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Abstract—The angiotensin II (Ang II) type 1 (AT,) receptor mainly mediates the physiological and pathological actions
of Ang II, but recent studies have suggested that AT, receptor inherently shows spontaneous constitutive activity even
in the absence of Ang II in culture cells. To elucidate the role of Ang Il-independent AT, receptor activation in the
pathogenesis of cardiac remodeling, we generated transgenic mice overexpressing AT, receptor under the control of a-myosin
heavy chain promoter in angiotensinogen-knockout background (AT, Tg-AgtKO mice). In AT, Tg-AgtKO hearts, redistribu-
tions of the Gayy; subunit into cytosol and phosphorylation of extracellular signal-regulated kinases were significantly
increased, compared with angiotensinogen-knockout mice hearts, suggesting that the AT, receptor is constitutively activated
independent of Ang II. As a consequence, AT;Tg-AgtKO mice showed spontaneous systolic dysfunction and chamber
dilatation, accompanied by severe interstitial fibrosis. Progression of cardiac remodeling in AT;Tg-AgtKO mice was
prevented by treatment with candesartan, an inverse agonist for the AT, receptor, but not by its derivative candesartan-7H,
deficient of inverse agonism attributed to a lack of the carboxy! group at the benzimidazole ring. Our results demonstrate that
constitutive activity of the AT, receptor under basal conditions contributes to the cardiac remodeling even in the absence of
Ang TI, when the AT, receptor is upregulated in the heart. (Hypertension. 2012;59:627-633.) ® Online Data Supplement
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he angiotensin II (Ang II) type 1 (AT)) receptor is a 7

transmembrane spanning G protein-coupled receptor
(GPCR), and the activation of AT; receptor is involved in
regulating pathophysiological processes of the cardiovascular
system. In principle, the AT, receptor is activated on binding
to Ang II, which is produced systemically or locally after
sequential proteolytic processing. However, recent studies
demonstrated that the AT, receptor inherently shows sponta-
neous constitutive activity even in the absence of Ang II in
cultured cells.’-3 GPCRs are structurally unstable and show
significant levels of spontaneous activity in an agonist-
independent manner.* In addition, we and others demon-
strated that the AT, receptor can be activated by mechanical
stress independent of Ang IIS7 through conformational

switch of the receptor.! These observations have highlighted
the inverse agonist activity of AT, receptor blockers (ARBs)
as a drug-specific property that can inhibit Ang II-indepen-
dent constitutive activity and mechanical stress-induced re-
ceptor activation.125# In a mouse model, mechanical stress-
induced AT, receptor activation led to the development of
cardiac hypertrophy independent of Ang II, and treatment
with inverse agonists for the AT, receptor-attenuated cardiac
hypertrophy thus formed.> However, the pathogenic role of
Ang II-independent constitutive activity of the AT, receptor
and clinical relevance of inverse agonist activity of ARBs
against constitutive receptor activation remains to be eluci-
dated in vivo. In several GPCRs, gain-of-function mutations
are causative of diseases, but any activating mutations in the
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coding region of the AT, receptor gene have not been
identified in hypertension or primary hyperaldosteronism.*!0
Although knock-in mice with a constitutively activating
mutation (substitution of Asn'!' to Ser with a C-terminal
deletion) showed low-renin hypertension and progressive
fibrosis in kidney and heart,!! it remains unclear whether
constitutive activity of the native AT, receptor leads to some
phenotypic abnormalities even under circumstances where
the production of Ang II is genetically inhibited.

Therefore, we generated transgenic mice overexpressing
AT, receptor under the control of o-myosin heavy chain
promoter in the angiotensinogen (Agt)-knockout background.
Here, we show that constitutive activity of the AT, receptor
indeed contributes to cardiac remodeling independent of Ang II
even in vivo, when the AT, receptor is upregulated in the heart.

Methods

An expanded Methods section is available in the online-only
Data Supplement.

Mice, Transverse Aortic Constriction Operation,

and Transthoracic Echocardiography

Mice expressing the human AGTR!I gene under the control of
a-myosin heavy chain promoter (on the C57BL/6J background) and
mice deficient for the Agr gene (on the Institute of Cancer Research
[ICR] background) were described previously.’>!® Candesartan
cilexetil and candesartan-7H were synthesized by Takeda Pharma-
ceutical Co, Ltd, and administered via drinking water. Sham or
transverse aortic constriction operation was performed as described
previously,5 and transthoracic echocardiography was performed on
conscious mice with a Vevo 770 Imaging System. All of the
protocols were approved by the institutional animal care and use
committee of Chiba University.

Ang II Infusion and BP Measurement

Eight-week—old C57BL/6J male mice were treated with Ang II (0.6
mg/kg per day) or vehicle for 2 weeks using an osmotic mini-pump
(ALZET model 2002; Durent Corp). The BP and pulse rates were
measured noninvasively by a programmable sphygmomanometer
(BP-98A, Softron) using the tail-cuff method.

Real-Time RT-PCR Analysis

Total RNA was extracted by using the RNeasy kit (Qiagen), and
single-stranded cDNA was transcribed by using QuantiTect Reverse
Transcription kit (Qiagen), according to the manufacturer’s protocol.
We conducted quantitative real-time PCR analysis with the Univer-
sal ProbeLibrary Assays (Roche Applied Science), according to the
manufacturer’s instructions.

Western Blot Analysis and Histological Analysis
Western blot analysis and histological were performed as described
previously.!

Radioligand Receptor Binding Assay
Radioligand binding assays were performed as described
previously.1-14

Statistics

All of the data are presented as mean=SEM. Two-group comparison
was analyzed by unpaired 2-tailed Student ¢ test, and multiple-group
comparison was performed by 1-way ANOVA followed by the Fisher
protected least significant difference test for comparison of means. A P
value of P<<0.05 was considered to be statistically significant.

Results

AT, Receptor Is Constitutively Activated Without
the Involvement of Ang Il in AT,
Transgenic-Angiotensinogen Knockout

Mice Hearts

To elucidate the pathogenic role of Ang Il-independent AT,
receptor activation in the hearts, we crossed transgenic mice
overexpressing human AT, receptor under the control of
cardiac-specific a-myosin heavy chain promoter (AT,Tg)
with angiotensinogen knockout mice (AgtKO) to generate
AT Tg-AgtKO mice. First, we examined the expression
levels of renin-angiotensin system components. Although the
mRNA level of the AT, receptor (Agtr2) was significantly
higher in AT, Tg-AgtKO hearts than in AgtKO hearts, there
was no significant difference in protein levels of the AT,
receptor between AT, Tg-AgtKO and AgtKO hearts (Figure
S1 in the online-only Data Supplement). Furthermore, the
mRNA levels of the AT, receptor (Agtrlb), angiotensin-
converting enzyme (Ace), and renin (Ren/ and Ren2) did not
differ significantly between AT,Tg-AgtKO and AgtKO
hearts (Figure S1A).

We next determined the density of the AT, receptor (B«
values of receptor binding) in membranes isolated from the
ventricles of AgtKO and AT;Tg-AgtKO mice by radioligand
binding assays using '*’I-[Sar’, Ile®] Ang II as ligand.
Consistent with the previous report,? the B, of AT,
receptor was increased by >200-fold in AT, Tg-AgtKO
hearts compared with AgtKO hearts (AT;Tg-AgtKO:
5.41%1.79 pmol/mg of protein; AgtKO: 24.0+13.9 fmol/mg
of protein; n=4 per group; P<C0.01). Next, to evaluate
whether the AT, receptor is constitutively activated in the
AT, Tg-AgtKO hearts, we examined redistribution of Gaygy,
into the cytosolic fraction and phosphorylation of extracellu-
lar signal-regulated kinases (ERKs) in AgtKO and AT, Tg-
AgtKO hearts. On activation of the AT, receptor, the hetero-
trimeric G, protein dissociates into « and By subunits, and
the GTP-bound Ge, subunit stimulates diverse intracellular
signaling pathways, including the ERK pathway.!>!¢ Redis-
tribution of Gay;, subunits from the particulate to the
cytosolic fraction was significantly increased in AT,Tg-
AgtKO hearts compared with AgtKO hearts (Figure 1A). In
addition, the levels of phosphorylated ERKs in AT,Tg-
AgtKO hearts was significantly increased compared with
AgtKO hearts (Figure 1B). These results suggest that the AT,
receptor is upregulated and constitutively activated without
the involvement of Ang II in the AT, Tg-AgtKO hearts.

AT, Tg-AgtKO Mice Display Progressive

Cardiac Remodeling

Tail-cuff measurements of systolic and diastolic blood pres-
sure (BPs) and pulse rates revealed that these parameters did
not differ significantly between AgtKO and AT;Tg-AgtKO
mice at 20 weeks of age (Table). However, morphological
and physiological analysis revealed progressive chamber
dilatation, contractile dysfunction, and interstitial fibrosis in
AT, Tg-AgtKO mice, whereas cardiac structure and function
were normal in AgtKO mice. At 20 weeks of age, AT, Tg-
AgtKO mice displayed =1.5-fold increase in heart:body
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Figure 1. Constitutive activation of angiotensin Il

type 1 (AT,) receptor in AT, transgenic (AT, Tg)-
angiotensinogen-knockout (AgtKO) hearts. A, Im-
munobilot analysis of Ga,,4+ in cytosolic fraction
(CF) and particulate fraction (PF) extracted from
AgtKO (n=6) and AT,Tg-AgtKO (n=6) hearts. The
quantitation of the Geag/4 in CF/PF is shown as a
bar graph. Data are presented as mean+=SEM.
*P<0.05 vs AgtKO mice. B, Immunoblot analysis
of phosphorylated extracellular signal-regulated
kinases (ERKSs; p-ERKs) and total ERKs in AgtKO
(n=8) and AT, Tg-AgtKO (n=8) hearts. The quanti-
tation of the p-ERKs/ERKSs is shown as a bar
graph. Data are presented as mean=SEM.
**P<0.01 vs AgtKO mice.
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weight ratio compared with AgtKO mice (Table). Echocar-
diographic examination revealed a progressive increase in left
ventricular end-diastolic dimension and decrease in the per-
centage of fractional shortening (Figure 2A). Histologically, a
significant increase in interstitial fibrosis was observed in
AT, Tg-AgtKO mice at 20 weeks of age and further exacerbated
at 36 weeks of age (Figure 2B). Furthermore, real-time RT-PCR
indicated that mRNA levels of fetal cardiac genes (Nppa, Nppb,
and Actal) and extracellular matrix genes (Col3al and Postn)
were significantly increased in AT, Tg-AgtKO hearts compared
with AgtKO hearts (Figure 2C). These results indicate that
upregulation of the AT, receptor induced spontaneous and
progressive cardiac remodeling in AT, Tg-AgtKO mice in spite
of systemic deficiency of Ang II.

Cardiac Remodeling in AT, Tg-AgtKO Mice Is
Prevented by Treatment With an Inverse Agonist
for the AT, Receptor

We examined whether an AT, receptor blocker candesartan
could prevent the progression of cardiac remodeling in
AT, Tg-AgtKO mice. In cultured cells, candesartan reduces
the basal activity of both the wild-type AT, receptor and
constitutively active AT; mutant receptors, suggesting that
candesartan is an inverse agonist for the AT; receptor.!
Candesartan also suppresses mechanical stretch-induced he-

Table. Measurement of Heart Weight, Heart Rate, and BP in
AgtK0 and AT,Tg-AgtkO Mice at 20 wk of Age

Parameters Agtko No. AT,Tg-AgtkO No.
BW, g 31.0x34 9 30.2%35 6
HW/BW, mg/g 3.48+0.25 9 5.08+0.19* 6
HR, bpm 556.0+85.3 6 540.1=55.0 6
Systolic BP, mm Hg 83.4+8.8 6 85.9+37 6
Diastolic BP, mm Hg 57.3+6.0 6 55.7+7.4 6
Mean BP, mm Hg 65.7+5.3 6 66.0+5.0 6

BW indicates body weight; HR, heart rate; HW/BW, heart:body weight ratio;
BP, blood pressure; AgtkO, angiotensinogen-knockout; AT,Tg, angiotensin Ii
type 1 transgenic.

*P<0.01 vs sham.

AgtKO AT, Tg-AgtkO

lical movement and thereby inhibits receptor activation! and
prevents pressure-overload cardiac hypertrophy in mice.>

Tail-cuff measurements revealed a significant increase in
systolic BP in 8-week—old C57BL/6 male mice treated with
Ang IT (0.6 mg/kg per day) for 2 weeks using an osmotic
minipump (Figure 3A). This BP elevation was abolished by
treatment with candesartan cilexetil (1 mg/kg per day) in
drinking water. Candesartan cilexetil is a prodrug that is
converted rapidly and completely to candesartan during
gastrointestinal absorption.!” Interestingly, treatment with
candesartan cilexetil prevented the progression of cardiac
remodeling in AT Tg-AgtKO mice, when treatment was
initiated at 6 weeks of age. The increases in heart:body
weight ratio (Figure 3B), chamber dilatation and contractile
dysfunction (Figure 3C), and interstitial fibrosis (Figure 3D)
were significantly attenuated by candesartan cilexetil. Con-
sistently, real-time RT-PCR indicated that the increases in
mRNA levels of fetal cardiac genes (Nppa, Nppb, and Actal)
and extracellular matrix genes (Col3al and Postn) in AT, Tg-
AgtKO hearts were significantly attenuated by treatment with
candesartan cilexetil (Figure 3E).

We reported previously that tight binding between the
carboxyl group of candesartan and specific residues of the
AT, receptor was critical for the potent inverse agonism and
that a derivative of candesartan (candesartan-7H), lacking the
carboxyl group at the benzimidazole ring, could not suppress
agonist-independent activities of the receptor.! Although
treatment with candesartan-7H (1 mg/kg per day) had no
effect, treatment with candesartan-7H (20 mg/kg per day)
suppressed Ang II-induced BP elevation in C57BL/6 male
mice, almost equally as treatment with candesartan cilexetil
(1 mg/kg per day) did. (Figure 3A). However, treatment with
candesartan-7H (20 mg/kg per day) did not prevent the
increase in heart:body weight ratio (Figure 3B), progression
of chamber dilatation, contractile dysfunction (Figure 3C),
interstitial fibrosis (Figure 3D), or the increase in mRNA
levels of fetal cardiac genes and extracellular matrix genes in
AT, Tg-AgtKO mice. Tail-cuff measurements revealed that
treatment with candesartan cilexetil and candesartan-7H did
not change systolic BP in AT, Tg-AgtKO mice (Figure S2)
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Figure 2. Spontaneous development of cardiac remodeling in angiotensin Il type 1 (AT,) transgenic (AT, Tg)-angiotensinogen-knockout
(AgtKO) mice. A, Left ventricular end-diastolic dimension (LVDd) and fractional shortening (FS) of AgtKO (n=7-9) and AT, Tg-AgtKO
(n=9-11) mice measured by echocardiogram at 6, 10, 20, and 36 weeks of age. Data are presented as mean*+SEM. *P<0.05,
**P<0.01 vs AgtKO mice. O, AgtKO; M, AT, Tg-AgtKO. B, Histological sections with Masson trichrome staining of AgtKO and AT, Tg-
AgtKO hearts at 10, 20, and 36 weeks of age. Scale bars, 50 um. C, The mRNA expressions of cardiac genes Nppa, Nppb, and Actal,
and extracellular matrix genes Col3a? and Postn in AgtKO (n=9) and AT,Tg-AgtKO (n=9) hearts at 10 weeks of age. [, AgtKO; M,

AT, Tg-AgtKO. Data are presented as mean*=SEM. *P<0.01 vs AgtKO mice.

because Ang II is not produced in AT;Tg-AgtKO mice.
Collectively, these results suggest that cardiac remodeling in
AT, Tg-AgtKO mice was prevented by candesartan, an in-
verse agonist for the AT, receptor, but not by candesartan-
7H, which cannot inhibit Ang II-independent AT, receptor
activation because of a lack of inverse agonist activity.

Discussion
In several GPCRs, the constitutive activity is closely related
to physiological function. For example, constitutive activity
of the histamine Hj receptor controls histaminergic neuron
activity in rodents.!® The melanocortin-4 receptor and growth
hormone secretagogue receptor have high constitutive activ-

ity, and loss of constitutive activity in mutant melanocortin-4
receptors or growth hormone secretagogue receptors leads to
obesity or short stature in humans, respectively.!®2° In con-
trast, constitutively active mutations in several GPCRs give
rise to diseases in humans. For example, somatic mutations of
thyrotropin-stimulating hormone receptor or luteinizing hor-
mone receptor lead to hyperfunctioning thyroid adenoma or
male precocious puberty, respectively.?!-22

In the present work, we provide experimental evidence that
transgenic myocardial overexpression of the wild-type AT,
receptor increases constitutive activity of the receptor, lead-
ing to cardiac enlargement, interstitial fibrosis, and contrac-
tile dysfunction, even in the absence of Ang II. To exclude a
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Figure 3. Prevention of cardiac remodeling in angiotensin Il (Ang ) type 1 (AT,) transgenic (AT,Tg)-angiotensinogen-knockout (AgtkO)
mice by candesartan but not by candesartan-7H. A, Blood pressure-lowering effects of candesartan cilexetil (Can) and candesartan-7H
(Can-7H) in Ang ll-infused mice. Eight-week—old C57BL/6J male mice were continuously infused with Ang Il (0.6 mg/kg per day) and
treated with candesartan cilexetil (1 mg/kg per day), candesartan-7H (1, 10, and 20 mg/kg per day), or vehicle in drinking water (n=5,
in each group). *P<0.05, **P<<0.01 vs vehicle-treated group. B, Heart:body weight ratios and gross hearts in AgtkKO and AT,Tg-Agt KO
mice (20 weeks of age) treated with Can (1 mg/kg per day), Can-7H (1, 20 mg/kg per day), or vehicle. Data are presented as
mean=SEM. Number of mice for each experiment is indicated in the bars. *P<0.01. Scale bars, 5 mm. C, Left ventricular end-diastolic
dimension (LVDd) and fractional shortening (FS) of AT,Tg-AgtKO mice treated with Can or Can-7H. Can (1 mg/kg per day, n=11),
Can-7H (1, 20 mg/kg per day; n=7 in each group), or vehicle (n=7) was given for 14 weeks in 6-week-old AT,Tg-AgtKO mice. Data
are presented as mean=SEM. *P<0.05, **P<0.01 vs vehicle-treated group. D, Histological sections with Masson trichrome staining in
AgtKO and AT, Tg-Agt KO mice (20 weeks of age) treated with Can (1 mg/kg per day), Can-7H (1, 20 mg/kg per day), or vehicle. Scale
bars, 50 um. E, The mRNA expressions of cardiac genes Nppa, Nppb, and Acta? and extracellular matrix genes Col3a7 and Postn in
AgtKO (lane 1) and AT,Tg-Agt KO mice (20 weeks of age) treated with Can (1 mg/kg per day; lane 3), Can-7H (1, 20 mg/kg per day;
lane 4, 5, respectively), or vehicle (lane 2). Data are presented as mean+=SEM. **P<0.01 vs AgtKO mice. NS indicates not significant
(P>0.05). [, vehicle; X, Can-7H (1 mg/kg per d); A, Can-7H (10 mg/kg per d); ®, Can-7H (20 mg/kg per d); ¢, Can (1 mg/kg per d).
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contribution of endogenous Ang II to the activity of AT,
receptor in native tissues, we used AgtKO mice, deficient in
the production of Ang II.!3 Furthermore, AT, Tg-AgtKO mice
developed cardiac remodeling regardless of whether they
were the offspring of Agr™~ females or Agt™'~ females
(Figure S3), suggesting that maternal or placental angioten-
sinogen had little influence on the postnatal development of
cardiac remodeling in AT;Tg-AgtKO mice. Among the
renin-angiotensin system components, the mRNA level of the
AT, receptor was significantly upregulated in AT, Tg-AgtKO
hearts compared with AgtKO hearts (Figure S1A), but the
protein level of the AT, receptor was comparable between
AT, Tg-AgtKO and AgtKO hearts. Therefore, we believe that
constitutive activity of the AT, receptor is sufficient for
inducing structural and functional cardiac remodeling, when
the AT, receptor is upregulated in the hearts.

Redistribution of Geag;; into the cytosolic fraction in
AT, Tg-AgtKO hearts (Figure 1A) indicates that constitutive
activity of the AT, receptor is mediated through the Geyg -
dependent signaling pathway. On binding to Ang II, the AT,
receptor is phosphorylated by GPCR kinases and recruits
B-arrestins, leading to clathrin-coated, pit-dependent internal-
ization and then recycling to the plasma membrane.?? It has
been reported that constitutively active mutant AT, receptors
are constitutively internalized and recycled when overex-
pressed in HEK293 cells.4 In contrast, we showed previ-
ously, by immunofluorescence analysis, that the wild-type
AT, receptor was predominantly localized in the plasma
membrane of HEK293 cells expressing the AT, receptor.’ In
addition, the expression levels of GPCR kinase 2 and
B-arrestins in the particulate fraction relative to the cytosolic
fraction were comparable between AT;Tg-AgtKO and
AgtKO hearts (Figure S4). Therefore, we suppose that, in the
absence of Ang II, wild-type AT, receptor stochastically
undergoes subtle and transient conformational changes, lead-
ing to partial activation of Ga,;;-depentent signaling without
inducing detectable receptor internalization. The AT, recep-
tor can also stimulate G protein—independent diverse signal-
ing pathways involving B-arrestins, tyrosine kinases, reactive
oxygen species, and AT, receptor—-associated proteins.'> Fur-
ther structure-function analysis will be needed to elucidate
the full breadth of the molecular mechanisms and signal
transduction network that mediate agonist-independent AT,
receptor activation in the hearts.

It has been reported that the AT, receptor is upregulated in
stressed hearts of spontaneously hypertensive rats,?> 2-kidney
1-clip renovascular hypertensive rats,?’ Tsukuba hypertensive
mice,? and rats with myocardial infarction.?’” Furthermore,
we observed that cardiac expression of the AT; receptor was
increased ~8-fold in pressure-overloaded mice after trans-
verse aortic constriction (B, 142.9%36.5 fmol/mg; n=3)
compared with sham-operated mice (B ,.: 16.4+4.9 fmol/
mg; n=3). In addition, it has been reported that the AT,
receptor is upregulated in response to low-density lipoprotein
cholesterol, 28 insulin,?® glucose,?° progesterone,3! and inflam-
matory cytokines, such as interleukin 1« or interleukin 6,323
in vascular cells. Therefore, it seems quite reasonable to assume
that enhancement of constitutive activity of the AT, receptor
through upregulation of receptor expression may accelerate the

progression of atherosclerosis in patients with hypercholesterol-
emia or diabetes mellitus, especially after menopause. Further
studies in animal models will be required to clarify the roles of
constitutive activity of the AT, receptor in the pathogenesis of
cardiovascular and metabolic disorders.

We also demonstrate that treatment with candesartan,
inverse agonist for the AT, receptor, effectively prevents
cardiac remodeling in AT,Tg-AgtKO mice. The inverse
agonist activity of ARBs may provide clinical advantage of
inhibiting both Ang II-dependent and -independent receptor
activation and, thus, be an important pharmacological param-
eter defining the beneficial effects on organ protection.?
Several ARBs are currently available for the treatment of
hypertension and heart failure with reduced left ventricular
ejection fraction, and their potency of inverse agonist activity
differs according to the distinct chemical structure of the
drug.? For example, the inhibitory effect of olmesartan on
both constitutive activity and stretch-induced activation of the
AT, receptor was significantly higher than that of losartan.?
According to a recent article,?* the use of candesartan was
associated with lower all-cause mortality than the use with
losartan in a Swedish registry of patients with heart failure.
Although EXP3174, an active metabolite of losartan, can act
as an inverse agonist,® it is tempting to speculate that the
potent inverse agonist activity of candesartan may explain
some of its association with lower mortality in patients with
heart failure.

Perspectives

Blockade of the renin-angiotensin system has been shown to
be beneficial in patients with hypertension, especially those
with cardiovascular and metabolic complications. Our find-
ings show that constitutive activity of the AT, receptor
contributes to the progression of cardiac remodeling even in
the absence of Ang II, when the AT, receptor is upregulated
in the heart. Inverse agonism of ARBs provides therapeutic
effects in the prevention of cardiac remodeling induced by
constitutive activity of AT; receptor and, thus, has potential
impact on long-term outcomes in patients with hypertension.
Our work is the first proof-of-principle experiment, to our
knowledge, on the in vivo importance of constitutive activity
of a native GPCR in the pathogenesis of diseases. Beyond in
vitro pharmacological tools, inverse agonists emerge as
promising pharmacological candidates in treating diseases
caused by enhancement of constitutive activity through up-
regulation of GPCRs.
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ARTICLE INFO ABSTRACT

Article history:

We and others have previously reported that granulocyte colony-stimulating factor (G-CSF) prevents left
ventricular remodeling and dysfunction after myocardial infarction in animal models and human. We have
also reported that G-CSF inhibits the progression of atherosclerosis in animal models, but its precise mechanism
is still elusive. So, we examined the effects of G-CSF on atherosclerosis in apolipoprotein E-deficient (ApoE™/~)
mice. Twelve-week-old male ApoE ™/~ mice were subcutaneously administrated with 200 pg/kg of G-CSF or sa-
line once a day for 5 consecutive days per a week for 4 weeks. Atherosclerotic lesion of aortic sinus was signifi-
cantly reduced in the G-CSF-treated mice compared with the saline-treated mice (35% reduction, P<0.05). G-CSF
significantly reduced the expression level of interferon-y by 31% and increased the expression level of
G-CSF interleukin-10 by 20% in atherosclerotic lesions of aortic sinus. G-CSF increased the number of CD4+CD25%
Cytokine regulatory T cells in lymph nodes and spleen, and enhanced the suppressive function of regulatory T cells in
Foxp3 vitro. G-CSF markedly increased the number of Foxp3-positive regulatory T cells in atherosclerotic lesions of
aortic sinus. Administration of anti-CD25 antibody (PC61) that depletes regulatory T cells abrogated these ather-
oprotective effects of G-CSF. Moreover, in ApoE~/~/CD28 '~ mice, that lack regulatory T cells, the protective
effects of G-CSF on atherosclerosis were not recognized. These findings suggest that regulatory T cells play an
important role in the atheroprotective effects of G-CSF.
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1. Introduction

Atherosclerosis is a progressive disease characterized by the accu-
mulation of lipids and fibrous elements in arterial walls. Over the past
two decades, an understanding of the importance of inflammation in
the initiation and progression of atherosclerosis has greatly increased.
Under normal conditions, the endothelial cells of the arterial wall resist
adhesion and aggregation of leukocytes and promote fibrinolysis. When
activated by stimuli such as hypertension, smoking, insulin resistance or
inflammation, the endothelial cells express a series of adhesion mole-
cules that selectively recruit various classes of leukocytes. Blood mono-
cytes, which are the most numerous inflammatory cells within the
atherosclerotic lesions, adhere to the dysfunctional endothelial surface
by binding to leukocyte adhesion molecules [1]. Helper T cells and the
associated cytokines have been reported to play a crucial role in the
pathophysiology of atherosclerosis. CD4"CD25" regulatory T cells
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(Tregs) subset constitutes 5-10% of all peripheral CD4™" T cell popula-
tion and are specialized for the suppressions of both type 1 helper T
(Th1) and type 2 helper T (Th2) immune responses [2]. Tregs, as dedi-
cated suppressors of diverse immune responses and important gate-
keepers of immune homeostasis, contribute to the maintenance of the
peripheral tolerance. Recently, it was reported that Tregs prevent the
progression of atherosclerosis and a defect in Tregs favors atherogenesis
[3-5].

Granulocyte colony-stimulating factor (G-CSF) is a member of a
group of glycoproteins called hematopoietic cytokines. G-CSF induces
the release of hematopoietic stem cells and endothelial progenitor
cells from bone marrow into the peripheral blood circulation [6].
Moreover, G-CSF has been reported to modulate immune system and
ameliorate immune-mediated diseases of animals [7]. We and others
have previously reported that G-CSF prevents left ventricular remodel-
ing and dysfunction after myocardial infarction (MI) in animal models
and human [8-12]. G-CSF activates multiple signaling pathways such
as Akt and Janus family kinase-2 and signal transducer and activation
of transcription-3 (Jak2-STAT3) pathway in cardiac myocytes. G-CSF
decreases cardiomyocyte death and increases the number of blood
vessels, suggesting the importance of direct actions of G-CSF on the
myocardium rather than through mobilization and differentiation of
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stem cells. We and others also reported that G-CSF prevents the
progression of atherosclerosis [13~16]. G-CSF significantly reduced the
stenosis score of coronary artery and lipid plaque area of thoracic
aorta in the myocardial infarction-prone Watanabe heritable hyperlipi-
demic (WHHL-MI) rabbits and prevented an increase in neointima/
media ratio in the vascular injury model of rabbit [ 13]. However, its pre-
cise mechanism of G-CSF on atherosclerosis has been still elusive. In
human and animal studies, G-CSF stimulation alters the T cell function
and modulates the balance between Th1 and Th2 immune responses
by affecting cytokine production {17]. G-CSF stimulation reduces cyto-
toxic activity and proliferative response of human and murine T cells
[18]. Recently, G-CSF was reported to prevent autoimmune type 1 dia-
betes, graft-versus-host disease and transplanted heart allograft accept-
ability through enhancement of CD4+CD25% Tregs subset [19,20].
Therefore, the aim of this study was to elucidate whether Tregs subset
is involved in the atheroprotective mechanism of G-CSF.

2. Materials and methods
2.1. Animal model of atherosclerosis

Apolipoprotein E-deficient (ApoE~/~) mice were purchased from
the Jackson Laboratory (Bar Harbor, ME). Twelve-week-old male
ApoE~/~ mice were fed with a proatherogenic diet (1.25% cholesterol,
7.5% cocoa butter, 7.5% casein, 0.5% sodium cholate) (Oriental Yeast
Co., Tokyo, Japan) ad libitum for 28 days [21}. These animals were
then divided into 2 groups: saline group that received saline and
G-CSF group that received G-CSF (rhG-CSF, Kirin Brewery Co., Ltd.,
Tokyo, Japan). Mice were subcutaneously administrated with
200 pg/kg of G-CSF or same volume (100 pl) of saline once a day for 5
consecutive days per a week for 4 weeks. After 28 days of G-CSF or
saline treatment, mice were sacrificed and analyzed.

To deplete Tregs, twelve-week-old male ApoE '~ mice were intra-
peritoneally injected 100 pg of purified anti-mouse CD25 antibody
(clone PC61; Biolegend, San Diego, CA) at day O and day 14. These
Tregs-depleted mice started proatherogenic diet and each treatment
from day 0. At 28 days after first injection, mice were sacrificed and
analyzed. To determine the role of Tregs in the mechanisms of G-CSF-
induced atheroprotective effect, we used CD28 '~ mice. The construc-
tion and characterization of CD28 '~ mice has been described previ-
ously [22]. ApoE™/~ mice were crossed with CD28~/~ mice and the
heterozygous progeny were intercrossed to generate ApoE~/~/
CD28~/~ double knockout (DKO) mice. Animal genotype was identified
by a polymerase chain reaction (PCR)-based assay. All protocols were
approved by the Institutional Animal Care and Use Committee of
Chiba University.

2.2. Atherosclerotic lesion assessment at aortic sinus

After overnight fasting, blood was collected by the cardiac puncture
under anesthetic condition using pentobarbital sodium (60 mg/kg
intraperitoneal injection). Serum total cholesterol and high-density

lipoprotein cholesterol levels were determined by high-performance
liquid chromatography at SRL (Tokyo, Japan).

The aorta was perfused in situ with phosphate buffered saline (PBS),
and the heart was removed and the proximal aorta containing the aortic
sinus was embedded in OCT compounds (Tissue-Tek, CA). Five sections
(10 pm thickness) of the aortic sinus were collected from each mouse
and stained with Oil Red-O (Sigma-Aldrich, St Louis, MO) as described
previously [21]. For the quantitative analysis of the area of atherosclero-
sis, section images were captured digitally (Axio Vision, Zeiss, Germa-
ny) and the average lesion areas of five separate sections from each
mouse were obtained with Image ] 1.38 (National Institutes of Health,
MD).

2.3. Immunohistochemistry

Immunohistochemical staining with CD3¢ (Santa Cruz Biotechnolo-
gy, Santa Cruz, CA), MOMA-2 (BMA Biomedicals AG, Switzerland), IFN-
vy (Biosource International, Camarillo, CA), interleukin-10 (IL-10)
(Santa Cruz Biotechnology) and Foxp3 (FJK-16s, eBioscience, San
Diego, CA) of atherosclerotic lesions at the aortic sinus were performed.
Quantitative analysis of MOMA-2, IFN-y and IL-10-immunostaining
were evaluated as a ratio of the positive-stained area to total plaque
area in the atherosclerotic lesion. At least three sections per mouse
were examined for each immunostaining and appropriate negative
controls were used. To evaluate the extent of nonspecific binding in
the immunohistochemical experiments, control sections were incubat-
ed in the absence of primary antibody. As negative controls of the stain-
ings of [FN-y and IL-10, aorta of wild type mice were used. To define the
subtype of infiltrated macrophages in the atherosclerotic lesions, we
analyzed the expression level of CD11¢, an M1 macrophage marker [23].

2.4. Quantitative real-time PCR at aortic sinus and whole aorta

At 28 days after first injection, mice were sacrificed under anesthetic
condition using pentobarbital sodium (60 mg/kg intraperitoneal injec-
tion). The aorta was perfused in situ with phosphate buffered saline
(PBS), and the whole aorta with aortic sinus was removed. These samples
were frozen with liquid nitrogen and stored at — 80 °C until each assay.
Quantitative real-time PCR (gRT-PCR) analysis for transforming growth
factor-p (TGF-3) was performed as described previously {24]. Total RNA
was extracted from sample using the RNeasy kit (QIAGEN, Valencia,
CA). We used 0.5 pg of total RNA to generate cDNA using the Super Script
VILO cDNA synthesis kit (Invitrogen, Carlsbad, CA). qRT-PCR was carried
out on a LightCycler system (Roche, Mannheim, Germany) using probes
from Universal Probe Library and the TagMan Master Mix. Sequence of
primers and the respective Universal Probe Library probes were as
follows: Tgf-beta: forward; CACCATCCATGACATGAACC, reverse; CCGCA-
CACAGCAGTTCTTC; IFN-y: forward; ATCTGGAGGAACTGGCAAA, reverse;
CAAGACTTCAAAGAGTCTGAGGTA,; IL-10: forward; CAGAGCCACATGCTCC
TAGA, reverse; TGTCCAGCTGGTCCITTGTT; Gapdh: forward; TGTCCGT
CGTGGATCTGAC, reverse; CCTGCTTCACCACCTTCTTG. Relative expression
of target genes was calculated with the comparative CT method. Each

Table 1
Body weight and cholesterol levels.
ApoE~/~ DKO
PC61
saline G-CSF saline G-CSF saline G-CSF
Body weight, g 22.74+12 224408 224+09 236+1.1 242+06 231+£07
Total cholesterol, mg/dl 3306+171 3527 +207 33214359 32594245 37674514 3965 £ 507
HDL cholesterol, mg/dl 29.3+£73 245448 308+74 288475 23.2+62 262+79

HDL indicates high-density lipoprotein. DKO indicates ApoE™~/CD287/~ double knockout mice. ApoE ™~ mice and DKO mice were treated by saline or G-CSF for 28 days. The
means + SEM of 10 animals are shown.
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sample was run in duplicate, and the results were systematically normal-
ized using Gapdh.

2.5. Mobilization procedure of Tregs and flow cytometry analysis

Twelve-week-old male C57BL/6 mice received G-CSF at a dose of
200 pg of G-CSF or saline once a day for 5 consecutive days per a week
for 4 weeks. At day 28, the total cells of spleen and inguinal lymph
nodes were taken and the cell surface phenotype of splenocytes and
lymphocytes were analyzed by flow cytometry. All cells were incubated
in ice cold PBS supplemented with 3% fetal calf serum and 0.1% azide.
One million cells per sample were incubated for 15 minutes at ice cold
temperature with the following mAbs: Phycoerythrin (PE)-conjugated
anti-mouse CD4 (clone L3T4, BD Biosciences, Le Pont de Claix, France),
Fluorescein isothiocyanate (FITC)-conjugated anti-mouse CD25 (clone
7D4, BD Biosciences, Le Pont de Claix, France).

At day 28, the total cells of spleen were taken and the cell pheno-
types of lymphocytes were analyzed by flow cytometry. After magnetic

>
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activated cell sorter (MACS) with CD4* antibody and the stimulation
with phorbol myristate acetate (PMA) and ionomycin, the cells were
incubated with permeabilization buffer and stained with FITC-labeled
anti-IFN-y antibody and PE-labeled anti-IL-4 antibody for analysis
with a flow cytometer [19]. CD4IFN-yIL-4™ cells and CD4*IFN-y
IL-47 cells were defined as Th1 cells and Th2 cells, respectively, and
the Th1/Th2 ratio was calculated.

Thirty thousand events were acquired using EPICS ALTRA flow cyto-
metric analysis (Beckman Coulter, Fullerton, CA). Analysis of the ac-
quired data was performed using Expo32 MultiCOMP software
(Beckman Coulter, Fullerton, CA).

2.6. Isolation and functional assays of Tregs

Tregs were isolated from spleen cell suspensions by the CD4*CD25*
regulatory T cell isolation kit (Miltenyi Biotec, Tokyo, Japan), which
depletes samples of non-CD4™" T cells followed by positive selection of
CD4*CD25% cells. The purity of the isolated CD4*CD25% cells was
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Fig. 1. Effects of G-CSF on atherosclerotic lesions at the aortic sinus in ApoE™/~ mice. (A) Representative photographs of atherosclerotic lesion formation (0il Red-O staining) (Scale bars;
400 pm) and immunostaining of Gr-1 (Scale bars; 100 pm), MOMA-2 (Scale bars; 100 pum) and CD3 (Scale bars; 50 um) at the aortic sinus of each mouse fed atherogenic diet in the saline
group and the G-CSF group. (B) Quantitative analysis of the degree of atherosclerosis at the aortic sinus in both groups. The average lesion area of five sections at the aortic sinus from each
mouse was quantified morphometrically as described in Materials and methods. (C) The number of infiltrated granulocytes in the atherosclerotic lesion calculated by immunostaining
with Gr-1. (D) The lesion area of infiltrated macrophages in the atherosclerotic lesion calculated by immunostaining with MOMA-2. (E) The number of infiltrated T lymphocyte in the
atherosclerotic lesion calculated by immunostaining with CD3. *P<0.05. NS indicates that there is no significant difference between the groups. The means + SEM of 10 animals are shown.
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>85% by fluorescence-activated cell sorter analysis. All suppression
assays were performed in 96-well round-bottom plates in a final volume
of 200 pl/well of RPMI 1640 medium (Sigma-Aldrich, St Louis, MO)
supplemented with 10% FCS, 10mmol/l Hepes, 50umol/l 2{3-
mercaptoethanol and antibiotics. Before the assay, 96-well plates were
coated with 50 pl of a final concentration of 10 pg/ml anti-CD3 (Cedar-
Lane Laboratories, Burlington, NC). The CD4"CD25~ responder cells
were plated at 5x 10%/well alone or in combination with CD4+CD25%
Tregs at 5x 10%/well and incubated at 37 °C with 5% CO, for 72 h. Then
1x10° irradiated (3000 rads) splenocytes were added as antigen-
presenting cells. Cultures were pulsed with [>H] thymidine for the last
16 h of culture [25]. Cell proliferation was assayed by scintillation count-
ing (B counter). Percent inhibition of proliferation was determined from
the following formula: 1 - (median [3H] thymidine uptake of 1:1
CD4+CD25* :CD4+CD25~ coculture/median [H] thymidine uptake of
CD4TCD257 cells).

2.7. Statistical analysis

Data are presented as mean 4 SEM. An unpaired Student t-test was
used to detect significant differences when two groups were compared.
One-way ANOVA was used to compare the differences among four
groups with Fisher's PLSD test for post hoc analysis. P<0.05 was consid-
ered statistically significant.

3. Results
3.1. Atherosclerosis at aortic sinus

There were no significant differences between the saline- and the
G-CSF-treatment groups in body weight, serum total cholesterol and
high-density lipoprotein cholesterol levels (Table 1). The degree of ath-
erosclerotic legion assessed by Oil Red-O staining at the aortic sinus was
significantly reduced in the G-CSF-treated mice compared with the
saline-treated mice (G-CSF group: 12.4£0.6x10* um? vs. saline
group: 19.0 £ 1.9x 10% um?, P<0.05) (Fig. 1A, B). There was no signifi-
cant change in the number of infiltrated granulocytes in atherosclerotic
lesions between the two groups (G-CSF group: 22.1 + 18 cells/mm? vs.
saline group: 23.5 -+ 14 cells/mm?, P=0.87) (Fig. 1A, C). Immunohisto-
chemical staining on atherosclerotic lesions of aortic sinus revealed that
the percentage of cross-sectional area occupied by macrophages
(MOMA-2-positive staining) was not significantly different between
the two groups (G-CSF group: 37.7 & 13% vs. saline group: 35.8 +-9.9%,
P=0.75) (Fig. 1A, D). The ratio of CD11c-positive M1 macrophages to
total infiltrated cells was not changed in the atherosclerotic lesions of
the G-CSF-treated mice compared to the saline-treated mice (G-CSF
group: 8.241.1% vs. saline group: 9.040.5%, P=0.31). The number
of CD3-positive T cells was not also significantly different between the
two groups (G-CSF group: 884+19 cellsymm? vs. saline group:
91.5 + 37 cells/mm?, P=0.87) (Fig. 1A, E).

3.2. Effect of G-CSF on cytokine expression

To elucidate the mechanisms by which G-CSF reduced the degree of
atherosclerosis, we examined the local cytokine expression in the
saline- and the G-CSF-treated mice. Level of proinflammatory cytokine
IFN-y in the atherosclerotic legions was lower in the G-CSF-treated
mice compared with the saline-treated mice (G-CSF group: 224+
2.7% vs. saline group: 32.5+2.2%, P<0.05) (Fig. 2A, B). Meanwhile,
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Fig. 3. Effects of G-CSF on the inhibitory function of Tregs. CD4*CD25" effector T cells
were co-cultured with Tregs from the saline- or the G-CSF-treated mice at the ratio
of 1:1 and the incorporation of [*H] thymidine in CD4+*CD25" cells was counted.
*P<0.05. The means + SEM of 6 animals are shown.

G-CSF treatment increased the level of antiinflammatory cytokine
[L-10 in the atherosclerotic legions (G-CSF group: 8.1+ 0.9% vs. saline
group: 6.7 £ 0.5%, P<0.05) (Fig. 2A, C). The expression levels of [FN-y
and JL-10 mRNA were also significantly different between the two
groups (IFN-vy; G-CSF group: 0.84+0.1% vs. saline group: 1.040.1%,
P<0.05, IL-10; G-CSF group: 144-0.1% vs. saline group: 1.040.2%,
P<0.05) (Fig. 2D, E). Since we could not perform TGF-3 immunostain-
ing due to technical problems, we examined the expression level of
TGF-3 mRNA by using gRT-PCR. The expression level of TGF-3 mRNA
was not significantly different between the two groups (Fig. 2F).

We examined the effects of G-CSF on Th1/Th2 balance. The Th1/Th2
ratio was significantly reduced in the G-CSF-treated mice (G-CSF group:
0.4+£0.1 vs. saline group: 1.4+ 0.2, P<0.01) (Fig. 2G, H).

3.3. Effect of G-CSF on function of Tregs

To evaluate whether the function of Tregs is influenced by G-CSF
treatment, we compared the suppressive function of the Tregs isolated
from the saline- and the G-CSF-treated mice. CD4+CD25™* Tregs from
each mouse were co-cultured with CD4+CD25 effector cells from
wild type mice at the ratio of 1:1 in cell number. Tregs from the
G-CSF-treated mice significantly inhibited the incorporation of [*H]
thymidine in CD4*7CD25™ effector cells compared with Tregs from
the saline-treated mice (Fig. 3).

3.4. Effect of G-CSF on the number of Tregs

To elucidate the mechanism of antiinflammatory effects of G-CSF,
we investigated whether G-CSF increases the number of Tregs or not.
First of all, we examined the systemic effects of G-CSF on the number
of Tregs by flow cytometry analysis of cells from spleen and inguinal
lymph nodes of C57BL/6 mice. G-CSF increased the number of
CD4+CD25* Tregs in spleen (G-CSF group: 249.0 + 18.0x 10* cells vs.
saline group: 88.2+4.2x10* cells, P<0.01) (Fig. 4A, B) and inguinal
lymph nodes (G-CSF group: 54.0+5.2x10% cells vs. saline group:
31.0£2.8x 103 cells, P<0.01) (Fig. 44, C).

We next examined whether G-CSF enhances the number of Tregs in
atherosclerotic lesions. G-CSF significantly increased the number of
Foxp3-positive Tregs in the atherosclerotic legions of aortic sinus
(Fig. 5A, B). The number of Foxp3-positive regulatory T cells was
3.1-fold increased at the atherosclerotic lesions of the G-CSF-treated

Fig. 2. Effects of G-CSF on cytokine levels in atherosclerotic lesion at the aortic sinus. (A) Panels are representative photographs of immunostaining with IFN-y and IL-10 in the athero-
sclerotic lesion of the G-CSF-treated mice and the saline-treated mice and the aorta of wild type mice (negative control). (B) Levels of IFN-vy calculated in the atherosclerotic legion of the
G-CSF-treated mice and the saline-treated mice. (C) Levels of IL-10 calculated in the atherosclerotic legion of the G-CSF-treated mice and the saline-treated mice. (D) Expression levels of
IFN-y mRNA detected by real-time PCR analysis. (E) Expression levels of IL-10 mRNA detected by real-time PCR analysis. (F) Expression levels of TGF-p mRNA detected by real-time PCR
analysis. (G) The proportions of CD4TIFN-y*IL-4~ cells and CD4*IFN-y~IL-47 cells from spleen of the G-CSF- and the saline-treated mice assessed by flow cytometric analysis. (H) The
Th1/Th2 ratio in spleen of the G-CSF- and the saline-treated mice assessed by flow cytometric analysis. *P<0.05. NS indicates that there is no significant difference between the two groups.
Scale bars indicates 50 um. The means 4 SEM of 10 animals are shown.
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mice compared with the saline-treated mice (G-CSF group: 8.7 £4.9
cells/mm? vs. saline group: 2.8 4 3.6 cells/mm?, P<0.05) (Fig. 5B).

3.5. Involvement of Tregs in G-CSF-induced atheroprotective effects

To confirm whether Tregs were involved in mechanisms of the
atheroprotective effects of G-CSF, we examined the effects of G-CSF
on Tregs-depleted ApoE™~ mice using PC61. More than 90% of
CD4+(CD25™ Tregs were decreased in inguinal lymph nodes at 14 days
after a single intraperitoneal injection of 100 pg of PC61 (Fig. 6A). Admin-
istration of this antibody every two weeks abolished the protective effects
of G-CSF on atherosclerosis. G-CSF significantly reduced the area of Oil
Red-O-positive atherosclerotic lesion in ApoE™'~ mice, but the Oil
Red-O-positive atherosclerotic lesion area was not significantly different
between the saline-treated Tregs-depleted ApoE™~ mice (PC61-saline
group) and the G-CSF-treated Tregs-depleted ApoE ™/~ mice (PC61-G-
CSF group) (PC61-G-CSF group: 18.0+2.6x10*pm? vs. PC61-saline
group: 188423 x10%um?, P=0.67) (Fig. 6B, C). G-CSF significantly
reduced the level of IFN-y and increased the level of IL-10 in ApoE /™
mice, but the levels of IFN-y and IL-10 also were not different between
the PC61-saline group and the PC61-G-CSF group (IFN-y; PC61-G-CSF
group: 37.1+8.0% vs. PC61-saline group: 38.24-8.5%, P=0.82, IL-10;
PC61-G-CSF group: 5.1+£26% vs. PC61-saline group: 5.8-13%,
P=0.62) (Fig. 6D, E).

Furthermore, we examined the effects of G-CSF on atherosclerosis
using ApoE~/~/CD28/~ double knockout (DKO) mice. In the DKO
mice, approximately 90% of CD4*tCD25" Tregs were decreased in

inguinal lymph nodes (Fig. 7A). The treatment with G-CSF did not
reduce the atherosclerotic lesion area in the DKO mice (G-CSF group:
17.8+0.9x10%um? vs. saline group: 17.5+1.8x10*um? P=0.67)
(Fig. 7B). The levels of IFN-y and IL-10 were not different between the
saline group and the G-CSF group (IFN-v; G-CSF group: 31.3 4+-3.8% vs.
saline group: 31.341.5%, P=0.99, 1L-10; G-CSF group: 6.3 4-0.5% vs.
saline group: 6.2 4-0.9%, P=0.86) (Fig. 7C, D).

4. Discussion

In the present study, we demonstrated that G-CSF prevents the pro-
gression of atherosclerosis and that the increased Tregs subset is in-
volved in the atheroprotective mechanism of G-CSF in ApoE ~/~ mice.
Interestingly, the blood lipid concentrations were not significantly dif-
ferent between the G-CSF-treated mice and the saline-treated mice.
G-CSF increased the number of Foxp3-positive Tregs in atherosclerotic
lesions, along with the decreased level of atherogenic proinflammatory
cytokine IFN-y and the increased level of antiinflammatory cytokine
IL-10. Administration of anti-CD25 antibody that depletes Tregs abro-
gated these atheroprotective effects of G-CSF. The protective effects of
G-CSF on atherosclerosis were not recognized in ApoE™/~/CD28 ™/~
double knockout mice. These results suggest that Tregs may play a crit-
ical role in the inhibition of atherosclerosis by G-CSF.

The effects of G-CSF on atherosclerosis have been controversial in
animal experiments and clinical trials. Previously, we demonstrated
that the treatment with G-CSF ameliorates the progression of
atherosclerosis using two kinds of rabbit models of atherosclerosis
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Fig. 5. Effects of G-CSF on Tregs accumulation in atherosclerotic lesion at the aortic sinus.
(A) Representative photographs of immunostaining with Foxp3 in the atherosclerotic
lesion of the saline-treated mice and the G-CSF-treated mice. Arrows indicate Foxp3-
positive cells. (B) The number of Foxp3-positive Tregs in atherosclerosis lesion of the
saline-treated and the G-CSF-treated mice. *P<0.05. Scale bars indicates 100 pm. The
means & SEM of 10 animals are shown.

[13]. Yoshioka et al. [15] reported that G-CSF treatment accelerated
reendothelialization and decreased neointimal formation in mice wire
injury model. In contrast, Haghighat et al. {26] showed that G-CSF treat-
ment resulted in the exacerbation of atherosclerosis in ApoE™/~ mice.
They administered G-CSF subcutaneously to mice at a dose of 10 pug/kg
once a day for 5 days per a week on alternating weeks for a total of 20
doses over an 8-week treatment period. The rapid increase and
decrease in the number of white blood cell by repeated start and cessa-
tion of G-CSF administration may affect the adverse effect on athero-
sclerosis. Although they showed that G-CSF increases in vessels at
adventitia, there is no solid evidence whether the increased vessels at
adventitia exacerbate atherosclerosis. Kang et al. [27] reported that
G-CSF treatment (10 pg/kg once a day for 4 days before percutaneous
coronary intervention (PCI)) increased the risk of in-stent stenosis in
patients with acute or old ML However, number of enrolled patients
was small and only a few patients were assessed by coronary angiogra-
phy at six-month follow-up in the study. Additionally, patients did not
receive primary PCI during the golden time of acute MI treatment and
PCI was performed under the condition of increasing number of leuko-
cytes by G-CSF. In our clinical trial, G-CSF treatment (2.5 pg/kg once a
day for 5 days after PCI) did not affect the restenosis rate in patients
with acute MI {12]. Moreover, other randomized clinical trials also
reported that G-CSF did not increase the restenosis rate after PCI [28].
The pathogenesis of atherosclerosis is associated with chronic inflam-
matory mechanisms. The atherosclerotic plaque is characterized by an ac-
cumulation of lipids in the artery wall, together with infiltration of
immunocytes, such as macrophages, T cells, and mast cells. An increasing
body of evidence suggests that the immune system is involved in the
process of atherosclerosis [29,30]. T cells are recruited in parallel with
macrophages in atherosclerotic lesions and produce proatherogenic me-
diators. IFN-, the signature Th1 cytokine, is present in the human plaque
and has pathogenic effects on atherosclerosis [31]. IL-4, the signature Th2
cytokine, is not frequently observed in human plaques, and experimental

studies examining the involvement of Th2 cells are contradictory [32].
Several studies have demonstrated a protective effect of Tregs in models
of atherosclerosis. CD4*CD25™ Tregs are specialized for the suppression
of both Th1 and Th2 pathogenic immune responses against self or foreign
antigens and control T cell homeostasis. There has been accumulated
evidence indicating that Tregs exert important regulatory functions in
various immuno-inflammatory diseases [33]. Tregs play an important
role in preventing the spontaneous development of systemic autoimmu-
nity through I1L-10 and TGF-3. Zouggari et al. [34] reported that Tregs
deletion significantly enhanced postischemic neovascularization by
increasing the levels of proinflammatory cytokines. Shi et al. {35] reported
that adoptive transfer of Tregs ameliorated coxsackievirus B3-induced
myocarditis through suppression of the immune response to heart. TGF-
B and phosphorylated Akt levels were upregulated and coxsackie-
adenovirus receptor expression was decreased in the heart of the Tregs-
transferred mice compared with those in the control mice. Tregs inhibit
the functions of activated helper T cells through cell-to-cell contact and
soluble inhibitory cytokines such as IL-10 and TGF-g [36]. TGF-3 and
1L-10 produced by Tregs are reported to have profound atheroprotective
effects in mouse models.

G-CSF is a hematopoietic cytokine that stimulates the proliferation
and differentiation of normal hematopoietic stem cells. G-CSF mediates
immune regulation by inducing apoptosis of T cells and inhibiting pro-
liferation of T cells in response to mitogens {37]. G-CSF stimulation
alters the T cell function and modulates the balance between Th1 and
Th2 immune responses by affecting cytokine production [17,38].
G-CSF suppresses the productions of proinflammatory cytokines stimu-
lated by lipopolysaccharide in whole blood cells and monocytes [39,40].
In addition to these immune effects, G-CSF mobilizes bone marrow
CD4%CD25™ Tregs via reducing the expression of stromal-derived
factor in the bone marrow and changing CD4"CD25% Tregs trafficking
[41]. Therefore, we examined whether Tregs are involved in the ather-
oprotective mechanism of G-CSF. In the present study, G-CSF increased
the number of Tregs in spleen and peripheral lymph nodes, and athero-
sclerotic lesion. Moreover, G-CSF increased the level of IL-10 and
decreased the level of IFN-y in atherosclerotic lesion. IL-10 is reported
to inhibit the production of proinflammatory cytokines such as IFN-y
in T cells [36]. These results suggest that G-CSF prevents the progression
of atherosclerosis by recruiting Tregs and increasing IL-10 level in
plaque. To address the question whether Tregs were implicated in the
mechanism of G-CSF-mediated atheroprotective effect, we used two
types of Tregs-depleted ApoE™/~ mice, which are ApoE~/~ mice
injected with Treg-depleting antibody (PC61) and ApoE™/~/CD28~/~
mice. Costimulatory molecule CD28 is required for the generation and
homeostasis of Tregs and the number of Tregs is reduced in CD28-
deficient mice [22]. Noteworthy, G-CSF treatment exerted no athero-
protective effects in both types of Tregs-depleted ApoE™/~ mice. G-
CSF-induced decrease in IFN-y and increase in IL-10 in atherosclerotic
plaque were abrogated in Tregs-depleted ApoE —/~ mice. These findings
suggest that Tregs play an important role in the atheroprotective effects
of G-CSF. Some studies reported that TGF- is a critical mediator of
Tregs and others showed that IL-10 is a key molecule of Tregs
[3,42,43]. In the present study, TGF-3 mRNA in atherosclerotic plague
was not increased by G-CSF, however, we could not exclude the possi-
bility that TGF-R is involved in the G-CSF-induced atheroprotective
effect. As some agents including statins and angiotensin-converting
enzyme inhibitors are reported to expand Tregs in vivo {44,45] modula-
tion of Tregs may become a promising therapeutic target to prevent
cardiovascular diseases.

In conclusion, our results demonstrate that G-CSF prevents the
progression of atherosclerosis and the increased Tregs are involved in
the atheroprotective mechanism of G-CSF in ApoE ™/~ mice. Further
studies including clinical trials are needed to clarify the feasibility and
safety of G-CSF-induced atheroprotective effect. In the future, manipu-
lating Tregs by G-CSF or biological agents may provide novel therapeu-
tic strategies for atherosclerosis.
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Fig. 6. Atheroprotective effects of G-CSF were abrogated in Tregs-depleted ApoE ™~ mice. (A) The proportions of CD4*CD25* Tregs in inguinal lymph nodes from the PC61 or the PBS-treated
mice assessed by flow cytometric analysis. (B) Representative photographs of the atherosclerotic lesion formation at the aortic sinus of the saline-treated ApoE ™~ mice, the G-CSF-treated
ApoE™/~ mice, the saline and PC61-treated ApoE ™~ mice and the G-CSF and PC61-treated ApoE '~ mice. Sections were taken at the same level of aortic sinus and stained with Oil Red-O
as described in Materials and methods. (C) Quantitative analysis of atherosclerotic lesion formation at the aortic sinus in each group. The average lesion area of five sections at the aortic
sinus from each mouse was quantified morphometrically after 4 weeks of saline or G-CSF treatment as described in Materials and methods. (D) Quantitative analysis of the level of IFN~y in
atherosclerotic plaque of the Tregs-depleted ApoE™~ mice. (E) Quantitative analysis of the level of IL-10 in atherosclerotic plaque of the Tregs-depleted ApoE ™~ mice. *P<0.05. *P<0.01.
NS indicates that there is no significant difference between the two groups. Scale bars indicates 400 um. The means = SEM of 10 animals are shown.
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SUMMARY

Several clinical studies have shown that insulin resis-
tance is prevalent among patients with heart failure,
but the underlying mechanisms have not been fully
elucidated. Here, we report a mechanism of insulin
resistance associated with heart failure that involves
upregulation of p53 in adipose tissue. We found
that pressure overload markedly upregulated p53
expression in adipose tissue along with an increase
of adipose tissue inflammation. Chronic pressure
overload accelerated lipolysis in adipose tissue. In
the presence of pressure overload, inhibition of lipol-
ysis by sympathetic denervation significantly down-
regulated adipose p53 expression and inflammation,
thereby improving insulin resistance. Likewise, dis-
ruption of p53 activation in adipose tissue attenuated
inflammation and improved insulin resistance but
also ameliorated cardiac dysfunction induced by
chronic pressure overload. These results indicate
that chronic pressure overload upregulates adipose
tissue p53 by promoting lipolysis via the sympathetic
nervous system, leading to an inflammatory re-
sponse of adipose tissue and insulin resistance.

INTRODUCTION

The p53 tumor suppressor pathway coordinates DNA repair,
cell-cycle arrest, apoptosis, and senescence to preserve
genomic stability and prevent oncogenesis. Activation of p53 is
driven by a wide variety of stress signals that have the potential
to promote tumor formation, such as DNA damage, telomere
shortening, oxidative stress, and oncogene activation (Harris
and Levine, 2005; Meek, 2009; Vousden and Prives, 2009).
Recently, the contribution of p53 to many undesirable aspects
of aging and age-associated diseases, such as cardiovascular
and metabolic disorders, has been recognized (Royds and laco-
petta, 2006; Vousden and Lane, 2007). It has been reported that

aging is associated with an increase of the p53-mediated tran-
scriptional activity (Edwards et al., 2007) and that slight constitu-
tive overactivation of p53 is associated with premature aging in
mice (Maier et al., 2004; Tyner et al., 2002). Activation of p53
has also been observed in aged vessels and failing hearts and
has been implicated in atherosclerosis and heart failure (Mina-
mino and Komuro, 2007, 2008; Sano et al., 2007). Recent find-
ings have indicated a role of p53 in determining the response
of cells to nutrient stress and in regulating metabolism (Vousden
and Ryan, 2009). It has also been demonstrated that excessive
calorie intake induces p53-induced inflammation in adipose
tissue, leading to insulin resistance and diabetes in mice (Mina-
mino et al., 2009).

A close link between heart failure and diabetes has long been
recognized in the clinical setting (Ashrafian et al., 2007; Lopa-
schuk et al., 2007; Witteles and Fowler, 2008). Many mecha-
nisms have been suggested to explain the increased incidence
of heart failure in diabetic patients, including the hypertrophic
influence of insulin, the adverse effects of hyperglycemia,
increased oxidative stress, and hyperactivity of neurohumoral
systems, such as the renin-angiotensin-aldosterone system
and the adrenergic system. Recently, increasing attention has
been paid to insulin resistance as a distinct cause of cardiac
dysfunction and heart failure in diabetic patients. A study of
Swedish patients without prior cardiac dysfunction found that
insulin resistance predicted the subsequent onset of heart failure
independently of established risk factors (Ingelsson et al., 2005).
In another clinical study, the plasma level of proinsulin (a marker
of insulin resistance) was found to be higher in patients who
subsequently developed heart failure than in control patients
20 years before the actual diagnosis of heart failure (Arniv
et al.,, 2001). These findings indicate that insulin resistance
precedes heart failure rather than being a consequence of it.
Evidence has emerged that myocardial insulin resistance is
central to altered metabolism in the failing heart and may play
a crucial role in the development of heart failure (Ashrafian
et al., 2007; Lopaschuk et al., 2007; Witteles and Fowler,
2008). The adaptive response of the failing heart involves
a complex series of enzymatic shifts and changes in the regula-
tion of transcriptional factors, which result in an increase of
glucose metabolism and a decrease of fatty acid metabolism
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to maximize the efficacy of energy production (Neubauer, 2007).
Insulin resistance of the myocardium inhibits these adaptive
responses, leading to increased reliance on fatty acid metabo-
lism. This increases oxygen consumption and decreases cardiac
function, raising the potential for lipotoxicity in the heart (Sharma
et al., 2007; Young et al., 2002). Another line of evidence indi-
cates that insulin signaling is upregulated in the failing heart
and that excessive cardiac insulin signaling exacerbates systolic
dysfunction (Shimizu et al., 2010).

Moreover, there is increasing evidence that heart failure recip-
rocally augments the risk of insulin resistance and clinical dia-
betes (Ashrafian et al., 2007). insulin resistance and abnormal
glucose metabolism are very common in heart failure patients,
being identified in 43% of these patients, and such abnormalities
are associated with decreased cardiac function (Suskin et al.,
2000). Surprisingly, the link between heart failure and insulin
resistance grows stronger when patients with ischemic heart
disease are excluded (Witteles and Fowler, 2008). Heart failure
also predicts the development of type 2 diabetes in a graded
way (Tenenbaum et al., 2003). Although the above mentioned
clinical evidence supports a role of insulin resistance in the
occurrence of heart failure, evidence for the reciprocal statement
that heart failure promotes insulin resistance is largely associa-
tive. Moreover, the role of heart failure in the promotion of insulin
resistance has been demonstrated by only a few animal studies
(Nikolaidis et al., 2004; Shimizu et al., 2010) and the underlying
mechanisms are largely speculative.

Here, we studied the role of heart failure in the development of
insulin resistance and sought to elucidate the molecular mecha-
nisms involved. We found that insulin resistance developed in
two murine models of heart failure, a chronic pressure overload
model and a myocardial infarction model. Heart failure markedly
upregulated p53 expression in adipose tissue in association with
increased inflammation of adipose tissue. Heart failure acceler-
ated lipolysis in adipose tissue, whereas inhibition of lipolysis
by sympathetic denervation or treatment with a lipase inhibitor
significantly downregulated adipose tissue p53 expression and
inflammation, thereby improving insulin resistance. Likewise,
disruption of p53 activation in adipose tissue not only amelio-
rated inflammation in this tissue and improved insulin resistance
but also improved cardiac dysfunction associated with heart
failure. We conclude that heart failure upregulates p53 in adipose
tissue by promoting lipolysis via activation of the sympathetic
nervous system, leading to an inflammatory response of adipose
tissue and insulin resistance. Our results indicate that inhibition
of p53-induced adipose inflammation is a potential target for
treating metabolic abnormalities and systolic dysfunction in
patients with heart failure.

RESULTS

Pressure Overload Induces Adipose Tissue

Inflammation and Insulin Resistance

To examine the effect of cardiac pressure overload on glucose
homeostasis, we produced transverse aortic constriction (TAC)
in 11-week-old mice. In this mouse model, systolic cardiac
function deteriorated significantly along with left ventricular
(LV) dilatation 2-6 weeks after surgery (Figure S1A available on-
line). The insulin tolerance test (ITT) and the glucose tolerance
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test (GTT) showed that insulin sensitivity and glucose tolerance
were impaired at 4-6 weeks after TAC (Figure 1A) without any
change of food intake (Figure S1B). In patients with metabolic
disorders, the recruitment of inflammatory macrophages to
adipose tissue has been shown to increase the production of
proinflammatory cytokines, such as tumor necrosis factor
(TNF)-o. and chemokine (C-C motif) ligand 2 (CCL2), also known
as monocyte chemoattractant protein-1 (MCP-1), leading to the
development of systemic insulin resistance (Hotamisligil et al.,
1993; Kamei et al., 2006; Weisberg et al., 2003). Therefore, we
investigated whether pressure overload provokes adipose tissue
inflammation. Examination of hematoxylin- and eosin-stained
sections demonstrated the infiliration of mononuclear cells
into visceral fat, with most of these cells being identified as
macrophages by immunofiuorescent staining for Mac3 (Fig-
ure 1B). Consistent with these results, expression of a marker
for macrophages (Egf-like module containing, mucin-like, hor-
mone receptor-like 1; EMR1) and production of proinflammatory
cytokines were significantly upregulated in the adipose tissue of
TAC mice along with a decrease of adiponectin (Figure 1C)
compared with sham-operated mice. Treatment of TAC mice
with a neutralizing antibody for Tnf-a significantly improved
insulin resistance and glucose intolerance, suggesting a crucial
role in the upregulation of proinflammatory cytokines in the
development of metabolic abnormalities during heart failure
(Figure S1C).

Pressure Overload increases Lipolysis and Induces
p53-Dependent inflammation in Adipose Tissue

during Heart Failure

Computed tomography (CT) showed a significant decrease of
visceral fat after the creation of pressure overload (Figure 1D).
It is well accepted that sympathetic activity increases with heart
failure (Floras, 2009), and norepinephrine regulates lipolysis in
adipose tissue. We found that the norepinephrine levels of
plasma and adipose tissue increased significantly and plasma
fatty acid levels were markedly elevated in TAC mice compared
with sham-operated mice, suggesting acceleration of lipolysis
via the sympathetic nervous system in response to pressure
overload (Figure 1E). It has been reported that exposure to an
excess of fatty acids leads to p53 activation in various cells
(Zeng et al., 2008) and that p53 is crucially involved in the
regulation of adipose tissue inflammation in obese animals
(Minamino et al., 2009). Therefore, we hypothesized that chronic
pressure overload promotes lipolysis and the resultant increase
of fatty acids leads to p53-induced inflammation in adipose
tissue.

Consistent with this concept, we found that p53 expression
was upregulated in the adipose tissue of TAC mice at 2-4 weeks
after surgery and the change was sustained until 6 weeks
(Figures 2A and S2A). To further investigate the role of adipose
tissue p53 in the response to pressure overload, we performed
TAC in adipocyte-specific p53 knockout (adipo-p53 KO) mice.
The pressure overload-induced increase of p53 expression
was attenuated in adipo-p53 KO mice compared with littermate
controls (Figure S2B). Production of proinflammatory cytokines
as well as cyclin-dependent kinase inhibitor 1A (Cdkn1a) expres-
sion was also decreased in adipo-p53 KO mice, along with
a decline in the infiltration of macrophages into visceral fat
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Figure 1. Pressure Overload Induces Systemic Insulin Resistance and Adipose Tissue Lipolysis and Inflammation

(A) Insulin tolerance test (ITT) and glucose tolerance test (GTT) in mice at 6 weeks after sham operation (Sham) or TAC (n = 30).

(B) Hematoxylin and eosin staining of adipose tissues of mice at 6 weeks after sham operation (Sham) or TAC (upper panel). In the lower panel, the infiltration of
macrophages was evaluated by immunofluorescent staining for Mac3 (green). Nuclei were stained with Hoechst dye (blue). Scale bar, 50 um. The right graph
indicates the quantitative data on the infiltration of macrophages (n = 5).

(C) Real-time PCR assessing the expression of Emr1, Tnf (Tnfa), Ccl2 (MCP1), and Adipog (Adiponectin) levels in adipose tissues of mice at 6 weeks after sham
operation (Sham) or TAC (n = 10).

(D) CT analysis of mice at 6 weeks after sham operation (Sham) or TAC. The graph shows the ratio of visceral fat tissue weight estimated by CT to whole body
weight (n = 7).

(E) Norepinephrine level in adipose tissue (left) and plasma (middle), and plasma free fatty acid (FFA) level (right) of mice at 6 weeks after sham operation (Sham) or
TAC (n = 10). Data are shown as the means + S.E.M. *p < 0.05, ™p < 0.01.
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