed with 95% O,
and 5% CO; at 37°C according to the Langendorff procedure. Coronary
perfusion pressure was maintained at 90 mmHg. A plastic catheter with
a polyethylene balloon was inserted into the LV through the left atrium.
Before the induction of ischemia, the LV end-diastolic pressure (LVEDP)
was adjusted to 10 mmHg by filling the balloon with water. Indices of LV
function (LV systolic pressure; LVEDP; LVDP, calculated as the difference
between LVSP and LVEDP; +dP/dt; and -dP/dt) were recorded as described
previously (43). Rate-pressure product was calculated as the product of LV
systolic pressure and heart rate. Total LDH activity released into the per-
fusate was measured with a commercially available kit (Sigma-Aldrich).

In vivo myocardial ischemia/reperfusion model. Regional myocardial isch-
emia was induced by transient occlusion of the left anterior descending
coronary artery. After 30 minutes of ischemia, the tube used for myocardial
reperfusion we removed, and the thorax was closed with the suture intact.
The suture around the coronary artery was retied 2 hours after reperfu-
sion, and 2% Evans blue dye was injected into the LV cavity to delineate
recrospectively the area art risk for myocardial infarction. The heart was
removed, washed in PBS, and then sliced into sequential 1-mm-thick sec-
tions. The sections were stained with 2,3,5-triphenyltetrazolium chloride
(TTC; 3%), and the infarct (white), noninfarct (red), nonischemic (blue),
and at-risk areas (white and red) were measured.

research article

Immunohistochemistry. Hearts were perfused from the apex with PBS,
perfusion fixed with 4% paraformaldehyde in PBS, dissected, subsequently
cryoprotected in sucrose solution at 4°C, embedded in OCT compound
(Miles Scientific), and snap-frozen in liquid nitrogen. The Ffixed hearts
were sectioned (8-um cthickness) using the CM3050S cryostat (Leica). For
immunostaining, the sections were blocked in 5% BSA for 30 minutes at
room temperature and then treated with anti-L-PGDS and anti-CD45
antibodies (BD Biosciences — Pharmingen) overnight at 4°C. Secondary
antibodies conjugated to Alexa Fluor 546 or Alexa Fluor 488 (Invitrogen)
were applied at 1:200 dilutions for 1 hour at 4°C. Nuclei were stained with
TOTO-3 (Invitrogen) in a mounting medium. The slides were observed
under a fluorescence microscope (Olympus BX-60).

Statistics. Values are presented as mean + SEM. Statistical significance
was evaluated using 2-tailed, unpaired Student’s ¢ tests for comparisons of
2 mean values. Multiple comparisons involving more than 3 groups were
performed using ANOVA. A P value less than 0.05 was considered stacisti-
cally significant.
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Yoshikawa N, Nagasaki M, Sano M, Tokudome S, Ueno K,
Shimizu N, Imoto S, Miyano S, Suematsu M, Fukuda K, Mori-
moto C, Tanaka H. Ligand-based gene expression profiling reveals
novel roles of glucocorticoid receptor in cardiac metabolism. Am J
Physiol Endocrinol Metab 296: E1363-E1373, 2009. First published
March 17, 2009; doi:10.1152/ajpendo.90767.2008.—Recent studies
have documented various roles of adrenal corticosteroid signaling in
cardiac physiology and pathophysiology. It is known that glucocorti-
coids and aldosterone are able to bind glucocorticoid receptor (GR)
and mineralocorticoid receptor, and these ligand-receptor interactions
are redundant. It, therefore, has been impossible to delineate how
these nuclear receptors couple with corticosteroid ligands and differ-
entially regulate gene expression for operation of their distinct func-
tions in the heart. Here, to particularly define the role of GR in cardiac
muscle cells, we applied a ligand-based approach involving the
GR-specific agonist cortivazol (CVZ) and the GR antagonist RU-486
and performed microarray analysis using rat neonatal cardiomyocytes.
We indicated that glucocorticoids appear to be a major determinant of
GR-mediated gene expression when compared with aldosterone.
Moreover, expression profiles of these genes highlighted numerous
roles of glucocorticoids in various aspects of cardiac physiology. At
first, we identified that glucocorticoids, via GR, induce mRNA and
protein expression of a transcription factor Kruppel-like factor 15 and
its downstream target genes, including branched-chain aminotransfer-
ase 2, a key enzyme for amino acid catabolism in the muscle. CVZ
treatment or overexpression of KLF15 decreased cellular branched-
chain amino acid concentrations and introduction of small-interfering
RNA against KLF15 cancelled these CVZ actions in cardiomyocytes.
Second, glucocorticoid-GR signaling promoted gene expression of the
enzymes involved in the prostaglandin biosynthesis, including cyclo-
oxygenase-2 and phospholipase A2 in cardiomyocytes. Together, we
may conclude that GR signaling should have distinct roles for main-
tenance of cardiac function, for example, in amino acid catabolism
and prostaglandin biosynthesis in the heart.

endocrinology; cardiovascular system; KLF15; cylooxygenase-2;
phospholipase A2

GLUCOCORTICOID HORMONES ARE essential for homeostatic regu-
lation and physiological maintenance of a variety of organ
functions. Concerning the heart, numerous observations have
suggested that glucocorticoids as well-as aldosterone (ALD)
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have been shown to exert direct effects on cardiomyocytes and
help maintain various cardiac functions. For example, it is
shown that a synthetic glucocorticoid, dexamethasone (DEX),
significantly increases the L-type Ca®* currents (51) and in-
hibits inducible nitric oxide synthase activity in rat cardio-
myocytes (42). Moreover, DEX treatment enhances the devel-
opment of contractile tension and increases contraction and
relaxation velocities in cardiac muscle (35). The decrease in
contractile force of rat papillary muscle induced by adrenalec-
tomy is prevented by DEX treatment (27) by modulating
membrane Ca?* transport and K* channels (33, 35, 50, 51).
Short-term treatment with DEX has been shown to decrease
resting heart rate in healthy human volunteers (5). It, thus, is
apparent that glucocorticoids play essential roles in regulation
of cardiac electrical and mechanical activities. On the other
hand, numerous studies have documented the pathological
consequences and deleterious effects of abnormal or excessive
glucocorticoid signalings. Not only hypercortisolemia in pa-
tients with Cushing’s syndrome but also the chronic therapeu-
tic use of glucocorticoids is associated with several side ef-
fects, including adverse cardiovascular events, such as hyper-
tension and left ventricular hypertrophy (48). Glucocorticoid
excess also induces metabolic syndrome with hyperglycemia,
dyslipidemia, and obesity, which is associated with early and
progressive atherosclerosis, contributing to a cluster of cardio-
vascular risk factors, including heart failure (48). Moreover,
several clinical studies have documented the distinct role of
glucocorticoids in the prognosis of cardiac diseases; for exam-
ple, rheumatoid factor-positive but not negative patients with
rheumatoid arthritis were at increased risk of cardiovascular
events following exposure to glucocorticoids (8), and, in pa-
tients with chronic heart failure, higher serum levels of cortisol
and ALD were independent predictors of increased mortality
risk (16).

Glucocorticoids and mineralocorticoids bind to the nuclear
receptors glucocorticoid receptor (GR) and mineralocorticoid
receptor (MR), both of which are transcription factors and
expressed in cardiomyocytes. However, the role of these re-
ceptors in cardiac physiology remains elusive. Indeed, the
ligand-receptor interactions are complicated, as both ALD and
glucocorticoids can activate cardiac MR, thereby directly af-
fecting heart function (48). Some of the cardiac or peripheral
effects of glucocorticoids may be mediated at least in part by
MR activation. [n “classical” ALD target cells (i.e., kidney and
colon), MR is protected from illicit occupation by glucocorti-
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coids because of the presence of 11B-hydroxysteroid dehydro-
genase type II (11BHSD2), an enzyme that converts cortisol
(human)/corticosterone (COR, rodents) into inactive metabo-
lites. Cardiomyocytes belong to the so-called “nonclassical”
ALD target tissues that express both GR and MR, but not
11BHSD2. In cardiomyocytes, thus, MR is not protected from
occupancy by glucocorticoids and is not ALD selective. Tak-
ing into account that circulating cortisol/COR levels are at least
100-fold higher than those of ALD, and that MR has the same
affinity for ALD and glucocorticoids, MR, as well as GR, may
be permanently occupied by glucocorticoids, and glucocorti-
coid effects could be mediated by both GR and MR (48). The
recent advent of microarray and other technologies has facili-
tated the identification of a number of glucocorticoid-regulated
genes (1, 20, 34, 36, 45), and it becomes apparent that the
profile of those glucocorticoid-target genes differs according to
the cell types and the mode of interaction with ligands (49).
However, because of the redundancy of the ligand-receptor
interaction, not a single study could clearly differentiate target
genes for cardiac GR and MR. Recently, a transgenic mouse
model with conditionally inducible cardiac-specific expression
of human GR was generated to preclude secondary effects due
to general glucocorticoid-induced alterations and to investigate
the specific role of GR in cardiomyocytes, and electrophysio-
logical phenotyping indicated that cardiac GR overexpression
resulted in conduction defects, with high-degree atrio-ventric-
ular block (39). These results strongly support such an idea that
GR has as yet unknown but essential roles in the heart. It,
therefore, is important to delineate how these nuclear receptors,
especially GR, differentially couple with ligands and regulate
gene expression for operation of their distinct functions in
cardiomyocytes.

We previously reported that a synthetic glucocorticoid, cor-
tivazol (CVZ), could be extremely specific for GR and does not
crossreact with MR (52, 53). Given this, we indicated that a
ligand-based approach involving CVZ and GR antagonist RU-
486 might be applied to define the role of GR in nonclassical
ALD target tissues. In the present study, we performed mi-
croarray analysis based on this ligand-based approach and
differentially characterized corticosteroid target genes, and the
distinct role of GR in cardiomyocytes was discussed.

MATERIALS AND METHODS

Reagents and antibodies. CVZ was kindly gifted from Sanofi-
Aventis (Paris, France). COR, ALD, interleukin (IL)-1B, lipopolysac-
charide, estradiol, progesterone, and RU-486 were purchased from
Sigma (St. Louis, MO). MG-132 was purchased from Calbiochem
(San Diego, CA). Other reagents were from Nacalai Tesque (Kyoto,
Japan) unless otherwise specified. Anti-GR (sc-1004), anti-cyclooxy-
genase-2 (COX-2, sc-1747), and anti-KLF15 (sc-34827) antibodies
were obtained from Santa Cruz Biotechnology (Santa Cruz, CA).
Anti-a-actinin (A7811) and anti-FLAG (F1804) antibodies were ob-
tained from Sigma.

Plasmids, small-interfering RNA oligonucleotides, and recombi-
nant adenoviruses. To construct the expression plasmids for FLAG-
tagged rat GR and MR, either full-length cDNAs for rat GR or MR
were inserted in p3xFLAG-CMV 10 vector (Sigma). The glucocorti-
coid response clement (GRE)-driven reporter plasmid p2xGRE-LUC
was described previously (52). Small-interfering RNA (siRNA) oli-
gonucleotides against rat GR (Silencer Predesigned siRNA I[D:
199951) and control siRNA (Silencer Negative control siRNA no. I:
07606954A) were purchased from Ambion (Austin, TX). siRNA
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oligonucleotides against rat KLF15 (Stealth Select RNAi RSS$340443)
were purchased from Invitrogen (Carlsbad, CA). Recombinant adeno-
viruses encoding FLAG-tagged rat KLF15 and Cre-recombinase were
generated by using the Adenovirus Cre/loxP-regulated Expression
Vector Set (TaKaRa, Otsu, Japan) as per the manufacturer’s instruc-
tions and as previously described (44). Recombinant adenoviruses
prepared from 293 cells were purified with Virakit AdenoMini-24
(Virapur, San Diego, CA) and titrated using an Adeno-X Rapid Titer
Kit (TaKaRa).

Cell culture. COS-7 cells were obtained from RIKEN Cell Bank
(Tsukuba, Japan) and cultured in DMEM (Invitrogen) supplemented
with 10% FCS (Sigma-Aldrich, St. Louis, MO) and antibiotics in a
humidified atmosphere at 37°C with 5% CO,. Primary cultures of
cardiomyocytes were prepared as described previously (40). In brief,
the ventricles of 1-day-old neonatal Wistar rats (CLEA Japan, Tokyo,
Japan) were dissociated in 0.03% trypsin, 0.03% collagenase, and 20
wg/ml of DNase I. The cardiomyocytes and cardiac fibroblasts were
separately prepared on the basis of their differential adhesiveness.
Attached cells (mostly cardiac fibroblasts) were subcultured two times
to deplete cardiomyocytes, and the third passage cells were used.
Cardiomyocytes were seeded at a density of 1 X 103 cells/cm? on
gelatin-coated dishes and grown in medium 199/DMEM (Invitrogen)
supplemented with 10% FCS and antibiotics in a humidified atmo-
sphere at 37°C with 5% CO,. Concemning animal experiments, all
procedures and protocols were approved by the Animal Care and Use
Committee of Keio University.

Immunofluorescence. FLAG-tagged rat GR- or MR-expressing
COS-7 cells were plated on glass coverslips in a six-well plate. Fixed
and permeabilized cells were blocked with blocking buffer (3% BSA
and 0.1% Triton X in Tris-buffered saline). The cells were then
stained with primary antibodies against FLAG (1:500) for 1 h at room
temperature, and then, secondary antibodies conjugated with Alexa
Fluor 488 (1:500, Invitrogen) were applied for 1 h at room tempera-
ture. The stained cells were observed by confocal laser scanning
microscopy (LSMS510; Carl Zeiss, Jena, Germany) with appropriate
emission filters.

Western blotting. Whole cell extracts were prepared in Nonidet
P-40 (NP-40) lysis buffer (150 mM NaCl, 1.0% NP-40, 50 mM Tris,
pH 8.0, and protease inhibitor cocktail) and boiled in SDS sample
buffer, analyzed by SDS-PAGE, and electrically transferred to a
polyvinyl difluoride membrane (Millipore, Bedford, MA). Subse-
quently, immunoblotting was performed with anti-GR, anti-a-actinin,
anti-KLF135, anti-FLAG, or anti-COX-2 antibodies diluted at 1:1,000,
followed by horseradish peroxidase-conjugated secondary antibodies
(Amersham Biosciences, Buckinghamshire, UK) diluted at 1:2,000.
Antibody-protein complexes were visualized using the enhanced
chemiluminescence method according to the manufacturer’s protocol
(Amersham Biosciences). Signal intensity of the band for GR relative
to that for a-actinin was quantified using the analysis software from
the National Institutes of Health (NIH image 1.62).

Transfection and reporter gene assay. Transient transfection and
reporter gene assay were performed as described previously (53). In
brief, cells were plated on 6-cm-diameter culture dishes, and cell
culture medium was replaced with serum-free medium OPTI-MEM
lacking phenol red (Invitrogen) before transfection. Plasmids or
siRNA oligonucleotides were mixed with Lipofectamine 2000 trans-
fection reagent (Invitrogen) and added to the culture according to the
manufacturer’s protocol. The total amount of the plasmids was kept
constant by adding an irrelevant plasmid (pGEM3Z was used unless
otherwise specified). After 6 h of incubation, the medium was re-
placed with fresh OPTI-MEM, and the cells were further cultured in
the presence or absence of various reagents for 24 h at 37°C. In
reporter gene assay, whole cell éxtracts were prepared in Cell Culture
Lysis Reagent (Promega, Madison, WI) on ice for 15 min followed by
centrifugation for 20 min at 20,000 g. Luciferase enzyme activity was
determined using the Luciferase Assay System (Promega) and a
luminometer (Promega) according to the manufacturer’s protocol.
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Relative light units were normalized to the protein amounts deter-
mined with BCA Protein Assay Reagent (Pierce, Rockford, IL).

Microarray analysis. Primary cultures of cardiomyocytes, grown in
serum-free medium OPTI-MEM for 24 h, were treated with vehicle
(ethanol) or various ligands for 3 h with or without pretreatment of 10
wM RU-486. Total RNA was isolated using TRIZOL-Reagent (In-
vitrogen) according to the manufacturer’s protocol and further puri-
fied using the RNeasy Mini Kit (Qiagen, Valencia, CA). We used
pooled RNA samples from three independent experiments, and DNA
microarray analysis were performed two times as follows: first exper-
iment (vehicle, COR, ALD, or CVZ treatment) and second experiment
(vehicle, COR, ALD, CVZ, RU-486, COR + RU-486, ALD +
RU-486, or CVZ + RU-486 treatment). Using pooled RNA samples,
preparation of the labeled cRNA and microarray hybridization were
performed by Bio Matrix Research (Nagareyama, Japan) as follows.
Isolated total RNA were amplified and labeled as described in the
GeneChip Expression Analysis Technical Manual (Affymetrix, Santa
Clara, CA). First, total RNA (1 pg) was converted into double-
stranded cDNA using the One-Cycle: cDNA Synthesis Kit (Af-
fymetrix). Double-stranded cDNA was purified by using a GeneChip
Sample Cleanup Module (Affymetrix). In vitro transcription reactions
were performed using a GeneChip IVT Labeling Kit, which includes
T7 RNA polymerase and Biotin-labeled ribonucleotides. Biotin-la-
beled cRNA was purified using a GeneChip Sample Cleanup Module.
The concentration of cRNA was calculated from light absorbance at
260 nm using an ultraviolet spectrophotometer. Next, cRNA (15 pg)
was fragmented at 94°C in the presence of a fragmentation buffer
(Affymetrix). cRNA (15 pg) was hybridized to the Affymetrix GeneChip
Rat Genome 230 2.0 Array (Affymetrix), on which 31,099 probe sets
and 12,379 gene sets are represented. The array was incubated for
16 h at 45°C and then automatically washed and stained with the
GeneChip Hybridization, Wash and Stain Kit (Affymetrix). The Probe
Array was scanned using a GeneChip Scanner 3000 7G. The raw data
were normalized and analyzed using GeneChip Affymetrix GCOS 1.2
software and GeneSpring 7.3.1 (Agilent Technologies, Palo Alto,
CA). In per-chip normalization, a raw intensity value was divided by
the median value of the chip measurements, and then, each gene was
normalized to the respective control to enable relative changes in gene
expression levels between samples. The signal values and the present
(P flag), absent (A flag), or marginal (M flag) calls were computed for
all probe, sets and only probe sets with the present call were used in
the further analysis. Only the significantly expressed genes in both
experiments were considered to be valid, and Ingenuity Pathway
Analysis (http://www.Ingenuity.com; Ingenuity Systems, Redwood
City, CA) was used to map those probes to genes with annotation, to
perform pathway analysis, and to create gene networks. Functional
classifications according to Gene Ontology (GO) terms were per-
formed by using ExPlain (BIOBASE, Wolfenbiittel, Germany, www.
biobase.de). The data discussed in this publication have been
deposited in the National Center for Biotechnology Information’s
Gene Expression Omnibus [GEO (11)] and are accessible through
GEO Series accession no. GSE12752 (http://www.ncbi.nlm.nih.
gov/geo/query/acc.cgi?acc=GSE12752).

Real-time quantitative RT-PCR. Total RNA from primary cul-
tures of cardiomyocytes was reverse-transcribed with oligo(dT)
primers using the SuperScript III First-Strand Synthesis System for
RT-PCR (Invitrogen). Real-time quantitative RT-PCR (qRT-PCR)
was performed with the LightCycler TagMan Master, Universal
ProbeLibrary Set, Rat, and LightCycler ST300 systems (Roche,
Basel, Switzerland) according to the manufacturer’s instructions.
Relative expression levels were calculated on the basis of standard
curves generated for each gene, and mRNA for glyceraldehyde-3-
phosphate dehydrogense (Gapdh) was used as an internal control.
The primer sequences used in this study are as follows: Gapdh:
5'-agccacatcgetcagaca-3' and 5'-geccaatacgaccaaatec-3'; KIfI1S:
5'-ctgcagcaagatgtacaccaa-3’ and 5’'-tcatctgagegtgaaaacctc-3';

Bcatr2: 5'-gtcggtgactgcaagttgg-3' and 5'-cctttcttctgggettettg-3';
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Slc2ad (glucose transporter 4, GLUT4): 5'-tgcagtgcctgagtcttettt-3'
and 5'-ccagtcactcgetgetga-3'; Foxola: 5'-tcaggctaggagttagt-
gagca-3' and 5'-ggggtgaagggcatcttt-3'; Fbxo32 (atrogin-1): 5'-
cactctacactggcaacagea-3' and 5'-ggtgatcgtgagacctitgaa-3'; “Gdf8
(myostatin): 5'-tgggcatgatcttgetgtaa-3' and 5’-tgttactttgacttcta-
aaaagggatt-3'; Sgkl: 5'-ctcctatgcatgcaaacacc-3' and 5'-tttgtt-
gagagggacttggag-3'; Nppb (brain natriuretic peptide, BNP): 5'-
gtcagtcgettgggetgt-3' and 5'-cagagctggggaaagaagag-3'; Ptgs2
(COX-2): 5'-accaacgctgecacaact-3' and 5'-geccaatacgaccaaatcc-
3'; and Pla2g4a (cytoplasmic phospholipase A2, PLA2): 5'-
tctcatttaactctgggaactge-3' and 5'-cagcetgeaggaattctecacac-3'.

Measurement of amino acid concentration. Measurement of amino
acid concentration of cultured neonatal rat cardiomyocytes was per-
formed as described previously (19) with minor modification. In brief,
after medium replacement to the serum-free medium OPTI-MEM,
cultured neonatal rat cardiomyocytes were infected or transfected with
KLF15-expressing adenoviruses or siRNA oligonucleotides, respec-
tively, and cultured for 24 h. Next, the medium was replaced to fresh
OPTI-MEM, and the cells were further cultured with or without CVZ
for 24 h. The cells were washed three times with PBS and lysed in 1
ml of ice-cold methanol for 5 min, except for the dish with the same
protocols for counting the number of cells. Cellular lysates and
recovery efficiency control Phe-d5 were collected in 15-ml tubes, 1 ml
of chloroform was added to the lysates, and the mixtures were briefly
voltexed. The mixtures were centrifuged at 1,000 g, 4°C for 5 min,
and the supernatants were transferred to new [5-ml tubes. This
chloroform precipitation method was again repeated, and the super-
natants were concentrated and dried with a AES2010 SpeedVac
system (Savant Instruments, Holbrook, NY) and redisolved in 200 .l
of MilliQ ultra pure water (Millipore). Quantification of collected
amino acid was performed with high-performance liquid chromatog-
raphy-tandem mass spectrometry assay using Agilent 1100 HPLC
(Agilent) interfaced to an Applied Biosystems/Sciex API 4000 triple
quadrupole mass spectrometer (Applied Biosystems, Foster City,
CA). Data collection and processing were performed with Sciex
Analyst version 1.4.2 software (Applied Biosystems).

Statistical analysis. Except for DNA microarray analysis, we per-
formed all experiments in triplicate, and the results are expressed as
means £ SE of three independent experiments as indicated. The
statistical significance of differences between groups was calculated
either by one- or two-way ANOVA, and the difference was consid-

ered significant at P < 0.05.

RESULTS AND DISCUSSION

GR in rat cardiomyocytes and its ligand specificity. At first,
to verify the feasibility to use isolated rat cardiomyocytes for
identification of GR target genes, the presence of GR was
confirmed in Western blot analyses. As shown in Fig. A,
ligand-dependent nuclear localization of endogenous GR was
clearly demonstrated in the presence of either endogenous or
synthetic corticosteroids, COR and ALD, or CVZ, respec-
tively, at the concentration of 100 nM for 1 h. Moreover,
ligand-activated GR was shown to be able to induce expression
of GRE-driven luciferase reporter gene (Fig. 1B). ALD, as
previously reported (2, 38), appeared to be a weaker agonist
compared with the other two glucocorticoids, since proportions
of nuclear-translocated GR (Fig. 1A) and transactivation po-
tential (Fig. |B) were relatively smaller. We previously char-
acterized CVZ as a GR-specific ligand without MR activation
capacity (see introduction). To test whether this is also the case
in rat GR and MR, we transfected the expression plasmids for
rat GR or MR together with GRE-luciferase reporter gene in
COS-7 cells. After treatment with 100 nM of COR or ALD,
both rat GR and MR translocated in the nucleus. However,
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Fig. 1. Characterization of endogenous glucocorticoid receptor (GR) in rat
cardiomyocytes and effects of synthetic and endogenous corticosteroids.
A: subcellular localization of GR in neonatal rat cardiomyocytes. After treat-
ment of the cardiomyocytes with or without 100 nM of each corticosteroid for
1 h as indicated, cytosolic extracts (C) and nuclear extracts (N) were prepared,
Western immunoblotting for GR were performed, and signal intensity of the
band for GR relative to that for a-actinin of each extract was quantified as
described in MATERIALS AND METHODS. Means * SE of 3 independent exper-
iments and representative photographs are shown. P < 0.05 vs. cytosolic
extract treated with vehicle (*) and vs. nuclear extracts treated with vehicle
(**). CVZ, cortivazol; COR, corticosterone; ALD, aldosterone. B: effect of
corticosteroids on glucocorticoid response element (GRE)-dependent reporter
gene expression in neonatal rat cardiomyocytes. The cardiomyocytes were
transfected with 2 pg of reporter plasmids p2xGRE-LUC and treated with 100
nM of each ligand as indicated in the presence (filled bars) or absence (open
bars) of 10 uM RU-486 for 24 h. Results are expressed as relative expression
levels to the vehicle-treated samples and means * SE of 3 independent
experiments are shown. P < 0.05 vs. cells treated with vehicle (*) and vs.
RU-486 (—; **). C: ligand specificity of rat GR and mineralocorticoid receptor
(MR) nuclear translocation. COS-7 cells expressing either FLAG-tagged rat
GR or MR were cultured with or without 100 nM of each ligand as indicated
for 2 h, and immunofluorescent analysis was performed as described in
MATERIALS AND METHODS. Experiments were repeated 3 times with almost
identical results, and representative results are shown. D: ligand specificity of
rat GR and MR reporter gene assay. COS-7 cells were cotransfected with 2 pg
of reporter plasmids p2xGRE-LUC and 100 ng of either p3xFLAG-rGR or
p3xFLAG-rMR and were cultured with 100 nM of each ligand as indicated in
the presence (filled bars) or absence (bpen bars) of 10 uM RU-486 for 24 h.
Results are expressed as relative light units (RLU)/ug of protein in the extract,
and means * SE of 3 independent experiments are shown. P < 0.05 vs. cells
treated with vehicle (*) and vs. RU-486 (—; **).

CVZ failed to promote nuclear translocation of not GR but MR
(Fig. 1C). This issue is further supported by the luciferase
assay in which CVZ again failed to induce MR-dependent
reporter gene activation (Fig. 1D). It was also shown that the

NOVEL ROLES OF GR IN CARDIAC METABOLISM

GR antagonist RU-486 shut down GR-dependent GRE-lucif-
erase reporter gene activation by either CVZ, COR, or ALD;
however, RU-486 did not repress ALD or COR-inducible
MR-dependent reporter gene activation (Fig. 1, B and D). We,
therefore, concluded that CVZ and RU-486 are useful to
differentiate GR-dependent gene expression profile from that
of MR as GR-specific agonist and antagonist, respectively.
Global analysis of gene expression after treatment with
corticosteroids in rat cardiomyocytes. To identify which set of
gene expression is influenced by GR, we analyzed gene ex-
pression changes after exposure of cells to COR, ALD, and
CVZ in the absence or presence of RU-486. Because our
preliminary experiments using several cell lines showed that
expression of many GR target genes was induced by COR at
the concentration of 100 nM in 3 h and previous reports
indicated that a concentration of 100 nM of COR was consid-
ered to be equivalent to maximal and supraphysiological level
in cultured cells (13, 22), we in the present study set the
concentration of these ligands and the time periods of exposure
as 100 nM and 3 h, respectively. We also expected that this
relatively short exposure would avoid secondary effects of the
products of GR-regulated genes. The results of our microarray
analyses were summarized in Fig. 2 and Table 1 [the detailed
results were uploaded in Supplemental Table 1 (Supplemental
data for this article can be found on the American Journal of
Physiology-Endocrinology and Metabolism website)]. Among
12,379 genes, 7,351, 7,478, 7,507, 7,803, 7,863, and 7,845
genes were considered to be relevant for further analysis for
CVZ-, COR-, ALD-, CVZ + RU-486-, COR + RU-486-, and
ALD + RU-486-treated cells, respectively (see MATERIALS AND
MeTHODS for details). Four hundred genes were significantly
induced, and 57 genes were repressed after treatment with
either CVZ, COR, or ALD (Table 1). For classification, a Venn
diagram was applied, and it was revealed that treatment with
CVZ, COR, and ALD induced 351 (categories 1, 4, 6, and 7),
192 (categories 2, 4, 5 and 7), and 87 (categories 3, 5, 6, and
7) genes, respectively, with significant overlap between each
(Fig. 2A). RU-486 sensitivity of the genes in categories 1, 4,
and 7 was 91.1% (for CVZ), 95.1% (for CVZ) and 79.6% (for
COR), and 94.6% (for CVZ) and 75% (for COR), respectively
(Table 1). We, therefore, may indicate that expression of the
majority of those genes induced by CVZ or COR in categories
1, 4, and 7 was considered to be mediated through GR. Indeed,
the gene set that was induced by CVZ and COR (categories 4
and 7) contained many classical glucocorticoid-regulated
genes, e.g., PDK4, SGK, and FKBPS, and the fold inducibility
appeared to be greater in CVZ than in COR or ALD (Supple-
mental Table 1). When CVZ and COR were compared, 159
genes were induced by both CVZ and COR, corresponding to
categories 4 and 7, but 192 genes (54.7% of CVZ-induced
genes, corresponding to categories I and 6) were induced not
COR but by CVZ, and 33 (17.2% of COR-induced genes,
corresponding to categories 2 and 5) were induced by COR but
not by CVZ. Considering that CVZ has stronger agonistic
activity compared with COR or ALD, it was unexpected that
these 33 genes (category 2 and 5) were not induced by CVZ.
RU-486 sensitivity of those 33 genes belonging to categories 2
and 5 was slightly lower (60.6% for COR) than that of 192
genes of categories 1 and 6 (89.5% for CVZ). Concerning the
genes in categories 2 and 3, fold inducibility by COR was
marginal, and RU-486 sensitivity was equivocal (Supplemental
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Fig. 2. Venn diagrams of corticosteroid-induced (A) or -repressed (B) genes
and Gene Ontology analysis (C). A and B: venn diagrams. After isolation of
total RNA from neonatal rat cardiomyocytes treated with either CVZ, COR, or
ALD, with or without RU-486, DNA microarray analysis was performed, and
data mining was done as described in MATERIALS AND METHODS. Venn diagrams
illustrate the overlaps in CVZ, COR, and ALD target genes. The category
numbers (C1-C14) and the number of upregulated (>1.5-fold vs. vehicle; A)
and downregulated (<0.5-fold vs. vehicle; B) genes are depicted (See Table |
and Supplemental Table 1 for details). C: Gene Ontology. The gene set
induced by each corticosteroid was functionally classified according to Gene
Ontology terms by using ExPlain software as described in MATERIALS AND
METHODS, and results are shown.

Table 1); it appears that the mode of their gene expression
might be distinct from that of canonical GR target genes.
Interestingly, RU-486 sensitivity of the genes in category 7
appeared to be lower in ALD-induced cases than in CVZ- or
COR-induced cases (Supplemental Table 1), suggesting that
RU-486 sensitivity of not all but some GR target genes may be
influenced by ligand context.

Concerning ALD action, mRNA expression of 87 genes was
induced by ALD (categories 3,5, 6, and 7). Among 384 genes
that were induced by either CVZ or COR (categories 1, 2, 4, 5,
6, and 7), only 71 genes (18.5% of 384 genes) were induced by
ALD (81.6% of 87 ALD-induced genes). When the genes
belonging to category 7 were excluded, we could not find
known glucocorticoid-regulated genes in the ALD-induced
gene set. Moreover, fold inducibility of the majority of ALD-
induced genes appeared to be marginal (Supplemental Table
1), and RU-486 sensitivity was relatively low (50, 66.7, 50,
41.1% for ALD, in categories 3, 5, 6, and 7, respectively)
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(Table 1). We, thus, may consider that, at least as far as a
number of induced genes and their fold inducibility, glucocor-
ticoids appear to be a major determinant of GR-mediated gene
expression in cardiomyocytes.

The total number of downregulated genes (n = 57) was
smaller than that of upregulated genes (n = 400) in rat
cardiomyocytes, and again CVZ appeared to be stronger than
COR or ALD (Supplemental Table 1 and Fig. 2B). In clear
contrast to transcriptional induction, RU-486 is known to have
a similar transrepressive effect when compared with agonistic
glucocorticoids, including CVZ and COR (17). The ligand-
based approach, therefore, did not appear to'be merited in
further analysis of those repressed genes, and we focused on
the induced genes in the following sections.

GO analysis of corticosteroid target genes. Results of GO
analysis were represented as boxed charts in Fig. 2C. The
pattern of the charts was similar between CVZ-induced genes
and COR-induced ones; these ligands influenced such genes
belonging to, for example, protein modification/metabolism,
cell differentiation, nucleic acid metabolism, transcription, apop-
tosis, and lipid metabolism. However, the number of genes in
each category was drastically different between CVZ-induced
genes and COR-induced ones (Fig. 2C). We (52, 53) and others
(49) previously indicated that CVZ may have distinct target
gene sets when compared with natural glucocorticoids, since
CVZ has a phenylpyrazol moiety at the A ring of steroid
structure. Indeed, Miller et al. (32) also revealed that, while
CVZ and DEX overlap in regulation of most genes, each
steroid regulates expression of an exclusive set of transcripts in
CEM-C7-14 cells (sensitive to apoptosis by both DEX and
CVZ) and CEM-C1-15 cells (DEX-resistant but CVZ-sensi-
tive). Moreover, they showed that 57 genes were regulated
uniquely to a statistically significant extent by CVZ in both
clones and many of the CVZ specific genes are key compo-
nents of various signal transduction pathways and not all but
some are related to apoptosis. The fact that the order of the
number of induced genes was CVZ > COR > ALD in our
study may support such an idea that CVZ may have a distinct
target gene set.

These gene expression profiles suggested numerous roles of
corticosteroids in various aspects of cardiac physiology and
that glucocorticoids and mineralocorticoid, and GR and MR as
well, appeared to have distinct sets of target genes in cardio-
myocytes. For example, among others, corticosteroids induced
mRNA expression of FKBPS via GR, in the descending rank
order of CVZ, COR, and ALD, with efficient suppression by
RU-486 (Supplemental Table 1). It, therefore, may be con-
cluded that FKBPS gene expression is driven by the glucocor-
ticoid-GR axis. Because FKBPS is shown to be contained in
GR chaperon complex with heat shosk protein-90, this result
may indicate that the ultrashort feedback loop of GR operates
in cardiomyocytes (4). Glucocorticoids have been known to
induce ' myocardial hypertrophy in vivo, however, and the
effects of glucocorticoids on the cell size of cardiomyocytes
are still controversial in vitro (10, 14, 26, 51). Indeed, several
reports have suggested that treatment of cardiomyocytes with
COR alone has had a little effect for the cell growth and
enlargement (24, 28). In our experimental settings, DNA mi-
croarray and qRT-PCR analysis revealed that, in cultured
cardiomyocytes, CVZ and COR induced mRNA expression of
several prohypertrophic genes such as SGK and BNP (Supple-
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Table 1. Classification of corticosteroid-induced and -repressed genes in DNA microarray analysis

cvz COR ALD
Category Total RU sensitive RU insensitive RU sensitive RU insensitive RU sensitive RU insensitive
No. of Upregulated Genes
Cl 180 164 16 0 0 0 0
C2 30 0 0 19 11 0 0
C3 16 0 0 0 0 8 8
C4 103 98 5 82 21 0 0
C5 3 0 0 1 2 2 1
Cc6 12 8 4 0 0 6 6
Cc7 56 53 3 42 14 23 33
Total 400 323 28 144 48 39 48
No. of Downregulated Genes
C8 44 38 6 0 0 0 0
c9 4 0 0 2 2 0 0
C10 1 0 0 0 0 0 1
Cll1 6 6 0 4 2 0 0
C12 0 0 0 0 0 0 0
C13 1 0 1 0 0 0 1
Cl4 1 0 1 0 1 0 1
Total 57 44 8 6 5 0 3

No. of genes grouped by the category classified in Venn diagrams as shown in Fig. 2 together with the presence or absence of antagonism by RU-486
(RU-sensitive or -insensitive, respectively) for upregulated (>1.5-fold) or downregulated (<0.5-fold) genes in DNA microarray analysis as described in
MATERIALS AND METHODS. RU-486-sensitive, ([X + RU-486] —1)/([X] — 1) <0.5; RU-insensitive, ([X + RU-486] — 1)/([X] — 1) >0.5 [X is either cortivazol
(CVZ), corticosterone (COR), or aldosterone (ALD), and square brackets depict fold induction in Supplemental Table 1].

mental Table 1 and Fig. 3). In contrast, CVZ and COR also
induced mRNA expression of atrophy-related genes, i.c.,
FOXOla, atrogin-1, and myostatin (Supplemental Table 1 and
Fig. 3), which are known as the regulators of muscle mass via
the ubiquitin-proteasome pathway (30). CVZ or COR treat-
ment of cultured cardiomyocytes for 72 h did not significantly
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Fig. 3. Time course of mMRNA expression of glucocorticoid-regulated genes in
rat cardiomyocytes. Total RNA was isolated from neonatal rat cardiomyocytes
after treatment with 100 nM CVZ (circles), COR (squares), or ALD (triangles)
for the indicated time periods, and was analyzed in qRT-PCR as described in
MATERIALS AND METHODS. mMRNA expression levels were normalized to glyc-
eraldehyde-3-phosphate dehydrogenase (Gapdh) and relative expression lev-
els to the 0-h samples are presented. Means = SE of 3 independent experi-
ments are shown. BNP, brain natriuretic peptide. *P < 0.05 vs. cells treated
with each ligand at 0 h.

affect their cell size (data not shown). Together, it is indicated
that glucocorticoids have distinct sets of target genes in cardio-
myocytes, and, among them, balance between prohypertrophic
genes and proapoptotic genes might, at least in part, determine
cell size. Such balance might be regulated not only by glu-
cocorticoids but also by various extra- and/or intracellular
factors, e.g., hypertension and metabolic status. Indeed, it has
been reported that glucocorticoid-induced cardiac enlargement
of the rat heart was transient, and extension of treatment
duration with a high level of glucocorticoid brought about
anabolic to catabolic state transformation with the loss of the
cardiac growth (6, 25).

Of note, it was revealed that glucocorticoids induce mRNA
expression of numerous transcription factors, including
FOXOla, C/EBPB, PGC-la, and a member of Kruppel-like
transcription factors KLF9 and KLF15 (Supplemental Table
2). Their induction response was greater in CVZ and COR than
in ALD and significantly repressed by RU-486, and their
mRNA expression is also considered to be transcriptionally
regulated by GR (Supplemental Table 2). Because not all but
many of them are known to be involved in various metabolic
processes (9), our results may indicate that glucocorticoid-GR
modulates complex metabolic milieus via cascade of regulation
of gene expression in the heart.

Glucocorticoid-mediated amino acid catabolism via the
KLFI15 pathway. In the present study, Ingenuity Pathway
Analysis returned the highest score to the gene network in-
volving KLF15 and correlating with cardiovascular system
development and function, amino acid metabolism, and small
molecular biochemistry (Supplemental Table 3). KLFs are a
subclass of the zinc finger family of DNA-binding transcription
factors, and recent studies have revealed the physiological
importance of several members of the KLF family in the heart
and vessels (3). Especially, KLF15 was recently reported to be
an inhibitor of cardiac hypertrophy (12). KLF15 is also con-
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sidered to be involved in amino acid catabolism to induce
branched-chain aminotransferase 2 (BCAT2) gene expression,
which is rate-limiting for amino acid breakdown in skeletal
muscle and increases alanine production for liver gluconeo-

E1369
treatment with corticosteroids) in a time- and concentration-
dependent manner (Fig. 4, A and B). Moreover, such induc-

tion response was cancelled by introduction of siRNA
against GR (Fig. 4C), indicating that mRNA induction of

genesis (12).

We showed that glucocorticoids induce mRNA expression
of KLF15 in cardiomyocytes. This issue was further supported
by qRT-PCR analysis and siRNA experiments; after treatment
with not ALD but CVZ or COR in cardiomyocytes, mRNA
expression of KLF15 was rapidly increased (from 3 h after

KLFI15 is mediated through GR. It is known that gene
expression of BCAT2 and GLUT4 is transcriptionally con-
trolled by KLF15 (12, 15). We showed that mRNA expres-
sion of BCAT2 and GLUT4 (Slc2a4) genes was increased
after treatment with CVZ and COR with a lag time of ~3-6
h after apparent induction of KLFI15 mRNA in cardiomyo-
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Fig. 4. KLFI5 is a GR target gene involved in the amino acid catabolic pathway in rat cardiomyocytes. A: time course of mRNA expression of KLF15 and its
target genes. Total RNA was isolated from neonatal rat cardiomyocytes after treatment with 100 nM of CVZ (circles), COR (squares), or ALD (triangles) for
the indicated time periods and was analyzed in qRT-PCR as described in MATERIALS AND METHODS. mRNA expression levels were normalized to Gapdh, and
relative expression levels to the 0-h samples are presented. Means = SE of 3 independent experiments are shown. *P < 0.05 vs. cells treated with each ligand
at 0 h. B: concentration-dependent regulation of KLF15 gene expression by glucocorticoids. Total RNA was isolated from neonatal rat cardiomyocytes after
treatment with the indicated concentrations of CVZ (circles) or COR (squares) for 3 h. mRNA expression levels were normalized to Gapdh, and relative
expression levels to the vehicle-treated. samples are presented. Means * SE of 3 independent experiments are shown. *P < 0.05 vs. cells treated with vehicle.
C: effect of GR knockdown on glucocorticoid-dependent induction of mRNA expression'of KLF15 and BCAT2. The cardiomyocytes were transfected with
control small-interfering RNA (siRNA) or siRNA oligonucleotides for GR, KLF15 as indicated, and cultured for 24 h. Next, the cells were treated with vehicle
or 100 nM CVZ for 12 h, and total RNA was .analyzed with qRT-PCR. Results were normalized to Gapdh, and relative expression levels to vehicle-treated
samples are presented. Means £ SE of 3 independent experiments are shown. *P < 0.05 vs. vehicle-treated cells. D: Western blot analysis for KLF15 protein.
Control siRNA, siRNA against GR (si-GR), siRNA against KLF15 (si-KLF15), Cre-expressing adenoviruses [Ad-Cre, multiplicity of infection (MOI) = 5], and
floxed FLAG-tagged KLF15-expressing adenoviruses (Ad-KLF15, MOI = 10) were introduced in cardiomyocytes and were cultured in the presence or absence
of 5 wM MG-132 for 12 h as indicated. Next, whole cell extracts were prepared, and Western immunoblot was performed with anti-KLF135 antibodies (left and
right) and anti-FLAG antibodies (middle). Experiments were repeated 3 times with almost identical results, and representative photographs are shown.
E: induction of mRNA expression of BCAT2 and GLUT4 by KLF15. Ad-Cre and Ad-KLF15 were infected in rat cardiomyocytes as indicated, and the cells
were cultured for 24 h. Total RNA was prepared and analyzed with QRT-PCR. Results were normalized to Gapdh, and results are expressed as relative expression
levels to Ad-KLFI5(—) cells. Means £ SE of 3 independent experiments are shown. *P < 0.05 vs. Ad-KLF15(—) cells.
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cytes (Fig. 4A). In addition, the fact that siRNA for either
GR or KLF15 shut down hormone-dependent induction of
BCAT2 mRNA expression (Fig. 4C) strongly argues the
critical importance of the glucocorticoid-GR-KLF15 path-
way for BCAT2 gene expression.

Next, we further addressed the role of GR-dependent KLF15
induction in cardiomyocytes. In Western blot analysis, the
KLF15 protein band was not detected after treatment of car-
diomyocytes with CVZ alone. However, addition of the pro-
teasome inhibitor MG-132 generated significant signal for
KLF1S5 protein in the presence of CVZ, which was canceled in
the copresence of siRNA against GR or KLF15. Infection of
adenovirus carrying flag-tagged KLF15 in cardiomyocytes
induced exogenous KLF15 protein expression, which was
again increased by MG132 treatment (Fig. 4D). These results
further confirmed the role of glucocorticoids for cardiac
KLF15 expression and suggested that KLF15 may be a labile
and rapid turnover protein. Using this adenoviral system, we
revealed that overexpression of KLF15 in cardiomyocytes
significantly increased mRNA expression of BCAT2 and
GLUT4 (Fig. 4E).

Next, we examined the role of glucocorticoids and KLF15
on amino acid metabolism in rat cardiomyocytes. Adenovirus-
mediated overexpression of KLF15 decreased the concentra-
tions of Val, Leu, and Ile (Fig. 5A), indicating that KLF15,
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Fig. 5. Effects of glucocorticoid on intracellular concentration of amino acids.
A: overexpression of KLF15 reduces the intracellular concentration of
branched-chain amino acid (BCAA) in cardiomyocytes. Ad-Cre and Ad-
KLF15 were infected in cultured rat cardiomyocytes, and the cells were
cultured with fresh medium for 24 h. Measurement of amino acid concentra-
tion was performed as described in MATERIALS AND METHODS, and results are
presented with means * SE of 3 independent experiments. *P < 0.05 vs.
Ad-KLF15(—) cells. B: glucocorticoid differentially modulates amino acid
concentration in rat cardiomyocytes. The cardiomyocytes were transfected
with siRNA oligonucleotides for KLF15 (K) or control (C) as indicated and
cultured for 24 h. Next, the cells were treated with vehicle or 100 nM CVZ for
24 h. Results are presented with means * SE of 3 independent experiments.
“P < 0.05 vs. vehicle-treated cells.
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most possibly via BCAT?2 induction, may degrade branched-
chain amino acid (BCAA). As previously reported (41), treat-
ment of cardiomyocytes with CVZ upregulated mRNA expres-
sion of glutamine synthase, which catalyses condensation of
Glu and ammonia to form Gln (Supplemental Table 1, and also
see Ref. 21) and increased Gln with a reciprocal decrease in
Glu (Fig. 5B). However, this alteration in the concentrations
of Glu to Gln was not affected by siRNA-mediated knock-
down of KLF15 (Fig. 5B). In clear contrast, the concentra-
tions of Val, Leu, and Ile were decreased after treatment
with CVZ and affected by KLF15 knockdown (Fig. 5B). At
this moment, the precise role of BCAA in cardiac physiol-
ogy remains unknown. In peripheral tissues, BCAA is
shown to play an important role in multiple metabolic
processes, including regulation of insulin sensitivity, protein
synthesis, and energy production and expenditure (18, 23,
43). Further study, therefore, might clarify an as yet uniden-
tified physiological role of glucocorticoids via alteration in
amino acid composition in the heart.

Glucocorticoids enhance prostaglandin biosynthesis via GR.
GO analysis also revealed the role of glucocorticoids in lipid
metabolism in rat cardiomyocytes (Supplemental Table 2).
Notably, it was striking that glucocorticoid-GR signaling pro-
motes gene expression of the enzymes involved in the prosta-
glandin biosynthesis, including PLA2 and COX-2 in cardio-
myocytes (Supplemental Tables 1 and 2), since this issue
appears to be contradictory to the current knowledge that
glucocorticoids elicit their anti-inflammatory properties via
suppression of inflammatory induction of PLA2 and COXs and
subsequent synthesis of proinflammatory prostaglandins (37).
However, we confirmed our microarray data in qRT-PCR. As
shown in Fig. 6, A and B, CVZ and COR significantly induced
mRNA expression of these genes in a dose-dependent fashion,
and these gene expressions were efficiently canceled by the GR
antagonist RU-486. Moreover, introduction of siRNA against
GR diminished the glucocorticoid-mediated upregulation of
mRNA expression of PLA2 and COX-2 (Fig. 6C). We also
confirmed this issue at protein levels in Western blot analysis
as well. COX-2 protein expression was enhanced by 10.5- and
2.8-fold after treatment with CVZ and COR, respectively. On
the other hand, other steroid hormones, including ALD, estra-
diol, and progesterone, did not significantly induce COX-2
protein expression (Fig. 6D). This glucocorticoid-mediated
upregulation of COX-2 protein expression was almost compa-
rable to that after treatment with IL-1( and lipopolysaccharide
and was not observed in cardiac fibroblasts (Fig. 6D and data
not shown). Glucocorticoid also induced mRNA expression of
COX-1 and prostaglandin D, synthase by a lesser degree
compared with that of COX-2 and PLA2 (Supplemental Table
1 and data not shown).

During the preparation of this manuscript, it was reported
that COX-2 are induced by glucocorticoids in cultured rat
cardiomyocytes (46). Our present work strongly indicates that
glucocorticoid triggers the production of a certain class of
prostaglandins/eicosanoids via induction of mRNA expression
of these enzymes. Recently, it was shown that both COX-1 and
COX-2 are expressed in the myocardium and that selective
COX inhibitor caused an incomplete inhibition of prostaglan-
din E, (PGE,) production from heart muscle (47), indicating
that both COX isoforms are enzymatically active and contrib-
ute to PGE, generation in the myocardium. Using cultures of

AJP-Endocrinol Metab - VOL 296 + JUNE 2009 » www.ajpendo.org

128

110z ‘2L Aew uo Bio ABojoishyd-opuad(e wolj papeojumog




NOVEL ROLES OF GR IN CARDIAC METABOLISM

>

Ptgs2 (COX-2) Pla2gda (PLA2)

expression
N W S

Relative mRNA
expression

Relative mRNA

*

n

Q=N WaeEo
expression

o

Pla2g4a (PLA2)
* *

E1371

Fig. 6. Glucocorticoids regulate prostaglandin metabolism in
the cardiomyocytes. A: time course of mRNA expression of
Ptgs2 (cyclooxigenase-2; COX-2) and Pla2g4a (cytoplasmic
phospholipase A2; PLA2) in neonatal rat cardiomyocytes. The
cells were cultured in the presence of each ligand for the
indicated time periods, and mRNA expression of COX-2 and
PLA2 was determined with qRT-PCR as described in MATERI-
ALS AND METHODS. mRNA expression levels were normalized
to Gapdh mRNA, and relative expression levels to the vehicle-
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neonatal rat cardiomyocytes after treatment with the indicated
concentrations of CVZ (circles) or COR (squares) for 3 h and
analyzed in qRT-PCR as described in MATERIALS AND METH-
ops. *P < 0.05 vs. cells treated with vehicle. C: effect of GR
knockdown on glucocorticoid-dependent induction of mRNA
expression of COX-2 and PLA2. Neonatal rat cardiomyocytes
were transfected with siRNA oligonucleotide for GR or control
siRNA as indicated and cultured for 24 h. Next, the cells were
treated with vehicle or 100 nM CVZ and COR for 12 h. Total
RNA was prepared and analyzed with qRT-PCR. *P < 0.05 vs.
vehicle-treated cells. D: effects of glucocorticoids on COX-2
protein expression in neonatal rat cardiomyocytes. Rat cardio-
myocytes (left) or cardiac fibroblasts (right) were treated with
vehicle or 10 ng/ml interleukin (IL)-1{3, 100 ng/ml lipopoly-
saccharide (LPS), 100 nM each of estradiol (E2), progesterone
(PROG), CVZ, COR, ALD, or 10 uM RU-486 (RU). Whole
cell extracts were prepared, and 10 pg of protein were sepa-
rated in SDS-PAGE. Protein expression of COX-2 and a-ac-
tinin was analyzed in Western blot as described in MATERIALS
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rat neonatal ventricular myocytes, Mendez and Lapointe (31)
demonstrated an induction of COX-2 in vitro. Liu and cowork-
ers (29) found a constitutive expression of both COX isoforms
in rat hearts, which was enhanced by lipopolysaccharide in-
fused in vivo. The biological function of COX-2 in the cardio-
myocytes might be of major clinical concern, since the phar-
macological role of COX-2 inhibitor still remains to be clari-
fied (7). Further study is now ongoing to identify which
eicosanoid products are mainly generated in cardiomyocytes
under exposure to excess glucocorticoids and to clarify the role
of such products in cardiac physiology.

In conclusion, our ligand-based approach involving CVZ
and RU-486 as well as COR and ALD appears to be powerful
to comprehensively identify target genes of the glucocorti-
coid-GR system. We think that such an approach could be
applicable to an in vivo model as -well as cultured cells.
Because GR-MR redundancy is hazardous for identification of
physiological function of corticosteroids in nonepithelial tis-
sues that express both receptors but not 113-HSD2, our ap-
proach may be deserved for such purposes.

Recent basic and clinical studies have highlighted the role of
corticosteroid signaling in cardiac physiology and pathophys-

iology. Our ligand-based microarray analyses have clearly
demonstrated that glucocorticoid-GR signaling may play var-
ious roles via alteration in the gene expression program and
control complexed metabolic milieus in cardiomyocytes. Be-
cause ALD did not significantly contribute to expression of a
majority of those genes that were induced via GR, we may
strengthen that not MR but rather GR signaling should have
important roles for maintenance of cardiomyocyte function, at
least in the neonatal stage. Moreover, it is of particular interest
that glucocorticoids are shown to be involved in amino acid
catabolism and prostaglandin biosynthesis in the heart. In any
case, further studies, therefore, should be performed to
clarify how these corticosteroid-receptor systems coordinat-
edly regulate the gene expression program in concert with
endocrine systems and contribute to maintenance of cardiac
function.
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