activated by the cardiomyocyte-specific o-myosin heavy chain
(oMHC) promoter (Figure 1A, Figure S1). EGFRdn mice
exhibited heart failure and died at 5-30 weeks of age (Figure 1B).
Gross inspection of the EGFRdn hearts showed global chamber
dilatation with marked wall thinning (Figure 1CG). The heart/body
weight ratio was approximately 1.5-fold higher at 6 weeks of age in
EGFRdn mice than in wild-type mice (Figure 1D). Echocardiog-
raphy showed a significant decrease in the fractional shortening
(FS) together with chamber dilatation (Figure 1E). In the second
model, cardiomyopathy was induced by intraperitoneal injection
of doxorubicin in wild-type mice. Doxorubicin-induced cardio-
myopathy (DOX) mice showed marked dilatations of the left
ventricular diastolic and systolic dimensions, and reduction of
cardiac function (Figure S2).

Intravenous infusion of BMMNC transiently improved the
cardiac function in DCM mice

BMMNC (2.0x107 cells) were isolated from wild-type healthy
mice and intravenously infused zia the tail veins to 8-week-old
EGFRdn mice and 11-week-old DOX mice. An equal volume of
PBS was infused into control mice. Three days after infusion,
echocardiography showed that the FS was significantly improved
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in BMMNC-treated EGFRdn (Figure 2A) and DOX (Figure 2A)
mice, compared with the respective controls. However, these
effects were lost by 14 d after infusion (Figure 2A). When the
infusion was repeated every 2 weeks, cardiac function showed
improvements for >50 d (Figure 2B).

Although infusion of BMMNC is not promising for the
treatment of heart failure, we may be able to apply alternative
treatment if we understand the underlying mechanisms of bene-
ficial effects of BMINNC infusion. To clucidate the mechanisms,
we infused BMMNC derived from GFP mice. Although many
GFP-positive cells were observed in the peripheral blood and the
spleen at 3 d after infusion (Figure 2C, D), none were found in the
heart, lung, liver, kidney or skeletal muscle (Figure 2E). At day 14,
few GFP-positive cells were observed even in the peripheral blood
(Figure 2C). This was consistent with the observation that
BMMNC infusion improved cardiac function at day 3, but not
at day 14. These results suggest that BMMNC infusion improves
the systolic function of DCM mice not by transdifferentiation of
BMMNC into cardiomyocytes but probably by humoral factors
secreted from BMMNC. Size of each cardiomyocyte was larger in
BMMNC-infused EGFRdn mice than in PBS-infused EGFRdn
mice when infusions were repeated every 2 weeks for 8 weeks (i.e.,

EGFRdn
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Figure 1. Transgenic overexpression of EGFRdn in the heart causes progressive heart failure. (A) Schematic representation of the cDNA
construct used to generate EGFRdn mice. The construct contains an aMHC promoter, human EGFRdn cDNA and a human growth hormone
polyadenylation signal (Hgh-pA). (B) Kaplan-Meier survival curves for wild-type (n=62) and EGFRdn (L2-5, n=19; L9-12, n=21) mice, showing a
significant reduction in the survival rates in EGFRdn mice (log rank test, P<<0.0001). (C) Gross morphology of whole hearts (upper panels) and
longitudinal sections (fower panels) of hearts from wild-type and EGFRdn mice (L9-12) at 6 weeks of age. Ao, aorta; LA, left atrium; LV, left ventricle;
RA, right atrium; RV, right ventricle. Scale bars: 2 mm. (D) Heart-to-body weight ratios (HW/BW) of wild-type (n=9) and EGFRdn (L9-12, n=7) mice at
6 weeks of age. *P<<0.01. (E) Echocardiographic analysis. The upper photographs show representative M-mode images. The lower graphs show the
left ventricular diastolic and systolic dimensions and FS of 8 week-old EGFRdn mice (L9-12) (n=23) and age-matched wild-type mice (n=10). LVDd,
left ventricular diastolic dimension; LVDs, left ventricular systolic dimension. Data are means * s.e.m.

doi:10.1371/journal.pone.0027901.g001
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doi:10.1371/journal.pone.0027901.g002

4 injections) (Figure S3). There were no changes in capillary
density or the number of apoptotic cells in the heart between the
BMMNC-infused group and the control group (data not shown).

BMMNC-derived conditioned medium (CM) improved
cardiomyocyte contractility

To elucidate whether factors secreted from BMMNC were
mvolved in their beneficial effects on cardiac function, we first
examined the effects of CM from BMMNG on the contractility of
cultured cardiomyocytes of neonatal rats. After serum starvation
for 12 h, cardiomyocytes were challenged with culture medium
conditioned by BMMNG. Cell shortening was significantly
enhanced and beating rate was markedly increased at 30 min
and at 12 h after starting culture with the CM, compared with
those in untreated cells (Figure 3A), suggesting that BMMNC
secrete factors that positively affect cardiomyocyte contractility.
Flow cytometric analysis revealed that BMMNGC consisted of
several cell populations including myeloid (Gr-1(+) cells, ~40%),
erythroid (TER119(+) cells, ~20%), and lymphoid cells (B220(+)
cells, ~20%) (Figure S4). The individual cell populations,
including the lineage-negative population of cells, were sorted by
magnetic beads. The isolated cells were 0.8x107 Gr-1(+) cells,
0.4x107 B220(+) cells, 0.2x10" TER(H#) cells, and 0.1x10
lineage-negative cells from 2.0x107 BMMNC. When CM was
collected from each population and added to cardiomyocytes
starved for 12 h, only the CM from Gr-1(+) cells significantly

@ PLoS ONE | www.plosone.org

enhanced cell shortening and increased the beating rate
(Figure 3B), suggesting that Gr-1(+) cells mainly contribute to
BMMNC-mediated improvements in cardiomyocyte contractility.
CM from Gr-1(+) cells or BMMNGC isolated from wild-type mice
also induced significant hypertrophy of cardiomyocytes (Figure
S5). We next examined the effects of CM from Gr-1(#) cells on
DOX mice. At 1 and 3 d after the infusion of CM from Gr-1(#)
cells, F'S was significantly improved, as with infusion of BMMNC
(Figure 3C). Furthermore, +dp/dt, as determined by catheteriza-
tion of the left ventricle, was also improved at 1 d after the
infusion, as compared with the control group (Figure 3D).
Collectively, these results indicate that factors secreted from Gr-
1(+) cells are responsible for BMMNC-induced improvements in
cardiac function in DCM mice.

Analysis of factors secreted from Gr-1(+) cells

The CM from wild-type Gr-1(+) cells significantly enhanced cell
shortening and increased the beating rate, while CM from
EGFRdn Gr-1(+) cells had marginal effects (Figure 4A). This
suggests that the factors that improve cardiomyocyte contractility
are more abundant in cells of wild-type mice than cells of EGFRdn
mice. We next performed DNA microarray analysis to identify the
factors involved in these effects. Twenty three genes showed
enhanced expression in Gr-1(+) cells from wild-type mice
compared with EGFRdn mice (Table 1). The gene which showed
the largest difference between two types of mice was growth
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hormone (GH). The reduced expression of GH in Gr-1(+) cells
from EGFRdn mice was confirmed by quantitative RT-PCR and
ELISA (Figure 4B, C). GH levels were also lower in CM from Gr-
1(+) cells isolated from old myocardial infarction (OMI) mice and
DOX mice (Figure S6) than in CM from wild-type mice.
Consistent with the downregulation of GH secretion from Gr-
1(+) cells of heart failure mice, the serum GH levels were also
lower in models of heart failure such as DOX, EGFRdn and OMI
mice than in wild-type mice (Figure 4E).

Critical role of GH in Gr-1(+) cell-mediated
cardioprotection

We cxamined the role of GH in the effects of Gr-1(+) cell-
derived CM using pegvisomant, a specific inhibitor of the GH
receptor [12]. Treatment with pegvisomant abolished the
enhanced cell shortening and the increased beating rate induced
by CM from Gr-1(+) cells (Figure 5A), while the ant-IGF-1
antibody had no effects (Figure 5B). These results suggest that Gr-
1(+) cells improved the cardiomyocyte contractility vie GH, but not
via IGF-1 in vitro. CM from Gr-1(+) cells activated various signaling
molecules, including Akt, extracellular signal-regulated kinase
(Erk) 1/2, Janus kinase (Jak) 2, signal transducers and activators of
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transcription (Stat) 3/5 and protein kinase A (PKA) in cardiomy-
ocytes (Figure 5C), and these effects were completely abolished by
pegvisomant (Figure 5C). The addition of GH (500 pg/ml), a
concentration equivalent to that in the CM from wild-type Gr-1(+)
cells, activated the same signaling molecules (Figure 5C), suggest-
ing that CM from Gr-1(+) cells activates Akt, Erk1/2, Jak2, Stat3/
5 and PKA through the GH receptor signaling. Furthermore, the
CM from Gr-1(+) cells, as well as GH, increased the amount of
cyclic AMP (cAMP) in cardiomyocytes, which was also inhibited
by pegvisomant (Figure 5D). The improvements in cardiac
function induced by CM from Gr-1(+) cells were also abolished
by treatment with the GH inhibitor (Figure 5E), whereas the anti-
IGF-1 antibody had no effects (Figure 5F). Furthermore, the
infusion of CM from Gr-1(+) cells increased the GH levels in
serum of DCM mice (Figure 5G). These results suggest that Gr-
1(+) cells improve the cardiac contractility i vivo also through GH.
The BMMNC-mediated improvement in cardiac function of OMI
mice was also affected by treatment with pegvisomant (Figure S7),
suggesting that GH in BMMNG might have the therapeutic effects
on heart failure caused by various etiologies.

Since Stat 3 is one of the important downstream targets of the
GH receptor in cardiomyocytes (Figure 5C), we examined the
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direct effects of GH in CM from Gr-1(+) cells on cardiomyocytes in
vivo In transgenic mice overexpressing a dominant-negative mutant
of STAT3 (STAT3dn) under the control of an «MHC promoter
[13]. The Gr-I(+) cell CM-mediated improvements in cardiac
function were not observed in DOX-treated STAT3dn mice
(Figure S8), indicating that the CM improves cardiac function
through activation of STAT3 in cardiomyocytes.

Upregulation of activin A in heart failure inhibits GH
expression in Gr-1(+) cells

The expression of the GH gene has been reported to be
regulated by transcription factors including pituitary transcription
activator-1 (pit-1) [14], [15], and activin A has been reported to
downregulate GH expression by reducing the stability of pit-1
[16]. Since activin A in the peripheral blood of heart failure
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patients has been reported to be upregulated compared with that
in healthy controls [17], we investigated the role of activin A in the
downregulation of GH in Gr-1(+) cells. Serum activin A levels
were significantly higher in EGFRdn mice than in wild-type mice
(Figure 6A), and were also elevated in other murine models of
heart failure, including the OMI and DOX models (Figure S9).
When Gr-1(+) cells were cultured with 400 pg/ml of activin A, a
concentration equivalent to that in the peripheral blood of DCM
mice, mRNA and protein levels of GH were significantly
downregulated (Figure 6B), suggesting that activin A might be a
key mediator of the reduced expression of GH in the Gr-1(+) cells
of DCM mice. Furthermore, the serum activin A levels were
remarkably higher in DCM patients (Table S1) than in healthy
subjects (Figure 6A), while the GH levels in CM from peripheral
blood mononuclear cells (PBMNC) of DCM patients was lower
than that in healthy subjects (Figure 4D), suggesting that the
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Table 1. DNA microarray analysis.

The fold increase

Gene symbol

43 Pdgfd

34 Tslp

29 1133

27 Fgf20

23 Fam3b

23 Gm6590

2.0

Each number indicates the fold-increase of gene expression in Gr-1(+) cells
isolated from wild-type mice compared with those from EGFRdn mice.
doi:10.1371/journal.pone.0027901.t001

higher activin A levels might also inhibit GH expression in heart
failure patients. A recent study showed that PBMINC are a major
source of activin A in heart failure [17]. Since many humoral
factors are known to contribute to the pathophysiology of heart
failure [18], we examined whether humoral factors upregulated in
heart failure might regulate activin A expression. Angiotensin II
(Angll) (Figure 6C) and tissue necrosis factor-alpha (TINFa) (Figure
S10A) increased the activin A levels in CM of PBMNC in a dose-
dependent manner. Consistent with the previous reports [19],
AnglIl and TNFu activated NFkB in the PBMNC (Figure 6D and
Figure S10B) and Angll- and TNFa-induced upregulation of
activin A in PBMNG were inhibited with a NFkB inhibitory
peptide (Figure 6E and Figure S10C).

Inhibition of activin A in heart failure increases GH levels
and improves cardiac function

To elucidate the role of activin A in EGFRdn mice, anti-activin
A antibody was injected intraperitoneally for 2 weeks, with an
alternate-day treatment regimen. Inhibition of activin A signifi-
cantly increased GH protein levels in the CM from Gr-1(+) cells
(Figure 6F). Furthermore, when neonatal rat cardiomyocytes were
cultured with CM from Gr-1(+) cells isolated from anti-activin A
antibody-treated EGFRdn mice, cell shortening was enhanced and
the beating rate was increased significantly, as compared with CM
from Gr-1(+) cells without antibody treatment (Figure 6G).
Consistent with the upregulation of GH levels in Gr-1(+) cells by

“E). PLoS ONE | www.plosone.org

187

Activin A/Growth Hormone Axis in Heart Failure

anti-activin A antibody treatment, the serum GH levels in
EGFRdn mice were also increased (Figure 6H). Furthermore,
FS and +dp/dt in EGFRdn mice treated with anti-activin A
antibody were markedly improved compared with EGFRdn mice
treated with isotype control (Figure 6H). Collectively, these results
strongly suggest that inhibition of activin A improves cardiac
function in non-ischemic DCM miice by restoring GH levels.

Discussion

Functional benefits of BMMNC infusion have been reported in
human with ischemic heart diseases [2],[20]. Although we also
observed the improvement of cardiac function of DCM model
mice by BMMNC infusion, no engraftment of infused BMMNGC
was observed in the heart. At 3 d after infusion, BMMNC were
only observed in the peripheral blood and spleen, but not in the
heart, and very few GFP-positive cells were observed at 14 d even
in the peripheral blood. This is consistent with the observations
that BMMNC infusion only transiently improved cardiac function
after infusion. These findings suggest that BMMNC improve
cardiac function via humoral factors rather than va transdiffer-
entiation into cardiomyocytes.

GH plays important roles in the protection of various tissues as
well as the growth and development of many organs and whole
body [21]. Serum GH levels have been reported to be low in
patients with congestive heart failure [22]. Recent animal studies
have demonstrated that GH treatment improves cardiac functions
23], [24]. The growth and protection of cardiomyocytes are
regulated by various kinases such as Akt, Erk and Jak/Stat, and
many studies have demonstrated that activation of Akt and Erk
induces cardiac hypertrophy [25], [26] and prevents cardiomyo-
cytes from stress-induced apoptosis [27]. Transgenic mice with
cardiac-specific overexpression of the staf3 gene were reported to
show marked ventricular hypertrophy [28], while the cardiopro-
tective effects of several cytokines including granulocyte colony-
stimulating factor were reduced in mice with cardiac-specific
expression of dominant-negative stat3 [29]. In this study, we
showed that GH produced by Gr-1(+) cells activated Akt, Erk,
Jak?2, Stat3/5 and PKA, and increased the levels of cAMP in
neonatal rat cardiomyocytes (Figure 5C, D). GH has been
reported to increase cAMP and activate PKA in reproductive
organs by still-unknown mechanisms [30]. Here, we found that the
beneficial effects of CM from Gr-1(+) cells on cardiac function
were inhibited in cardiac-specific STAT3dn mice, suggesting that
GH secreted by Gr-1(+) cells directly affects cardiomyocyte
contractility. It has been reported that GH exerts some functions
through the induction of IGF-1 expression [31], [32], and IGF-1
also promotes several cardioprotective effects in part by activating
the Akt/phosphatidylinositol 3-kinase pathway [33], [34]. In the
present study, the specific GH receptor inhibitor, but not anti-
IGF-1 antibody, attenuated the improvements of cardiac contrac-
tility by the treatment of CM from Gr-1(+) cells in vitro (Figure 5A,
B) and in vivo (Figure 5E, F). These findings suggest the effects of
Gr-1(+) cells-derived CM on cardiac function of DCM mice
mainly depend on GH rather than IGF-1.

It has been reported that the expression of GH gene is regulated
by pit-1 at the transcriptional level [14], [15] and that activin A
destabilizes pit-1 by phosphorylation [16]. Consistent with a
previous report showing higher serum activin A levels in heart
failure patients than in healthy controls [17], we found that serum
levels of activin A were increased while GH levels in PBMNC CM
were decreased in DCM patients. Similarly, the activin A levels
were higher in the peripheral blood of DCM mice than in wild-
type mice and activin A inhibited the production of GH in Gr-1(+)
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the serum GH concentration at 1 d, but not at 5 d. Data are means * s.e.m.

doi:10.1371/journal.pone.0027901.g005

cells @ wiro. These findings suggest that activin A, which is
upregulated in heart failure, inhibits GH expression in various
tissues/cells, including BMMNC. Treatment with anti-activin A
antibody restored GH levels in Gr-1(+) cells and serum of
EGFRdn mice and improved cardiac function, suggesting that
normalizing the GH levels by inhibiting activin A is a novel
therapeutic strategy for heart failure. Since many humoral factors
such as Angll and TNFo are upregulated in heart failure and
increased activin A expression by activating NFkB, the molecules
that modulate NFkB activation might be also therapeutic targets
to restore GH levels. On the other hand, anti-activin A treatment
also increased expression levels of GH mRNA in the pituitary
(N.F. K.M., unpublished data), suggesting that upregulation of
activin A in heart failure might inhibit the expression of GH not
only in Gr-1(+) cells but also in the pituitary, and that anti-activin
A treatment might improve cardiac function of DCM mice in part
by restoring GH expression in the pituitary.

The effects of GH on heart failure have been examined in many
animal experiments and clinical trials [35]. A recent meta-analysis
revealed that GH treatment improved several clinical parameters
including left ventricular end-diastolic dimension, ejection fraction
and New York Heart Association functional class [36]. Converse-
ly, non-response to GH treatment for heart failure has been
ascribed to GH resistance [37]. In patients with cardiac cachexia,
GH levels were reported to be enhanced when compared with
non-cachectic patients and normal subjects [38]. In this study, GH
levels in heart failure mice and patients were significantly lower
than those in healthy control subjects. Moreover, GH derived
from Gr-1(+) cells improved cardiac function of heart failure
animals, suggesting that our models were in a non-cachectic state
and non-cachectic patients of heart failure might be suitable for
GH treatment. Because of only temporary improvements i
cardiac function (Figure 2A), bone marrow cell infusion might not
be an appropriate treatment for heart failure, however inhibition
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Figure 6. Regulatory mechanisms of GH in heart failure. (A) The serum activin A concentration was higher in EGFRdn mice (left, n=5) and in
DCM patients (right, n=10) than in wild-type mice (n=5) and healthy subjects (n=11). (B) Activin A downregulated GH mRNA expression in Gr-1(+)
cells and GH protein levels in Gr-1(+) cell CM. Left graph, GH protein concentration; middle photographs, representative semi-quantitative RT-PCR
images; right graph, GH mRNA expression (n =3). (C, D) Angll upregulated activin A secretion (C, n=4) and phosphorylated NFkB expression (D, n=5)
in wild-type PBMNC. (D) Left graph, total NFxB; right graph, phosphorylated NF«B. (E) Inhibition of NFkB [50 uM; NFxB p65 (Ser276) inhibitory
peptide] suppressed Angll (10 pM)-mediated upregulation of activin A in CM derived from wild-type PBMNC (n=5). Isotype peptide was used as
control. (F) The GH concentration in CM from EGFRdn Gr-1(+) cells (n=5) was significantly increased by treatment with an anti-activin A antibody

(n=5). (G) Effects of anti-activin A antibody treatment on cell shortening an

d the beating rate of cardiomyocytes induced by CM from Gr-1(+) cells

isolated from EGFRdn mice (n=18 cells per group). (H) Treatment with the anti-activin A antibody improved the cardiac function of EGFRdn mice. Left
graph, echocardiography (n=7). Middle graph, miller catheter results (n=7). Right graph, serum GH concentration in EGFRdn mice after antibody
treatment (n =7). Data are means * s.e.m. () Proposed mechanism underlying impaired GH expression by activin A in heart failure.

doi:10.1371/journal.pone.0027901.g006

of activin A and enhancement of GH levels might offer novel
therapeutic strategies for heart failure.

We used EGFRdn for DCM model mice in this study. It has
been reported that cardiac-specific mutant of Er6B2, a member of
the EGFR/erbB family, shows a severe dilated cardiomyopathy in
mice [39]. In the clinical setting, trastuzumab, an anti-cancer
agent, is humanized monoclonal antibody that targets the
extracellular domain of the human epidermal growth factor re-
ceptor 2 and the use of trastuzumab demonstrated an unexpect-
edly high incidence of both asymptomatic and symptomatic
cardiomyopathy. EGFRdn is a compatible DCM model mouse,
resembling the cardiotoxic effects observed in patients treated with
trastuzumab [40], [41].

There is a limitation in this study. We examined the surface area
of neonatal rat cardiomyocytes after the treatment with CM from
Gr-1(+) cells or BMMNC as an index for cardiac hypertrophy.
However, the surface area not only depends on cell volume, but
also on the degree of adhesion and spreading on the culture dishes.
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Materials and Methods

Ethics Statement. The ethical committee of Tokyo Women’s
Medical University reviewed and approved the study protocol
(approval ID: 1795). The study was conducted in accordance with
the Declaration of Helsinki. We obtained informed consent from
the all patients and the all healthy subjects by written before
inclusion in this study.

Animals. Wild-type mice (C57BL/6) were purchased from
Japan SLC. Adult GFP transgenic mice (C57BL/6) were a kind
gift from Dr. M. Okabe (Osaka University). Cardiac-specific
dominant-negative STAT3 mice were a kind gift from Dr. K
Yamauchi-Takihara (Osaka University). Neonatal Wistar rats (0—
1 d old) were purchased from Saitama Experimental Animals
Supply. All protocols were approved by the Institutional Animal
Care and Use Committee of Tokyo Women’s Medical University
and Chiba University. The approval IDs for the animal
experiments were 11-34 in Tokyo Women’s Medical University
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and A21-178 in Chiba University. Doxorubicin (10 mg/kg body
weight) was intraperitoneally injected into wild-type male mice
(C57BL/6) once-weekly at weeks 7 and 8 after birth. After both
Doxorubicin injections, the mice were reared for a further 2 weeks,
and the surviving mice were used for experiments. Myocardial
infarction models were prepared using wild-type male mice
(C57BL/6) as previously described [11]. Serum and Gr-1(+) cells
were isolated 4 wecks after inducing myocardial infarction (11
weeks of age).

Generation of EGFRdn mice. The C-terminal 533 amino
acids [42] were deleted from the full-length human EGFR ¢cDNA
(a gift from Professor T. Kadowaki, The University of Tokyo) by
introducing a stop codon (TGA) after the R677 codon by site-
directed mutagenesis. The truncated EGFR (EGFRdn) cDNA was
then subcloned into the aAdHC promoter-containing expression
vector (a gift from Professor J. Robbins, Cincinnati Children’s
Hospital). The 8.2-kb DNA fragment was microinjected as a
transgene into pronuclei of eggs from BDF1 mice. The eggs were
then transferred into the oviducts of pseudopregnant ICR mice.
The transgenic founders were identified by Southern blot and
PCR analysis. Line 2-5 and Line 9-12 were established and
maintained by breeding to CG57BL/6 mice. Line 9-12 was selected
for further analysis on the basis of a higher level of transgene
expression.

BMMNC infusion and CM injection. BMMNC (2.0x107)
isolated from a male wild-type mouse and suspended in 200 pl of
PBS or an equal volume of PBS as a control were injected into the
tail veins of anesthetized (4% inhaled isoflurane) 8-week-old male
EGFRdn mice and 11-week-old male DOX and OMI mice. CM
(200 ul) from Gr-1(+) cells from male wild-type mice or isovolume
serum-depleted DMEM were infused into the tail veins of
anesthetized 8-week-old male EGFRdn mice and 11-week-old
male DOX mice under anesthesia. Anti-mouse insulin-like growth
factor-1 (IGF-1) (0.1 pg/g body weight) or anti-goat immuno-
globulin G (IgG) (0.1 ug/g body weight) antibodies were
intraperitoneally injected into 11-week-old male DOX mice 2 h
before CM infusion. Anti-activin A (20 pg) or anti-mouse IgG
(20 pg) antibodies were intraperitoneally injected at 48-h intervals
into male EGFRdn mice from 10 to 12 weeks of age. Pegvisomant
(10 mg/kg body weight) or vehicle (control) were intraperitoneally
injected into 8-week-old male DOX mice 30 min before CM
infusion.

Evaluation of cell shortening and the beating rate of
cardiomyocytes. After 12 h starvation with 500 pl scrum-
depleted DMEM in 12-well dishes, rat cardiomyocytes were
cultured with 500 pl of CM or serum-depleted DMEM. At specific
times, the cultured cardiomyocytes were video recorded for 10 sec,
and the percentage of cell shortening was analyzed using
ImageExpress version 5.5 (Nippon Roper). To measure the
percentage of cell shortening, two regions of interest were fixed
by the software, which analyzed the beating distance of a single
cardiomyocyte, and divided the distance by the length between the
regions of interest. The number of beats of single cardiomyocyte
was counted for 10 sec to determine the beating rate. For antibody
treatment @ vifro, the starved cardiomyocytes were pretreated with
anti-IGF-1 (10 pg/ml) or anti-goat IgG (10 pg/ml) antibodies for
2 h before adding CM. For pegvisomant treatment i vitro, the
cardiomyocytes were pretreated with pegvisomant (12.5 pg/ml)
for 30 min before adding CM.

Echocardiography and catheterization. Transthoracic
echocardiographic analysis and catheterization analysis were
performed as previously described [11]_ENREF_9. Briefly, the
+dp/dt in the left ventricle was measured using a catheter, which
was introduced retrogradely via the carotid artery.
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Cell isolation. Neonatal rat cardiomyocytes were isolated and
scparately collected as described previously [43]. Cardiomyocytes
were plated at a density of 1x10° cells/cm® on six-, 12- and 24-
well dishes (BD Falcon) coated with 1% gelatin and cultured in
DMEM supplemented with 10% FBS. Adult cardiomyocytes were
prepared as previously described [44]. BMMNC and PBMNC
were isolated from 8-weck-old male C57BL/6, male GFP mice,
and male EGFRdn mice by density gradient centrifugation with
Histopaque-1083, as previously described [45]. PBMNC were also
isolated from human subjects, as previously described [46].

Sorting of harvested BMMNC into sub-populations
and collection of CM. After BMMNC were harvested from
male wild-type mice, the cells were sorted into Gr-1(+) cells,
B220(+) cells, TER(+) cells, and lincage-negative populations using
a Magnetic Cell Sorting system (Miltenyi Biotec), as previously
described [47]. To collect the CM, the individual sub-populations
were seeded onto 24-well dishes with 200 pl of serum-depleted
DMEM. After incubation for 24 h in serum-depleted DMEM, the
supernatant (CM) was collected, and any cells were removed by
filtering through a 0.45-um filter (BD Falcon).

Phase-contrast live imaging. Live images of beating
cardiomyocytes were taken using a Leica inverted microscope
(Leica) equipped with a phase-contrast objective and a CCD
camera (Leica).

Flow cytometry. The percentage of cells expressing each cell
surface antigen was analyzed using a FACSCalibur (Becton
Dickinson Immunocytometry Systems) and Cell Quest Pro version
5.2 software.

RNA extraction and DNA microarray analysis. Total
RNA was extracted from 12-week-old male wild-type (n=4) and
age-matched male EGFRdn mice (n = 4) using a RNeasy Mini Kit
(Qiagen) according to the manufacturer’s protocol. RNA quality
was assessed with an Agilent 2100 Bioanalyzer (Agilent Technol-
ogies). cRINA preparation, fragmentation, hybridization, and
scanning of a GeneChip® Mouse Genome 430 2.0 Arrays
(Affymetrix) were performed according to the manufacturer’s
protocol. cRNA was labeled using a Two-cycle Eukaryotic Target
Labeling assay with a GeneChip Expression 3" amplification two-
cycle labeling and control reagents kit (Affymetrix). Briefly, cDNA
was generated from total RNA (100 ng) using SuperScript II
(Invitrogen) and a T7-oligo(dT) promoter primer (Affymetrix).
After second-strand cDNA synthesis, cDNA was converted to
cRINA by an @ witro transcription reaction (MEGAscript T7 kit,
Ambion). The cRNA was then purified using a Sample Cleanup
Module (Affymetrix), and the vyield was monitored with a
spectrophotometer. The second cycle of ¢cDNA synthesis was
performed, followed by the same cleanup as above and a second in
vitro transcription reaction cycle with biotin-labeled ribonucleotides
and T7 RNA polymerase. The labeled cRINA was purified, using a
Sample Cleanup Module and denatured at 94°C  before
hybridization. The samples were hybridized to GeneChip® Mouse
Genome 430 2.0 Arrays at 45°C for 16 h with rotation at 60 rpm.
The arrays were then washed, stained with phycoerythrin—
streptavidin (Molecular Probes), washed, and scanned with a
GeneChip Scanner 3000 7G (Affymetrix). The data were analyzed
with GeneSpring version 7.3.1 software (Agilent Technologies).

Reverse transcriptase-PCR. RINA extraction and RT-PCR
were performed as previously described [11]. Real-time PCR
amplification was performed using an Applied Biosystems 7500
real-time PCR system (Applied Biosystems) with QuantiTect
SYBR Green PCR Master Mix (Qiagen). The PCR protocol
comprised an initial denaturation step (94°C, 15 sec) followed by
60 cycles of amplification and quantification (55°C for 30 sec and
72°C for 35 sec) and a melting curve program (60-95°C). The
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relative mRINA expression level was calculated using the standard
curve of GAPDH. All samples were independently analyzed at
least three times for each gene. Semi-quantitative RT-PCR of GH
was performed using 0.4 pg of total RNA and followed by 40
cycles of the above conditions. The primer sequences were
QT00311654 (Qiagen) for GH in real-time PCR, 5'-TCCTG-
TGGACAGATCACTGC-3" and 5'-AATGTAGGCACGCTC-
GAACT-3' for GH in semi-quantitative PCR, QT00309099
(Qiagen) for GAPDH, and 5-GGACCTGGCTGGCCGGGA-
CC-3' and 5'-GCGGTGCACGATGGAGGGGC-3' for B-actin.
For semi-quantitative RT-PCR, the PCR products were size-
fractionated by 2% agarose gel electrophoresis.

Northern blot analysis. For northern blot analysis, total
RNA (20 pg) was extracted from hearts using TRIzol Reagent
(Invitrogen) and hybridized with a cDNA probe for EGFRdn. 185
rRNA ethidium bromide staining was used to quantify RNA
loading.

Analysis of phosphorylated ErbB receptor expression.
Four-week-old mice were anesthetized by intraperitoneal injection
of urethane (2 mg/g body weight) followed by intravenous
injection of HB-EGF (0.5 pg/g body weight, R&D Systems),
NRG-1B (0.5 pg/g body weight, R&D Systems), or vehicle via the
inferior vena cava. After 5 min, the hearts were immediately
excised and homogenized in a buffer containing 50 mmol/l
HEPES (pH 7.5), 137 mmol/l NaCl, 1 mmol/1 MgCly, 1 mmol/1
CaCly, 10 mmol/l Na-pyrophosphate, 2 mmol/1 EDTA, 1% NP-
40, 10% glycerol, 2 mmol/l NazVOy,, 10 mmol/l NaF, and
protease inhibitor cocktail (Complete Mini, Roche Applied
Science). To analyze the tyrosine phosphorylation of ErbB
receptors, equivalent amounts of proteins were subjected to
immunoprecipitation with the specific antibodies, fractionated by
6% SDS-PAGE, and immunoblotted with the mouse monoclonal
anti-phosphotyrosine antibody 4G10 (Millipore). Horseradish
peroxidase-conjugated anti-mouse IgG antibody (GE Healthcare)
was used as the secondary antibody, and the bound antibodies
were detected using an ECL detection kit (GE Healthcare).

ELISA. Serum and CM concentrations of cAMP, GH and
activin A were measured by ELISA (cAMP and activin A, R&D
Systems; GH, LINCO Rescarch). To prepare cell lysates for
cAMP analysis, cardiomyocytes were seeded (4x10° cells/cm)
onto six-well dishes coated with 1% gelatin and cultured in
DMEM supplemented with 10% FBS. After 5 d, the cells were
washed three times with PBS and the medium was changed to
serum-depleted DMEM. After incubation for 12 h in the serum-
depleted medium, the cells were washed three times with PBS and
the medium was replaced with 1 ml of serum-depleted DMEM
with CM (1 ml), 2 ml of serum-depleted DMEM with 500 pg/ml
GH, 2 ml of serum-depleted DMEM with 12.5 ug/ml pegviso-
mant, or 1 ml of serum-depleted DMEM plus 1 ml of CM and
12.5 pg/ml pegvisomant. Thirty minutes later, the cardiomyo-
cytes were resuspended in lysis buffer in six-well dish.

To examine the expression of NFxB and phosphorylated NFxB
in PBMNC, PBMNC isolated from wild-type male mice were
cultured with AnglI or TINFo. Thirty minutes later, PBMINC were
resuspended in lysis buffer and the expression of NFxB and
phosphorylated NF«B were examined using sandwich ELISA kits
(Cell Signaling). Some cells were also treated with 50 uM NFxB
P65 (Ser276) inhibitory peptide to inhibit NFxB activity. -

Western blot analysis. Whole-cell lysates (30-50 pg) were
resolved by SDS-PAGE. The separated proteins were transferred
to a PVDF membrane (GE Healthcare) and incubated with the
primary antibody, followed by an anti-IgG-horseradish peroxi-
dase-conjugated secondary antibody. Proteins were detected using
an ECL-Plus kit (GE Healthcare).
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Immunohistology. The hearts were fixed with 4% parafor-
maldehyde and embedded in paraffin, or fixed in 10% neutralized
formalin and embedded in Tissue-Tek OCT cryo-embedding
compound (Sakura Finetek). The specimens were sectioned (5 um
thick), and stained with hematoxylin/eosin or Masson trichrome.

Evaluation of cardiac hypertrophy. To evaluate the mean
diameter of LV cardiomyocytes, the shortest diameter of each
cardiomyocyte was measured in nucleated transverse sections
stained with hematoxylin-eosin. Thirty cardiomyocytes in each LV
were measured using an ocular micrometer disc with a linear scale
at a magnification of 400x, and the average cardiomyocyte
diameter was calculated for each specimen. Four hearts were
measured in each group. The cell surface area of isolated neonatal
and adult cardiomyocytes was measured by planimetry in 50
randomly selected cells per specimen.

Immunofluorescence staining. Immunostaining was per-
formed as previously described [45]. Images were taken using a
fluorescent microscopy (Leica) with LAS AF software (Leica).

Human subjects. We enrolled 10 subjects who were
outpatients of Department of Cardiology of Tokyo Women’s
Medical University Hospital. We obtained 10 ml of whole blood
from each patient. Half of the blood sample was used to measure
the serum activin A concentration and the remaining blood was
used to measure GH in CM after PBMNGC isolation. All patients
were receiving medical therapics and exhibited New York Heart
Association class II symptoms. We also enrolled 11 healthy age-
and body mass index-matched volunteers. Characteristics of the
patients and healthy subjects are summarized in Table S1.

Statistics. Data are presented as means * s.e.m. We
examined differences between groups by Student’s ¢ test or
analysis of variance followed by Bonferroni’s correction to
compare means. A value of P<0.05 was considered to be
significant.

Supporting Information

Figure S1 Overexpression of EGFRdn inhibited the
functional activation of endogenous ErbB receptors in
a dominant-negative manner. (A) Northern blot analysis for
the transgene expression in hearts from wild-type and two different
founder lines of EGFRdn mice (L2-5 and L9-12). (B) Tyrosine
phosphorylation of ErbB receptors in hearts from wild-type and
EGFRdn mice (L9-12) at 5 min after injection of HB-EGF. In
wild-type mice, intravenous injection of HB-EGF enhanced
cardiac tyrosine phosphorylation of EGFR, ErbB2 and ErbB4,
which was abrogated in EGIFRdn hearts. HB-EGF, heparin-
binding EGF-like growth factor. (C) Tyrosine phosphorylation of
ErbB receptors in hearts from wild-type and EGFRdn mice (L9-
12) at 5 min after the injection of NRG-18. NRG-18 induced
tyrosine phosphorylation of ErbB2 and ErbB4 in wild-type hearts,
but not in EGFRdn hearts. NRG-1, neuregulin-1.

(T1F)

Figure 82 Echocardiographic analysis of DOX mice. (A)
Representative M-mode images of wild-type and DOX mice. (B)
Left ventricular diastolic and systolic dimensions, and FS of 11-
week-old DOX mice (»=36) and age-matched wild-type mice
(n=10). LVDd, left ventricular diastolic dimension; LVDs, left
ventricular systolic dimension. Data are means * s.e.m.

(T1F)

Figure S3 Analysis of cardiac hypertrophy. (A) The
shortest diameter of each cardiomyocyte (n= 30 per group). Lower
photographs, H&E-stained tissue sections. Scale bar, 75 pm. (B)
Surface area of isolated adult cardiomyocytes (n=50 per group).
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Lower photographs, representative images. Scale bar, 75 pum.
Data are means * s.e.m.

(TTF)

Figure S4 Flow cytometric analysis. The left and right

panels show the expression of each cell surface marker before and
after magnetic sorting (MAGS), respectively.

(T1TE)

Figure 85 Cardiac hypertrophy in vitro. Upper graph, cell
surface area of nconatal rat cardiomyocytes (n=>50); lower
photographs, representative images of the cells. Cardiomyocytes
were stained with sarcomeric o-actinin (red). Nuclei were stained
with Hoechst 33258 (blue). Scale bars, 75 um. Data are means *
s.e.m. :

(TIF)

Figure 6 Comparison of GH concentration. GH concen-
tration in CM from Gr-1(+) cells isolated from old myocardial
infarction (OMI) mice and DOX mice (n=35). Data are means *+
s.e.m.

(TIF)

Figure S7 BMMNC improve the cardiac function of
OMI mice via the GH receptor. (A) At 4 weceks after coronary
ligation, BMMNC were infused via the tail vein. Pegvisomant
(10 mg/kg body weight) or vehicle (control) was intraperitoneally
injected into OMI mice 30 min before infusing BMMNC.
BMMNC infusion improved FS and +dp/dt at 3 d after infusion
and these improvements were inhibited by pegvisomant (n = 5). (B)
Masson trichrome staining. Panels show representative images.
Scale bars: 1| mm. Data are means * s.e.m.

(TIF)

Figure 88 Direct effects of GH in the CM from Gr-1(+)
cells on cardiomyocytes. CM from Gr-1(+) cells from wild-type
mice was infused into DOX-treated wild-type mice (wild-DOX) or
DOX-treated cardiac-specific STAT3dn mice (STAT3dn-DOX).
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Patients with CD36 Deficiency Are Associated with Enhanced
Atherosclerotic Cardiovascular Diseases

.
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Aim: The clustering of dyslipidemia, impaired glucose tolerance and hypertension increases the mor-
bidity and mortality from cardiovascular events. A class B scavenger receptor, CD36, is a receptor for
oxidized LDL and a transporter of long-chain fatty acids. Because of the impaired uptake of oxidized
LDL in CD36-deficient macrophages and from the results of CD36 knockout mice, CD36 deficiency
{CD36-D) was supposed to be associated with reduced risks for coronary artery disease (CAD); how-
ever, CD36-D patients are often accompanied by a clustering of coronary risk factors. The carrent
study aimed to investigate the morbidity and severity of cardiovascular diseases in CD36-D patients.
Methods: By screening for CD36 antigen on platelets and monocytes using FACS or the absent myocar-
dial accamulation of '*I-BMIPP by scintigraphy; 40 patients with type I CD36-D were collected, the
morbidity of CAD and their features of atherosclerotic cardiovascular diseases were observed. Screening
for CD36-D in both CAD patients (7=319) and healthy subjects (2=1,239) were underwent.
Results: The morbidity of CAD was significantly higher in CD36-D patients than in the general
population; 50% of patients (20 out of 40) had CAD identified by BMIPP scintigraphy and 37.5% (3
out of 8) by FACS screening, respectively. Three representative CD36-D cases demonstrated severe
CAD and atherosclerosis. The frequency of CD36-D was three times higher in CAD patients than in
healthy subjects (0.9% vs 0.3%, p<0.0001).

Conclusion: The morbidity of CAD is significantly higher in CD36-D patients suffering from severe
atherosclerosis, implying that the status of CD36-D might be atherogenic.

J Atheroscler Thromb, 2011; 18:000-000.

Key words; CD36 deficiency, Long-chain fatty acid transporter, Atherosclerotic cardiovascular disease,
Insulin resistance, Metabolic syndrome

Introduction

Patients with metabolic syndrome (MetS) are

Address for correspondence: Shizuya Yamashita, MD, PhD,
FAHA, FJCC, Department of Cardiovascular Medicine, Osaka
University Graduate School of Medicine, 2-2 Yamadaoka, Suira,
QOsaka 565-0871, Japan

E-mail: shizu@imed2.med.osaka-u.ac.jp

Received: June 13, 2011

Accepted for publication: September 6, 2011

134

characrerized by a clustering of coronary risk factors,
such as dyslipidemia including hypertriglyceridemia
and a low level of high density lipoprotein-cholesterol
(HDL-C), impaired glucose tolerance and hyperten-
sion along with the accumulation of abdominal viscer-
al fat. The morbidity and mortality of atherosclerotic
cardiovascular events are significantly high in patients
with MetS, and the reduction of abdominal visceral
fat by diet and exercise therapy is very important for
treatment of the clustering of these coronary risk fac-
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tors and atherosclerotic cardiovascular diseases.

CD36 is an 88-kDa membrane glycoprotein be-
longing to a class B scavenger receptor?. CD36 is ex-
pressed in a variety of cells and tissues including plate-
lets, monocyte/macrophages, heart, skeletal muscle,
adipose tissue and small intestines. CD36 is a recep-
tor for oxidized low density lipoproteins (LDL)? and
a transporter of long-chain fatty acids (LCEA).
CD306-deficient patients were first identified from
subjects who were refractory to platelet transfusion®.
Kashiwagi et a/. identified several genetic mutations of
human CD36 deficiency (CD36-D)®. We previously
investigated the metabolic phenotypes of CD36-D pa-
tients®” and reported that they (high fasting serum
triglycerides level, low HDL-C level, fasting hypergly-
cemia, insulin resistance and hypertension) were fre-
quently observed and clustered in patients with
CD36-D, similar to those with MetS®?. It was later
reported that the accumulation of these metabolic
phenotypes is not due to the deposition of abdominal
visceral fat, but to insulin resistance or impaired me-
tabolism of lipoproteins and free fatty acids (FFA) in
the postprandial state in patients with CD36-D3%19, It
is well known that these metabolic profiles are inde-
pendent coronary risk factors in the general popula-
tion 13 therefore, the status of human CD36-D was
supposed to be atherogenic and the morbidity of ath-
erosclerotic cardiovascular diseases might be high in
patients with CD36-D.

In contrast, the status of human CD36-D was
supposed to be anti-atherogenic since CD36 is a scav-
enger receptor for oxidized LDL when the foam cell
formation of CD36-D macrophages by exposure of
oxidized LDL is impaired#. Nozaki et al. showed that
the uptake of oxidized LDL was reduced by approxi-
mately 40% in macrophages from patients with
CD36-D compared with normal controls'. Janabi ez
al. showed that the responses of oxidized LDL-in-
duced NE-kappa B activation and subsequent cyto-
kine expression were impaired in monocyte-derived
macrophages from CD36-D patients'®. Furthermore,
there have been two reports by Febbraio ef 2l and
Moore et al. concerning the atherogenicity of genetic
disruption of CD36 in mice'”'®. Both reports showed
that macrophage foam cell formation when treated
with oxidized LDL was impaired when they crossed
CD36 null mice with atherogenic apoE-null mice;
however, atherosclerotic lesion development in CD36-
apoE double knockout mice was different in these two
reports. Febbraio er 4l showed a 76.5% decrease in
aortic tree lesion areas when mice were fed a Western
diet and a 45% decrease in the aortic sinus lesion area

when fed a normal diet in CD36-apoE double knock-
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out mice, respectively, compared with wild-type
mice'”. In contrast, Moore et al. showed that CD36-
apoE double knockout (DKO) mice did not show
amelioration of the progression of atherosclerotic le-
sions but foam cell accumulation at aortic sinus rather
increased and the severity of atherosclerotic lesions
was advanced in DKO mice compared with apoE-KO
mice’®. From these controversial results, the atheroge-
nicity of CD36-D, especially that of human CD36-D
patients, remains unclear.

We have so far identified 40 patients with CD36-D
by myocardial scintigraphy using an analogue of
LCEA, *I-BMIPP, or by screening with immunoflu-
orescent flow cytometric analysis (FACS). We experi-
enced three typical cases of severe atherosclerotic car-
diovascular diseases in patients with CD36-D who
were identified in our previous study” and evaluated
by imaging studies. In the current study, in order to
elucidate whether the morbidity and severity of ath-
erosclerotic cardiovascular diseases are high in patients
with CD36-D, we evaluated the prevalence of athero-
sclerotic cardiovascular diseases in 40 patients with
CD36-D. Furthermore, to exclude the patient collec-
tion bias and to extend the knowledge to the general
population, we compared the prevalence of CD36-D
between patients with CAD and healthy subjects. We
demonstrate that the morbidity of CAD is significant-
ly higher in CD36-D patients suffering from severe
atherosclerosis, implying that the status of human
CD36-D might be atherogenic.

Subjects and Methods

Diagnosis of CD36 Deficiency

In our previous study, 40 patients without myo-
cardial accumulation of an LCFA analogue, *I-beta-
methyl-p-iodophenyl-pentadecanoic acid (***I-
BMIPP), were identified among patients whose heart
was evaluated by single photon emission computed to-
mography (SPECT) for the evaluation of cardiac per-
formance screening at Osaka University Hospital and
related hospitals®. In order to confirm the diagnosis
of CD36-D in these patients, immunofluorescent flow
cytometric analysis was performed by using mouse
monoclonal antibodies against CD36 (OKMS5; Ortho
Diagnostic System Inc., Raritan, NJ) at the Depart-
ment of Blood Transfusion, Osaka University Hospi-
tal™. Briefly, 20 ml of blood was drawn, anticoagulat-
ed with heparin (10 U/ml), layered over 10 ml Ficoll-
Paque (GE Healthcare UK Ltd., Buckinghamshire,
UK) and centrifuged at 1,000 g for 30 minutes. A 50
1 suspension of platelets (2% 10°/ 11} or mononuclear
cells (2x10%/pl) was incubated with FITC-conjugat-

urnal of Atherosclerosis and Thrombosis
teatt 5, 2011



Advance Publication

Severe Atherosclerosis in &ng Baflo?:rﬂ %therOSderOSlS and Throm 0sis

shloatia

ed anti-human CD36 monoclonal antibody OKM5
(Ortho Diagnostic Systems) (final concentration: 2.5
pg/ml) or FITC-conjugated mouse IgG (final concen-
tration: 2.5 pg/ml) for 30 minutes at 40T and as-
" sayed on a FACScan® system (Becton Dickinson Co.,
Mountain View, CA) as previously reported”. Appro-
priate cell fractions for the analysis of monocytes were
selected by a gating method with a two-dimensional
display of forward scatter and side scatter of analyzed
cells’™. We diagnosed patients with type I CD36-D
whose CD36 antigen was not detected in either
monocytes or platelets. Each subject gave written in-
formed consent before participating in the study, and
the ethics committee of Osaka University Hospiral ap-
proved the study design.

Analysis of Clinical Profile and Atherosclerotic
Cardiovascular Diseases in Patients with CD36-D

The presence or absence of atherosclerotic car-
diovascular diseases was extensively investigated in pa-
tients with CD36-D based upon their medical history
and symptoms. We assessed the severity of atheroscle-
rotic cardiovascular diseases and risk factors of these
patients. Blood pressure was determined in the sitting
position, and peripheral venous blood was drawn in
the fasting state after overnight fasting and centrifuged
for serum separation. Serum levels of total cholesterol
(TC), triglycerides (TG), and HDL-cholesterol (HDL-C)
as well as fasting plasma glucose levels were measured
by enzymatic methods as reported in our previous
study”. HbAlc was measured by HPLC (Sekisui Medi-
cal Co., Tokyo, Japan). All samples were treated in ac-
cordance with the Helsinki Declaration. In some pa-
tients with CD36-D, coronary angiography was per-
formed for an extensive evaluation of coronary artery
atherosclerosis. In order to evaluate atherosclerotic le-
sions in arteries other than coronary arteries in detalil,
the thoracic and abdominal aorta and their branches
were examined by aortic angiography or magnetic res-
onance angiography.

Prevalence of CAD in Patients with CD36-D Identified
by Absence of Cardiac Uptake of *1-BMIPP

In order to assess whether patients with CD36-D
had a higher mortality and severity of CAD, we evalu-
ated the morbidity of CAD in these patients by check-
ing medical records. The diagnosis of CAD was estab-
lished when a patient had coronary artery stenosis (2
75%) assessed by coronary angiography. The CAD pa-
tients were divided into 3 groups by their clinical
course and results of coronary angiography: 1) acute
or old myocardial infarction, 2) unstable angina, and 3)
stable angina.
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Prevalence of CAD in Patients with CD36-D
Identified by Screening of CD36-D by FACS Analysis
in the General Population

For the screening study of CD36-D by FACS
analysis, normal healthy volunteers were recruited for
over ten years in our laboratory and we found 8 pa-
tients with type I CD36-D. We traced their medical
records, especially the result of coronary angiography,

in order to confirm whether they were accompanied
by CAD.

Prevalence of CD36-D in Patients with CAD and
Healthy Subjects

In order to evaluate whether the frequency of
CD36-D in patients with CAD is higher than in noz-
mal healthy subjects, we performed screening exami-
nations in patients with CAD and healthy subjects.
Patients with coronary artery stenoses (2 75%) were
diagnosed with CAD by coronary angiography
(n=319). Normal healthy volunteers were recruited
using the following criteria: no ST-T abnormalities in
ECG, no chest symptoms on effort and no significant
coronary artery stenosis (= 75%) if they received coro-
nary angiography (z=1,239). Their cell surface CD36
antigen on monocytes and platelets was analyzed by
FACS analysis and type I CD36-D was diagnosed by
an absence of CD36 antigen in both cells. Statistical
significance was assessed by Pearson’s chi-square test
using JMP 8 software (SAS Institute Japan, Tokyo, Ja-
pan).

Results

Case Presentations

Out of 40 patients with CD36-D, we experi-
enced three representative cases of severe atheroscle-
rotic cardiovascular diseases. The metabolic parame-
ters of these patients are shown in Table 1, and com-
pared with those of patients with CD36-D in our pre-
vious study®. As found in that study, these three cases
were accompanied by hypertriglyceridemia and low
HDL-C, and hypertension (Case 2 received anti-hy-
pertensive drugs), while one case showed high fasting
plasma glucose.

Case 1 is a 74-year-old man. At the age of 62, he
suffered acute myocardial infarction. Coronary angi-
ography demonstrated severe and diffuse stenoses in 3
major coronary arteries (Fig. 1A and 1B) and he un-
derwent percutaneous coronary revascularization, At
the age of 66, angiographic restenosis was detected in
the right coronary artery (RCA) and left anterior de-
scending artery (LAD), which were later revascular-
ized successfully. At the same time, we found total oc-
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Table 1. Metabolic Profiles of Three Cases of CD36-D Associated with Severe Atherosclerotic Cardio-

vascular Diseases

Case 1 Case 2 Case 3 522346(;;2 Hea.(l;h:ssg)iccts

Age (year) 74 73 73 62%14 60x14
Sex (m/f) male male female (25, 15) (63, 21)

BMI (kg/mz) 21.6 24 21.4 235%3.6 23.5%2.0
TC (mgfdl) 193 166 220 201£39 20532
TG {mg/d}) 192 152 156 178£89 126£62
HDL-C (mg/dl} 29 34 34 4615 61x11
FPG (mg/d]) 100 87 210 11022 95x18
sBP (mmHg) 152 128 154 135+18 115%15
dBP (mmHg) 94 86 53 80%10 77£18

*CD36-D (=40) and healthy, age, sex, and BMI-matched controls (n=84) were quoted from our previous scudy
(Reference 9).

Abbreviations: BMI, body mass index; TC, total cholesterol; TG, triglycerides; PG, fasting plasma glucose; sBE sys-
tolic blood pressure; dBP, diastolic blood pressure.
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Fig. 1. Case 1, a 74-year-old male patient with CD36-D

At the age of 62, he suffered from acute myocardial infarction, and emergent cardiac catheterization revealed severe and diffuse stenosis in the
triple coronary arteries (1-A, right coronary arrery (RCA); 1-B, left coronary artery (LCA), respectively). Magnetic resonance angiography re-
vealed toral occlusion of bilateral femoral arteries (1-C and 1-D), total occlusion of left anterior tibial artery and severe stenosis of right anteri-
or tbial artery (1-E).
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clusion of bilateral femoral arteries (Fig. 1C and 1D),
complete obstruction of the left anterior tibial artery
and severe stenosis of the right anterior tibial artery by
magnetic resonance angiography (MRA) (Fig. 1E). Up
to the age of 73, the serum level of brain natriuretic
peptide (BNP) gradually increased and left ventricular
ejection fraction assessed by echocardiography gradu-
ally decreased, although repeated revascularization was
undergone successfully. At the age of 74, **I.BMIPP
scintigraphy revealed no myocardial uptake of BMIPE,
an analogue of LCFA, and he was diagnosed with type
1 CD36-D by FACS analysis. Regarding his risk fac-
tors for cardiovascular diseases, he had a history of
smoking and impaired glucose tolerance was observed
by an oral glucose tolerance test (data not shown) in
addition to the metabolic disorders shown in Table 1.
Case 2 is a 73 year-old man. He had a history of
excessive alcohol consumption, but he bad never
smoked. For over 10 years he regularly attended Osa-
ka University Hospital and received medical treat-
ments for hypertension and intermittent claudication.
At the age of 72, he suffered acute myocardial infarc-
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Fig.2. Case 2, a 73-year-old male patient with CD36-D

At the age of 72, he suffered from acute myocardial infarction. Emergent coronary
catheterization revealed total occlusion of RCA (2-A, RCA; 2-B, LCA, respectively) and
coranary revascularization was performed successfully. Thoracic and abdominal aortog-
raphy revealed total occlusion of right common iliac artery (2-C), total occlusion of
right femoral artery (2-D) and severe stenosis of left femoral artery (2-E).

tion. On emergent coronary angiography, total occlu-
sion of RCA was identified (Fig.2A and 2B), and
thereafter coronary revascularization was performed
successfully. At the same time, thoracic and abdominal
aortography revealed total occlusion of the right com-
mon iliac artery (Fig.2C), complete obstruction of
the right femoral artery (Fig.2D) and severe stenosis
of the left femoral artery (Fig.2E). Thus, we decided
to start anticoagulant therapy. Left ventricular ejection
fraction in echocardiography did not improve although
coronary revascularization was successful; therefore,
we tested whether LCFA metabolism was impaired by
scintigraphy using '?I-BMIPE, an analogue of LCFA,
and found marked reduction of myocardial uptake of
PL-BMIPE. He was finally diagnosed with type I
CD36-D by FACS analysis. This was accompanied by
moderate hypertension and dyslipidemia, including
hypertriglyceridemia and low HDL-C, as shown in
Table 1.

Case 3 is a 73 year-old woman. She had no his-
tory of smoking or regular alcohol intake. At the age
of 64, she began to feel chest discomfort and muscle
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Fig.3. Case 3, a 73-year-old female patient with CD36-D

A the age of 64, she felt chest discomfort and muscle fatigue of the bilateral legs after climbing stairs. Magnetic resonance angiography (MRA)
of lower limbs revealed rotal occlusion of bilateral femoral arteries and severe stenosis of right common iliac artery and bilateral popliteal ar-
teries (3-A). The following year she was hospiralized for refractory unstable angina, 2nd diagnostic cardiac cathererization revealed severe ste-
nosis of triple coronary arteries (3-B and 3-C). Thoracic and abdominal aortography revealed severe stenosis of trunks brachiocephalicus,
right commen carotid artery (3-D), abdominal aorta and left renal artery (3-E).

fatigue of the bilateral legs after climbing stairs. MRA
of the lower limbs revealed total occlusion of the bilat-
eral femoral arteries and severe stenosis of the right
common iliac artery and bilateral popliteal arteries
(Fig. 3A); therefore, anticoagulant drugs and vasodila-
tors were administered. The following year she was
hospitalized because of refractory unstable angina.
Emergent diagnostic cardiac catheterization and tho-
racic and abdominal aortography were performed,
which revealed severe stenoses of triple coronary arter-
ies (Fig. 3B and 3C), the brachiocephalic trunk, right
common carotid artery (Fig.3D), abdominal aorta
and left renal artery (Fig.3E). At the same time, the
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patient was diagnosed with type I diabetes, hyperten-
sion, hypertriglyceridemia and low HDL-C, and drug
treatments were started for these diseases. After stent
implantation in the left renal artery, coronary artery
bypass graft surgery was performed and a saphenous
vein graft was connected to the RCA and left circum-
flex coronary artery, and the left internal thoracic ar-
tery to LAD. At the age of 73, she began to complain
of exertional dyspnea and the serum level of BNP
gradually increased even though these grafts were pat-
ent and native coronary arteries remained intacr, as as-
sessed by coronary angiography. '*I-BMIPP scintigra-
phy revealed no myocardial uptake of BMIPP and she
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Fig.4. Number of risk factors for CAD in patients with
CD36-D

Patients with CD36-D (2=40) and healthy, ape-, sex-, and BMI-
matched controls (=84) were from our previous study (Reference
9). Diabetes mellitus, hypertension and dyslipidemia were count-
ed as risk factors for CAD. Patients with CD36-D had more risk
factors for CAD than healthy subjects (patients with CD36-D vs
healthy subjects: 1.20 +0.80 vs 0.76 = 0.72 risk factors, P=0.005),
and were associated with multiple risk factors for CAD.

was diagnosed with type I CD36-D by FACS analy-

§18.

Number of Risk Factors for CAD in Patients with
CD36-D and Healthy Control Subjects

We compared the number of risk factors for
CAD in patients with CD36-D (#=40) and healthy,
age, sex, and BMI-matched control subjects (r=84)
from our former study®. These risk factors included
diabetes mellitus, hypertension and dyslipidemia. As
shown in Fig, 4, patients with CD36-D had more risk
factors for CAD than healthy subjects (1.20+0.80 vs.
0.76 20.72 risks, p=0.005), and were often associated
with multiple risk factors for CAD.

Frequency of CAD in Patients with CD36-D

The frequency of CAD was examined among 40
patients with CD36-D who were identified by an ab-
sence of cardiac uptake of "I-BMIPP As shown in
Table 2, the frequency of CAD in CD36-D patients
was significantly high (50%, 20 of 40 CD36-D pa-
tients). Furthermore, in 20 CD36-D cases of CAD,
coronary stenoses with high severity, acute or old
myocardial infarction and unstable angina pectoris
were observed in 65% (13 of 20 patients with
CD36-D). These data suggest that CD36-D patients
are accompanied by enhanced atherosclerotic cardio-
vascular diseases. By a screening study of FACS analy-
sis, we found 8 parients with type I CD36 deficiency.
Three patients (37.5%) out of 8 had coronary artery
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Table 2. Frequency of Coronary Artery Disease in
Patients with CD36 Deficiency

Patients with CD36-D (2 =40)

BMIPP
CAD negative 50% (20/40)
CAD positive 50% (20/40)
acute MI 22.5% (9/40)
unstable angina 10% (4/40)
stable angina 17.5% (7/40)
Screening Study by FACS
CAD negative 62.5% (5/8)
CAD positive 37.5% (3/8)

Abbreviations: BMIPP, '®I-beta-methyl-p-iodophenyl-
pentadecanoic acid; CAD, coronary artery disease;
CD36-D, CD36 deficiency; MI, myocardial infarction.

Table 3. Frequency of CD36-D in Patients with Coronary

Artery Disease
Patients with CAD Healthy subjects
(n=319) (n=1239)
Frequency of 0.94%" 0.32%
CD36-D (3/319) (4/1239)

*£<0.0001, assessed by Pearsor’s chi-square test

stenoses by coronary angiography.

Prevalence of CD36-D in Patients with CAD and
Healthy Subjects

In order to investigate whether CD36-D may in-
crease the prevalence of CAD, we also compared the
morbidity of CD36-D between healthy subjects
(7=1,239) and patients with CAD diagnosed by coro-
nary angiography (7=319). As shown in Table 3, the
frequency of CD36-D in patients with CAD was ap-
proximately 3-fold higher than in healthy subjects
[CAD patients vs healthy subjects, 0.94 % (3/319) vs
0.32 % (4/1239)]. The statistical significance was as-
sessed by Pearson’s chi-square test, and the frequency
of CD36-D was significantly higher in patients with
CAD (p<0.0001). These data suggest that patients
with CD36-D are susceptible to CAD.

Discussion

In patients with CD36-D, compared with healthy
CD36-positive controls, metabolic phenotypes such as
high TG levels, low HDL-C levels, high fasting glu-

cose and hypertension were observed more frequent-
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ly??). Furthermore, we also found that patients with
CD36-D are accompanied by insulin resistance'?,
postprandial hyperlipidemia, and high levels of rem-
nant lipoprotein cholesterol and FFA®?. These coro-
nary risk factors were clustered in each CD36 D pa-
tient, which may appear to be partly similar to the
profiles of patients with MetS®*?. Another report
showed that Pro90Ser CD36 mutation was associated
with elevated FFA levels'. These profiles have been
shown to be independent coronary risk factors by
many clinical investigations'*®; however, the morbidi-
ty of atherosclerotic cardiovascular diseases in patients
with CD36-D has not been clarified beside the reports
of Ma et 2l.?® and Yasunaga er 2LV, Ma et al®®
showed that a common haplotype at the CD36 locus
was associated with high FFA levels and increased car-
diovascular risk in Caucasians. Yasunaga er 2.2V re-
ported a 45-year-old male CD36-D patient with acure
coronary syndrome without major cardiovascular risk
factors. Emergency coronary angiography demonstrat-
ed 90% stenosis at segment 7 of LAD. We compared
the number of risk factors for CAD in patients with
CD36-D and healthy subjects (Fig. 4). Patients with
CD36-D had more risk factors for CAD than healthy
subjects and were associated with multiple risk factors
for CAD. We also suggested that the clustering of cor-
onary risk factors might increase the morbidity of car-
diovascular disease in patients with CD36-D com-
pared with healthy subjects.

In the current study, we investigated for the first
time whether the morbidity of atherosclerotic cardio-
vascular diseases in CD36-D patients is higher. The
clinical observations of three representative CD36-D
patients were demonstrated in detai! for those whose
atherosclerotic lesions of not only coronary arteries
but also the aorta and its branches could be assessed.
As demonstrated in Table 1, dyslipidemia, hyperten-
sion and hyperglycemia were clustered in these three
cases. Aortography and MRA revealed severe and mul-
tiple stenoses and occlusion of the aorta, its branches
and arteries of lower limbs. We also found that athero-
sclerotic lesions were relatively long (up to 8-10 cm)
and their collateral circulation was developed suffi-
ciently. It was suggested that multiple and sequential
stenoses along with long distance occlusion were not
due to acute thrombotic occlusion but to chronic pro-
gression of atherosclerotic plaques. These three pa-
tients were rather older than the average CD36-D pa-
tients and were associated with multiple risk factors;
therefore, we could not exclude the possibility that ag-
ing and the simple clustering of risk factors might
have enhanced the atherogenicity in these three cases;
however, a similar tendency of the clustering of CAD
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risk factors and the association of atherosclerotic car-
diovascular diseases were also observed in younger pa-
tients with CD36-D

We also mvesugated the morbidity and severity
of atherosclerotic cardiovascular diseases in 40 patients
with CD36-D who were identified by BMIPP scintig-
raphy and a screening study by FACS analysis. As
shown in Table 2, we found extremely high morbidity
of CAD (50%, 20 of 40 patients with CD36-D).
Among 20 CD36-D patients with CAD, 13 (65%)
were accompanied by unstable angina or acute myo-
cardial infarction due to the stenosis and occlusion of
coronary arteries; therefore, these data suggest that the
morbidity and severity of CAD were significantly
higher in patients with CD36-D than CD36-positive
control subjects. Furthermore, many patients with
both CD36-D and CAD suffered from other athero-
sclerotic cardiovascular diseases involving the stenosis
and occlusion of arteries in the upper and lower limbs.

Since #1-BMIPP scintigraphy was performed in
order to evaluate the myocardial damage of FFA me-
tabolism in subjects with possible ischemic heart dis-
case, the possibility could not be rejected thar the 40
patients in the current study were extracted from a
population with high morbidity of CAD. Watanabe ez
al.* also reported patients with type I and type I
CD36-D, many of whom were accornpamed by CAD
or cardiomyopathy, although these patients were
found by *I-BMIPP scintigraphy. Therefore, in the
current study, we also examined the morbidity of CAD
from a screening study. The morbidity of CAD was
50% in CD36-D patients identified by ?*I-BMIPP
scintigraphy, while 37.5% (3 CAD of 8 CD36-D pa-
tients) in the population in the screening study. Al-
though these data further imply that the morbidity of
CAD in patients with CD36-D is definitely high, the
possibility of parient selection bias cannot be excluded.

To explore further the contribution of CD36-D
to the development of CAD in the general popula-
tion, we compared by FACS analysis the frequency of
CD36-D between patients with CAD diagnosed by
coronary angiography (2=322) and non-CAD sub-
jects (7=1,239). As shown in Table 3, the frequcncy
of CD36-D was sagmﬁcantly three times higher in pa-
tients with CAD than in non-CAD subjects; there-
fore, the risk for the development of CAD is signifi-
cantly higher in CD36-D patients, although the up-
take of oxidized LDL iz vitro is reduced in monocyte-
derived macrophages.

Since foam cell formation by the uptake of oxi-
dized LDL was shown to be reduced in monocyte-de-
rived macrophages of CD36-D patients, it may be
necessary to explore novel mechanisms for the en-
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hanced atherogenicity in a CD36-deficient condition.
We will discuss these mechanisms in more detail as

follows (Fig. 5):

1) Increased Lipoprotein Remnants and Postprandial
Hyperlipidemia
In the postprandial state of CD36-D patients, we

demonstrated that not only hypertriglyceridemia but

also increased levels of apoB-48, chylomicron rem-
nants, and small dense LDL were observed”. In our
previous papers, we demonstrated that CD3G-null
mice showed higher TG concentrations in plasma and
intestinal lymph than wild-type mice even in a high
fat loading state, suggesting that CD36-null mice may
have intestinal overproduction of chylomicrons and
may be 2 good mouse model of postprandial hyperlip-
idemia®?2%. Purthermore, patients with CD36-D were
also associated with insulin resistance, as we report-
ed'®, These profiles associated with impaired lipid and
glucose metabolism proved to be independent coro-
nary risk factors in the general CD36-positive popula-
tion ', Moreover, these profiles were linked; the in-
crease in chylomicron remnants in the postprandial
state was shown to be associated with insulin resis-
tance®; the production of small dense LDL was
shown to be associated with the impaired postprandial
clearance of TG-rich lipoproteins including rem-
nants?*?; the accumulation of TG-rich lipoproteins
caused an increase in FFA levels; high levels of FFA
may suppress lipoprotein lipase (LPL) activity and the
clearance of TG-rich lipoproteins, resulting in in-
creased remnants®®, Therefore, these lipoprotein phe-
notypes clustered in patients with CD36-D might
have a synergistic influence and enhance the cardio-
vascular risk. Furthermore, as nicely reviewed by Fu-
jioka ez al.*, increased remnant lipoproteins (mainly
chylomicron remnants) contribute to form atheroscle-
rotic lesions through a variety of mechanisms. It was
demonstrated that chylomicron remnants invade di-
rectly into the subendothelial spaces of arteries and are
taken up by macrophages via several receptors, such as
LDL receptor-related protein (LRP) or apoB-48 re-
ceptor, resulting in macrophage foam cell forma-
tion?"3%, We reported that increased serum chylomi-
cron remnants are directly associated with enhanced
carotid atherosclerosis in subjects with apparently nor-
mal TG levels*. Chylomicron remnants induce the
secretion of monocyte chemoattractant protein 1
{MCP-1), which stimulates the migration of mono-
cytes through arterial endothelial layers® and the pro-
duction of plasminogen activator inhibitor-1 (PAI-I),
which regulates thrombus formation on endothelial
cells*. Thus, abundant chylomicron remnants in the
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blood of CD36-D patients might enhance the foam
cell formation of CD36-deficient macrophages, lead-
ing to the development of atherosclerotic cardiovascu-
lar diseases.

2) Reduced Serum HDL-C Levels

In CD36-D patients, we demonstrated a reduc-
tion of serum HDL-C?, although there is a report
showing an increase of serum HDL-C?*9. More recent-
ly, Love-Gregory et 4l.*” reported a homozygote of
SNP32 who was CD36-D accompanied by hypertri-
glyceridemia and reduction of serum HDL-C, al-
though heterozygotes showed an opposite profile. The
reduced serum HDL-C in our CD36-D patients could
be one of the causes of enhanced atherogenicity.

3) Increased Free Fatty Acids Levels Caused by
Deficiency of LCFA Transporter

CD36 is distributed in the heart, skeletal muscles
and adipose tissues where it functions as one of the
transporters of LCFA®, CD36 may be a major trans-
porter of LCFA in the heart, since the uptake of 2I-
BMIPE an analogue of LCFA, in cardiac scintigraphy
is markedly deficient in CD36-D patients, which
causes increased serum FFA and the 2-fold-enhanced
influx of LCFA into the liver®. Increased FFA flux
into the liver may cause overproduction of VLDL and
hypertriglyceridemia as well as insulin resistance.

4) Insulin Resistance and Impaired Glucose Metabolism

CD36-D was shown to be accompanied by insu-
lin resistance!® 443 however, this is controversial®® 49,
CD36 knockout mice developed marked glucose in-
tolerance, hyperinsulinemia and decreased muscle glu-
cose uptake on a fructose-rich diet, but not on a high-
starch, low-fat diet®®. Goudriaan et 27.%® demonstrat-
ed that CD36-D increases insulin sensitivity in mus-
cle, but induces insulin resistance in the liver. Insulin
resistance may lead to the down-regulation of lipopro-
tein lipase and finally to hypertriglyceridemia.

5) Hypertension

The average systolic and diastolic blood pressure
in our CD36-D patients was significantly high com-
pared with CD36-positive subjects, similar to the re-
ported case of MetS and vasospastic angina®. The
mechanism for increased blood pressure is unknown;
however, it may accelerate the development of athero-
sclerosis.

6) Increased PAI-I Levels
Low plasma fibrinolytic activity in association
with increased PAI-I levels has been demonstrated to



