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Background—The processes of arteriosclerosis, including atherosclerosis and vascular remodeling, are affected by
interactions among numerous biological pathways such as responses to inflammation, oxidative stress, and endoplasmic
reticulum stress. C/EBP homologous protein (CHOP), which is well known to induce cellular apoptosis in response to
severe endoplasmic reticulum stress, is reportedly upregulated in plaque lesions.

Methods and Results—We examined the effects of CHOP deficiency on 2 types of arteriosclerosis: cuff injury—induced
neointimal formation and hypercholesterolemia-induced atherosclerosis. Cuff injury—induced neointimal formation was
markedly inhibited in CHOP '~ mice with suppressed aortic expression of inflammatory factors and smooth muscle cell
proliferation—related proteins. A CHOP deficiency also inhibited aortic plaque formation in hypercholesterolemic
apolipoprotein E~/~ mice with suppressed aortic expression of inflammatory factors and oxidative stress markers. Bone
marrow transplantation experiments revealed that recipient CHOP deficiency significantly suppressed both cuff
injury-induced neointimal formation and hypercholesterolemia-induced atherosclerotic plaque formation to a greater
extent than donor CHOP deficiency, suggesting the importance of CHOP in vascular cells for arteriosclerosis
progression. Furthermore, in our in vitro experiments, in not only macrophages but also endothelial and smooth muscle
cell lines, endoplasmic reticulum stress inducers upregulated inflammation-, adhesion-, or smooth muscle cell
proliferation-related proteins, whereas decreased CHOP expression remarkably suppressed endoplasmic reticulum
stress—induced upregulation of these proteins.

Conclusions—In addition to the well-known signaling for apoptosis induction, CHOg [may play important ]es in augmenting
potentlally pathologlcal biological stress responses. This noncanomcal role of CHOP D %sed in vascular

deve]opment are extfé"%ely comp

those of 1nﬂammat1on, . IS,
stress.? Oxidized low-density hpoprotem (LDL) is proposed
to play a central role in hypercholesterolemia-induced ath-
erosclerotic development,* not only through its incorporation
into macrophages to form foam cells but also through the
promotion of inflammatory cytokine release and oxidative
stress in vascular walls.® In addition to inflammation and
oxidative stress, several lines of evidence have suggested

al roles in multiple
ce]lular processes required for cell survival and normal cellular
functions. Various disturbances, including ischemia, hypoxia,
oxidative injury, and viral infections, trigger protein unfolding in
the ER, leading to unfolded protein responses (UPRs), also
known as ER stress responses.® Recent studies have revealed
that ER stress is associated with a wide range of diseases,
including neurodegenerative disorders,” cancer,® and diabetes
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mellitus.? In terms of atherosclerosis development, ER stress is
reportedly increased in atherosclerotic lesions of apolipoprotein
E (apoE)-deficient mice.’® Free cholesterol incorporated into
macrophages induces ER stress, leading to macrophage apopto-
sis.”! In addition, ER stress is involved in oxidized LDL~
induced endothelial dysfunction.!? Endoplasmic reticulum stress
in the vascular wall may exacerbate oxidative stress and inflam-
mation.'>'* In human subjects, ER stress in atherosclerotic
plaques could be associated with acute coronary syndrome.'$
Collectively, these findings suggest that ER stress plays impor-
tant roles in atherosclerosis development.

The UPR is an adaptive response that first tends to restore
ER activity and cellular homeostasis but switches toward
apoptosis when ER stress is severe or prolonged. The tran-
scription factor C/EBP homologous protein (CHOP; also
known as GADDI153) is a downstream component of ER
stress pathways and induces cellular apoptosis.'¢ It is highly
expressed in atherosclerotic plaque lesions.!® Thorp and
colleagues reported that CHOP deficiency suppressed athero-
sclerotic progression in apoE ™'~ mice via a mechanism
involving decreased atherosclerotic plaque necrosis and lesional
apoptosis of macrophages.'” In addition to induction of apopto-
sis, CHOP can exacerbate ER stress by inducing the expression
of genes encoding ER client proteins such as GADD34 and by
rendering the ER more oxidative by inducing expression of ER
oxidase 1 (ERO1a).'8-20 These findings prompted us to hypoth-
esize that CHOP is a key molecule linking several biological
stress responses and thereby accelerates arteriosclerosis devel-
opment. Therefore, we analyzed the roles of CHOP, especially
that expressed in vascular cells, in these biological responses and
the resultant arteriosclerotic processes such as vascular remod-
eling and atherosclerosis.

Animals
Animal studies were ¢
guidelines for animal
CHOP™'~ mice?! wer
C57BL/6] mice (Nipp
mice were mated with female apo
ratory, Bar Harbor, ME) to establish a line of CHOP ™/~ ;apoE™/~
mice. To accelerate the development of atherosclerosis, these mice
were fed a 1.25% high-cholesterol diet?? from 8 weeks of age.

Plasma Metabolic Parameters

Blood glucose, plasma adiponectin, and tumor necrosis factor-a
levels and serum total cholesterol, triglyceride, and free fatty acid
concentrations were determined as described previously.?* Plasma
levels of monocyte chemoattractant protein-1 (MCP-1), malondial-
dehyde, and 8-isoprostane were measured with an ELISA kit (R&D
Systems, Minneapolis, MN), a TBARS Assay kit (Cayman Chemical
Company, Ann Arbor, MI), and an 8-isoprostane enzyme immuno-
assay kit (Cayman Chemical Company), respectively.

Blood Pressure Determinations

Systolic blood pressures were measured over several days in con-
scious mice with a tail-cuff system (Muromachikikai Co, Kyoto,
Japan) according to the manufacturer’s instructions. Five to 8
measurements were recorded for each mouse. Results are presented
as the mean of measurements on consecutive days.
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Cuff Injury of Femoral Arteries

Polyethylene PE-50 tubes (2 mm; inner diameter, 0.58 mm; outer
diameter, 0.965 mm; Becton Dickinson, Franklin Lakes, NJ) were
placed around the right femoral arteries of 8-week-old mice as
described previously.?> The contralateral artery served as an unin-
jured control. Vessels were isolated and processed for histological
analyses 3 weeks after cuff placement. The middle segment of the
artery was cut at 50-um intervals, and the thicknesses of the intima
and media were measured.

Quantitative Reverse-Transcription Polymerase
Chain Reaction-Based Gene Expression

Quantitative reverse-transcription polymerase chain reaction was
performed as previously described.2¢ The relative amount of mRNA
was calculated with a-actin mRNA for cuff injury experiments or
with GAPDH mRNA for the apoE™'~ mouse and in vitro experi-
ments as the invariant control. The oligonucleotide primers are
described in Table I in the online-only Data Supplement.

Immunoblotting

Immunoblot analyses were performed as previously described* using
antibodies to Bip (GRP78) (Santa Cruz Biotechnology, Santa Cruz,
CA), mouse class A type I scavenger receptor (R&D Systems, Inc),
and GAPDH (Ambion, Austin, TX).

Evaluation of Atherosclerotic Lesions

The atherosclerotic lesions were evaluated as Oil Red O-stained areas,
as described previously.* The aortas were removed, cleaned, cut open
with the luminal surface facing up, and then immersion fixed in 10%
formalin in PBS. The inner aortic surfaces were stained with Oil Red O
for 30 minutes at room temperature. The Oil Red O-stained areas were
quantified by Scion Image software analysis (Scion Corp, Frederick,
MD) of the digitized microscopic images. For aortic root cross-section
analyses, the aortic root and ascendmg aorta ‘excised from mice,
rinsed in normal saline; and: frozén ;i 1ot ting temperature
compound (Sakura Finetek;; Tokyo Japan) 5 ons were stained
with Oil Red O and counterscaméd w1th hemato ylin and eosin.

Tissue Collectlon and Immunohistochemical Staining

ortas were spap- frozen in hqmd nitrogen, stored at —8()°C for

al artery was cut into
antibodies to oxidized

1otechnology)

rradiation and Bone Marrow Transplantation

The CHOP™'* and CHOP™/~ recipient mice underwent lethal
irradiation (10 Gy) at 6 weeks of age and then received 4Xx10°
freshly prepared sterile bone marrow cells obtained from CHOP*/*
and CHOP™'~ mice via tail vein injection.?® The expression of
CHOP in bone marrow cells was quantified by reverse-transcription
polymerase chain reaction 2 weeks after bone marrow transplantation
(BMT). The perivascular cuff was placed 2 weeks after BMT; histo-
logical analysis was performed 3 weeks after cuff placement. Similarly,
CHOP*"*;apoEB™"~ and CHOP ™~ ;apoE ™™ recipient mice at 8 weeks
of age underwent 10-Gy irradiation and then received 4X10° freshly
prepared sterile bone marrow cells obtained from CHOP™*'*;apoE™"~
and CHOP™~;apoE '~ recipient mice via tail vein injection. The mice
were fed standard chow for 2 weeks after BMT and then a 1.25%
high-cholesterol diet for the following 12 weeks.

Ex Vivo Treatment of Macrophages

Peritoneal macrophages were harvested from lavage of CHOP*'*
and CHOP™'~ mice 4 days after intraperitoneal injection of 4%
thioglycollate. Macrophages were cultured in RPMI 1640 containing
10% FBS. Two hours later, nonadherent cells were flushed out and
fresh medium was added. After 24 hours, the cells were incubated
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Cell Culture and siRNA Transfection C/EBP Homologous Protein Deficiency Suppresses
Mouse endothelial MSS31 cells, provided by Dr Yasufumi Sato Neointimal Formation Induced by Cuff Injury
(Tohoku University), and human aortic smooth muscle cells (SMCs; The CHOP* and CHOP™/~ mice were fed normal chow

KURABO, Osaka, Japan) were cultured in o minimum essential

medium containing 5% FBS and Humedia-SG2 (KURABO), respec- and comparatively analyzed at 11 weeks of age. As reported

tively. Human and mouse CHOP small interfering RNAs (siRNAs) previously,* CHOP deletion did not significantly affect
and control siRNAs were designed in conjunction with Thermo overall body weight, blood glucose, blood pressure, or plasma
Fisher Scientific Inc (Yokohama, Japan). siRNAs and the transfec- lipid parameters (Figure IA through ID in the online-only
?;i;%aﬁggzzﬁgafgg g}ggf::g Fﬁgﬁirvfgéert’)“ﬁ; iﬁ;a Egi‘og?gi{ Data Supplement). Although plasma adiponectin levels were

P ; y slightly higher in CHOP ™'~ mice, no significant differences

hours at 37°C. siRNA-transfected human aortic SMCs and MSS31

were incubated with thapsigargin (0.75 wmol/L) and tunicamycin were observed in serum MCP-1 or tumor necrosis factor-a

(2.5 pg/mL), respectively, for 10 hours. levels between CHOP™'* and CHOP ™'~ mice (Figure IE in
the online-only Data Supplement).

Statistical Analysis First, to assess the role of CHOP in vascular remodeling,

All statistical analyses were performed with the SPSS version 15.0 we evaluated the effects of CHOP deficiency on neointimal

(SPSS Japan Inc, Tokyo, Japan). All data were tested for normality

by the Kolmogorov-Smirnov test. When data were normally distrib- fgrmaugn 1n4uced by cuff injury. . T.here Were no app.areflt
uted, the statistical significance of differences was assessed with the histological differences between uninjured femoral arteries in

unpaired ¢ test and 1-way ANOVA, followed by Tukey post hoc CHOP™* and CHOP™/~ mice (Figure 1A). In contrast, in
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cuff-injured femoral arteries, CHOP ™'~ mice exhibited sig-
nificant suppression of intimal hyperplasia (Figure 1A). The
intimal hyperplasia was also quantified as intimal-to-luminal
and intimal-to-medial area ratios, which were decreased by
56.4% and 56.0%, respectively, in CHOP™'~ mice compared
with CHOP™'* mice (Figure 1B).

Arterial wall intimal hyperplasia is reportedly attributable
to heightened inflammatory reactions induced by interactions
between recruited leukocytes and migrating SMCs.3° There-
fore, we next examined the local expression of genes related
to vascular remodeling in cuff-injured femoral arteries 7 days
after cuff placement. First, CHOP was markedly upregulated
by cuff injury in CHOP*'* mice (Figure II in the online-only
Data Supplement). In uninjured femoral arteries, there were
no significant differences in the expression of inflammatory
factors or vascular SMC proliferation—related factors between
CHOP™* and CHOP™'~ mice (Figure 1C and 1D). In
contrast, in cuff-injured femoral arteries, expression of in-
flammatory factors such as interleukin (IL)-18, IL-6, and
MCP-1 was significantly suppressed in CHOP™'~ mice
compared with CHOP™'* mice (Figure 1C). In addition,
CHOP deficiency inhibited increased expression of vascular
SMC proliferation—related factors such as stromal cell-
derived factor-la (also known as CXCL12), early growth
response protein-1, and platelet-derived growth factor-B (Fig-
ure 1D). As a result, cuff injury—induced expression of
a-smooth muscle actin was markedly suppressed in the
arteries of CHOP™'~ mice (Figure ITIA in the online-only
Data Supplement). Immunostaining with antibodies against
a-smooth muscle actin revealed that CHOP deficiency de-
creased a-smooth muscle actin staining in the neointima of
cuff-injured arteries (Figure IIIB in the online-only Data
Supplement). Furthermore, proliferating cell nuclear antigen—
positive cells in the ne intima were’significantly decreased in
CHOP™~ mice (Fi
ment). Taken toge
exacerbates cuff inj
liferation, leading t

C/EBP Homolog
Hypercholesterolemia-
ApoE ™'~ Mice

Next, to examine whether CHOP is involved in hypercholester-
olemia-induced atherosclerosis, CHOP™~ mice were crossed
with apoE-deficient mice, resulting in the generation of
CHOP/~;apoE™"~ double-knockout mice. The CHOP™'*;
apoE ™~ and CHOP™';apoE ™"~ mice were fed a 1.25% high-
cholesterol chow starting at 8§ weeks of age. In this hypercho-
lesterolemia model, body weight, blood glucose, blood
pressure, and lipid parameters were similar in CHOP*'*;
apoE™"~ and CHOP ™'~ ;apoE '~ mice (Figure IV in the online-
only Data Supplement). Interestingly, atherosclerosis develop-
ment was significantly inhibited by CHOP deficiency. The
atherosclerotic areas were decreased by 31% in the whole aortas
of CHOP™/~;apoE™"~ compared with those of CHOP™'";
apoE™"" mice at 32 weeks of age, as defined by Oil Red O
staining (Figure 2A). Histological analyses of aortic root cross
sections of CHOP™'*;apoE™"~ and CHOP ™'~ ;apoE ™"~ (n=5,
each) mice revealed that CHOP deficiency modestly inhibited
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atherosclerosis development even at 20 weeks of age (Figure V
in the online-only Data Supplement).

Aortic sections from CHOP ' “;apoE~'~ and CHOP*'*;
apoE ™~ mice were immunostained with antibodies against the
macrophage marker MOMA-2, a-smooth muscle actin, and
oxidized LDL (Figure VI in the online-only Data Supplement).
A CHOP deficiency apparently decreased depositions of mac-
rophages, SMCs, and oxidized LDL in the plaques of apoE ™'~
mice. These findings were compatible with aortic gene expres-
sion. The aortic expression of F4/80, another macrophage
marker, was significantly decreased in CHOP™~;apoE ™" mice
(Figure 2B). In addition, aortic expression of inflammatory
factors such as MCP-1 and IL-6 (Figure 2C); the ER chaperone
Bip (Figure 2D); SMC proliferation—related genes such as
transforming growth factor-£1, platelet-derived growth factor-B,
and platelet-derived growth factor-R (Figure 2E); and scaven-
ger receptors such as mouse class A type I scavenger receptor
and CD36 (Figure 2F) was significantly decreased in
CHOP™"";apoE™"~ mice. Decrements in protein expression of
Bip and mouse class A type I scavenger receptor were confirmed
by immunoblotting (Figure VII in the online-only Data Supple-
ment). Furthermore, the plasma adiponectin level was increased
whereas MCP-1 and tumor necrosis factor-a were significantly
decreased in CHOP ™" ;apoE ™"~ mice (Figure 2G). Oxidative
stress reportedly decreases plasma adiponectin.3' In addition,
CHOP deficiency markedly decreased plasma levels of oxida-
tive stress markers such as malondialdehyde and 8-isoprostane
(Figure 2H). Thus, CHOP appears to be involved in hypercho-
lesterolemia-induced vascular 1nﬂammat10n and systemic oxida-
tive stress, leading 1o, athe

C/EBP Homologous Protein Deficiency Suppressed
Gene Expressions of Inflammation-Related Factors
nd Vascular Adhesion Molecules in

ency on early-stage
of inflammatory factors

~ mice at 14
differences in Oil

—stained plaqueareas between these 2 groups (Figure
VIII in the online-only Data Supplement). Aortic expression
of F4/80 and inflammatory factors such as MCP-1, 1L-18,
and IL-6 was significantly decreased in CHOP~';apoE "~
mice compared with CHOP™'*;apoE ™'~ mice (Figure 3A),
suggesting decreased aortic inflammation. In addition, ex-
pression of the vascular cell adhesion molecule-1 was de-
creased in CHOP~/~;apoE ™'~ mice (Figure 3B). A CHOP
deficiency also suppressed the aortic expression of GADD34
and EROla (Figure 3C), which are reportedly upregulated
downstream from CHOP by ER stress. Furthermore, antiox-
idant enzymes such as manganese superoxide dismutase,
glutathione-S-transferase, and catalase, which are upregu-
lated in response to oxidative stress, were attenuated by
CHOP deficiency (Figure 3D). These findings suggest that
CHOP deficiency protects the arterial wall from both hyper-
cholesterolemia-induced ER stress and oxidative stress.
ERO1« downregulation may explain the decreased oxidative
stress observed in CHOP ™/~ ;apoE ™/~ mice. Thus, CHOP is
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(CHOP) deficiency suppressed hypercho-
lesterolemia-induced atherosclerosis in
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in Vascular Cells, Is Involved in Cuff
Injury-Induced Vascular Remodeling and
Hypercholesterolemia-Induced Atherosclerosis
Thus, whole-body CHOP deficiency suppressed 2 types of
arteriosclerosis, ie, cuff injury-induced neointimal formation
and hypercholesterolemia-induced atherosclerosis. Both
types of arteriosclerosis are well known to be caused by
interactions between vascular cells such as endothelial cells
and SMCs and hematopoietic cells such as macrophages. To
determine which CHOP, that expressed in vascular cells or
that expressed in hematopoietic cells, is important for these
types of arteriosclerosis, we performed BMT experiments.

First, a series of BMT experiments, CHOP** to CHOP*'*,
CHOP™'~ to CHOP*'*, CHOP™* to CHOP™'~, and
CHOP™'~ to CHOP ', was carried out in 6-week-old mice
followed by external vascular cuff placement on the femoral
arteries 2 weeks after BMT. At that time point, ie, 2 weeks
after BMT, CHOP expression of BM cells in CHOP™'~ to

o s with the Mann-Whitney U test.

af e1 transplantatmn In-addition, peripheral
é}’%@ldlay until day 3 after lethal

i A
days (Figure IXB in the online-only Data Supplement),
indicating that BM cells had been mostly replaced with donor
cells. In addition, in CHOP™"" to CHOP*'" BMT mice,
arterial expression of both F4/80 and CD45 was dramatically
increased, by 22- and 53-fold, respectively, during cuff
injury, suggesting that almost all hematopoietic cells, includ-
ing macrophages, in cuff-injured arteries had infiltrated the
vascular wall after BMT and cuff placement (Figure X in the
online-only Data Supplement). Under these conditions, neo-
intimal formation was markedly suppressed in the CHOP ™/~
to CHOP™'~ BMT mice compared with the CHOP™" to
CHOP™* BMT mice. Both CHOP™~ to CHOP*'* and
CHOP™'* to CHOP™/~ mice exhibited intermediate degrees
of neointimal formation, but recipient CHOP deficiency alone
more strongly suppressed neointimal formation than donor
deficiency alone (Figure 4). These findings suggest that
CHOP expressed in hematopoietic and vascular cells may act
in coordination to promote cuff injury—induced vascular
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101 1.01 1.01 2 1.0- 10] —e sclerosis in apoE™" mice. Aortic gene
T U k3 -+ + i H expression of a macrophage marker and
051 051 _;_ 051 | T os . inflammatory factors (A), vascular cell
’ s 7 ’ 08 ’ —i— adhesion molecule-1 (VCAM-1) (B), ER
N [ N N R R stress-related molecules (C), and antioxi-
CHOP ++ —I- U e - v - d = 4+ - dant enzymes (D)_was analyzed by '
reverse-transcription polymerase chain
(o] D reaction in 14-week-old CHOP™'™;
GADD34 ERO1a MnSOD GST catalase apoE "/~ and GHOP™'~;apoE ™/~ mice fed
20 2.0 2.0- 2.0 2.0 1.25% high-cholesterol chow (n=7 per
. ’ ’ group). Data are presented as mean=*SE.
_* * * | * 15— MCP indicates monocyte chemoattractant
151 51, 151 . 15 ) protein; IL, interleukin; ERO1a, ER oxi-
. ¢ ] H ; dase 1; MnSOD, manganese superoxide
10{ —4- 101 - 10 — 101 —§ 107 -+ dismutase; and GST, glutathione-S-
e i . . : transferase. *P<0.05, *P<0.01 by the
0.5 ¢ 0.5 HEYS § o051 -+ 05 -4+ unpaired t test, except for MNnSOD
L ' expression (D), which was analyzed with
o - o o the Mann-Whitney U test.
CHOP #+ ~I- T A #HE - Ht - e+ =)
remodeling, although vascular cell CHOP plays the more rophages (Figure XI in the online-only Data Supplement).
important role. Thus, CHOP upregulation appears to be involved in ER
Next, BMT experiments were performed with 8-week-old stress—induced inflammatory responses in macrophages.
CHOP*'*;apoE™'" and CHOP™'";apoE™’~ mice. Two Next, we examined alterations in gene expression with
weeks after BMT, high-cholesterol chow feeding was started CHOP knockdown in a human aortic SMC line in response to
and continued until 22 weeks of age. Both CHOP™'; thapsigargin treatment. In human aortic SMCs, thapsigargin
apoE™~ to CHOP*'*;apoE™"~ and CHOP"'*;apoE™"~ to upregulated CHOP and proliferation-related genes such as
CHOP™'~;apoE~'~ mice apparently exhibited intermediate platelet-derived growth factor B and‘ mal cell-derived
degrees of plaque formation. However, recipient CHOP factor-1e, as well as the inf m ; t MCP-1 (Figure
deficiency significantly decreased atherosclerotic areas in 6B). Knockdown of cH significantly suppressed the
apoE ™'~ mice, whereas the decreases in atherosclerotic areas upregulation of proliferation- and inflammation-related fac-

with donor CHOP def

rs. In addition, in a murine endothelial cell line, MSS31,
nicamycin nother ER stress 1nducer increased the expres-

olemia-induced athe

ulatlon of vascular

Endoplasmic Reticulum Stres 1ls. These in vitro

Stréss Responses That Were Suppressed by experiments revealed that ER stress promotes the proliferation of
Decreased C/EBP Homologous Protein Expression SMCs and adhesion molecule upregulation in endothelial cells.
in Macrophages and Vascular Cells Thus, CHOP augments these stress responses in vascular cells.
To determine the molecular mechanisms underlying the Collectively, CHOP, in both macrophages and vascular cells, is
atherogenic actions of CHOP, we examined the effects of likely to exert atherogenic effects via heightened biological
decreased CHOP expression on ER stress responses in stress responses, including inflammation-, adhesion-, or SMC
macrophages and in SMC and endothelial cell lines in vitro. proliferation-related protein upregulation.

First, in peritoneal macrophages obtained from wild-type

mice, treatment with thapsigargin, an ER stress inducer, Discussion

markedly increased CHOP expression. In addition, inflam- The first important result obtained in this study is that CHOP
matory cytokines such as IL-6, MCP-1, and tumor necrosis deficiency inhibited cuff injury-induced neointimal forma-
factor-a were markedly upregulated in wild-type macro- tion. Neointimal formation, which is an important feature of
phages. These inflammatory responses to thapsigargin were restenosis after angioplasty of human coronary arteries,33
significantly suppressed in macrophages obtained from critically involves the proliferation and migration of vascular
CHOP™'~ mice (Figure 6A). Furthermore, peroxynitrite32 SMCs. In the cuff injury model, adventitial inflammation is
and free cholesterol!! also increased the expression of both considered to be a major cause of medial SMC migration to
CHOP and inflammatory cytokines, but CHOP deficiency the subendothelial space.?® In the present study, CHOP
suppressed the inflammatory cytokine upregulation in mac- deficiency suppressed aortic expression of inflammatory
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Figure 4. Importance of C/EBP homologous protein (CHOP) in
vascular cells in cuff inj d vascular remodeling. A
series of bone marrow, i

CHOP™'~ mice were spianted mfﬁ Ieﬂg&ly |rr%§d|ated
CHOP™*/+ and CHOP~/~ micé. Perivascular cuffs were place
on the femoral arteries,2 weeks, aftel LBMU,.

9 weeks e
logical findings of cuff-injured : i
mice. B, Intimal-to-luminal area ratios of cuﬂ‘-lnjured femoral
arteries of mice subjected to BMT (CHOP*/* to CHOP*/*,
n=10; CHOP~’~ to CHOP*/*, n=10; CHOP*/* to CHOP~/~,
n=10; CHOP™/~ to CHOP~/~, n=9). Data are presented as
mean=SE. *P<0.05, *P<0.01 by 1-way ANOVA.

factors and growth factors that induce vascular SMC prolif-
eration. In addition, BMT experiments revealed a small but
significant effect of CHOP donor deficiency. Because almost
all hematopoietic cells, which were detected in the aorta 3
weeks after cuff placement, had infiltrated the aorta after cuff
placement following bone marrow replacement, the small but
significant effect of CHOP donor deficiency actually reflects
the positive contribution of CHOP expressed in hematopoi-
etic cells. On the other hand, recipient CHOP deficiency more
strongly suppressed cuff injury-induced neointimal forma-
tion than donor CHOP deficiency, indicating the importance
of recipient CHOP in vascular remodeling. We cannot rule
out the possibility that CHOP expressed in recipient cells
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Figure 5. Importance of C/EBP homologous protein (CHOP) in
vascular cells in hypercholesterolemia-induced atherosclerosis.
A series of bone marrow transplantatlon (BMT) experiments,
CHOP™*;apoE /16 ICHOP:" ‘
CHOP*'*; apoE -

A ap
8-week-old m|ce5Two ‘weeks after BMT 1. 25% high-cholesterol
chow feeding was s;grted Oil Red O-stained areas of the aor-
tas of these BMT mice were measured at 22 weeks of age
apoE

P+/

) (B). Rep ‘sent, ve ! z, istological findings of the
‘plaque are;shown.inA. .Data are presented as

vascular remodeling.
However, taken together with the findings that CHOP defi-
ciency suppressed vascular expressions of inflammatory fac-
tors and stress-related proteins and that CHOP in endothelial
cells and vascular SMCs contributes to upregulation of these
factors in vitro, CHOP in vascular cells is likely to play
important roles. Thus, CHOP expressed in both hematopoi-
etic cells and vascular cells, especially that expressed in
vascular cells, contributes to vascular remodeling. Our in
vitro results further support the notion that CHOP expressed
in hematopoietic and vascular cells acts in a coordinated
fashion to exacerbate arterial inflammation, which leads to
vascular remodeling.

Another important aspect of the present study is that
activation of CHOP was shown to play an important role in
hypercholesterolemia-induced progression of atherosclerosis;
CHOP is well known to be a strong mediator of apoptosis
induction in cells exposed to substantial ER stress.?* Aortic
expression of CHOP is enhanced as atherosclerosis pro-
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merase chain reaction (RT-PCR). Perito-
neal macrophages from CHOP*/* (n=4)
and CHOP ™/~ (n=6) mice without thapsi-
gargin treatment were also subjected to
analyses of mRNA expression. B, Human
aortic smooth muscle cells (HASMCs)
were transfected with siRNA against the
human CHOP gene (n=7) or scramble

[] control {ctrl; n=7), followed by thapsi-

e gargin treatment. The mRNA expression
of CHOP, proliferation-related genes, and
M an inflammatory factor was evaluated by
RT-PCR procedures. The HASMCs trans-
fected with scramble siRNA without thap-
sigargin treatment (n=4) were also sub-
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C, MSS31 cells were transfected with
siRNA against the murine CHOP gene
(n=7) or scramble control (n=7), followed
by tunicamycin (TU) treatment. The mRNA
expression of CHOP, GADD34, ER oxi-
dase 1 (ERO1q) and vascular cell adhe-
sion molecule-1 (VCAM-1) was evaluated
. by RT-PCR procedures. MSS31 cells

Sk

4 subjected itoanalyses of mRNA expres-
e _sion. Data are presented as mean=*SE.
*P<0.05, *P<0.01 by 1-way ANOVA.

0
siRNA ctrl ctrl cHop ctrl ctrl CHOP ctrl ctrl cHOP
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U () (+)

phages release prote L1
lipid core formation. Free cholesterol accumulation in the ER
membranes of macrophages reportedly induces the UPR,
leading to CHOP-mediated apoptotic cell death.!' Thorp and
colleagues!” reported that CHOP deficiency suppressed ath-
erosclerotic progression in apoE ~/~ mice, which is consistent
with our results. They concluded that the mechanism under-
lying atherosclerotic inhibition with CHOP deficiency in-
volves decreased atherosclerotic plaque necrosis and lesional
apoptosis of macrophages. The CHOP-mediated apoptosis in
macrophages also reportedly contributes to the instability of
atherosclerotic plaques,?¢ suggesting the importance of mac-
rophage CHOP. In addition to the roles of macrophage
CHOP, our study shows vascular CHOP to have a significant
role. First, BMT experiments revealed that CHOP deficiency
in recipient mice more strongly suppressed atherosclerosis
development than that in donor mice. We cannot rule out the
possibility that residual macrophages that had infiltrated the
aorta before BMT weakened the suppressive effects of donor

f this were the case, however, the

Usignificant effects.of recipient CHOP deficiency indicate that

CHOP expressed. in vascular. cells plays an important role in
athero lobal CHOP defi-
ciency decreased aortic macrophage deposition per se in the
early stage, eg, at 14 weeks of age, leading to suppression of
atherosclerosis development at 24 weeks of age. Therefore,
decreased macrophage infiltration in the early stage is likely
to be an important mechanism by which CHOP deficiency
suppresses atherosclerosis development. Endothelial adhe-
sion molecule expression was decreased by CHOP defi-
ciency, and in vitro experiments revealed that CHOP knock-
down in endothelial cells inhibited upregulation of the
endothelial adhesion molecule. Together, these findings sug-
gest that suppression of endothelial adhesion molecule ex-
pression by CHOP deficiency is involved in the infiltration of
macrophages into the vascular wall. Therefore, suppressed
macrophage-endothelium interaction resulting from CHOP
deficiency in both cells is likely to contribute to inhibition of
atherosclerosis development. In vitro experiments also re-
vealed that CHOP knockdown in SMCs suppressed upregu-
lation of inflammatory factors. Supporting this notion, CHOP
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deficiency reduced aortic expression and plasma concentra-
tions of inflammatory factors and oxidative stress markers.
Thus, in addition to the reported mechanism involving
macrophage apoptosis,'” vascular CHOP in endothelial cells
and SMCs plays important roles in atherosclerosis develop-
ment via augmentation of macrophage recruitment and in-
flammatory and stress responses.

Interestingly, CHOP deficiency suppressed aortic expres-
sions of Bip and GADD?34 in apoE ™'~ mice, suggesting that
CHOP also plays a role in accelerating UPRs other than those
involved in the induction of apoptosis. This finding is
consistent with a previous report indicating that, in CHOP™/~
cells, GADD34 protein is downregulated in association with
sustained elevation of eukaryotic initiation factor-2 « phos-
phorylation, followed by translation repression, resulting in
reduced ER stress.!® In addition, several reports have indi-
cated that the UPR is closely related to inflammatory re-
sponses.?” Inositol-requiring enzyme-la activates the c-jun
N-terminal kinase pathway, increasing the levels of tumor
necrosis factor-a, IL-6, and MCP-1 through activation of the
activator protein-1 transcription factor complex.® The nu-
clear factor-«B pathway can also be activated by PKR-like
ER kinase signaling in both endothelial cells and macro-
phages.!-143° Furthermore, CHOP directly induces expres-
sion of ERO1«, which is required for disulphide formation in
protein folding and contributes to elevation of reactive
oxygen species in ER-stressed cells.* Induction of EROla
by CHOP might be involved in CHOP-mediated accumula-
tion of reactive oxygen species.*! Consistent with these
previous studies, here, CHOP deficiency suppressed ERO1«
expression in the aortas of apoE ™'~ mice. In addition, aortic
expression of antioxidant enzymes was downregulated in
CHOP~'~;apoE™"~ mice, suggesting a decrement in hyper-
cholesterolemia-induced oxidative stress. Consistent with this
notion, oxidative m

e

8-isoprostane and a

deficiency. Thus, in dition
signaling that triggers apoptosm 1
important roles in
logical responses. Th
contribute to hypercholesterolemla -induced exacerbatlon of
oxidative stress not only in the aorta but also systemically,
leading to atherosclerosis progression.

Conclusions

This study provides strong evidence of the impact of CHOP,
especially that expressed in vascular cells, on arteriosclerosis
formation. The underlying mechanisms involve augmentation
of unfavorable, ie, pathological, stress responses. This non-
canonical role of CHOP is important in vascular remodeling
and atherosclerosis. Therefore, blockade of the CHOP signal-
ing pathway is a promising therapeutic strategy for athero-
sclerosis induced by hypercholesterolemia and restenosis
after angioplasty.
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Complex interactions among numerous biological pathways are implicated in the pathogenesis of arteriosclerosis such as
atherosclerosis and vascular remodeling. In particular, responses to inflammation and oxidative stress have been considered
to play central roles in arteriosclerosis development. In addition, recent studies revealed endoplasmic reticulum stress to
be associated with atherosclerosis involving free cholesterol-induced macrophage apoptosis. However, details of the
molecular mechanisms of interactions among classic atherogenic actions and endoplasmic reticulum stress responses
remained to be elucidated. This study focused on the transcription factor C/EBP homologous protein (CHOP), which is
well known to be induced by endoplasmic reticulum stress, mediating apoptotic cell death. Here, using CHOP-deficient
mice, we show that CHOP plays important roles in accelerating 2 types of arteriosclerosis: cuff injury—induced neointimal
formation and hypercholesterolemia-induced atherosclerosis. Augmented inflammatory and oxidative stress responses
mediated by CHOP are important underlying mechanisms. Furthermore, CHOP, especially that expressed in hematopoietic
and vascular cells, is involved in inflammatory interactions among macrophages, endothelial cells, and vascular smooth
muscle cells, acting in a coordinated fashion to promote arteriosclerosis development. Thus, these observations of this
noncanonical role of CHOP may lead to a better understanding of the molecular pathogenesis of vascular remodeling and
atherosclerosis. Furthermore, given that neointimal formation is an important feature of postangioplasty restenosis of
human coronary arteries, this study provides potential strategies for the prevention of cardiovascular diseases and the
advancement of coronary intervention therapies.
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Table 1

Probe

Primer 1

Primer 2

MCP-1

5’ACTGAAGCCAGCTCTCTCTTCCTC3’

5’TTCCTTCTTGGGGTCAGCACAGAC3’

1L-6

5’CAATGCTCTCCTAACAGATAAG-3

5’AGGCATAACGCACTAGGT?’

IL-1B

5’CAAGCAATACCCAAAGAAGA-3’

5’-GAAACAGTCCAGCCCATAC-3’

CATALASE

5’-AGGTGTTGAACGAGGAGGA-3’

5’-CTCAGCGTTGTACTTGTCCA-3’

GST

5’-TGCCAAGATCAAGGAACAAA-3

5’-CCACATGGTAGAGGAGTTCAA-3’

SOD

5’-GGTCGCTTACAGATTGCT-3’

5’-CTCCCAGTTGATTACATTCC-3’

CRP

5’-CAGCTTCTCTCGGACTTTTG-3’

5-AGGTGTTCAGTGGCTTCTTTG-3’

GAPDH

5’- ACCACAGTCCATGCCATCAC -3’

5’- TCCACCACCCTGTTGCTGTA -3’

h-GAPDH
h-CHOP

5'GGC TGC TTT TAACTCTGG T 3'

5'AGA TGG TGATGG GAT TTC 3

h-PDGFbeta

5'ACC CTG CTT CTC TGG CTT 3'

5'GGG GAATGA CCACTCTGT 3

h-PDGF-RB

5'CCA GGT GAG AAAGAT CGAGA 3

5'AAT GGT CAC CCG AGT TTG 3'

5'CAATGA GGG TGA CAACGACT 3

5'ATG GTT GAG GAG GTG TTG ACT 3'

h-PDGF-alpha

5'CAG GAC GGT CAT TTA CGA 3

5'TTG GCT TCT TCC TGA CGT AT 3'

h-TGF-betal

5" CAATTC CTG GCG ATACCT 3'

5' TGT GTT ATC CCT GCT GTC A 3'

Eerl
SDF-la

5" CGAGCGAACAACCCTATG 3,

5!

5" AGC GGC CAG TATAGG TGA 3’

ERO1

GGT TCT TCGAGAGCCACATZ3

5" TTC GGG TCAATG CACACT 3

F4/80

5'TGG AGC CGT GGATGA GTC T 3/,

5" CAG CAT CGG GGG ACT GTAT3'

5' CAT CAT GGC ATA CCT GTT CAC 3',

5'GAATGG GAG CTAAGG TCAGTC 3

KLF5

5" AAACTG GCGATT CACAAC 3|,

5" CAG GTGAGCTTITTAA GTG AG 3

TGF-beta

5'GTG GAG CAA CAT GTG GAACT 3,

5" AAA GCCCTG TAT TCC GTCT 3'

PDGF-a

Lox-1

5'GGCTCGAAGTCAGAT CCAC3,
5‘

5" CTTCTC GGG CACATG GTT 3'

PDGF-beta

CAA GCAATTTCC CATACCAC 3,
5!

5" TCC GTCTTGAAG GTATGCAC 3

PDGF-RB

TGA AAT GCT GAG CGA CCA 3|,

5" GCT CGG GTCATGTTCAAGT 3!

5" AGCCTGACGTTG CTGATG 3,

5'CIT GCT GTGGCTCITCITG 3

SRA1

5'AGG GAG ACA GAG GGCTTA CT 3/,

5'GCCTACACT CCCCTTCTCT 3!

VCAM-1 5' GGAAGC TGG AAC GAAGTA 3, 5'CAATCT CCAGCC TGTAAACT 3
ICAM-1 5'GCT GCTACCTGCACTTTG 3, 5" GGATGGATG GATACCTGA 3
E-selectin

5' CAT CGT CCT CAT TGC TCT A 3/,

5!

AGACGT TGTAAGAAGGCAC3'
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Figure II Gao J et al.
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Figure VI-B Gao J et al.
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Figure VII | Gao J et al.
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