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Abstract

Aim: A growing body of evidence has shown that increased formation of oxidized molecules and reactive oxygen
species within the vasculature (i.e., the extracellular space) plays a crucial role in the initiation and progression of
atherosclerosis and in the formation of unstable plaques. Peroxiredoxin 4 (PRDX4) is the only known secretory
member of the antioxidant PRDX family. However, the relationship between PRDX4 and susceptibility to ath-
erosclerosis has remained unclear. Results: To define the role of PRDX4 in hyperlipidemia-induced atheroscle-
rosis, we generated hPRDX4 transgenic (Tg) and apolipoprotein E (apoE) knockout mice (hPRDX4+/+/apoE - / - ).
After feeding the mice a high-cholesterol diet, they showed fewer atheromatous plaques, less T-lymphocyte
infiltration, lower levels of oxidative stress markers, less necrosis, a larger number of smooth muscle cells, and a
larger amount of collagen, resulting in thickened fibrous cap formation and possible stable plaque phenotype as
compared with apoE - / - mice. We also detected greater suppression of apoptosis and decreased Bax expression
in hPRDX4+/+/apoE - / - mice than in apoE - / - mice. Bone marrow transplantation from hPRDX4+/+ donors to
apoE - / - mice confirmed the antiatherogenic aspects of PRDX4, revealing significantly suppressed atherosclerotic
progression. Innovation: In this study, we demonstrated for the first time that PRDX4 suppressed the devel-
opment of atherosclerosis in apoE - / - mice fed a high-cholesterol diet. Conclusion: These data indicate that
PRDX4 is an antiatherogenic factor and, by suppressing oxidative damage and apoptosis, that it may protect
against the formation of vulnerable (unstable) plaques. Antioxid. Redox Signal. 17, 1362–1375.

Introduction

Anewly discovered family of antioxidative proteins,
designated peroxiredoxin (PRDX), is ubiquitously syn-

thesized and has been identified in various organisms (17).
The PRDX family, which includes at least six distinct PRDX
genes expressed in mammals, contains a reactive Cys in a
conserved region near the N-terminus that forms cysteine–
sulfenic acid as a reaction intermediate during the reduction
of peroxide. This functional peroxidase activity is dependent
on reduced forms of thioredoxin and/or glutathione (8, 17).
So far, human PRDX4 (hPRDX4) is the only known secretory
form located in the extracellular space (15, 17), whereas the
other family members are localized intracellularly. hPRDX4
exerts its protective function against oxidative damage by
scavenging reactive oxygen species (ROS) (6, 15).

Innovation

Until now, the role of PRDX4 in the development of
atherosclerosis has not been investigated. We show for the
first time that PRDX4 ameliorates atherosclerosis pro-
gression in apoE - / - mice fed a high-cholesterol diet by
protecting the aorta from oxidative stress and reducing
apoptosis of macrophages and SMCs. We also show that
PRDX4 might induce a stable plaque phenotype by re-
ducing endothelial dysfunction, suppressing inflamma-
tory cell infiltration, and enhancing SMC migration
together with a collagen-rich matrix. In conclusion, our
findings provide novel insight into the protective role of
PRDX4, a member of the antioxidant PRDX family, in the
development of atherosclerosis.
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Increased oxidative stress is a risk factor for the initiation
and progression of atherosclerosis, and plays a crucial role in
atherosclerosis that is manifested by the accumulation of lipid
peroxidation products, such as oxidized low-density lipo-
protein (oxLDL) and thiobarbituric acid reactive substances
(TBARS), and the formation of ROS (5, 21, 29). Several studies
have revealed that antioxidative markers, including other
PRDXs, function as antiatherogenic factors in vivo. The size of
atherosclerotic lesions in the aortic sinus decreases signifi-
cantly after 20 weeks of high-fat feeding in mice lacking glu-
tathione peroxidase-1 (GPX1) (GPX1 - / - ) as compared with
control wild-type (WT) mice (2). Cu,Zn-superoxide dismutase
1 (SOD1) transgenic mice develop smaller atherosclerotic
lesions than do WT mice (25). Overexpression of catalase
reduces the severity of atherosclerosis in apolipoprotein E
(apoE)-deficient mice (apoE - / - ) (33). Notably, ApoE and
PRDX1 double-knockout mice (PRDX1 - / - /apoE - / - ) de-
velop larger, more macrophage-rich aortic sinus lesions than
do control (PRDX1 + / + /apoE - / - ) mice in the early stages of
atherosclerosis (10). PRDX2 knockout mice (PRDX2 - / - ) have
a greater influence on the growth and migration of smooth
muscle cells (SMCs) with increased neointimal thickening as
compared with WT mice during vascular remodeling in wire-
injured carotid arteries (1). PRDX6 knockout mice (PRDX6- / - )
raised on C57BL/6 and 129/SvJ mixed backgrounds and fed
a high-fat diet had more pronounced atherosclerotic le-
sions than did control mice (28). Taken together, these in vivo
data demonstrate that PRDXs could play a pivotal role
in antioxidative signaling and in the signaling cascades
that protect against atherosclerosis-prone pathophysiological
processes.

Recently, we generated hPRDX4 transgenic (Tg) mice and
evaluated the role of PRDX4 in a type 1 diabetes mellitus
model. We found that insulin-secreting b-cells in the islets of
Tg mice were significantly protected against inflammation
and apoptosis, unlike those of control WT mice (3). In the
present study, we crossed Tg mice with apoE - / - mice and
generated hPRDX4 + / + /apoE - / - mice to investigate the ef-
fects and roles of this unique antioxidant enzyme in athero-
sclerosis. We used two experimental models: hPRDX4 + / + /
apoE - / - mice with high-cholesterol diet (HcD)-induced
atherosclerosis and apoE - / - mice with HcD-induced ath-
erosclerosis after bone marrow transplantation (BMT) from
Tg mice.

Results

Expression of hPRDX4 in mice under basal
and hypercholesterolemic conditions

The expression of apoE and hPRDX4 in animals fed the
normal-cholesterol diet (NcD) was analyzed as shown in
Supplementary Figure S1B, supplementary data are available
online at www.liebertonline.com/ars). Immunohistochemi-
cal (IHC) staining showed weak hPRDX4 expression in the
medial SMCs of hPRDX4 + / + /apoE - / - mice fed an NcD, but
not in the aortas of apoE - / - mice (Fig. 1A). Additionally,
aortic SMCs and peritoneal macrophages isolated and
harvested from hPRDX4 + / + /apoE - / - mice specifically ex-
pressed hPRDX4, as detected by immunofluorescence (Sup-
plementary Fig. S1C). To confirm that hPRDX4 protein is
localized to the endoplasmic reticulum (ER), we performed
immunofluorescence microscopic examination. The captures

images showed that hPRDX4 and ER-Tracker Blue-White
were co-localized intracellularly in isolated peritoneal mac-
rophages obtained from hPRDX4 + / + /apoE - / - mice (Sup-
plementary Fig. S1D). Reverse transcription–polymerase
chain reaction (RT-PCR) showed that the SMCs and perito-
neal macrophages harvested from hPRDX4 + / + /apoE - / -

mice also expressed hPRDX4, whereas no expression was
seen in these cells from apoE - / - mice. mPRDX4 was clearly
expressed in the SMCs and macrophages from both groups of
mice (Supplementary Fig. S1C).

RT-PCR (Supplementary Fig. S2A) also revealed that
hPRDX4 + / + /apoE - / - mice expressed hPRDX4 mRNA in
all tissues under basal conditions, with greater expression in
the heart, kidney, brain, and testis. hPRDX4 mRNA was not
detected in apoE - / - mice. Endogenous mPRDX4 was ex-
pressed in all tissues, except for the pancreas, in both groups
of mice under basal conditions. Additionally, IHC (Supple-
mentary Fig. S2B) showed that hPRDX4 was highly expressed
in cardiac muscle, bronchioloalveolar cells, and glial cells in
hPRDX4 + / + /apoE - / - mice. A small number of hepatocytes,
splenic white pulp lymphocytes, renal glomerular cells, pan-
creatic acinar cells, intestinal columnar epithelial cells, testic-
ular spermatogenic cells, and thymic lymphocytes of
hPRDX4 + / + /apoE - / - mice also expressed hPRDX4.

In mice fed the HcD, hPRDX4 was highly expressed
throughout the atherosclerotic aortas of hPRDX4+ / + /apoE - / -

mice, including macrophages (foam cells), SMCs, and endo-
thelial cells (Fig. 1A–1C). To determine the level of hPRDX4
protein present in the circulatory system, we performed
enzyme-linked immunosorbent assays (ELISA) using serum
samples, which showed that only hPRDX4 + / + /apoE - / -

mice had markedly elevated PRDX4 levels (apoE - / -

1529.5 – 126.2 pg/mL vs. hPRDX4 + / + /apoE - / - 2697.7 –
147.9 pg/mL; p < 0.0001) (Fig. 1B), consistent with Western
blotting (Fig. 1B) and RT-PCR (Fig. 1C) results. Macrophages
in the atherosclerotic aortas of HcD-fed apoE - / - mice were
also faintly positive for anti-hPRDX4 antibody, indicating
cross-reactivity between hPRDX4 and mPRDX4 (Fig. 1A).
Additionally, RT-PCR showed hPRDX4 expression in ather-
omatous aortas was significantly greater than that of
mPRDX4 in hPRDX4 + / + /apoE - / - mice (Fig. 1C). Double
IHC staining showed relatively weak hPRDX4 expression in
macrophages in the atherosclerotic lesions of apoE - / - mice
but not in SMCs (data not shown), whereas it was highly
expressed in both SMCs and macrophages of hPRDX4 + / + /
apoE - / - mice (Fig. 1D).

Comparison of metabolic parameters
in hypercholesterolemia model mice

All mice developed mild obesity typical of hypercholes-
terolemia-induced atherosclerosis. However, body weight
was not significantly different between the hPRDX4 + / + /
apoE - / - and apoE - / - mice (Supplementary Fig. S3A). Ar-
terial blood pressure was significantly elevated in apoE - / -

mice after 12 weeks of HcD feeding, as compared with that
before starting HcD feeding and hPRDX4 + / + /apoE - / - mice
fed the HcD for 12 weeks. However, there was no significant
difference in the blood pressure of hPRDX4 + / + /apoE - / -

mice between before and after 12 weeks of HcD feeding
(Supplementary Fig. S3B). In terms of glucose metabolism,
there were no significant differences in glucose levels between
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the two groups of mice measured before and at 15, 30, 60, and
120 minutes after intraperitoneal glucose injection (Supple-
mentary Fig. S3C). We also determined the serum cholesterol
profiles by high-performance liquid chromatography in
mice fed the HcD for 12 weeks (22, 25). Both apoE - / - and
hPRDX4 + / + /apoE - / - mice developed hyperlipidemia with
increased levels of total cholesterol, very low-density lipo-
protein, and LDL, and decreased levels of high-density lipo-
protein and triglycerides (TG). There were no significant
differences in these levels, except for TG, between the two
groups (Supplementary Fig. S3D).

En face and histological evaluation of the aortas
of hypercholesterolemia model mice

En face quantitative analysis of oil red-O stained aortas
(Fig. 2A) revealed significantly fewer atherosclerotic areas

in hPRDX4 + / + /apoE - / - mice after 12 weeks of HcD feed-
ing compared with those of apoE - / - mice (apoE - / - 24.7% –
1.5% vs. hPRDX4 + / + /apoE - / - 14.3% – 1.2%; p < 0.0001).

As shown in Figure 2B, quantitative analysis of sequential
sections of the atherosclerotic aortas showed that the intimal
lesion area was significantly smaller in hPRDX4+ / + /apoE - / -

mice than in apoE - / - mice after 12 weeks of HcD feed-
ing (apoE - / - 44.5 – 2.9 · 103 lm2 vs. hPRDX4 + / + /apoE - / -

22.6 – 4.4 · 103 lm2; p < 0.001).
We also microscopically evaluated the thickened intimal

areas, focusing on the three valves at the aortic root level.
Consistent with the above data, quantitative analysis of the
atherosclerotic aortic valves showed that hPRDX4 + / + /
apoE - / - mice had significantly smaller intimal lesions
than did apoE - / - mice (apoE - / - 762.4 – 82.2 · 103 lm2 vs.
hPRDX4 + / + /apoE - / - 523.0 – 42.0 · 103 lm2; p < 0.05) (Sup-
plementary Fig. S4).

FIG. 1. Analysis of the expression of PRDX4 in the mice. (A) In single IHC, aortic wall of hPRDX4 + / + /apoE - / - mice fed
an NcD revealed a slight hPRDX4 expression, but not in apoE - / - mice. After feeding the mice an HcD for 12 weeks, hPRDX4
was highly expressed in a whole atherosclerotic aortic wall of hPRDX4 + / + /apoE - / - mice, including macrophages (foam
cells), SMCs, and endothelial cells (red-stained, alkaline phosphatase secondary antibody), whereas it was only faintly seen in
the central atheromatous core of apoE - / - mice (arrow), indicating the weak cross-reactivity between hPRDX4 and mPRDX4.
Bar = 100 lm. (B) Western blotting demonstrated increased hPRDX4 protein in hPRDX4 + / + /apoE - / - mice aortas 12 weeks
after feeding them an HcD, and very faint bands were detected in apoE - / - mice, also indicating the weak cross-reactivity
between hPRDX4 and endogenous mPRDX4, as shown in Figure 1A. Moreover, ELISA analysis with the blood serum after
the HcD showed that only hPRDX4 + / + /apoE - / - mice had markedly elevated hPRDX4 levels (***p < 0.0001). (C) Real-time
RT-PCR supported that there was markedly upregulated hPRDX4 expression in hPRDX4 + / + /apoE - / - aortas of mice fed an
HcD (***p < 0.0001). Additionally, RT-PCR showed that the hPRDX4 + / + /apoE - / - mice atheromatous aortas had signifi-
cantly higher expression of hPRDX4 as compared to that of mPRDX4. Values are means – SE and were normalized for 18S
rRNA expression (real-time PCR) or GAPDH expression (RT-PCR) or b-actin expression (Western blotting). (D) Double-IHC
staining using antibodies for SMA or Mac-2 (brown-stained, peroxidase secondary antibody) and anti-hPRDX4 antibody (red-
stained) revealed marked production of hPRDX4 by both medial and intimal SMCs (arrows) and macrophages (arrows) in the
atheromatous plaques of hPRDX4 + / + /apoE - / - mice. Bar = 100 lm, n = 10. (To see this illustration in color the reader is
referred to the web version of this article at www.liebertpub.com/ars.)
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Staining of collagen, smooth muscle cells,
macrophages, and T cells in atheromatous lesions
in hypercholesterolemia model mice

Masson’s trichrome staining (Fig. 3A) showed larger and
thicker collagen deposits in aortic atherosclerotic lesions in
hPRDX4+ / + /apoE - / - mice compared with those in apoE - / -

mice. IHC staining of whole intimal lesions revealed signifi-
cantly more a-smooth muscle actin (SMA)-positive SMCs in
hPRDX4 + / + /apoE - / - mice (6.7 – 1.1 per 0.01 mm2) than in
apoE - / - mice (3.2 – 0.4 per 0.01 mm2, p < 0.05) (Fig. 3B),
whereas the number of Mac-2-positive macrophages (foam
cells) was not significantly different between these mice
(apoE - / - 5.3 – 0.6 per 0.01 mm2 vs. hPRDX4 + / + /apoE - / -

6.3 – 0.7 per 0.01 mm2) (Fig. 3C). IHC staining also demon-
strated that the number and percentage of CD3-positive cells
were significantly lower in the atheromatous plaques of
hPRDX4 + / + /apoE - / - mice than in those of apoE - / - mice
(apoE - / - 2.0 – 0.3% vs. hPRDX4 + / + /apoE - / - 1.0 – 0.2%, p <
0.05) (Fig. 3D).

8-hydroxy-2¢-deoxyguanosine and oxLDL levels
in the aortas of hypercholesterolemia model mice

We determined the expression of 8-hydroxy-2¢-
deoxyguanosine (8-OHdG) and oxLDL, markers of oxida-
tive stress, in the atheromatous plaques of HcD-fed mice;
8-OHdG (Fig. 4A) and oxLDL (data not shown) were not
detected in the aortas of NcD-fed mice. The atherosclerotic
lesions of hPRDX4 + / + /apoE - / - mice contained signifi-
cantly less 8-OHdG than did the apoE - / - mice after 12
weeks of HcD feeding, particularly in the intimal SMCs
and macrophages that could be identified morphologi-
cally (31) (Fig. 4A). The percentages of 8-OHdG-positive
SMCs (apoE - / - 26.5 – 1.9% vs. hPRDX4 + / + /apoE - / -

15.7 – 3.5%, p < 0.05) and macrophages (apoE - / - 47.4 – 7.4%
vs. hPRDX4 + / + /apoE - / - 16.8 – 1.1%, p < 0.05) were signif-
icantly lower in the atheromatous plaques of hPRDX4 + / + /
apoE - / - mice than in apoE - / - mice (Fig. 4A). Moreover,

the atherosclerotic lesions in HcD-fed hPRDX4 + / + /
apoE - / - mice showed significantly lower expression of
oxLDL, as compared with lesions in apoE- / - mice (apoE - / -

45.8 – 8.4% vs. hPRDX4 + / + /apoE- / - 12.4 – 3.9%, p < 0.05;
Fig. 4B); most of these oxLDL-positive cells could be identified
as macrophages.

Serum thiobarbituric acid reactive substances levels
in hypercholesterolemia model mice

We next measured the serum levels of another oxidative
stress marker, thiobarbituric acid reactive substances
(TBARS), which is closely associated with the development
of atherosclerosis. Serum TBARS levels [expressed as nmol
malondialdehyde (MDA)/mg LDL protein] were signi-
ficantly lower in hPRDX4 + / + /apoE - / - mice than in
apoE - / - mice after 12 weeks of HcD feeding (apoE - / -

77.3 – 3.8 nmol MDA/mg LDL protein vs. hPRDX4 + / + /
apoE - / - 53.5 – 1.6 nmol MDA/mg LDL protein, p < 0.0001)
(Fig. 4C).

Analysis of apoptotic and proliferating activities
in atheromatous plaques in hypercholesterolemia
model mice

Double IHC staining confirmed that some macrophages
and SMCs of apoE - / - mice were positive for terminal
deoxynucleotidyl transferase end-labeling (TUNEL) (Fig. 5A).
Although a small number of apoptotic cells were observed in
the intimal lesions of both groups of mice, the percentages of
TUNEL-positive SMCs (apoE - / - 0.3% – 0.1% vs. hPRDX4+ / + /
apoE - / - 0.1% – 0.04%; p < 0.05) and macrophages (apoE - / -

0.7% – 0.1% vs. hPRDX4 + / + /apoE - / - 0.4% – 0.1%; p < 0.05)
were significantly lower in hPRDX4 + / + /apoE - / - mice than
in apoE - / - mice (Fig. 5B). Western blotting and real-time RT-
PCR showed that aortic Bax expression was lower in
hPRDX4 + / + /apoE - / - mice than in apoE - / - mice (Fig. 5C).
On IHC analysis of pro-apoptotic Bax in the aortas from both
groups of mice, the atherosclerotic lesions in hPRDX4 + / + /

FIG. 2. Quantitative analy-
sis in the mice aortas of the
hypercholesterolemia model.
(A) Oil red-O staining showed
that the percentage of the
red-stained atherosclerotic area
was significantly decreased in
hPRDX4+ / + /apoE - / - mice
compared to that in apoE- / -

mice after being fed an HcD for
12 weeks, ***p < 0.0001. (B)
Sectional quantitative analysis
demonstrated that the intimal
lesion area of the atheroscle-
rotic aorta was significantly
smaller in hPRDX4 + / + /
apoE - / - mice 12 weeks after
given an HcD than that of
apoE - / - mice, **p < 0.001,
n = 10. (To see this illustration
in color the reader is referred to
the web version of this article
at www.liebertpub.com/ars.)
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apoE - / - mice showed significantly lower expression of Bax
compared with lesions in apoE - / - mice (apoE - / - 42.8 – 5.8%
vs. hPRDX4 + / + /apoE - / - 24.0 – 2.1%, p < 0.05; Fig. 5C); most
of these Bax-positive cells could be identified as SMCs and
macrophages. IHC staining also showed that the percentage
of cleaved caspase-3-positive area was significantly lower in
the atheromatous plaques of hPRDX4 + / + /apoE - / - mice
than in those of apoE - / - mice (apoE - / - 30.9 – 1.8% vs.
hPRDX4 + / + /apoE - / - 19.9 – 3.0%, p < 0.05; Supplementary
Fig. S5A). This was confirmed by Western blotting of acti-
vated caspase-3, which showed the expression of the large
fragment of caspase-3 (17 kDa) (Supplementary Fig. S5B). In
terms of proliferation activity, the percentage of MIB-1-posi-
tive cells in the atherosclerotic intimal lesions was not signif-
icantly different between the two groups of mice (apoE - / -

1.6 – 0.3% vs. hPRDX4 + / + /apoE - / - 1.1 – 0.3%; data not
shown).

Free cholesterol loading-induced apoptosis
in peritoneal macrophages

The nuclear morphology of macrophages was ob-
served following double-staining with propidium iodide
(red) and Hoechst 33258 (blue); TUNEL-positive apoptotic
cells (green) were also analyzed in the same fields (Supple-
mentary Fig. S6). Only a few apoptotic cells were detected in
untreated macrophages (apoE - / - 1.7 – 0.1% vs. hPRDX4+ / +/
apoE - / - 1.5 – 0.2%). Stimulation with acetyl-LDL and 58035
(free cholesterol [FC] loading) significantly increased the num-
bers of apoptotic macrophages. However, the number of apo-
ptotic cells was significantly lower in hPRDX4+ / +/apoE - / -

mice than in apoE - / - mice after FC loading (apoE- / -

12.5 – 1.5% vs. hPRDX4+ / +/apoE- / - 8.8 – 0.9%; p < 0.05). The
apoptotic macrophages occasionally showed condensed chro-
matin and fragmented nuclei (Supplementary Fig. S6, inset).

FIG. 3. Histological and IHC analysis in the mice aortas of the hypercholesterolemia model. (A) Note the larger amounts
of collagen deposits in the atheromatous plaque of hPRDX4 + / + /apoE - / - mice than those in the apoE - / - mice. (B) IHC
showed that the number of a-SMA-positive SMCs was significantly larger in the atherosclerotic lesions of hPRDX4 + / + /
apoE - / - mice, especially in the thickened fibrous caps, than that in the apoE - / - mice. (C) The number of Mac-2-positive
macrophages demonstrated no significant difference between these two groups of mice. (D) IHC showed that the percentage
of CD3-positive infiltrating T-lymphocytes in the intimal lesions of hPRDX4 + / + /apoE - / - mice (arrows) was significantly
lower than that in the apoE - / - mice (arrow), especially in the atheromatous fibrous caps. *p < 0.05, **p < 0.001. Bar = 100 lm,
n = 10. (To see this illustration in color the reader is referred to the web version of this article at www.liebertpub.com/ars.)
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En face aortic double-immunofluorescence
of hypercholesterolemia model mice

The percentage of TUNEL- and CD31-positive endothelial
cells was significantly higher in apoE - / - mice than in
hPRDX4 + / + /apoE - / - mice (apoE - / - 4.3 – 1.2% vs.
hPRDX4 + / + /apoE - / - 0.7 – 0.3%; p < 0.05) (Fig. 6).

Pathological parameters of atheromatous plaques
in hypercholesterolemia model mice

As shown in Figure 2B and Supplementary Table S1, the
fibrous cap thickness of atherosclerotic plaques in hPRDX4 + / +/
apoE - / - mice was significantly greater than that in apoE - / -

mice (apoE - / - 34.2 – 3.8 lm vs. hPRDX4 + / + /apoE - / -

46.7 – 3.6 lm; p < 0.05). The cellularity of intimal SMCs in
the atheromatous plaques was significantly increased in
hPRDX4 + / + /apoE - / - mice (apoE - / - 36.8 – 4.6% vs.
hPRDX4 + / + /apoE - / - 51.0 – 8.4%; p < 0.05), whereas that
of intimal macrophages was decreased (apoE - / - 61.2 – 7.0%
vs. hPRDX4 + / + /apoE - / - 48.0 – 5.3%; p < 0.05), compared
with those in apoE - / - mice. By contrast, oil red-O staining
confirmed that the necrotic lipid core area was significantly
smaller in hPRDX4 + / + /apoE - / - mice than in apoE - / - mice
(apoE - / - 13.4 – 1.3% vs. hPRDX4 + / + /apoE - / - 8.8 – 0.7%;
p < 0.05). All of these features (Figs. 2B and 3A–3C) indi-
cate that the vulnerability index was markedly lower in
hPRDX4 + / + /apoE - / - mice than in apoE - / - mice (apoE - / -

1.23 – 0.14 vs. hPRDX4 + / + /apoE - / - 0.59 – 0.06; p < 0.001)
(Supplementary Table S1).

Analysis of murine platelet-derived growth factor BB
expression in hypercholesterolemia model mice

Results of ELISA showed that serum murine platelet de-
rived growth factor-BB (mPDGF-BB) levels were significantly
higher in hPRDX4 + / + /apoE - / - mice than in apoE - / - mice
after 12 weeks of HcD feeding ( p < 0.001) (Fig. 7A). Real-time
RT-PCR also showed significantly greater expression of
mPDGF-BB in the atherosclerotic aortas of hPRDX4 + / + /
apoE - / - mice than in apoE - / - mice ( p < 0.05) (Fig. 7B).

Analysis of gene expression of antioxidative enzymes
and inflammatory signaling factors in the aortas
of hypercholesterolemia model mice

Real-time RT-PCR showed that the gene expression levels
of mPRDXs (except for mPRDX4), GPX1, GPX2, catalase,
and nuclear factor-erythroid 2-related factor 2 were not sig-
nificantly different between the two groups (Supplementary
Figs. S7 and S8). GPX3 and glutathione synthetase (GSS)
were significantly upregulated, whereas SOD1, SOD2, and
glutathione reductase (GSR) were significantly down-
regulated in the atherosclerotic aortas of hPRDX4 + / + /
apoE - / - mice compared with those in apoE - / - mice
(Supplementary Fig. S8). There were no marked changes in

FIG. 4. Expression of 8-OHdG in the mice aortas and serum levels of TBARS on the hypercholesterolemia model. (A)
No expression of 8-OHdG was observed in apoE - / - or hPRDX4 + / + /apoE - / - mice aortas on the NcD, whereas it had
increasing expression in mice on the HcD. The percentage of 8-OHdG-positive SMCs and macrophages was significantly
higher in the atheromatous plaques of apoE - / - mice than in that of hPRDX4 + / + /apoE - / - mice, respectively. *p < 0.05,
Bar = 100 lm, n = 10. (B) Immunohistochemical staining showed that the atherosclerotic lesions in HcD-fed hPRDX4 + / + /
apoE - / - mice had significantly lower expression of oxLDL, as compared with lesions in apoE - / - mice. Bar = 100 lm,
*p < 0.05, n = 10. (C) The serum of hPRDX4 + / + /apoE - / - mice showed a significantly lower level of TBARS (expressed as
nmol malondialdehyde (MDA)/mg LDL protein) than that of apoE - / - mice after 12 weeks on the HcD model (**p < 0.001).
(To see this illustration in color the reader is referred to the web version of this article at www.liebertpub.com/ars.)
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the expression of most of the inflammatory signaling fac-
tors examined, although the expression levels of toll-like
receptor 2 (TLR2), TLR3, nuclear factor j-B1a, signal trans-
duction and activator of transcription 1, and inducible
nitric oxide synthase were significantly downregulated in
the atherosclerotic aortas of hPRDX4 + / + /apoE - / - mice
compared with those in apoE - / - mice (Supplementary
Fig. S9).

En face, histological, and IHC analysis of the aortas
of BMT hypercholesterolemia model mice

Oil red-O staining demonstrated that atherosclerotic area
was significantly smaller in apoE - / - mice after BMT from
hPRDX4 + / + (Tg) donors as compared with BMT from WT
donors (WT donors 5.2 – 0.4% vs. hPRDX4 + / + donors
1.6 – 0.2%; p < 0.0001) (Fig. 8A). Similarly, BMT from
hPRDX4 + / + donors significantly reduced intimal lesion areas
as compared with BMT from WT donors (WT donors
4.7 – 0.4 · 103 lm2 vs. hPRDX4 + / + donors 1.8 – 0.5 · 103 lm2;
p < 0.05) (Fig. 8B). In IHC analysis, the percentages of a-SMA-
positive SMCs (WT donors 6.5 – 2.0 per 0.01 mm2 vs.
hPRDX4 + / + donors 6.9 – 1.9 per 0.01 mm2) and Mac-2-
positive macrophages (WT donors 10.3 – 2.8 per 0.01 mm2 vs.
hPRDX4 + / + donors 10.0 – 3.6 per 0.01 mm2) in intimal lesions
were not significantly different between the two groups of

mice (data not shown). The atherosclerotic intimal areas were
significantly smaller and less advanced in the BMT model
mice than in non-BMT model mice (31). Additionally, double
IHC revealed that these intimal SMCs and macrophages were
positive for hPRDX4 in BMT mice from hPRDX4 + / + donors,
but not from WT donors (Fig. 8C).

Discussion

Consistent with a previous study (3), we detected the ex-
pression of hPRDX4 in aortic medial SMCs, although little
was apparent on IHC staining (Fig. 1A). Interestingly, after
checking the specific expression of hPRDX4 in vitro in aortic
vascular SMCs and peritoneal macrophages harvested from
hPRDX4 + / + /apoE - / - mice (Supplementary Fig. S1 C and
D), we found marked expression of hPRDX4 in SMCs and
macrophages in vivo (Fig. 1 A and D). We also demonstrated
that the expression of the hPRDX4 transgene could overcome
that of the endogenous mPRDX4 gene (Fig. 1C) in the ath-
erosclerotic plaques of hPRDX4 + / + /apoE - / - mice. In addi-
tion, the aortas of HcD-fed apoE - / - mice revealed faint
hPRDX4 expression, particularly in macrophages, indicating
cross-reactivity of the antibody against hPRDX4 to endoge-
nous mPRDX4 (Fig. 1A), even while the mPRDX4 gene is
normally (but weakly) expressed in macrophages and SMCs
(Fig. 1C and Supplementary Figs. S1C and S7). Moreover, it is

FIG. 5. Analysis of apoptotic activity in the atheromatous plaques of the hypercholesterolemia model. (A) After double
IHC staining using antibodies against a-SMA (red-stained) or Mac-2 (red-stained) and TUNEL staining (brown-stained), apo-
ptotic changes were detected in both SMCs (arrows and inset) and macrophages (arrows and inset) in the atheromatous plaques
of apoE - / - mice. (B) The percentage of TUNEL-positive SMCs and macrophages in the intimal lesions was significantly
lower in hPRDX4 + / + /apoE - / - mice than in apoE - / - mice (arrows). (C) Western blot and IHC showed that the expression of
Bax was significantly decreased in the atherosclerotic aortas of hPRDX4 + / + /apoE - / - mice compared to that in apoE - / -

mice. Real-time RT-PCR showed that hPRDX4 + / + /apoE - / - mice aortas had significantly lower expression of Bax compared
to that of apoE - / - mice ones. Values are means – SE and were normalized for 18S rRNA expression (real-time PCR) or
b-actin expression (Western blotting). *p < 0.05, **p < 0.001; Bar = 100 lm, n = 10. (To see this illustration in color the reader is
referred to the web version of this article at www.liebertpub.com/ars.)
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presumable that the circulating serum levels of hPRDX4
protein as an additive effect were particularly elevated in
hPRDX4 + / + /apoE - / - mice (Fig. 1B), in addition with those
of mPRDX4. These findings indicate that the establishment of
hyperlipidemia in the current model increases oxidation by
generating ROS in atheromatous plaques, as shown in Figure
4. This could lead to increased expression of activated anti-
oxidative proteins of PRDX4, in addition to other markers,
such as GPX3 and GSS (Supplementary Figs. S7 and S8),

reminiscent of a PRDX4-induced antioxidative cascade. In
fact, the CMV enhancer/promoter is notorious for its cross-
talk with other promoters and is prone to be stimulated by
ROS and inflammation during the progression of atheroscle-
rosis in this HcD model (14), and therefore significantly up-
regulates transgenic hPRDX4 expression. Since it remains
unclear why we also observed an increase in endogenous
mPRDX4 expression of hPRDX4 + / + /apoE - / - mice on the
HcD model, as compared to that of apoE - / - mice

FIG. 6. Analysis of en face aortic double-immunofluorescence in apoE2/2 and hPRDX41/1/apoE2/2 mice of the
hypercholesterolemia model. Aortic endothelial cells were analyzed by fluorescence double-staining with TUNEL (green-
stained) and mouse CD31 (red-stained), and confocal laser scanning images were captured from the same field (En face
photographs). The percentage of both TUNEL- and CD31-positive endothelial cells (arrows) was significantly higher in those
from apoE - / - mice, as compared with hPRDX4 + / + /apoE - / - mice. Apoptotic cell counts from 3 to 6 representative high
power fields (& 100 cells) were performed, and expressed as the percentage of apoptotic cells to total cells, stained with both
TUNEL and CD31 (merged) to both Hoechst (blue-stained) and CD31, respectively. Images are representative of 3 animals per
each group. Original magnification: · 400, Bar = 50 lm, n = 3. (To see this illustration in color the reader is referred to the web
version of this article at www.liebertpub.com/ars.)

FIG. 7. Analysis of murine platelet derived growth factor-BB (mPDGF-BB) expression in the hypercholesterolemia model. (A)
An enzyme-linked immunosorbent assay (ELISA) showed that the serum mPDGF-BB level was significantly higher in hPRDX4+/ +/
apoE- / - mice than in apoE - / - mice after they were given an HcD for 12 weeks. (B) Real-time RT-PCR also showed that mPDGF-
BB was expressed at a significantly higher level in the atherosclerotic aorta of hPRDX4+ / +/apoE - / - mice than in that of apoE- / -

mice. Values are means – SE and were normalized for 18S rRNA expression (real-time PCR), *p < 0.05, **p < 0.001, n = 10.
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(Supplementary Fig. S7), further studies are needed to un-
derstand these findings. By contrast, the expression of SOD1,
SOD2, and GSR was significantly reduced in the atheroscle-
rotic aortas of hPRDX4 + / + /apoE - / - mice (Supplementary
Fig. S8), suggesting complementary mechanisms are respon-
sible for the overexpression of hPRDX4 (2).

There were no marked differences in the gene expression of
the other antioxidant markers, including the other mPRDXs,
or inflammatory signaling molecules between the two types
of mice (Supplementary Figs. S7, S8, and S9). Analyses of
body weight, serum cholesterol lipoprotein profiles, and
glucose metabolism also revealed no significant differences
between these groups of mice, although blood pressure was
significantly lower in hPRDX4 + / + /apoE - / - mice than in
apoE - / - mice (Supplementary Fig. S3). One possibility is that
the slightly, but significantly lower blood pressure, might be
due to presumably systemic additive effects of the elevated
circulating antioxidant hPRDX4 (Fig. 1B) and the reduced
circulating oxidant marker, TBARS (Fig. 4C), and that the
subsequent suppression of endothelial dysfunction or wall
tension and decreased turbulence or increased shear stress
could have protective effects on atherosclerosis and plaque
morphology in hPRDX4 + / + /apoE - / - mice. However, of the
lipoproteins assessed, only TG levels in hPRDX4 + / + /apoE - / -

mice were reduced, but they were still much higher than those

in apoE - / - mice (Supplementary Fig. S3D). In these hyper-
cholesterolemia model mice, serum TG levels might not sig-
nificantly affect the progression of atherosclerosis, as
compared with other cholesterol parameters, similar to that
reported by other research groups (4, 13). In fact, we only
measured lipoproteins present in blood samples, and it is
unclear how the serum concentrations reflect the local levels
in the aortic wall, where atherosclerosis was analyzed (2).
Therefore, the correlation between TG and PRDX4 over-
expression also remains to be elucidated. Nevertheless, these
data demonstrate that hPRDX4 + / + /apoE - / - mice provide a
good model for determining the local (i.e., intracellular) and
presumably systemic (i.e., circulating) additive effects of
hPRDX4 in addition with endogenous mPRDX4 on hyper-
cholesterolemia-induced atherosclerosis and possibly on
metabolic syndrome.

Our experiments clearly showed that hPRDX4 attenuates
advanced atherosclerosis in hPRDX4 + / + /apoE - / - mice
with HcD-induced hypercholesterolemia. The pathological
parameters of atheromatous plaques in HcD-fed mice are
summarized in Supplementary Table S1. Morphological ob-
servation showed that hypercholesterolemia-induced mac-
rophage-rich atherosclerosis was suppressed although more
SMC-rich plaques were observed in hPRDX4 + / + /apoE - / -

mice (Figs. 2 and 3). These plaques were characterized by a

FIG. 8. En face, histological, and immunohistochemical analyses on BMT mice in the atherosclerotic aorta of the
hypercholesterolemia model. (A) Oil red-O staining showed that the atherosclerotic areas (red-stained) were significantly
decreased in the apoE - / - mice after BMT from hPRDX4 + / + donors, compared with those from WT donors. (B) Similarly,
BMT mice from hPRDX4 + / + donors had significantly smaller intimal lesion areas than those from WT donors. (C) Double-
IHC staining using antibodies for a-SMA or Mac-2 (brown-stained, peroxidase secondary antibody) and anti-hPRDX4 anti-
body (red-stained) showed specific production of hPRDX4 especially by intimal SMCs (arrows) and macrophages (arrows) only
in the atheromatous plaques of BMT mice from hPRDX4 + / + donors. Bar = 100 lm, *p < 0.05, ***p < 0.0001, n = 5. (To see this
illustration in color the reader is referred to the web version of this article at www.liebertpub.com/ars.)
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thicker fibrous cap, a greater amount of collagen, and fewer
central necrotic lipid cores, as compared with those in
apoE - / - mice. The presence of SMCs, underlying macro-
phage accumulation, and central cores was reminiscent of the
structure of human atherosclerotic plaques. Plaque instability
is the most critical factor in cardiac attack. These data indicate
that the vulnerability index (34) during advanced athero-
sclerotic formation is significantly reduced in hPRDX4 + / + /
apoE - / - mice. Conversely, it is possible that hPRDX4 + / + /
apoE - / - mice might show suppressed levels of a marker of
vulnerable plaque formation under hypercholesterolemic
conditions (Supplementary Table S1), suggesting a potentially
important role for PRDX4 in plaque stability. BMT from Tg or
WT mice to apoE - / - mice confirmed these observations,
particularly the antiatherogenic properties of PRDX4, dem-
onstrating that recipients of hPRDX4 + / + donors had fewer
HcD-induced atheromatous plaques than did recipients of
WT donors (Fig. 8A and B). Intimal SMCs and macrophages
also revealed the expression of hPRDX4 in BMT mice from Tg
(hPRDX4 + / + ) donors, but not from WT donors, which was
confirmed by double IHC (Fig. 8C). Based on these features,
the greater suppression and potentially less vulnerable plaque
composition should be locally elicited by PRDX4. These ef-
fects might, at least in part, be dependent on the expression of
PRDX4 by bone marrow-derived cells, particularly circulating
monocytes and SMC precursor cells, or adventitial SMC
progenitor cells.

It has been reported that apoE - / - mice on long-term HcD
and high-fat diet-feeding is a useful and reproducible model of
atherosclerotic plaque rupture (7). The sites of ruptured vul-
nerable plaques typically contain large lipid cores and are
covered by thin fibrous caps that harbor activated T cells
(12, 26). Several studies have proposed that activated T cell-
driven inflammation attenuates collagen maturation in
atherosclerotic plaques by inhibiting differentiation and colla-
gen gene expression in SMCs. This, in turn, leads to reduced
SMC proliferation; thus, T cells modulate plaque stability (12,
16, 18). In fact, the number of CD3-positive T cells was signif-
icantly decreased, especially in the fibrous caps of hPRDX4+ /

+ /apoE - / - mice, but the number of Mac-2-positive macro-
phages was not, indicating that hPRDX4 specifically sup-
presses the infiltration of T-lymphocytes (Fig. 3C and D).

In terms of SMC migration, among many cytokines or
growth factors, only the expression of PDGF was significantly
different between the groups of mice (Fig. 7). PDGF-BB, a
strong activator of SMC migration or replication, and an im-
portant proatherogenic factor, is produced by platelets, mac-
rophages, and vascular cells at sites of inflammation and/or
damage to the arterial wall (12, 18, 24). Considering our finding
that the SMCs in the advanced atherosclerotic lesions of
hPRDX4+ / + /apoE - / - mice showed very low proliferative
activity based on MIB-1 staining, the activated PDGF expres-
sion and secretion would enhance SMC migration, particularly
in the thickened fibrous caps of atheromatous plaques, and
may therefore reduce plaque vulnerability in hPRDX4 + / + /
apoE- / - mice. Accordingly, overexpression of hPRDX4 might
be closely related to PDGF-induced migratory signaling in
neointimal SMCs, the possible origins of which could include
PRDX4-expressed medial SMCs, circulating SMC precursor
cells, or adventitial SMC progenitor cells (19, 20, 32).

In our recent study using Tg mice, which showed high
hPRDX4 expression, particularly in pancreatic islets, the b

cells of Tg mice were significantly protected against in-
sulitis and apoptosis, as compared with those in WT mice.
This protection was accomplished by enhanced scavenging
of ROS/oxidative stress and suppressed inflammatory
signaling (3). Atherosclerosis is a complex inflammatory
disease; disturbed blood flow, inflammatory cytokines, and
the subsequent generation of ROS derived from macro-
phages, SMCs, and endothelial cells all contribute signifi-
cantly to its pathogenesis (5, 29). As hPRDX4 was
specifically expressed in the medial SMCs and in the SMCs
that migrated to the intima, and macrophages in the ath-
eromatous plaques of hPRDX4 + / + /apoE - / - mice (Fig. 1),
it seems very likely that overexpression of hPRDX4 in the
atherosclerotic aorta protects against chronic inflammation
and subsequent disease progression by preventing in-
flammatory cell-derived ROS generation and scavenging
the generated extracellular pool of ROS. Indeed, we de-
tected lower levels of 8-OHdG, oxLDL, and circulating
TBARS as markers of oxidative stress (3, 21, 23) (Fig. 4), and
reduced cellularity of macrophages as secretory cells in the
fibrous caps of the atheromas (Supplementary Table S1)
in HcD-fed hPRDX4 + / + /apoE - / - mice as compared with
apoE - / - mice.

Oxidative stress is closely associated with apoptosis. The
expression of Bax and caspase-3, key apoptotic factors, was
suppressed in hPRDX4 + / + /apoE - / - mice (Fig. 5C and Sup-
plementary Fig. S5). We also provide the first in vitro evidence
showing that apoptotic cell death is partly processed by the
overexpression of hPRDX4 (Supplementary Fig. S6). Generally,
most apoptotic cells in the early to advanced stages of athero-
sclerosis are macrophages. Therefore, macrophage apoptosis
may be an important feature of vulnerable plaques, with an
increased size of the necrotic lipid core as a result of weakened
or defective phagocytic clearance (11, 22, 31). In the current
study, significantly fewer TUNEL-positive macrophages and
SMCs were found in fewer atherosclerotic intimal lesions in
hPRDX4+ / + /apoE - / - mice than in apoE- / - mice (Fig. 5A
and B). Apoptosis of SMCs may also lead to a loss of interstitial
collagen fibers, resulting in unstable plaques that are prone to
rupture (11). Furthermore, en face aortic double immunofluo-
rescence staining (Fig. 6) indicated that hPRDX4 can protect
CD31-positive endothelial cells against apoptosis. Apoptosis of
endothelial cells is also important because the initial step in
ROS-induced atherosclerosis involves endothelial damage, in-
creased expression of adhesion molecules, and inflammatory
cell migration (5, 12, 27). In fact, we found that the cellularity of
intimal macrophages and T cells in the atheromatous plaques
of hPRDX4 + / + /apoE - / - mice was significantly lower than
that in apoE- / - mice (Fig. 3D and Supplementary Table S1).
Therefore, our present data suggest that overexpression of
hPRDX4 plays a significant role in (i) ameliorating atheroscle-
rotic progression by reducing the size of the central necrotic
core by suppressing macrophage apoptosis, and reducing in-
flammatory cell migration by suppressing endothelial cell ap-
optosis, and (ii) reducing possible markers of plaque instability
by thickening the fibrous caps and increasing the collagen-rich
matrix by suppressing SMC apoptosis.

These observations indicate that specific induction of
PRDX4 could be a potential therapeutic strategy to protect
against atherosclerosis progression possibly supporting pla-
que stability by suppressing oxidative damage and apoptosis
of macrophages, SMCs, and endothelial cells.
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Materials and Methods

Detailed Materials and Methods are given in the on-line
supplement.

Animals and quantitative assessment
of atherosclerotic lesions in hypercholesterolemia
model mice

The experiments were performed using young male
apoE - / - mice and hPRDX4 transgenic (Tg or hPRDX4 + / + )
and apoE - / - (hPRDX4 + / + /apoE - / - ) mice, weighing 20–
25 g (Supplementary Fig. 1A) (3, 30). These mice were ana-
lyzed using RT-PCR, Western blotting, real-time RT-PCR,
hematoxylin and eosin (H&E) staining, and IHC staining. At 8
weeks of age, apoE - / - and hPRDX4 + / + /apoE - / - mice
were fed the HcD containing 1.25% cholesterol, 15.0% lard,
and 0.5% sodium cholate (Oriental Yeast, Tokyo, Japan) or the
NcD. They were killed 12 weeks later by intraperitoneal an-
esthesia with an overdose of ketamine and medetomidine, as
described elsewhere (19, 27, 31).

We excised the aortas and stained them with oil red-O
after fixation in 10% neutral-buffered formalin for 24 h. To
measure the atherosclerotic lesions, we captured en face
aortic images with an Olympus Camedia E-10 digital camera
(Olympus, Tokyo, Japan). The red area relative to the whole
aorta surface area was measured using NIH imaging soft-
ware (27, 31, 32). Next, the aortas were divided into four
equally sized pieces and embedded in paraffin for histolog-
ical examination. The specimen from the aortic root to the
abdominal aorta was cut into 2,500 sequential 4-lm-thick
cross-sections and subjected to H&E, IHC, Masson’s tri-
chrome, and oil red-O staining. Of each set of 20 serial sec-
tions, at least one section was stained with H&E (i.e., 80-lm
intervals). For quantitative analysis, images were captured
of approximately 125 sequential sections, and the thickened
intimal or medial areas were evaluated by a NanoZoomer
Digital Pathology Virtual Slide Viewer (Hamamatsu Photo-
nics Corp., Hamamatsu, Japan). These indices were quanti-
fied by averaging all measurements for an individual mouse,
and we decided one representative section with values
similar to the mean for each mouse. All of the representative
sections were taken from the aortic root to the upper part of
the thoracic aorta. To calculate the relative collagen content
and necrotic lipid core to intima ratio, we measured the in-
timal lesion areas, Masson’s trichrome-positive blue area
and necrotic areas, including acellular foci (e.g., cholesterol
crystals) in at least three sequential sections of each set, in-
cluding the representative section, as previously described
(31, 32). Oil red-O staining confirmed that these central ne-
crotic areas were lipid cores. We also measured the fibrous
cap thickness of advanced atherosclerotic lesions.

The Ethics Committee of Animal Care and Experimenta-
tion, University of Occupational and Environmental Health
( Japan) approved the study protocols. All animal procedures
were performed according to the Institutional Guidelines for
Animal Experiments and the Law (no. 105) and Notification
(no. 6) of the Japanese government.

Immunohistochemistry

We studied 5–10 mice per experimental group, and one
representative section per mouse was prepared for IHC

staining. Images of at least three sequential sections of each
20-section set (i.e., 80-lm intervals), including the represen-
tative section, were captured and evaluated using Nano-
Zoomer Digital Pathology Virtual Slide Viewer (Hamamatsu
Photonics Corp.) to avoid potential bias (3, 27, 31, 32). To
detect hPRDX4, we used a rabbit anti-human polyclonal an-
tibody (1:100; Affinity BioReagents, Golden, CO) and a goat
polyalkaline phosphatase secondary antibody (Vulcan Fast
Red; Biocare Medical, Concord, CA). To our knowledge, no
specific antibody for endogenous mPRDX4 is available. To
detect the number of SMCs and macrophages in intimal le-
sions, we used a monoclonal mouse anti-human a-SMA an-
tibody (1:1000; Dako Cytomation, Kyoto, Japan) and a rat
anti-mouse Mac-2 monoclonal antibody (1:500; Cedarlane
Laboratories, Burlington, Ontario, Canada), respectively. For
the monoclonal mouse a-SMA antibody, we treated sections
with the HistoMouseTM–Plus Kit (Invitrogen Corporation,
Camarillo, CA) to block endogenous IgG. Double IHC was
also performed to detect the distribution of both hPRDX4- and
a-SMA-positive SMCs or both hPRDX4- and Mac-2-positive
macrophages in atherosclerotic lesions (hPRDX4 with Vulcan
Fast Red and a-SMA or Mac-2 with DAB as a substrate, re-
spectively) using the MACH 2 Double Stain system (Biocare
Medical) (3, 23).

To analyze the apoptotic and proliferative activities of in-
filtrating cells in atherosclerotic lesions, we used a Bax rabbit
polyclonal antibody (1:50; Santa Cruz Biotechnology, Santa
Cruz, CA) to assess apoptotic activity and a Ki67 (MIB-1;
1:2000; Epitomics) rabbit monoclonal antibody to assess pro-
liferation (3, 31).

To evaluate T-lymphocyte infiltration, especially in the fi-
brous caps of atherosclerotic lesions, sections were stained
with a polyclonal rabbit anti-human CD3 antibody (1:1; Dako
Cytomation), and the number of CD3-positive T cells was
counted (3). To analyze ROS/oxidative stress levels in aortas,
we used anti-8-OHdG monoclonal antibody (1:200; Japan
Institute for the Control of Aging, Fukuroi, Japan) and anti-
Cu2 + -oxLDL polyclonal rabbit antibody (1:200; Merck, Ltd.,
Darmstadt, Germany). For these tests, we did not block en-
dogenous peroxidase activity using hydrogen peroxide (3, 9).

Measurement of TBARS

The measurement of TBARS is a well-established method
to evaluate lipid peroxidation (21). Therefore, to assess a
second and more quantitative marker of oxidative stress that
is closely associated with the development of atherosclerosis,
we measured the TBARS levels using a TBARS Assay Kit
(Cayman Chemical Company, Ann Arbor, MI) in serum col-
lected from HcD-fed mice. Results are expressed as nmol
MDA/mg LDL protein.

TUNEL staining

To determine the number of apoptotic cells in atheroscle-
rotic lesions, we conducted TUNEL assays using the In Situ
Cell Death Detection Kit, POD (Roche Applied Science,
Lewes, UK) (3, 31). Double IHC was also performed to de-
termine the distribution of TUNEL-positive/a-SMA-positive
SMCs or TUNEL-positive/Mac-2-positive macrophages in
atherosclerotic lesions (TUNEL with DAB and a-SMA or
Mac-2 with Vulcan Fast Red as a substrate, respectively) as
described above (Biocare Medical).
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En face aortic double-immunofluorescence staining

Aortas of HcD-fed hPRDX4 + / + /apoE - / - and apoE - / -

mice were prepared en face, opened longitudinally to remove
adventitial adipose tissue, fixed in cold acetone for 10 min,
and air-dried for 10 min. En face vessels were labeled with
TUNEL reaction mixture (Roche Applied Science, Mannheim,
Germany) and rat monoclonal antibodies against mouse
CD31 (1:20; Dianova, Hamburg, Germany), incubated with
0.5 lg/ml Hoechst 33258 (Dojindo, Kumamoto, Japan), and
visualized with anti-fluorescein-antibodies (TUNEL POD;
Roche Applied Science) or Alexa Fluor-conjugated goat anti-
rat IgG and IgM antibodies (Invitrogen, Carlsbad, CA). The
stained tissues were placed on a glass slide intimal side up,
coverslipped by surface tension, and then viewed by confocal
laser scanning microscopy (LSM5 PASCAL EXCITER; Carl
Zeiss, Oberkochen, Germany) with a 40X UPlanApo oil im-
mersion objective lens. Three to six representative high-power
fields (*100 cells) were counted to determine the number of
TUNEL-positive (green)/CD31-positive (red) cells, and
Hoechst-positive (blue)/CD31-positive (red) cells (31). The
number of apoptotic endothelial cells was expressed as a
percentage of the total number of cells. We performed three
independent experiments per group of mice.

RT-PCR and real-time RT-PCR

RT-PCR and real-time RT-PCR were used to analyze gene
expression in the aorta, as previously described (3, 27, 31, 32).
The pairs of specific primers and probes for all of the genes
tested are listed in Supplementary Table S2. The relative ex-
pression level of each gene was normalized for that of
GAPDH and 18S ribosomal RNA (rRNA) using random
primers (31).

Western blot analysis

Rabbit anti-human polyclonal hPRDX4 (1:100; Affinity
BioReagents), rabbit anti-mouse polyclonal Bax (1:100; Santa
Cruz Biotechnology), and mouse anti-chicken monoclonal b-
actin (1:1000; Santa Cruz Biotechnology) antibodies were
used for Western blotting (3).

Vulnerability index

The vulnerability index was calculated as previously de-
scribed (34), as Index = (% Macrophages + % lipid cores / (%
SMCs + % collagen content).

ELISAs for hPRDX4 and PDGF-BB

The serum levels of hPRDX4 and PDGF-BB in HcD-fed
mice were measured using ELISA kits according to the
manufacturers’ instructions (hPRDX4 ELISA Kit; Abnova,
Taipei, Taiwan and PDGF-BB ELISA Kit; R&D Systems,
Minneapolis, MN).

Bone marrow transplantation

Bone marrow (5 · 106 cells) obtained from the femurs of WT
(C57BL/6) or hPRDX4 + / + (WT background) donor mice was
transplanted into whole-body-irradiated (9 Gy from a cesium
c source) recipients (8-week-old male apoE - / - mice). Three
weeks after BMT, all recipient mice were fed the HcD for 12
weeks (19, 31).

Statistical analysis

Results are expressed as means – standard error. Significant
differences were analyzed using Student’s or Welch’s t-test, or
analysis of variance where appropriate. Values of p < 0.05
were considered statistically significant.
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M, Myllyharju J, Eriksson P, Libby P, and Hansson GK. T-
cell activation leads to reduced collagen maturation in ath-
erosclerotic plaques of ApoE - / - mice. Am J Pathol 174: 693–
700, 2009.

17. Rhee SG, Chae HZ, and Kim K. Peroxiredoxins: A historical
overview and speculative preview of novel mechanisms and
emerging concepts in cell signaling. Free Radic Biol Med 38:
1543–1552, 2005.

18. Ross R. Atherosclerosis: An inflammatory disease. N Engl J
Med 340: 115–126, 1999.

19. Sasaguri Y, Wang KY, Tanimoto A, Tsutsui M, Ueno H,
Murata Y, Kohno Y, Yamada S, and Ohtsu H. Role of
histamine produced by bone marrow-derived vascular cells
in pathogenesis of atherosclerosis. Circ Res 96: 974–981,
2005.

20. Sata M, Saiura A, Kunisato A, Tojo A, Okada S, Tokuhisa T,
Hirai H, Makuuchi M, Hirata Y, and Nagai R. Hemato-
poietic stem cells differentiate into vascular cells that par-
ticipate in the pathogenesis of atherosclerosis. Nat Med 8:
403–409, 2002.

21. Scoccia AE, Molinuevo MS, McCarthy AD, and Cortizo AM.
A simple method to assess the oxidative susceptibility of low
density lipoproteins. BMC Clin Pathol 1: 1, 2001.

22. Seimon T and Tabas I. Mechanisms and consequences of
macrophage apoptosis in atherosclerosis. J Lipid Res 50:
S382–S387, 2009.

23. Takahashi M, Shimajiri S, Izumi H, Hirano G, Kashiwagi E,
Yasuniwa Y, Wu Y, Han B, Akiyama M, Nishizawa S, Sa-
saguri Y, and Kohno K. Y-box binding protein-1 is a novel
molecular target for tumor vessels. Cancer Sci 101: 1367–
1373, 2010.

24. Thyberg J, Ostman A, Backstrom G, Westermark B, and
Heldin CH. Localization of platelet-derived growth
factor (PDGF) in CHO cells transfected with PDGF
A- and B-chain cDNA: Retention of PDGF-BB in the
endoplasmic reticulum and Golgi complex. J Cell Sci 97:
219–229, 1990.

25. Tribble DL, Barcellos-Hoff MH, Chu BM, and Gong EL. Io-
nizing radiation accelerates aortic lesion formation in fat-fed
mice via SOD-inhibitable processes. Arterioscler Thromb Vasc
Biol 19: 1387–1392, 1999.

26. Van der Wal AC, Becker AE, van der Loos CM, and Das PK.
Site of intimal rupture or erosion of thrombosed coronary
atherosclerotic plaques is characterized by an inflammatory
process irrespective of the dominant plaque morphology.
Circulation 89: 36–44, 1994.

27. Wang KY, Tanimoto A, Guo X, Yamada S, Shimajiri S,
Murata Y, Ding Y, Tsutsui T, Kato S, Watanabe T, Ohtsu H,

Hirano KI, Kohno K, and Sasaguri Y. Histamine deficiency
decrease atherosclerosis and inflammatory response in
apolipoprotein E knockout mice independently of serum
cholesterol level. Arterioscler Thromb Vasc Biol 31: 800–807,
2011.

28. Wang X, Phelan SA, Petros C, Taylor EF, Ledinski G, Jurgens
G, Forsman-Semb K, and Paigen B. Peroxiredoxin 6 defi-
ciency and atherosclerosis susceptibility in mice: Significance
of genetic background for assessing atherosclerosis. Athero-
sclerosis 177: 61–70, 2004.

29. Witztum JL. The oxidation hypothesis of atherosclerosis.
Lancet 344: 793–795, 1994.

30. Yamada S, Ding Y, and Sasaguri Y. Peroxiredoxin 4:
Critical roles in inflammatory diseases. J UOEH 34: 27–39,
2012.

31. Yamada S, Ding Y, Tanimoto A, Wang KY, Guo X, Li Z,
Tasaki T, Nabesima A, Murata Y, Shimajiri S, Kohno K,
Ichijo H, and Sasaguri Y. Apoptosis signal-regulating
kinase 1 deficiency accelerates hyperlipidemia-induced
atheromatous plaques via suppression of macrophage
apoptosis. Arterioscler Thromb Vasc Biol 31: 1555–1564,
2011.

32. Yamada S, Wang KY, Tanimoto A, Fan J, Shimajiri S,
Kitajima S, Morimoto M, Tsutui M, Watanabe T,
Yasumoto K, and Sasaguri Y. Matrix metalloproteinase
12 accelerates the initiation of atherosclerosis and
stimulates the progression of fatty streaks to fibrous
plaques in transgenic rabbits. Am J Pathol 172: 1419–
1429, 2008.

33. Yang H, Roberts LJ, Shi ML, Zhou LC, Ballard BR, Ri-
chardson A, and Guo ZM. Retardation of atherosclerosis by
overexpression of catalase or both Cu/Zn-superoxide dis-
mutase and catalase in mice lacking apolipoprotein E. Circ
Res 95: 1075–1081, 2004.

34. Zhang L, Liu Y, Zhang PF, Zhao YX, Ji XP, Lu XT, Chen
WQ, Liu CX, Zhang C, and Zhang Y. Peak radial and
circumferential strain measured by velocity vector imag-
ing is a novel index for detecting vulnerable plaques in a
rabbit model of atherosclerosis. Atherosclerosis 211: 146–
152, 2010.

Address correspondence to:
Dr. Sohsuke Yamada

Department of Pathology and Cell Biology
School of Medicine

University of Occupational and Environmental Health
1-1 Iseigaoka

Yahatanishi-ku
Kitakyushu 807-8555

Japan

E-mail: sousuke@med.uoeh-u.ac.jp

Date of first submission to ARS Central, January 30, 2012; date
of final revised submission, April 25, 2012; date of acceptance,
May 2, 2012.

1374 GUO ET AL.



Abbreviations Used

8-OHdG¼ 8-hydroxy-2¢-deoxyguanosine

apoE-=-¼ apolipoprotein E knockout

BMT¼ bone marrow transplantation

ELISA¼ enzyme-linked immunosorbent assay

ER¼ endoplasmic reticulum

GPX¼ glutathione peroxidase

GSR¼ glutathione reductase

GSS¼ glutathione synthetase

HcD¼high-cholesterol diet

hPRDX4+=+/apoE-=-¼Tg and apoE knockout

IHC¼ immunohistochemistry

LDL¼ low-density lipoprotein

MDA¼malondialdehyde

mPDGF-BB¼murine platelet-derived growth
factor BB

NcD¼normal cholesterol diet
PRDX¼peroxiredoxin

ROS¼ reactive oxygen species
RT-PCR¼ reverse transcription–polymerase

chain reaction
SMC¼ smooth muscle cells
SOD¼Cu,Zn-superoxide dismutase

TBARS¼ thiobarbituric acid reactive substances
Tg¼human PRDX4 (hPRDX4) transgenic
TG¼ triglyceride

TUNEL¼ terminal deoxynucleotidyl transferase
end-labeling

WT¼wild-type
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