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Figure 4

Cell survival and differentiation
of transplanted cells. (A) Fluo-
rescent microscopic images of
infarcted heart 4 weeks after
RFP+ CPC sheet transplantation.
Left sides of panels show endo-
cardial area. Right sides of panels
show epicardial area. Scale bars:
250 um. (B) Confocal microscopic
images of infarcted heart 4 weeks
after CPC sheet transplantation
(sarcomeric a-actinin, green;
RFP, red; Topro, blue; yellow
in merged images). Left panel
shows normal area. Right panel
shows injured area. Arrowheads
, indicate RFP+ cells. Scale bars:
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cardiac function following transplantation of CPC sheets. Because
echocardiographic analysis revealed improved cardiac function 3
weeks after transplantation (Figure 2A), i.p. injection of anti-VLA-4
Abs was performed daily from 2 to 3 weeks after CPC sheet trans-
plantation. At 4 weeks after transplantation, injection of anti-VLA-4
Abs significantly attenuated the beneficial effects of CPC sheet
transplantation on cardiac function, fibrosis, and angiogenesis
(Figure 7, A-D). The number of RFP* CPCs in the infarcted area
was also markedly decreased following treatment with anti-VLA-4
Abs (Figure 7E). In contrast, anti-VLA-4 Ab treatment did not
affect cardiac function, fibrotic area, or blood vessel number in
nontransplanted MI mice (Supplemental Figure 11). These find-
ings suggest that CPC sheet transplantation improved cardiac
function of infarcted hearts through VLA-4-mediated angiogen-
esis as well as survival and migration of transplanted CPCs.
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5 um. (C) Number of RFP+ cells
were quantified and shown in the
graph (n = 5). (D and E) Trans-
planted RFP* cells expressed sar-
comeric a-actinin in a fine striated
pattern (D) and formed vessel
structures around a-actinin—posi-
tive myocardium (E). Nuclei were
stained with Topro. Arrowheads
indicate vessel structures. Scale
bars: 5 um. (F) Percentages of
a-actinin—positive cells or vessel
structure—forming cells in existing
RFP+ cells were calculated and
shown in the graph (n = 5). Data
are shown as mean + SEM.

ormal Injured

Phase contrast

Discussion

The present study reports that CPC sheet transplantation inhib-
ited cardiac remodeling and restored cardiac function after MI
by increasing the number of blood vessels and cardiomyocytes in
the injured area. sVCAM-1 was identified as one of the dominant
paracrine factors in CPCs and was shown to induce angiogenesis,
cardioprotection, and CPC migration and survival through the
VLA-4 signaling pathway. Therefore, sVCAM-1 plays a critical role
in improved cardiac function following MI.

CPC transplantation restored cardiac function and angio-
genic activity and prevented cardiac remodeling 4 weeks after
transplantatio n. In contrast, ATMC transplzmtation attenuated
cardiac dysfunction and enhanced angiogenesis transiently,
and cardiac remodeling progressed at 4 weeks. These findings
suggest varying cell survival rates (Supplemental Figure 3) and
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Table 2 distince protein expression profiles (Figure 5B) in CPCs and
Results of cytokine Ab array ATMCs in the transplanted areas.
i Through direct comparison of the protein expression profiles
Cytokine Fold increase of CPCs and ATMCs, sVCAM-1 was identified as one of the pre-
CPC dominantly expressed CPC-derived paracrine factors. VCAM-1, a
110-kDa transmembrane glycoprotein, is detected in various cells,
\I\/A(I;Il:’“\f? 123;392 including endothelial and bone marrow stromal cells (23). A soluble
TIMP-1 8.0 form of VCAM-1 has been reported to be shed from VCAM-1 on the
L-6 70 cell surface by proteases, including TNF-o.-converting enzyme (24).
GM-CSF 6.0 TNF-o.-converting enzyme has also been reported to be elevated in
IL-17 58 the myocardium in heart failure (25) and to be required for fetal
IL-5 5.3 murine cardiac development and modeling (26). sVCAM-1 induces
KC 5.2 migration of endothelial cells through VLA-4 (21,27, 28). The pres-
IFN-y 5.2 ent study demonstrates that CM from VCAM-1-knocked-down
IL-10 9.2 CPCs did not induce endothelial migration, tube formation, car-
::::12 p40/p70 jg dioprotection, or CPC migration. Anti-VLA-4 Ab treatment abol-
SDF-1at 4 5 ished the protective effects of CPC-derived CM on cardiomyocytes
IL-2 45 and migration of CPCs and attenuated improved cardiac function
IL-12 p70 4.0 following CPC sheet transplantation. This suggests that sVCAM-1
TNFo 39 is a major paracrine factor of cardioprotection. VLA-4 is an integrin
MIP-38 38 dimer that is composed of CD49d () and CD29 (B,). Alchough
MIG 36 studies have shown that the B, integrin signaling cascade regulates
IL-9 31 migration, differentiation, and death of various types of cells, such
MGP1 31 as endothelial cells, cardiomyocytes, and epidermal and hemato-
Osteopontin 21 poietic stem cells (29-31), the role of sVCAM-1-mediated VLA-4
ATMC signaling in stem/progenitor cells remains elusive.
MIP-1y 135.7 CPC-derived CM and sVCAM-1 phosphorylated several integrin-
KC 43.6 related downstream signaling molecules, such as Akt, ERK, and
VCAM-1 224 p38 MAPK, in cardiomyocytes. Consistent with previous studies,
RANTES 136 which indicated that Akc and ERK are critical for growth and sur-
TIMP-1 11.9 vival of cardiomyocytes (32, 33), this study showed that promotion
II_LIXG gg of cardiomyocyte survival by CPC-derived CM and sVCAM-1 was
CXCL16 61 regulated through VLA-4-mediated activation of Akt and ERK.
IL-17 56 Furthermore, migration of CPCs, almost all of which expressed
GM-CSF 54 CD29 (B, integrin; Supplemental Figure 1), was facilitated via the
jL-2 438 VLA-4/p38 MAPK signaling pathway. VCAM-1-knockout mice
IL-5 48 and o integrin-null mice have been shown to exhibit embryonic
IL-4 4.3 lethality, which was partly atcributed to impaired epicardium for-
IL-12 p70 4.2 mation surrounding the ventricular and atrial chambers, which
(FN-y 38 suggests that VCAM-1/a., integrin signaling is critical for heart
IL-10 36 development (34, 35). In the present study, anti-VLA-4 Ab treat-
:t;z pd0/p70 gg ment reduced survival of transplanted CPCs. Furthermore, when
Fotaxin 34 VCAM-1 of CPCs was downregulated by specific miRNA, CPC
VEGF 32 viability was reduced and apoptosis was increased (Supplemen-
TNFa 29 tal Figure 10), which suggests that VCAM-1-mediated signaling
MCP1 29 is also important for CPC survival. Since transplanted CPCs are
MIP-3p 28 the sources of not only paracrine factors but also newly formed
Osteopontin 2.5 cardiomyocytes, VCAM-1-mediated paracrine effects might also
MIG 24 contribute to the cardiomyogenesis of CPCs through improved
ggg‘f g? engraftment. A recent study has suggested that adult cardiac stem
-la .

cells express oy and 3 integrin in the niches (36). However, the

role of a4 and f; integrins is not fully understood. Since adult
mammalian cardiomyocytes have been reported to be refreshed by
endogenous stem cells after injury (37), our results suggest that
sVCAM-1 secreted from transplanted CPCs promoted migration
and self renewal of not only transplanted CPCs, but also endog-
enous cardiac stem/progenitor cells, through o, and B, integrin.
VCAM-1 is known as an inflammatory mediator, and increased
sVCAM-1 in plasma has been reported following acute MI (38).
During acute-phase MI, infiltrating leukocytes release cytokines,

Each number indicates the fold increase of cytokine expression com-
pared with the negative control. Serum-depleted medium was used as
a negative control. SDF-1q, stromal cell-derived factor-1a; MIP-1y,
macrophage inflammatory protein-1y; KC, keratinocyte-derived chemo-
kine; TIMP-1 tissue inhibitor of metalloproteinase 1; LIX, LPS-induced
chemokine; MCP1, monocyte chemotactic protein-1; MIG, monokine
induced by gamma; CRT-2, cytokine-responsive gene-2.
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Figure 5

Secreted factor-mediated angiogenesis. (A) Left panel shows Western blot analysis results using whole-cell lysates of cultured CPCs and
ATMCs. Right panel shows the results of sVCAM-1 ELISA using CM from cultured CPCs and ATMCs (n = 3). (B) Western blot analysis results
of VCAM-1 and VEGF expression in heart after M. Normal heart was used as a control. Left panel shows representative images. Right panels
show quantification results of VCAM-1 and VEGF expression (n = 3). (C) Scratch-wound assay. CPC-derived CM enhanced endothelial migra-
tion (n = 3). Lower panels show representative images (n = 3). Scale bars: 500 pm. (D) CPC-derived CM enhanced endothelial tube formation.
Tube length was quantified and is shown in the graph (n = 3). Lower panels show representative images. Scale bars: 500 pum. miR, miRNA.
Data are shown as mean + SEM.

which activate VCAM-1 expression and promote leukocyte trans-  plantation, when many inflammatory cells were also observed
migration. In the present study, increased VCAM-1 expression in  (data not shown). At 4 weeks, however, VCAM-1 expression
myocardium was observed in each group 1 week after MI/trans-  remained upregulated in the CPC group despite few inflammatory
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Figure 6

sVCAM-1-mediated cardioprotective effects and CPC migration.
(A and B) Cardiomyocyte viability following treatment with H,O, was
measured by MTT assay (n = 3). IgG isotype Abs were used as a con-
frol (A). (C) sVCAM-1 induced phosphorylation of FAK, Akt, ERK, and
p38 MAPK in a dose-dependent manner. (D) Cardiomyocyte viability
following treatment with H.O» was measured by MTT assay (n = 4).
SB, SB2035800; PD, PD98059. (E) CPC-derived CM induced phos-
phorylation of FAK, Akt, ERK, and p38 MAPK. Anti-VLA-4 Abs inhib-
ited phosphorylation of FAK, Akt, and ERK induced by CPC-derived
CM, but not phosphorylation of p38 MAPK. Arrow indicates appropriate
size of phosphorylated p38 MAPK. (F) Cardiomyocyte viability follow-
ing treatment with H;O, was measured by MTT assay (n = 4). (G and )
CPC migration was measured using the scratch wound assay (n = 3).
1gG isotype Ab was used as a control (G). (H) Anti—VLA-4 Abs inhibited
phosphorylation of ERK and p38 MAPK of CPCs, but not Akt. Activ-
ity of p38 MAPK, but not Akt or ERK, was upregulated by sVCAM-1
treatment. Data are shown as mean + SEM.

cells in che infarcted area (Supplemental Figure S). Furthermore,
peripheral blood concentrations of sVCAM-1 were similar between
groups 1 and 4 weeks after transplantation, which suggested that
VCAM-1 expression in the transplanted heart was derived from
CPC sheets, rather than circulating cells in the peripheral blood.
VCAM-1 and its receptor, VLA-4, are important for fusion between
hematopoietic progenitor cells and cardiomyocytes (39), and Oh
et al. have reported that approximately 50% of cardiac protein-
expressing transplanted cells arise from fusion with existing car-
diomyocytes (3), which suggests that VCAM-1 mediates fusion
between CPCs and dormant cardiomyocytes.

The present study compared transplanted cell survival between
cell sheet transplantation and direct cell injection (Supplemental
Figures 2 and 3). At 1 week after cell sheet cransplantation, approx-

imately 40% of cells survived (Supplemental Figure 3), while only

10% of cells survived after direct cell injection (Supplemental Fig-
ure 2). Immediately following transplantation, RFP expression in
the heart was similar between cell sheet transplantation and direct
cell injection, which suggested that the initial transplantation effi-
ciency was the same. These findings indicate that cell sheet trans-
plantation was superior to direct injection into the myocardium.

Many reports have demonstrated that endogenous cardiac
stem/progenitor cells or bone marrow-derived cells mobilize
to the infarcted area after injury and recruit additional cells
through a feedback mechanism (40, 41). As shown in Table 2,
CPCs expressed several chemokines, including stromal cell-
derived factor-1 (SDF-1), which recruits bone marrow-derived
cells to the infarcted myocardium (42). Therefore, CPC sheet
transplantation may induce migration of bone marrow-derived
cells to the infarcted heart, thereby improving cardiac function.
Recently, anti-a., integrin Ab treatment was shown to improve
cardiac function 2 weeks after MI by inhibiting interactions
between bone marrow cells and their niches and promoting
bone marrow cell migration and vasculogenesis (43). In the
present study, anti-VLA-4 Ab treatment significantly attenuat-
ed improved cardiac function and angiogenesis following CPC
sheet transplantation. Moreover, anti-VLA-4 Ab treatment did
not affect cardiac function, fibrotic area, or blood vessel number
in nontransplanted MI mice (Supplemental Figure 11). These
findings suggest that bone marrow cells from their niches do
not significantly contribute to the beneficial effects of CPC
sheet transplantation.
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There were a few limitations to the present study. The CPCs
used in the experiments exhibited gene expression patterns simi-
lar to those of freshly isolated cardiac Sca-1-positive cells. How-
ever, profiles associared with proliferation, migration, and car-
diomyocyte differentiation may not be the same. HUVECs were
employed in endothelial migration and tube formation assays in
vitro, and there might be differences between HUVECs and cardi-
ac endothelial cells. Nevertheless, CPC sheet-mediated transplan-
tation might be superior to the combination of other cell sources
and tissue engineering methods. Improved survival of transplant-
ed CPCs, in combination with several growth factors (44, 45), or
multilayered cell sheets (46) might improve the beneficial effects
of CPC sheet transplantation.

The present study identified the VCAM-1/VLA-4 signaling
parhway as an important mechanism for CPC transplantation-
mediared improved cardiac function. However, other paracrine
factors, including thymosin B4 (47), have also been reported to
contribute to cardiac repair following MI. Therefore, multiple
mechanisms and mutual crosstalk might be involved in cell
sheet transplantation to improve cardiac function. It remains to
be determined which mechanisms are the most important and
should be improved.

Methods
Animals. Wild-type mice (C57BL/6]) were purchased from Japan SLC.
Adult GFP transgenic mice (C57BL/6]) were a gift from Masaru Okabe,
Osaka University (Osaka, Japan). Neonatal Wistar rats (0 to 1 day old)
were purchased from Saitama Experimental Animals Supply. All proto-
cols were approved by the Institutional Animal Care and Use Committee
of Tokyo Women’s Medical University and Chiba University.

Reagents. FITC-conjugated anti-CD29, PE-conjugated anti-Sca-1,
anti-CD44, and anti-c-kit Abs were purchased from eBioscience. PE-
conjugated anti-CD31, anti-CD34, and anti-CD45 Abs were purchased
from BD Biosciences — Pharmingen. The following Abs were used for
immunostaining and Western blot analysis: mouse monoclonal anti-sar-
comeric ®t-actinin, mouse monoclonal anti-B-actin (Sigma-Aldrich), rat
monoclonal anti-VLA-4, mouse monoclonal anti-B-myosin heavy chain
(anti-p-MHC) (Chemicon; Millipore), goat polyclonal anti-Nkx2.5, goat
polyclonal anti-GATA4, rabbit polyclonal anti-atrial natriuretic peptide
(anti-ANP), rabbit polyclonal anti-VEGF, goat polyclonal anti-Ake, rabbit
polyclonal anti-FAK (Santa Cruz Biotechnology Inc.), rabbit polyclonal
anti-GFP, rabbit polyclonal anti-RFP (MBL International Corp.), rabbit
polyclonal anti-VCAM-1 (R&D Systems), rabbit polyclonal anti-vWF
(Dako), rabbit polyclonal anti-myocyte enhancer factor 2C (anti-MEF2C),
rabbit polyclonal anti-phospho Akt (Ser473), rabbit polyclonal anti-phos-
pho p38 MAPK (Thr180/Tyr182), rabbit polyclonal anti-p38 MAPK,
rabbit polyclonal anti-phospho ERK1/2, rabbit polyclonal anti-ERK1/2
(Cell Signaling Technology), and rabbit monoclonal anti-phospho FAK
(Y397; Invitrogen). Secondary Abs were purchased from Jackson Immu-
noResearch Laboratories Inc. Unless otherwise specified, reagents were
purchased from Sigma-Aldrich.

Cell isolation. Sca-1-positive cells were isolated from an adult (10 weeks
old) wild-type, male mouse, as described previously (4). Isolated cells
(1 x 104} were hatvested on a 10-cm Primaria dish (BD Falcon) in Iscove’s
Modified Dulbecco’s Medium (IMDM) (Invitrogen) supplemented with
10% FBS and penicillin/streptomycin at 37°C in humid air with 5% CO,.
One month after starting culture, several colonies were recognizable. Each
of these colonies was collected using a cloning cup and reseeding to a new
10-cm Primaria dish. After repeating this process 2 more times, a clonal
cell line was established.
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Figure 7

The roles of VLA-4 signaling on CPC sheet transplantation-mediated improved cardiac function. Analysis of cardiac function by echocardiogra-
phy (A, n = 5) and catheterization (B, n = 5). Anti-VLA-4 Ab treatment inhibited the reduction of LVDd, LVDs, and LVEDP and the improvement
of FS and +dp/dt by CPC sheet transplantation. Isotype Ab was used as a control. tP < 0.05 versus anti—VLA-4 Abs (n = 5 per group). P < 0.01
versus anti-VLA-4 Abs (n = 5 per group). (C) Masson trichrome staining. The fibrotic area 4 weeks after transplantation was calculated and is
shown in the graph (n = 5). Anti-VLA-4 Ab treatment inhibited the reduction of fibrotic area following CPC sheet transplantation. Lower panels
show representative images. Scale bars: 1 mm. (D) VWF staining. The number of vVWF-positive vessels in the border area was counted and is
shown in the graph (n = 5). Anti-VLA-4 Ab treatment inhibited the increased number of vessels in the border area following CPC sheet trans-
plantation. Lower panels show representative images. Scale bars: 100 um. Nuclei were stained with hematoxylin. (E) RFP staining. The number
of RFP-positive cells (brown) was counted and is shown in the graph (n = 5). Anti-VLA-4 Ab treatment decreased the number of RFP+ cells in
the infarcted area following CPC sheet transplantation. Lower panels show representative images. Nuclei were stained with hematoxylin. Scale
bars: 100 pm. Data are shown as mean + SEM.

ATMCs were isolated from GFP mice as previously described (48), with
a few modifications. In brief, interscapular adipose tissues were digested at
37°C in PBS, which contained 2.5 mg/ml dispase (Invitrogen), for 45 min-
utes. After filtration through 25-um filters and centrifugation, isolated
ATMCs were suspended in IMDM supplemented with 10% FBS and penicil-
lin/strepromycin/amphotericin B and cultured on 1% gelatin-coared dishes.
ATMCs from passages 3-5 were used for cell sheets.

Neonatal rat cardiomyocytes were isolated as previously described (19).
Cardiomyocytes were plated at a field density of 1 x 105 cells/cm? on
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24-well culture dishes (BD Falcon) coated with 1% gelatin and cultured in
DMEM supplemented with 10% FBS.

Labeling of cells. Retroviral stocks were generated as previously described
(19). CPCs were infected with an RFP-expressing retroviral vector. Infected
cells were selected for growth in the presence of neomycin (500 pg/ml) for
2 weeks. Transfection efficiency of RFP was greater than 95%.

Direct cell injection. Within 5 minutes after ligation of the left anterior
descending artery, 2.0 x 105 RFP-labeled CPCs were directly injected into
the infarcted regions of wild-type mice using a Hamilton syringe.
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Cell sheet preparation and transplantation. CPCs or ATMCs were suspended by
trypsinization, and the cell suspension {containing 2 ml complete medium)
was plated onto a 35-mm temperature-responsive dish grafted with poly(N-
isopropylacrylamide) (PIPAAm) (Upcell; CellSeed) at 1.0 x 10° cells/dish.
The cells were cultured at 37°C. After 5 days in culture, CPCs or ATMCs
were incubated on remperature-responsive dishes at 20°C. After 2 hours,
CPCs and ATMCs detached spontaneously and floated in the medium as
monolayer cell grafts. Wild-type mice were anesthetized by an 1.p. injection
of 50 mg/kg sodium pentobarbital and ventilated with a volume-regulated
respirator. MI was induced by ligation of the left anterior descending artery
with a 10-0 Prolene suture. Mice were randomly assigned to 3 groups: mice
transplanted with monolayer CPCs (CPC group; # = 25); mice transplanted
with monolayer ATMCs (ATMC group; n = 25); and mice with no transplan-
tation (MI group; n = 25). Within 5 minutes of coronary artery ligation, a
monolayer cell sheet was placed on a plastic sheet and applied face down
onto the surface of the infarcted anterior-lateral tegion. The plastic sheet was
then carefully removed, leaving the monolayer cell sheet over the infarct area
without sutures. Ten minutes after transplantation, the chest was closed.

For Ab treatment, anti-VLA-4 Abs (2.5 mg/kg) or anti-rat IgG2bx Abs
(2.5 mg/kg) as control were i.p. injected daily from 2 to 3 weeks following
MI or CPC sheet eransplantation.

Echocardiography and catheterization. Transthoracic echocardiography was
performed with a Nemio 35 ultrasound system (Toshiba) provided with a
12-MHz imaging transducer. For catherterization analysis, the right carotid
artery was cannulared under anesthesia by a micropressure transducer with
an outer diameter of 0.33 mm (SPR-1000; Millar Instruments), which was
then advanced into the LV. Pressure signals were recorded using a Chare$
for Windows data acquisition and analysis system (ADInstruments). Mice
were anesthetized with 4% inhaled isoflurane, and the heart rate was main-
tained at approximately 500 bpm to minimize data deviation during car-
diac function measurement.

Flow cytometric analysis. The immunostaining methods have been previ-
ously described (4). The percentage of cells expressing each cell surface
antigen was analyzed with an EPICS ALTRA flow cytometer using EXPO32
software, version 1.2 (Beckman Coulter).

RNA extraction and RT-PCR. RNA extraction and RT-PCR were performed as
described previously (4). Primer sequences are shown in Supplemental Table
1. Real-time PCR amplification was petformed in a 7500 real-time PCR sys-
tem (Applied Biosystems) using GreenER Two-Step qRT-PCR Kit Universal
(Invitrogen), according to the manufacturer’s instructions. The PCR proto-
colincluded an initial denaturation step (95 °C, 10 minutes) followed by 50
amplification and quantification cycles (95°C for 15 seconds, 60°C for 60
seconds) and a melting curve program (60-95 °C). Relative mRNA expression
levels were calculated using the standard curve of pcDNAG.2-GW/EmGFP.

Western blot analysis. Whole-cell lysates (30-50 ug) wete resolved by SDS-
PAGE. Proteins were transferred to a PVDF membrane (GE Healthcare)
and incubated with primary Abs, followed by anti-IgG horseradish per-
oxidase-conjugated secondary Ab. Specific proteins were detected by
enhanced chemiluminescence (GE Healthcare).

Immunobistology. Hearts fixed in 4% PFA were embedded in paraffin,
and 4-um thick sections were cut and stained with Masson trichrome.
The extent of fibrosis was measured in 3 sections from each heart, and
the value was expressed as the rario of Masson trichrome-stained area
to total LV free wall. Vascularization was examined by measuring the
number of endothelial cells in the border zone of hearts 1 and 4 weeks
after MI under light microscopy. Endochelial cells were identified by
immunohistochemical staining with Abs specific to vWF. Ten random
microscopic fields in the border zone were examined, and the number of
endothelial cells was expressed as the number of vWF-positive cells/high-
power field (original magnification, x400).
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FITCectin perfusion assay. Ac 4 weeks after M1, with or without transplan-
tation of nonlabeled CPC sheet or ATMC sheet, FITC-conjugated Lycop-
ersicon esculentum (tomato) lectin (100 pl; Vector Laboratories) diluted in
PBS ata concentration of 0.5 mg/ml, was injected into the tail vein of mice
under anesthesia. Ten minutes after injection, the animals were perfused
with 4% PFA through the LV for 5 minutes. Hearts were removed and
post-fixed in 4% PFA at room temperature for 1 hour and subsequently
snap-frozen in nitrogen. The fluorescent images were obsetved by confo-
cal microscopy (LSM710; Zeiss) with LSM software, version 5.0 (Zeiss).
Five random microscopic fields in the border zone were examined, and
the number of vessels was expressed as the number of lectin-positive ves-
sel/high-power field (original magnificarion, x600).

Immunofluorescent staining. The immunostaining methods have been
previously described (19). Images were taken by laser confocal microscopy
(Radiance2000; Bio-Rad) or fluorescent microscopy (Zeiss) with a CCD
camera (Axiocam,; Zeiss).

FISH analysis. Monolayer nonlabeled CPC sheets were transplanted onto
the surface of the infarcted hearts of wild-type female mice. Four weeks
after transplantation, mice wete sactificed, and whole hearts were snap-fro-
zen in nitrogen. Frozen sections were fixed with a mixture of mechanol and
aceric acid (3:1, v/v) for 90 minutes and subjected to FISH analysis (Cam-
bio). The sections were air-dried and dehydrated by exposure to a graded
series of ethanol solutions. They were again air-dried and incubated in 70%
formamide at 65°C for 120 seconds, exposed to ice-cold 70% ethanol, and
dehydrated in a graded series of echanol solutions. Nucleotide probes were
individually denatured by incubation at 65°C for 10 minutes, followed by
37°C for 60 minutes. Two (30 pl) probes were added to each slide and
were hybridized overnight ar 37°C. For detection of X and Y chromosomes,
FITC- or Cy3-conjugated probes were used, respectively. FITC signal of
FITC was amplified using an FITC amplification kit (Cambio). Nuclei were
also stained with DAPI. Sections were examined by confocal microscopy
(LSM710; Zeiss) and LSM software.

Cytokine Ab array and ELISA. CPCs and ATMCs (1.0 x 106) were seed-
ed onto 10-cm dishes. After incubation for 12 hours in IMDM supple-
mented with 10% FBS, cells were washed with PBS thoroughly 3 times
and medium was changed to serum-depleted IMDM. After incubation for
24 hours in serum-depleted medium, supernatant was collected as CM
and contaminated cells were removed using a 0.45-pum filter (BD Falcon).
Cyrokine release was measured in culture supernatant by cytokine Ab
array or ELISA, according to the manufacturer’s instructions (RayBiotech
Inc. and R&D Systems).

miRNA vector selection and transfection. Sense and antisense oligonudeotide
primers (Supplemental Table 2) were designed in conjunction with Invitrogen.
These were annealed and cloned into the pcDNA6.2-GW/EmGFP-miR vec-
tor (Invitrogen) according to the manufacturer’s instructions. All consttucts
were sequenced to confirm correct insertion of the oligonucleotides. The
pcDNAG.2-GW/EmGFP-miR-neg plasmid vector served as a negative control.
Each vector was transfected to CPCs using Lipofectamine 2000 (Invitrogen)
following the manufacturer’s protocol. At 8 houts after transfection, the
medium was exchanged. After selecting the appropriate plasmid vector by
quantitative RT-PCR on VCAM-1 mRNA expression (Supplemental Figure
9B), that plasmid was transfected into CPCs and CM was collected.

Scratch-wound assay. In vitro “scratch” wounds were established by scrap-
ing cell monolayers. Cells were grown on 6-cm dishes, which were previous-
ly labeled with a traced line. After injury, the cells were gently washed sev-
eral times with PBS and incubated with sVCAM-1 (10 nM) or CPC-detived
CM. Cell migration from the edge of the injured monolayer was quantified
by measuring the distance between wound edges at time of injury and after
24 hours incubation using an inverted phase contrast microscope (Leica)
at 5 distinct positions.
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Tube-like formation assay. A Matrigel tube formation assay was used to deter-
mine the effects of sSVCAM-1 (10 nM) and CPC-derived CM on in vitro angjo-
genesis potential of HUVECs. Growth-factor reduced Matrigel (250 ul; BD
Biosciences) was added ro each well of a 24-well plate and allowed to polymer-
ize at 37 °C for at least 30 minutes. Trypsin-harvested HUVECs (5 x 10¢) were
suspended in 250 pl endothelial basal medium with or without sVCAM-1 or
CPC-derived CM and were seeded onto Matrigel. After incubation for 24 hours
at 37°C, the cell 2D organization and the network growrth area were examined
using an inverted phase contrast microscope and were photographed. Tube
lengeh was quantified using LAS AF software, version 1.6.1 (Leica).

MTT assay. Neonatal rat cardiomyocytes were cultured in 24-well
plates and preincubated with sVCAM-1 (100 nM) or CPC-derived CM for
24 hours in the presence or absence of anti-VLA-4 Abs (5 ng/ul), Akt inhib-
itor (10 pM), wortmannin (100 nM), SB203580 (10 uM), and PD98059
(10 uM). H,0; (0.2 mM) was added and incubated with the cells for an
additonal 24 hours. After aspirating the medium, cells were washed with
PBS once and 400 pl/well PBS was added. After 2 hours incubation with
5 mg/ml MTT solution, 10% SDS solution was added and incubated over-
night. Supernatant ODsy, was measured.

Apoptosis analysis. Annexin V-Cy3 Apoptosis Detection Kit (Sigma-Aldrich)
was used to detect apoptotic CPCs according to the manufaceurer’s instruc-
tions. In brief, 2 days after miRNA plasmid vector transfection, CPCs were
incubared with annexin V-Cy3 (1:100) diluted in 1x binding buffer for § min-
utes at room temperature in the dark. The number of annexin V-positive cells
relative to GFP-positive cells was counted under fluorescent microscopy.

Statistics. Data are shown as mean + SEM. Statistical analyses were performed
with 2-railed Student’s ¢ test for comparisons between 2 groups. Muldiple
group compatison was performed by 1-way ANOVA followed by Bonferroni’s
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Cardiac 12/15 lipoxygenase—induced
inflammation is involved in heart failure
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To identify a novel target for the treatment of heart failure, we examined gene expression
in the failing heart. Among the genes analyzed, Alox15 encoding the protein 12/15 lipoxy-
genase (LOX) was markedly up-regulated in heart failure. To determine whether increased
expression of 12/15-LOX causes heart failure, we established transgenic mice that overex-
pressed 12/15-LOX in cardiomyocytes. Echocardiography showed that Alox15 transgenic
mice developed systolic dysfunction. Cardiac fibrosis increased in Alox15 transgenic mice
with advancing age and was associated with the infiltration of macrophages. Consistent
with these observations, cardiac expression of monocyte chemoattractant protein 1 (MCP-1)
was up-regulated in Alox15 transgenic mice compared with wild-type mice. Treatment with
12-hydroxy-eicosatetraenoic acid, a major metabolite of 12/15-LOX, increased MCP-1
expression in cardiac fibroblasts and endothelial cells but not in cardiomyocytes. Inhibi-
tion of MCP-1 reduced the infiltration of macrophages into the myocardium and prevented
both systolic dysfunction and cardiac fibrosis in Alox15 transgenic mice. Likewise, disrup-
tion of 12/15-LOX significantly reduced cardiac MCP-1 expression and macrophage infil-
tration, thereby improving systolic dysfunction induced by chronic pressure overload. Our
results suggest that cardiac 12/15-LOX is involved in the development of heart failure and
that inhibition of 12/15-LOX could be a novel treatment for this condition.
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Kudo and Murakami, 2002). LOXs are a family of lipid-
peroxidizing enzymes that oxidize free and esterified poly-
enolic fatty acids to form the corresponding hydroperoxy
derivates (Kuhn and O’Donnell, 2006). The LOX enzymes
are named according to the specific carbon atoms of arachi-
donic acid that are oxidized. Thus, 12/15-LOX is a member
of the LOX family that catalyzes the step from arachidonic
acid to 12(S)-HETE and 15(S)-HETE (Chen et al., 1994).
12/15-LOX was onginally isolated from porcine leukocytes
(Yokoyama et al., 1986), but its tissue distribution is now
known to be relatively wide, including blood vessels, the
brain, and the kidneys (Kuhn and O’Donnell, 2006). Several
lines of evidence have suggested that 12/15-LOX may play an
important role in the development of atherosclerosis, diabetes,
and neurodegenerative disease (Natarajan and Nadler, 2004;
Kuhn and O’Donnell, 2006). For example, disruption of the
gene for 12/15-LOX in mice significantly reduces the onset
of atherosclerosis (Cyrus et al, 1999, 2001; George et al.,
2001), whereas an increase of 12/15-LOX expression in
mice promotes monocyte—endothelial cell interactions that
lead to atherogenesis (Hatley et al., 2003; Reilly et al., 2004;
Bolick et al., 2005). Several studies have shown that mono-
cyte 12/15-LOX mediates the oxidative modification of low-
density lipoprotein (McNally et al.,, 1990; Sakashita et al,,
1999; Zhu et al., 2003b). An increase of 12/15-LOX activity
in vessel walls also contributes to atherogenesis by impairing
the macrophage cholesterol efflux pathway (Nagelin et al,,
2008). Interestingly, mice with deficiency of 12/15-LOX are
resistant to the development of streptozotocin-induced diabe-
tes (Bleich et al., 1999} and autoimmune diabetes (McDuffie
et al., 2008). However, there is currently little evidence that
12/15-LOX has a role in heart failure.

In the present study, we showed that cardiac 12/15-LOX
induces inflammation that is involved in heart failure. We
found that 12/15-LOX expression was markedly increased in
the failing heart. Increased expression of this enzyme up-
regulates monocyte chemoattractant protein 1 (MCP-1) and
promotes the infiltration of macrophages into the heart, thereby
causing cardiac fibrosis and systolic dysfunction. Conversely,
disruption of Alox15 reduces cardiac MCP-1 expression and
macrophage infiltration, thereby improving systolic dysfunc-
tion induced by chronic pressure overload. These findings
suggest that inhibition of 12/15-LOX could be a novel treat-
ment for heart failure.

RESULTS

Increased expression of 12/15-LOX causes heart failure

To clarify the molecular mechanisms of heart failure, we
performed microarray analysis using cardiac tissue samples
obtained from a hypertensive heart failure model (Dahl salt-
sensitive rats). Approximately 300 genes showed significant
changes of expression in failing hearts compared with control
hearts. For example, fetal genes, such as the natriuretic pep-
tide genes and the B-type myosin heavy chain gene, were
up-regulated, whereas cardioprotective genes, such as heat
shock proteins, were down-regulated (Table S1). Among the
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genes analyzed, Alox15 encoding the protein 12/15-LOX was
most markedly up-regulated in failing hearts compared with
control hearts (Fig. 1 A). Northern blot analysis confirmed
that the messenger RNA (mRNA) for this gene was strik-
ingly elevated in heart failure (Fig. 1 B). Immunohistochem-
istry showed that expression of 12/15-LOX was specifically
up-regulated in cardiomyocytes of failing hearts (Fig. 1 C).

To determine whether increased expression of 12/15-
LOX could cause heart failure, we established Alox15 trans-
genic mice in which expression of the murine Alox15 gene
was under the control of the a-cardiac myosin heavy chain
promoter. We obtained two lines of transgenic mice, both
of which showed an ~10-fold increase in the myocardial
expression of 12/15-LOX compared with their WT litter-
mates (Fig. 2 A; and Fig. S1, A and B). Histological exam-
ination also indicated that the transgenic mice showed
increased myocardial expression of 12/15-LOX (Fig. 2 B
and Fig. St C). Consequently, production of 12(S)-HETE
and 15(S)-HETE was significantly increased in the hearts of
Alox15 transgenic mice (Fig. 2 C). The left ventricular dia-
stolic dimension (LVDd) was increased and left ventricular
fractional shortening (FS) was decreased in Alox 15 trans-
genic mice from 26 wk of age compared with their WT lit-
termates (Fig. 2 D). These changes observed in the transgenic
animals showed further progression with aging (Fig. 2 D).
Histological examination revealed that cardiac fibrosis was
increased in Alox 15 transgenic mice and that this fibrosis also
progressed with advancing age and was associated with
infiltration of macrophages (Fig. 2, E and F). There was no
difference in blood pressure between Alox 15 transgenic mice
and their WT littermates at 16 or 48 wk of age (Fig. S1 D).
The cardiac changes were similar in two independent lines
of Alox15 transgenic mice, suggesting that increased expres-
sion of 12/15-LOX might cause heart failure by inducing
myocardial inflammation.

12/15-LOX induces cardiac inflammation

To investigate the mechanism by which cardiac infiltration of
macrophages was increased in Alox15 transgenic mice, we
examined the expression of various proinflammatory cyto-
kines that are thought to be macrophage chemoattractants by
the ribonuclease protection assay. We found that cardiac ex-
pression of Cid2 (MCP-1) was significantly increased in
Alox 15 transgenic mice compared with WT mice (Fig. 3 A).
In vitro experiments demonstrated that treatment with 12(S)-
HETE increased Cd2 expression by cardiac fibroblasts and
endothelial cells (Fig. 3, B and C), whereas there was no ef-
fect when cardiomyocytes were treated with 12(S)-HETE
(Fig. 3 D). Moreover, incubation of COS7 cells with 12(S)-
HETE significantly increased the activity of nuclear factor
kB, a transcription factor that regulates the induction of pro-
inflammatory cytokines including MCP-1 (Fig. 3 E). In con-
trast, 12(S)-HETE did not affect the activity of this factor
when cells were transfected with a reporter plasmid contain-
ing mutant kB binding sites (Fig. 3 E). These results suggest
that increased production of 12(S)-HETE by cardiomyocytes
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causes up-regulation of MCP-1 in other cells of the heart,
thereby leading to accumulation of macrophages.

To investigate the relationship between up-regulation of
MCP-1 and heart failure, we examined the effect of MCP-1
inhibition on cardiac dysfunction in Alox 15 transgenic mice.
We injected an expression vector encoding mutant human
MCP-1 with deletion of N-terminal amino acids (7ND plasmid;
Egashira, 2003) or the empty vector (mock) into the thigh
muscles of mice every 2 wk until 48 wk of age. The result
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was a significant increase in the blood level of 7ND and ele-
vation of plasma human MCP-1 (Fig. 4 A and Fig. S2). This
mutant MCP-1 binds to the MCP-1 receptor (chemokine
receptor 2) and inhibits downstream signaling (Egashira, 2003).
Consequently, injection of the 7ND plasmid has been re-
ported to suppress MCP-1 activity in vivo and inhibit the
development of atherosclerosis (Ni et al., 2001), as well as
inhibiting cardiac remodelling after myocardial infarction
(Hayashidani et al., 2003). In agreement with these results,

Cont HF

Cont HF  1g5f¥Y™] @ Alox15 (2.7 kb)

HF

Negative Control (HF)

Expression of 12/15-LOX is up-regulated in the failing heart. (A) Dahl salt-sensitive rats were fed a low-sodium diet until the age of

6 wk and then a high-sodium diet (8% NaCl) throughout the experimental period. In this model, prominent cardiac hypertrophy developed and left ven-
tricular systolic function was impaired by 17 wk of age. Rats fed a low-salt diet (0.3% NaCl) served as the control. The animals were sacrificed for gene
chip analysis at 17 wk of age. Expression of Alox15 was markedly up-regulated in failing hearts (HF) compared with control hearts (Cont). (B) Northern
blot analysis confirmed that the expression of mRNA for Alox15 was strikingly elevated in failing hearts. (C) Immunohistochemistry for 12/15-LOX in the
heart at 17 wk of age. Expression of 12/15-L0X (red) was specifically up-regulated in cardiomyocytes (green) of failing hearts. Nuclei were stained with
DAPI (blue). Bars, 20 pm. Normal rabbit serum was used as a negative control of polyclonal antibody against 12/15-LOX. Results in A are obtained from
one experiment. Results in B and C are representative of three independent experiments.
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Figure 2. Increased expression of 12/15-LOX causes heart failure. (A) Western blot analysis of 12/15-LOX expression in the hearts of WT and
Alox15 transgenic (Tg) mice using anti-12/15-LOX antibody (12/15-LOX) or anti-HA antibody (HA). (B) Immunohistochemistry for 12/15-LOX (red) in the
hearts of WT and Alox15 transgenic mice. Nuclei were stained with DAPI (blue). Bars, 40 um. Results in A and B are representative of three independent
experiments. (C) 12/15(S)-HETE levels in the hearts of WT and Alox15 transgenic mice. (D) Echocardiographic findings in WT and transgenic mice. The
LVDd was increased and left ventricular FS was decreased in Alox15 transgenic mice compared with their WT littermates. These changes observed in the
transgenic animals showed progression with aging. *, P < 0.05; **, P < 0.01 versus WT. Results in C and D represent the mean + SEM of three independent
experiments. C, n = 6; D, n= 14. (E) Masson trichrome staining (top) and immunohistochemistry for Mac3 (bottom) in the hearts of WT and transgenic
mice at the ages of 16 wk (16w) and 48 wk (48w). Cardiac fibrosis was increased in Alox75 transgenic mice, and this fibrosis progressed with advancing
age and was associated with infiltration of macrophages. Bars, 100 pm. Results are representative of three independent experiments. (F) The number of
Mac3-positive cells in the hearts of WT and transgenic mice at the ages of 16 wk (16w) and 48 wk (48w). *, P < 0.01 versus WT (16w); #, P < 0.01 versus
WT (48w); t, P < 0.01 versus transgenic (16w). Results represent the mean + SEM of three independent experiments; n = 7.
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Figure 3. 12/15-LOX up-regulates MCP-1 expression. (A) Expres-

sion of Ccl2 (MCP-1) was examined in the hearts of WT and 12/15-L0X
transgenic (Tg) mice by the ribonuclease protection assay. The graph indi-
cates relative expression of Cc/2. Cardiac expression of Ccl2 was signifi-
cantly greater in Alox15 transgenic mice than in WT mice. *, P < 0.05
versus WT. Results represent the mean + SEM of three independent
experiments; n = 6. (B-D) Cardiac fibroblasts (B), endothelial cells (C),
and cardiomyocytes (D) were treated with 5 x 10~7 M 12(S)-HETE for the
indicated times (0-24 h), and expression of Cc/2 was examined by the
ribonuclease protection assay. Graphs display relative expression of Cc/2.
Incubation with 12(S)-HETE increased Cc/2 expression by cardiac fibro-
blasts and endothelial cells. *, P < 0.01 versus time 0. Results represent
mean + SEM of four independent experiments; n=4 forBand C; n=7
for D. (E) The luciferase reporter gene plasmid containing the kB binding
site was transfected into COS7 cells, which were cultured in the absence
or presence of 5 x 1077 M 12(S)-HETE. The luciferase assay was per-
formed 12 h later. A reporter plasmid containing the mutant kB binding
site was used as the negative control. Incubation of cells with 12(S)-HETE
significantly increased the activity of nuclear factor kB. *, P < 0.01 versus
12(S)-HETE (—)/kB. Results represent the mean + SEM of five indepen-
dent experiments; n = 6.
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histological examination and echocardiography demonstrated
that injection of this plasmid reduced the myocardial infiltra-
tion of macrophages in Alox15 transgenic mice, as well as
preventing systolic dysfunction and left ventricular dilatation
(Fig. 4, B and C). These results suggested that 12/15-LOX
induces cardiac dysfunction by up-regulation of MCP-1 ex-
pression in the heart.

Cardiac expression of 12/15-LOX is up-regulated during
pressure overload

To further investigate the role of 12/15-LOX in heart fail-
ure, we examined its cardiac expression in WT mice with
severe transverse aortic constricion (TAC). In this model,
cardiac hypertrophy gradually progresses to reach a peak on
day 7 after TAC and then decreases afterward (not depicted).
FS was preserved until day 7 but was significantly decreased
on day 14 along with left ventricular dilatation (Fig. 5 A).
Cardiac expression of Alox15 was significantly up-regulated
after TAC (Fig. 5 B), and the production of both 12(S)-
HETE and 15(S)-HETE was increased in the heart (Fig. 5 C).
Histological examination demonstrated an increase in the ex-
pression of 12/15-LOX by cardiomyocytes after TAC (Fig. 6 A
and Fig. S3).

We next created Alox15-deficient mice with TAC and
compared them to WT TAC mice. The increase of 12(S)-
HETE and 15(S)-HETE production after TAC was markedly
attenuated by disruption of Alox 15 (Fig. 6). Disruption of Alox15
also significantly improved systolic dysfunction and prevented
left ventricular dilatation in the presence of chronic pressure
overload without any change of blood pressure (Fig. 5 A and
Fig. S4), indicating that 12/15-LOX has an important role
in the induction of cardiac dysfunction by pressure overload.
To examine whether Alox 15 deficiency could inhibit cardiac
inflammation, we assessed the expression of Cc/2 and a mac-
rophage marker (Cd68) in the heart after TAC. Expression of
both genes was increased by about threefold at 14 d after
TAC. The increase of Ccl2 and Cd68 expression was signifi-
cantly inhibited by disruption of Alox 15 (Fig. 6 C), suggesting
that this gene has a crucial role in the development of heart
failure by promoting cardiac inflammation.

DISCUSSION

We demonstrated a crucial role of 12/15-LOX-induced in-
Hlammation in the development of heart failure. Activation of
this enzyme has been shown to promote neuronal death,
whereas inhibition of 12/15-LOX protects against brain dam-
age caused by oxidative stress or ischemia by inhibiting neu-
ronal death (Lebeau et al., 2004; Jin et al., 2008; Seiler et al.,
2008). In contrast, treatment with 12(S)-HETE does not in-
duce the apoptosis of cultured cardiomyocytes (unpublished
data). Indeed, few apoptotic cardiomyocytes were detected
in the hearts of Alox15 transgenic mice even after the onset
of systolic dysfunction (unpublished data). Instead, these mice
showed an increase of macrophages infiltrating into the myo-
cardium, which was associated with cardiac fibrosis and sys-
tolic dysfunction. Our findings suggested that MCP-1 may
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of three independent experiments. B, n=7; C, n= 10-14.
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Figure 5. Cardiac expression of 12/15-LOX is up-regulated during pressure overload. (A) Echocardiographic findings in WT and Alox15-deficient
(KO) mice on day 7 (D7) and day 14 (D14) after TAC surgery. FS was preserved until day 7 but was significantly decreased on day 14 along with left ven-
tricular dilatation in WT mice. Disruption of Alox75 (KO} significantly improved systolic dysfunction and prevented left ventricular dilatation caused by
chronic pressure overload. LVDs, left ventricular systolic dimension; sham, sham operation. *, P < 0.01 versus sham; #, P < 0.05; ##, P < 0.01 versus WT.
Results represent the mean + SEM of three independent experiments; n = 10. (B and C) Alox75 expression (B) and the 12/15(S)-HETE level (C) were exam-
ined in the hearts of WT mice on day 7 (D7) and day 14 (D14} after TAC surgery by real-time PCR and ELISA, respectively. Cardiac expression of 12/15-L0X
was significantly up-regulated after TAC, and production of both 12(S)-HETE and 15(S)-HETE was increased in the heart. *, P < 0.01 versus sham; #, P < 0.01
versus D7. Results represent the mean 1 SEM of three independent experiments; n = 6. '
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myocardial inflammation, fibrosis, and cardiac dysfunction
induced by chronic pressure overload (Kuwahara et al., 2004).
It has also been reported that transgenic animals with cardiac
expression of MCP-1 develop myocardial fibrosis and systolic

dysfunction (Kolattukudy et al., 1998). In agreement with our
in vitro data, it has been reported that MCP-1 expression is
up-regulated in vascular endothelial cells and fibroblasts by
pressure overload (Kuwahara et al., 2004). Collectively, these
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Figure 6. Disruption of Alox15 attenuates cardiac inflammation during pressure overload. (A) Double immunostaining for 12/15-L0X (red) and
actinin (green) in the hearts of sham-operated WT mice (WT sham), WT mice with TAC (WT TAC), and Alox75-deficient mice with TAC (KO TAC). Increased
expression of 12/15-LOX was observed in cardiomyocytes after TAC in WT mice but not KO mice. Nuclei were stained with DAPI (blue). Bars, 20 um. Re-
sults are representative of four independent experiments. (B) 12/15(S)-HETE levels were examined in the hearts of WT and Alox15-deficient (KO) mice
after sham surgery or TAC. The increase of 12(S)-HETE and 15(S)-HETE production after TAC was markedly attenuated in Alox15-deficient mice (KO).
* P < 0.01 versus WT sham; #, P < 0.01 versus WT TAC. Results represent the mean + SEM of three independent experiments; n = 6-8. (C) Expression of
Ccl2 (MCP-1) and Cd68 was examined in the hearts of WT and Alox15-deficient (KO) mice after sham surgery or TAC. Expression of both genes was in-
creased by about threefold at 14 d after TAC. This increase of expression was significantly inhibited by disruption of Alox15.*, P < 0.01 versus WT sham;
#,P <0071 versus WT TAC. Results represent the mean + SEM of three independent experiments; n = 6-8.
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results indicate that chronic pressure overload increases the
expression of 12/15-LOX, which then causes heart failure by
promoting cardiac inflammation and fibrosis.

Target gene disruption or overexpression of 12/15-LOX
in mice with a genetic background of apolipoprotein E or
low-density lipoprotein receptor deficiency has shown that
this enzyme may have a role in atherogenesis. The data indi-
rectly support a role for 12/15-LOX in the oxidative modifi-
cation of low-density lipoprotein. Consistent with our results,
recent evidence suggests that 12/15-LOX plays a crucial role
in the regulation of proinflammatory molecules and that this
regulatory activity of 12/15-LOX may be important for link-
ing 12/15-LOX activation to atherogenesis. For example,
12(S)-HETE increases the expression of MCP-1, intetleukin
6, tumor necrosis factor e, and adhesion molecules by mac-
rophages and vascular cells (Bolick et al., 2005, 2006; Wen et al.,
2007, 2008; Dwarakanath et al., 2008), and these changes are
partly mediated by activation of nuclear factor kB (Bolick
et al., 2005, 2006; Dwarakanath et al., 2008). Disruption of
12/15-LOX has also been shown to attenuate airway allergic
inflammation by modulating the expression of proinflamma-
tory cytokines (Andersson et al., 2008).

The mechanism of 12/15-LOX activation in the failing
heart is unclear. We previously demonstrated that mismatch
between the number of capillaries and the size of cardiomyo-
cytes occurs during the development of cardiac hypertrophy,
leading to myocardial hypoxia and systolic dysfunction (Sano
et al., 2007). Because exposure of cultured cardiomyocytes to
hypoxia up-regulates 12/15-LOX expression (unpublished
data), a hypoxic state might be one reason for the induction of
12/15-LOX in the failing heart. This concept is supported by
previous results that hypoxia up-regulates 12/15-LOX expres-
ston in the lungs and the brain (Bermaudin et al., 2002; Zhu
et al., 2003a). Moreover, we have found that 12/15-LOX ex-
pression is significantly up-regulated in the heart after myocar-
dial infarction (unpublished data). There are putative binding
elements for CCAAT/enhancer binding proteins and nuclear
factor kBB within the promoter region of the Alox 15 gene (un-
published data), and both of these molecules are known to be
activated by hypoxia (Cumumins and Taylor, 2005).

Inflammation has an important role in the pathogenesis
and progression of many forms of heart failure, and bio-
markers of inflammation have become the subject of intense
investigation. In the Framingham Heart Study, an increase of
C-reactive protein (as well as inflammatory cytokines such as
interleukin 6 and tumor necrosis factor o) was found to iden-
tify asymptomatic older persons in the community with a
high risk of developing heart failure in the future Braunwald,
2008). Multivariate analysis has shown that an increase of
C-reactive protein is an independent predictor of adverse
outcomes in patients with acute or chronic heart failure
(Anand et al., 2005), suggesting that heart failure is closely as-
sociated with systemic inflammation. Because metabolites of
12/15-LOX may have a role in vascular inflammation, insu-
lin resistance, and renal dysfunction (Natarajan and Nadler,
2004; Kuhn and O'Donnell, 2006), activation of 12/15-LOX
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i the failing heart could induce systemic inflammation and
have a detrimental effect on other inflammatory diseases such
as atherosclerosis, metabolic syndrome, and nephropathy.
Conversely, inhibition of 12/15-LOX could be an attractive
new strategy for the treatment of heart failure, as well as vari-
ous other inflammatory conditions.

MATERIALS AND METHODS

Animal models. All of the experimental protocols were approved by
Chiba University review board. Male Dah) salt-sensitive (1DS) rats were
purchased from SLC. The rats were fed a low-sodium diet until the age of
6 wk and then a high-sodium dict (8% NaCl) throughout the experimental
period. In this model, marked cardiac hypertrophy developed and left ven-
tricular systolic function was impaired at 17 wk of age. Accordingly, DS rats
were sacrificed for gene chip analysis at 17 wk. All of the DS rats given a
high-sodium diet showed signs of heart failure such as rapid and labored
respiration and diffuse left ventricular hypokinesis on echocardiography at
the time of sacrifice. Other DS rats were fed a low-salt diet (0.3% NaCl) as
a control group.

We generated transgenic mice on a C57BL/6 background that expressed
12/15-LOX in cardiomyocytes under the control of the o—cardiac myosin
heavy chain (@-MHC) promoter. A mouse Alox15 complementary DNA
(cDNA) fragment (gift from C.D. Funk, University of Pennsylvania,
Philadelphia, PA) fused with the HA tag was subcloned into the «-MHC pro-
moter vector. The transgene was identified by genomic PCR with transgene-
specific oligonucleotide primers (5'-CCACACCAGAAATGACAGAC-3
and 5'-GCGGGCAGGGAGACAAGTAG-3') and by Southem blot analysis.
Two independent lines of Alox 15 transgenic mice (lines 711 and 716)
were obtained. The cardiac phenotype was similar in both lines of transgenic
animals. WT littermates were used as the control for all experiments.

Alox15-deficient mice ona C57BL/6 background were purchased from
The Jackson Laboratory. WT littermates served as a control for all experi-
ments. TAC was performed as described previously (Sano et al., 2007) on
10-11-wk-old male mice. Sham-operated mice underwent the same proce-
durce without aorta constriction.

An cxpression vector encoding mutant human MCP-1 with delction of
N-terminal amino acids (7NTD plasmid) was prepared as described clsewhere
(Hayashidani ct al., 2003). Under ancsthesia, mice reccived an injection of
100 ug of cither the empty vector or the 7ND plasmid in PBS into the bilat-
eral tibial muscles using a 27-gauge needle fitted with a plastic collar that
limited muscle penctration to ~~5 mm. Injection was performed every 2 wk
trom 10 wk until 48 wk of age. To increase the efficiency of gene transfec-
tion, 100 pl of the myotoxic agent bupivacaine (0.25% wt/vol) was injected
into the muscles 3 d before transfection. Transfection of 7N leads to an in-
crease of mutant MCP-1 in the blood, as indicated by clevation of its plasma
concentration after 14 d. The circulating mutant MCP-1 binds to the recep~
tor for MCP-1 (chemokine receptor 2) on target cells and effectively blocks
MCP-1 signaling (Ni et al., 2001; Hayashidani ct al., 2003).

Physiological and histological analysis. Echocardiography was per-
formed with a Vevo 770 High Resolution Imaging System (Visual Sonics
Inc.). To minimize vanation of the data, the heart rate was ~500-600 beats
per minute when cardiac function was assessed. The peak systolic blood
pressure was recorded by a photoclectric pulse devise (Blood Pressure Meter
BP-98A; Softron Co. Ltd.) placed on the tails of unanesthetized mice. Un-
der anesthesia, a micropressure transducer with an outer diamcter of .42
mm (Samba 201 control unit and Sanba Preclin 420 transducer; Samba Sen-
sors AB) was introduced into the right carotid artery. Pressure signals were
recorded with a MacLab 3.6/s data acquisition system (AD Instruments) at a
sampling rate of 2,000 Hz. 4-pum frozen cross sections of the heart were fixed
in 4% paraformaldchyde and subjected to Masson trichrome staining or im-
munohistochemistry for Mac3 (BD). Digital photographs were taken at
400% magnification of 25 random fields from each heart, and the number of
Mac3-paositive cells was counted in each field. The frozen cardiac cross sections
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were also stained with antibodics for 12/15-LOX (Cayman Chemical) and
actinin (Sigma-Aldrich).

DNA chip analysis. 10 pg of total RNA was cxtracted from the left ven-
tricles of rats by the Li-Urea method and was used to synthesize biotin-
labeled cCRNA, which was then hybridized to a high-density oligonucleotide
array (Gene Chip U34A array: Affymetrix) according to the previously pub-
lished protocol (Ishii ct al., 2000). The array contains probe sets for ~8,800
genes and ESTs, which were selected from Build 34 of the UniGene Data-
basc (created from GenBank 107/dbEST 11/18/98). GeneChip 3.3 software
(Affymetrix) was used to calculate the mean difference for each probe on the
array, which showed the intensity of gene expression defined by Affymetrix
using their algorithm. The mean difference has been shown to quantitatively
reflect the abundance of a particular mRNA in a population. The data were
deposited in GEO (GSM406556, GSM406557, and GSE16199).

RNA analysis. Total RNA was isolated from the hearts of mice with
RNAZol-B (Molccular Rescarch Center, Cincinnad, OH) and the ribonu-
clease protection assay (RiboQuant; BD) was performed according to the
manufacturer’s instructions. For Northern blot analysis, 30 pg of total RNA
was separated on formaldchyde denaturing gel and transferred to a nylon
membrane (GE Healthcare). Then the blot was hybridized with radiolabeled
Alox15 cDNA probe using Quickhyb hybridization solution (Agilent Tech-
nologies) according to the manufacturer’s instructions. Rat Alox15 cDNA
fragment was a gift from T. Yoshimoto (Kanazawa University Graduate
School of Medical Science, Kanazawa, Japan). Mouse Alox12 cDNA frag-
ment was a gift from C.1). Funk. Real-time PCR was performed using a
LightCycler (Roche) with the Tagman Universal Probe Library and the
Light Cycler Master (Roche) according to the manufacturer’s instructions.

Western blot analysis. Whole cell lysates were prepared in lysis buffer (10
mM Tris-HCI, pH 8, 140 mM NaCl, 5 mM EDTA, 0.025% NaN;, 1%
Triton X-100, 1% deoxycholate, 0.1% SDS, 1 mM PMSF, 5 pg/m] leu-
peptin, 2 pg/ml aprotinin, 50 mM NaF, and 1 mM Na2VOy,). 40-50 pg of
the lysates were resolved by SDS-PAGE (PAGE). Then proteins were trans-
ferred to a nitroccllulose membrane (GE Healthcare), which was incubated
with the primary antibody, followed by anti-rabbit or anti-mousc inimuno-
globulin G conjugated with horscradish peroxidase (Jackson Immuno-
Research Laboratories). Specific proteins were detected by using enhanced
chemiluminescence (GE Healtheare). The primary antibodies used for
Western blotting were as follows: anti-HA antibody (Santa Cruz Biotech-
nology, Inc.), anti-12/15-LOX antibody (Cayman Chemical), and anti-
actin antibody (Sigma-Aldrich). ELISA was performed according to the
manufacturer’s instructions to cxamine the levels of 12(S)-HETE, 15(5)-
HETE (Assay Designs), human MCP-1, and mouse MCP-1 (Invitrogen).

Cell culture. Nconatal Wistar rats were purchased from Takasugi Experi-
mental Animal Supply. Cardiomyocytes and cardiac fibroblasts were pre-
pared from these neonatal rats and cultured as described previously (Sano ctal.,
2007). Human vmbilical vein endothelial cells (BioWhittaker; Lonza) were
cultured according to the manufacturer’s instructions.

Luciferase assay. 1 pg of the reporter gene plasmid was transfected into
COS7 cells at 24 h before the luciferase assay. 0.1 pg of the control vector en-
coding Renilla Waciferase was cotransfected as an internal control. The assay was
performed using a dual Juciferase reporter assay system (Promega) according to
the manufacturer’s instructions, p55-A2-Luc (the luciferase reporter gene con-
taining the kB binding site) was a gift from T. Fujita (The Tokyo Metropolitan
Institute of Medical Science, Tokyo, Japan; Fujita ct al., 1993).

Statistical analysis. Data arc shown as the mean £ SEM. Multiple group
comparison was performed by one-way ANOVA, followed by Bonferroni’s
test for comparison of means. Comparisons between two groups were done
with the ewo-tailed unpaired Student’s ¢ test or two-way ANOVA. In all
analyses, P < 0.05 was considered statistically significant.
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Online supplemental material. Fig. S1 depicts Alox15 transgenic animal
data. Fig. §2 shows MCP-1 levels after reatment with 7ND. Fig. S3 shows
anegative control of immunohistochemistry for 12/15-LOX. Fig. $4 shows
blood pressurc of Alox15-deficient mice. Table S1 surnmarizes the microar-
ray data. Online supplemcntal material is available at http://www jem.org/
cgi/content/full/jem.20082596/DC1.
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Insulin-like growth factor-1 (IGF-1) signaling has recently been implicated in the development of cardiac
hypertrophy after long-term endurance training, via mechanisms that may involve energetic stress. Given
the potential overlap of insulin and IGF-1 signaling we sought to determine if both signaling pathways could
contribute to exercise-induced cardiac hypertrophy following shorter-term exercise training. Studies were
performed in mice with cardiac-specific IGF-1 receptor (IGF1R) knockout (CIGFRKO), mice with cardiac-
specific insulin receptor (IR) knockout (CIRKO), CIGFRKO mice that lacked one IR allele in cardiomyocytes
(IGFR—/—IR+/—), and CIRKO mice that lacked one IGF1R allele in cardiomyocytes (IGFR+/—IR—/—).
Intravenous administration of IGF-1 or 75 hours of swimming over 4 weeks increased IGFIR tyrosine
phosphorylation in the heart in control and CIRKO mice but not in CIGFRKO mice. Intriguingly, IR tyrosine
phosphorylation in the heart was also increased following IGF-1 administration or exercise training in
control and CIGFRKO mice but not in CIRKO mice. The extent of cardiac hypertrophy following exercise
training in CIGFRKO and CIRKO mice was comparable to that in control mice. In contrast, exercise-induced
cardiac hypertrophy was significantly attenuated in IGFR—/—IR+/— and IGFR+/—IR—/— mice. Thus, IGF-
1 and exercise activates both IGFIR and IR in the heart, and IGFIR- and IR-mediated signals may serve

Keywords:

Insulin-like growth factor receptor
Insulin receptor

Exercise

Cardiac hypertrophy

Tyrosine phosphorylation

redundant roles in the hypertrophic responses of the heart to exercise training.

© 2009 Elsevier Inc. All rights reserved.

1. Introduction

Postnatal myocardial growth is primarily achieved through hyper-
trophy of individual myocytes [1]. In addition to normal heart growth
during postnatal development, heart size increases in response to
various forms of both extrinsic and intrinsic stimuli [2], and these
hypertrophic responses are classified either as “pathological” or
“physiological." Pathological cardiac hypertrophy is frequently associ-
ated with contractile dysfunction and histological pathology such as
interstitial fibrosis, and is typically observed in patients with hyperten-
sion, myocardial infarction, and valvular heart diseases. On the other
hand, physiological cardiac hypertrophy is characterized by normal or
enhanced contractility and normal cardiac architecture, as typically
observed in trained athletes [3,4]. Notably, exercise training is beneficial
in a selected population of heart failure patients [5] and reverses
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molecular and functional abnormalities of the heart in animal models of
pathological hypertrophy [6-8]. Thus, promoting physiological cardiac
hypertrophy may be one of the therapeutic options for heart diseases.

The insulin-like growth factor-1 (IGF-1)-phosphatidylinositol 3-
kinase (PI3K)-Akt pathway has been implicated in the development of
exercise-induced cardiac hypertrophy [9,10]. Increased cardiac IGF-1
formation is associated with physiological hypertrophy in athletes [11],
and exercise training increases IGF-1 mRNA expression in rat hearts
[12]. Overexpression of IGF-1 in the heart in transgenic mice induces
physiological cardiac hypertrophy in the early phases of postnatal
development [13], and IGF-1 receptor (IGF1R) overexpression in the
heart results in physiological cardiac hypertrophy associated with
activation of the PI3K-Akt pathway [14]. Overexpression of a constitu-
tively active p110a PI3K results in physiological cardiac hypertrophy
[15], and exercise-induced hypertrophy is completely abolished by
dominant-negative p110a overexpression [14,16]. Short-term or
moderate levels of Aktl overexpression in the heart induces physio-
logical cardiac hypertrophy [17,18], whereas development of exercise-
induced cardiac hypertrophy is blunted in Akt1 knockout mice [19].



