
INTRODUCTION
Erythropoietin (EPO) is a critical regu-

lator of hematopoiesis, and recombinant
human (rh) EPO is widely used in the
treatment of anemia associated with
chronic kidney disease, heart failure and
cancer (1). Over the past decade, many
nonhematopoietic actions of EPO have
been identified (2), including suppres-

sion of atherosclerosis (3–6). In these
nonhematopoietic roles, locally produced
hypoglycosylated-EPO functions in a
paracrine-autocrine manner and signals
through a tissue-protective receptor con-
sisting of the EPO receptor (EPOR) and
the β common receptor (βcR) (7). How-
ever, prothrombotic adverse effects of rh-
EPO hinder its clinical use in nonanemic

patients (8–10). To prevent thrombotic
events associated with EPO therapy, the
engineering of nonerythropoietic, tissue-
protective EPO derivatives has been un-
dertaken. Helix B surface peptide (HBSP)
is one such EPO derivative that mimics
the aqueous face of helix B of EPO and
exhibits tissue-protective activities com-
parable with rhEPO (11–14).

Developing a novel therapeutic strat-
egy for coronary atherosclerosis is a criti-
cal issue because coronary artery disease
(CAD) remains the leading cause of mor-
tality in developed countries. Previous
work demonstrated that administration
of EPO decreased cholesterol ester con-
tent of the aorta in Watanabe heritable
hyperlipidemic (WHHL) rabbits (3) and
intima-media thickness in hemodialyzed
patients (4). Furthermore, EPO has been
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shown to suppress foam cell formation
in murine macrophages (6). However, it
is currently unknown whether nonery-
thropoietic derivatives of EPO such as
HBSP have a protective effect against
progression of coronary atherosclerotic
lesions.

In the present study, we examined the
antiatherosclerotic effects of HBSP by
using human umbilical vein endothelial
cells (HUVECs) and human monocytic
THP-1 cells in vitro and Watanabe herita-
ble hyperlipidemic spontaneous myocar-
dial infarction (WHHLMI) rabbits in vivo.
The WHHLMI rabbit is an animal model
that develops spontaneous myocardial
infarction mimicking that observed in
humans and is useful for investigating
progression of coronary atherosclerotic
lesions (15). Administration of HBSP re-
sulted in Akt-mediated inhibition of en-
dothelial cell apoptosis, reduction of
TNF-α production and modification of
macrophage polarization, leading to a
significant suppression of progression of
coronary atherosclerotic lesions. These
data confirm the protective effects of
HBSP against coronary atherosclerosis as
a novel therapeutic alternative to EPO
for treatment of CAD.

MATERIALS AND METHODS

Materials
HBSP (QEQLERALNSS) and a control,

scrambled peptide (LSEQARNQSEL)
were purchased from commercial manu-
facturers. Recombinant human EPO was
obtained from Kyowa Hakko Kirin
(Tokyo, Japan). Sodium azide-free recom-
binant human CRP was purchased from
Oriental Yeast (Tokyo, Japan), and endo-
toxin was removed as previously de-
scribed (16). Antibodies used were as fol-
lows: anti-CD31 (Dianova, Hamburg,
Germany); anti-rabbit CRP (Immunology
Consultants Laboratory, Newberg, OR,
USA); anti-MMP-9 (Daiichi Fine Chemi-
cal, Toyama, Japan); anti-ERK2, anti-
F4/80, anti-CD11c, anti-CD206, anti-IL10,
anti-TNF-α and anti-EPOR (sc-82593)
(Santa Cruz Biotechnology, Santa Cruz,
CA, USA); and anti-Akt, anti-phospho-

Akt, anti-phospho-ERK1/2, anti-FoxO3a,
anti-phospho-FoxO3a, anti-eNOS, anti-
phospho-eNOS and anti-β-actin (Cell
Signaling Technology, Danvers, MA,
USA). All other materials were from
Sigma-Aldrich (St. Louis, MO, USA) ex-
cept where indicated.

Animals
WHHLMI rabbits (eight males and

eight females, 2 months of age, 2.2 ± 
0.06 kg) were housed individually in
metal cages in a room with constant tem-
perature (22 ± 2°C) and a regular lighting
cycle (12 h light/dark) and were fed
standard rabbit chow (120 g/d; CR-3,
Clea Japan, Tokyo, Japan) and water (ad
libitum) at the Institute for Experimental
Animals, Kobe University Graduate
School of Medicine. All experiments
were approved by the Institutional Ani-
mal Care and Use Committee of Kobe
University in accordance with the direc-
tives of the Guidelines for Proper Con-
duct of Animal Experiments of the Sci-
ence Council of Japan.

Cell Culture
HUVECs were purchased from Cell

Applications (San Diego, CA, USA) and
grown in medium EGM-2 supplemented
with 2% fetal calf serum and penicillin/
streptomycin at 37°C under air contain-
ing 5% CO2 in a humidified incubator.
THP-1 cells (ATCC, Manassas, VA, USA)
were maintained in medium RPMI 1640
supplemented with 10% fetal calf serum
and penicillin/ streptomycin. Before ex-
periments, THP-1 cells were treated with
100 nmol/L PMA for 12 h to induce char-
acteristics of macrophages.

Determination of Apoptosis by Flow
Cytometric Analysis

Apoptosis of HUVECs was assessed
by using the TACS Annexin V-FITC 
Apoptosis Detection Kit (R&D Systems,
Minneapolis, MN, USA) as previously
described (13). The percentage of 
annexin V–positive cells determined over
10,000 acquired events was analyzed by
a FACSCalibur system equipped with a
488-nm argon laser and CellQuest soft-

ware (BD Biosciences, San Jose, CA,
USA).

Small Interfering RNA Transfection
Small interfering RNA (siRNA) against

Akt1 (Akt siRNA) and ERK1 (ERK
siRNA) were obtained from Vicgene
(Mountain View, CA, USA), and scram-
bled siRNA was purchased from Ambion
(Austin, TX, USA). HUVECs were trans-
fected with Akt siRNA, ERK siRNA or
scrambled siRNA at a concentration of 
20 nmol/L by using a Silencer siRNA
Transfection II Kit (Ambion). CRP 
95.2 nmol/L [10 mg/L]), CRP and HBSP
(2.0 nmol/L) or vehicle was added to
cultures 24 h after transfection, and cells
were incubated for an additional 24 h.
Then cells were harvested and apoptosis
was assessed by flow cytometric analysis.

Western Blot Analysis
After HUVECs were treated with HBSP,

EPO or a scrambled peptide, cell lysates
were prepared and Western blot was per-
formed as previously described (17).
Briefly, cell lysates were subjected to
sodium dodecyl sulfate–polyacrylamide
gel electrophoresis and transferred to ni-
trocellulose membranes (Amersham Bio-
sciences, Piscataway, NJ, USA). The mem-
brane was blocked for 1 h at room
temperature with phosphate-buffered
saline containing 2% bovine serum albu-
min and 0.05% Tween 20. The blots were
incubated overnight at 4°C or for 4 h at
room temperature with a primary anti-
body against phospho-Akt, phospho-
ERK1/2, phospho-FoxO3a or phospho-
eNOS followed by incubation for 1 h with
a secondary, horseradish peroxidase–con-
jugated antibody. Then the blots were
reprobed with an antibody against Akt,
ERK2, FoxO3a or eNOS to show equal
protein loading. In siRNA experiments,
HUVECs were transfected with Akt
siRNA or scrambled siRNA for 24 h. Then
a Western blot was performed by using
an antibody against Akt or β-actin. Im-
munoreactive bands were visualized by
using enhanced chemiluminescence (ECL)
(Amersham Biosciences). Densitometric
analysis of immunoreactive bands was

1 9 6 |  U E B A E T  A L .  |  M O L  M E D  1 9 : 1 9 5 - 2 0 2 ,  2 0 1 3

A N  E P O  D E R I V A T I V E  R E D U C E S  C O R O N A R Y  A T H E R O S C L E R O S I S



performed by using NIH ImageJ to assess
the levels of protein expression. All exper-
iments were performed at least three times.

Measurement of Production of TNF-α
and Matrix Metalloproteinase-9
(MMP-9) in THP-1 Cells

THP-1 cells were incubated with CRP
(47.6 nmol/L [5 mg/L]), CRP + EPO
(10,000 IU/L), CRP + HBSP (2.0 nmol/L)
or vehicle for 24 h, and then super-
natants were withdrawn from the culture
dishes and stored at –80°C. Concentra-
tions of TNF-α and MMP-9 in the culture
supernatants were measured as previ-
ously described (16).

In Vivo Experimental Protocol
HBSP or a control peptide was admin-

istered to WHHLMI rabbits (n = 8 each
group) by subcutaneous injection at a
dosage of 30 μg/kg body weight, three
times a week for 32 wks. Blood was
drawn every 4 wks from the marginal
ear vein for blood chemical analysis. Be-
fore death, animals were given intra-
venous injection of sodium pentobarbital
(25 mg/kg) and perfused with lactated
Ringer’s solution. Then the heart and the
aorta were removed, fixed with 10%
buffered formalin and embedded in
paraffin for histological analysis. One
rabbit treated with the control peptide
was excluded from the study because of
poor feeding.

Histological Analysis
By using methods described previously

(15,18), the degree of coronary atheroscle-
rosis was assessed by percent cross-
 sectional stenosis (lesion area/area cir-
cumscribed by internal elastic lamina) by
using the left circumflex artery, and the
degree of aortic atherosclerosis was evalu-
ated by percent lesion area on the surface
of the whole intima (surface lesion area/
whole surface intimal area). Immunohisto-
chemistry and in situ apoptosis detection
were performed as previously described
(13). Briefly, an LSAB+ Kit (DAKO,
Glostrup, Denmark) was used for the im-
munostaining of the deparaffinized sec-
tions with diaminobenzidine as the chro-

mogen, and nuclei were counterstained
with hematoxylin. The number of cells or
area stained was calculated by using NIH
ImageJ. In situ terminal deoxynucleotidyl
transferase (TdT) assay was performed to
detect apoptotic cells by using an ApopTag
Plus In Situ Apoptosis Detection Kit
(Chemicon, Billerica, MA, USA) according
to the manufacturer’s instructions. Positive-
control sections were from rat mammary
gland. Endothelial cells were detected as
CD31, also known as PECAM-1, positive
cells. The number of endothelial cells posi-
tive for phospho-Akt, phospho-ERK1/2 or
TdT labeling was determined in a blinded
fashion by counting whole endothelial
cells in each section on a digital micro-
scopic system (BX51/DP72; Olympus,
Tokyo, Japan) at 400× magnification. Im-
munostaining of F4/80, CD11c, CD206, 
IL-10, TNF-α, MMP-9, CRP and EPOR
was performed by using an LSAB+ Kit, as
mentioned above.

Blood Chemical Analysis
Serum levels of total cholesterol,

triglyceride, TNF-α and CRP were deter-
mined by enzymatic methods and en-
zyme-linked immunosorbent assay
(ELISA). Complete blood cell counts
were measured with an automated
hematological analyzer.

Statistical Analysis
Data are shown as mean ± standard

error of the mean (SEM). Differences
were analyzed with Student t tests or
Mann-Whitney U test between two
groups and one-way analysis of variance
(ANOVA) or Kruskal-Wallis test among
more than three groups, as appropriate.
Values of P < 0.05 were considered statis-
tically significant.

All supplementary materials are available
online at www.molmed.org.

RESULTS

Apoptosis of HUVECs and the Role of
Akt

Growing evidence has shown that CRP
is not just a predictor of CAD but a direct

mediator of atherosclerosis (16,19–21).
Consistent with previous work (16), CRP
(95.2 nmol/L [10 mg/L]) induced apo-
ptosis in HUVECs (Figure 1A). Simulta-
neous treatment with HBSP (2.0 nmol/L,
the molar equivalent of 10,000 IU/L of
EPO, and 20 nmol/L) clearly decreased
the number of apoptotic cells induced by
CRP, to a greater degree than EPO
(10,000 IU/L) (see Figure 1A). To exam-
ine the mechanisms by which HBSP in-
hibits HUVEC apoptosis, we investi-
gated intracellular signaling pathways
for cell survival. HBSP, as well as EPO,
activated Akt and ERK1/2 in  HUVECs
with a peak at 15 min after incubation
(Figure 1B) and a maximum response oc-
curring for a concentration of HBSP of
2 nmol/L (Figure 1C). To clarify which
pathway is critical for inhibiting apopto-
sis, we examined the effects of Akt
siRNA and ERK siRNA on HBSP-
 induced inhibition of apoptosis. Akt
siRNA completely abolished the inhibi-
tion of apoptosis induced by HBSP in
HUVECs (Figure 1D). In contrast, scram-
bled siRNA and ERK siRNA did not af-
fect the inhibitory effect of HBSP on
HUVEC apoptosis (see Figure 1D). West-
ern blot analysis demonstrated a signifi-
cant downregulation of Akt by Akt
siRNA at the protein level (Figure 1E). In
addition, HBSP and EPO also phospho-
rylated FoxO3 and eNOS, downstream
targets of Akt, which may confer protec-
tion against apoptosis (Supplementary
Figure S1).

Production of TNF-α and MMP-9 in
THP-1 Cells

CRP (47.6 nmol/L [5 mg/L]) induced
production of TNF-α and MMP-9 in
THP-1 cells, and simultaneous treatment
with HBSP (2.0 nmol/L) significantly re-
duced production of TNF-α and MMP-9,
which was comparable to the effect of
EPO (10,000 IU/L) (Figure 2).

Suppression of Coronary
Atherosclerosis in the WHHLMI Rabbit

The results of pharmacokinetic evalua-
tion of related peptide pHBSP (11) ad-
ministered subcutaneously showed that a
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dose of 30 μg/kg produced a peak
plasma level of pHBSP of ~2 nmol/L (i.e.,
equivalent to the maximum observed for
Akt phosphorylation using HUVECs in
vitro) (Figure 1C). Therefore, this dose
was used for the in vivo experiments.

To examine the effects of HBSP on cor-
onary atherosclerosis, 30 μg/kg body
weight HBSP or a control scrambled pep-
tide was administered subcutaneously
three times a week to WHHLMI rabbits
for 32 wks. All animals survived the
study period. Coronary atherosclerosis,
as assessed by mean cross-sectional
stenosis and significant stenosis (>75%),
was clearly suppressed in animals
treated with HBSP compared with those
treated with the control scrambled pep-
tide (Figure 3). On the basis of the data
obtained from the in vitro experiments
for HUVEC apoptosis and signaling
pathways of HBSP, we evaluated apopto-
sis and Akt signaling in coronary artery
endothelial cells of WHHLMI rabbits.
Administration of HBSP significantly in-
hibited endothelial cell apoptosis with
increased Akt activation compared with
the control scrambled peptide (Figure 4),
whereas levels of ERK1/2 activation
were not significantly different between
the two groups (control 11.0 ± 1.7% ver-
sus HBSP 14.1 ± 0.9%). Next, we assessed
the effect of HBSP on TNF-α expression
in coronary atherosclerotic lesions. 
TNF-α expression was markedly reduced
in animals treated with HBSP compared
with those treated with the control
scrambled peptide (Figure 5). In contrast,
administration of HBSP had no effects on
MMP-9 expression and CRP deposition
in coronary atherosclerotic lesions
(MMP-9 positive area, control 6.8 ± 2.4%
versus HBSP 6.0 ± 3.1%; CRP positive
area, control 0.037 ± 0.019% versus HBSP
0.031 ± 0.014%). Further, we evaluated
the number of macrophages and the ex-
pressions of cell markers for M1 and M2
macrophages in coronary atherosclerotic
lesions. The number of macrophages
(F4/80-positive cells) and CD11c-positive
M1 macrophages was significantly de-
creased in animals treated with HBSP
compared with those treated with the
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Figure 1. HBSP and EPO inhibit HUVEC apoptosis via activation of molecular pathways in-
creasing cell survival. (A) HBSP and EPO reduce CRP-induced HUVEC apoptosis. HUVECs
were treated with vehicle, CRP (95.2 nmol/L), CRP + EPO (10,000 IU/L) or CRP + HBSP (2.0 or 
20 nmol/L) for 24 h. Then cells were harvested by trypsinization, and flow cytometric analysis
was performed to evaluate apoptosis. Data are mean ± SEM, n = 18 each group; *P < 0.01
versus CRP, #P < 0.01 versus CRP + EPO. (B) HBSP and EPO activate Akt and ERK1/2. HUVECs
were incubated with a control peptide (C; a scrambled version of HBSP, 2.0 nmol/L, 15 min),
HBSP (2.0 nmol/L) or EPO (10,000 IU/L) for the indicated times, and cell lysates were prepared.
Next, Western blot was performed as described in Materials and Methods. Immunoreactive
bands were analyzed by densitometry by using NIH ImageJ, and ratios of the phospho/total
antibody immunolabeling were calculated. The ratios were compared between C and 15 min
in HBSP and between 0 and 15 min in EPO. The pAkt/Akt ratios at 30 min in EPO were also cal-
culated. Data are mean ± SEM, n = 3 each group; *P < 0.01, #P < 0.05. (C) A similar analysis
performed after incubation in increasing concentrations of EPO or HBSP showed that a peak
phosphorylation of Akt occurred at ~2 nmol/L. (D) Akt is required for HBSP-mediated inhibition
of apoptosis. Akt siRNA, ERK siRNA or scrambled siRNA was transfected into HUVECs as de-
scribed in Materials and Methods. Then apoptosis of HUVECs was evaluated as in (A). A, con-
trol + scrambled siRNA; B, CRP + scrambled siRNA; C, CRP + HBSP + scrambled siRNA; D, CRP +
HBSP + Akt siRNA; E, CRP + HBSP + ERK siRNA. Data are mean ± SEM, n = 8 each group; *P <
0.05 versus CRP + scrambled siRNA, #P < 0.05 versus CRP + HBSP + scrambled siRNA and CRP +
HBSP + ERK siRNA. (E) Akt is downregulated by Akt siRNA at the protein level. Akt siRNA or
scrambled siRNA was transfected into HUVECs in the same manner as in (D), without CRP or
HBSP treatment, and cell lysates were prepared. Next, Western blot was performed as de-
scribed in Materials and Methods by using an antibody against Akt or β-actin (a loading con-
trol). Immunoreactive bands were analyzed by NIH ImageJ, and ratios of the Akt/β-actin anti-
body immunolabeling were calculated. Data are mean ± SEM, n = 3 each group; *P < 0.05.



control scrambled peptide (Figures 6A, B).
Although the number of CD206-positive
M2 macrophages did not differ signifi-
cantly between the two groups (control

328.8 ± 77.8 cells/mm2 versus HBSP
262.9 ± 42.7 cells/mm2), M1/M2 ratio
was markedly suppressed in animals
treated with HBSP (Figure 6C). Also,

HBSP clearly upregulated the expression
of IL-10, an antiinflammatory cytokine
(Figure 6D).

With respect to the degree of aortic
atherosclerosis as assessed by percent le-
sion area on the surface of whole intima,
there was no significant difference be-
tween the two groups (control 79.6 ±
3.5% versus HBSP 81.4 ± 2.4%). To clarify
why HBSP did not inhibit aortic athero-
sclerosis despite clear suppression of cor-
onary atherosclerosis, we investigated
expression of EPOR in aortas and coro-
nary arteries. As shown in Figure 7,
EPOR expression was much more promi-
nent in coronary arteries compared with
aortas.

With regard to blood chemical analysis
at 32 wks after administration of HBSP or
the control scrambled peptide, there were
no significant differences in serum levels of
total cholesterol (control 26.4 ± 2.4 mmol/L
versus HBSP 25.6 ± 1.7 mmol/L), triglyc-
eride (control 3.6 ± 0.4 mmol/L versus
HBSP 3.9 ± 0.5 mmol/L), TNF-α (control
29.3 ± 1.1 pmol/L versus HBSP 30.2 ± 
0.9 pmol/L), CRP (control 138.1 ± 
47.6 nmol/L versus HBSP 164.8 ±
36.2 nmol/L) and hemoglobin levels (con-
trol 145 ± 4.0 g/L versus HBSP 141 ±
4.0 g/L) between the two groups.

DISCUSSION
Recent work has shown that EPO and

its nonerythropoietic derivatives, includ-
ing HBSP, provide tissue-protective ef-
fects in a wide variety of tissues, in part
by inhibiting apoptosis and by counter-
acting proinflammatory cytokines such
as TNF-α (13,22–26). Consistent with
these observations, our data obtained
from the in vitro experiments clearly
demonstrate that HBSP, as well as EPO,
reduces HUVEC apoptosis and THP-1
production of TNF-α and MMP-9 in-
duced by CRP, a direct mediator of ather-
osclerosis (16,19–21). Because endothelial
cell apoptosis and increased production
of TNF-α and MMP-9 contribute to the
development and progression of athero-
sclerotic lesions (27–29), these results
confirm the antiatherosclerotic effects of
HBSP and EPO. With respect to the sig-
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Figure 3. HBSP suppresses the formation of atherosclerotic lesions within coronary artery
segments of WHHLMI rabbits. (A) HBSP reduces mean cross-sectional arterial stenosis. Left
circumflex arteries were collected from WHHLMI rabbits (control, n = 7; HBSP, n = 8) and
were sectioned at 500-μm intervals. The percent cross-sectional stenosis was calculated as
described in Materials and Methods. The mean number of arterial segments obtained was
20.7 ± 1.4 in control animals and 16.5 ± 0.9 in animals treated with HBSP. Data are mean ±
SEM; *P < 0.01. (B) HBSP reduces atheromata (that is, those causing >75% significant steno-
sis of the vessel lumen). On the basis of the data obtained from (A), percentage of intima
with significant atheromata was calculated. Data are mean ± SEM; *P < 0.01.

Figure 2. HBSP inhibits TNF-α and MMP-9 production in THP-1 cells. (A) HBSP reduces TNF-α
expression in CRP-stimulated THP-1 cells. THP-1 cells were incubated in serum-free medium
with vehicle, CRP (47.6 nmol/L), CRP + EPO (10,000 IU/L) or CRP + HBSP (2.0 nmol/L) for 
24 h. Then samples were collected and concentrations of TNF-α in the culture super-
natants were measured by ELISA. Data are mean ± SEM, n = 6; *P < 0.01 versus CRP, #P <
0.05 versus CRP. (B) HBSP reduces MMP-9 production in CRP-stimulated THP-1 cells. Cells
were incubated, as in (A), and MMP-9 concentrations were measured in the same man-
ner as in (A). Data are mean ± SEM, n = 4; *P < 0.05 versus CRP.



naling pathways of HBSP and EPO in
HUVECs, HBSP, as well as EPO, acti-
vates Akt and ERK1/2, and Akt has been
shown to play an important role in
HBSP-mediated inhibition of apoptosis,
as assessed by an siRNA approach. Re-
cently, we have demonstrated that Akt is
a key molecule for inhibition of apopto-
sis mediated by HBSP in cultured rat car-
diomyocytes (13). Given these observa-
tions and previous findings of EPO
signaling pathways (30–32), it is likely
that Akt plays a critical role in preven-
tion of apoptosis mediated by EPO and
its nonerythropoietic derivatives.

Based on the results obtained from the
in vitro experiments, we examined the in
vivo antiatherosclerotic effects of HBSP
against progression of coronary athero-
sclerotic lesions by using the WHHLMI
rabbit (15). This rabbit strain is character-
ized by the high incidence (≈97%) of
spontaneous myocardial infarction at
ages 11–35 months, with severe athero-
matous plaques in the coronary arteries.
The data from mean cross-sectional
stenosis and significant stenosis (>75%)
clearly show a significant suppression of
progression of coronary atherosclerotic
lesions that is not associated with
changes in serum lipid profiles in ani-
mals treated with HBSP. These antiather-
osclerotic effects of HBSP are comparable
with previous findings observed for
statins (18,33). Furthermore, administra-
tion of HBSP is associated with increased
activation of Akt, which significantly in-
hibits endothelial cell apoptosis in coro-
nary atherosclerotic lesions, suggesting a
critical role of Akt in preventing apopto-
sis in vivo. Also, TNF-α expression within
coronary atherosclerotic lesions is mark-
edly reduced in HBSP-treated animals.
These results are consistent with previ-
ous studies showing pleiotropic, tissue-
protective effects of EPO and its nonery-
thropoietic derivatives (12–14,24–26). In
addition, HBSP significantly decreases
the number of M1 macrophages and the
M1/M2 ratio, with increased expression
of IL-10 in coronary atherosclerotic le-
sions. Because M1 macrophages are
proinflammatory and an increased
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Figure 5. HBSP reduces TNF-α expression in coronary atherosclerotic lesions of WHHLMI
rabbits. (A) Section from control animal immunostained with negative control IgG. (B) Sec-
tion from control animal immunostained with anti-TNF-α antibody. (C) Section from HBSP-
treated animal immunostained with anti-TNF-α antibody. TNF-α–positive areas are visual-
ized in brown (arrowheads). (D) Ratios of TNF-α–positive area/intimal area. Mean ± SEM;
negative control IgG, n = 4; control, n = 7; HBSP, n = 8; *P < 0.01. Scale bar, 200 μm. 

Figure 4. HBSP inhibits apoptosis and activates Akt signaling in coronary artery endothelial
cells of WHHLMI rabbits. (A) HBSP reduces apoptosis of coronary artery endothelial cells. Im-
munostaining of the deparaffinized sections were performed by using anti-CD31 antibody to
detect endothelial cells, and an in situ TdT assay was performed. Then the percentage of en-
dothelial cells positive for TdT labeling was determined, as described in Materials and Meth-
ods. Data are mean ± SEM; control, n = 7; HBSP, n = 8; *P < 0.01. (B) HBSP activates Akt in cor-
onary artery endothelial cells. The deparaffinized sections were incubated with a primary
antibody against phospho-Akt or negative control IgG and immunostaining was performed.
Then the percentage of endothelial cells positive for phospho-Akt was determined as in (A).
Data are mean ± SEM; negative control IgG, n = 3; control, n = 7; HBSP, n = 8; *P < 0.01.



M1/M2 ratio in the vascular wall is asso-
ciated with atherosclerosis (34), modifica-
tion of macrophage polarization may be
one of the mechanisms for the antiather-
osclerotic effects of HBSP.

It is notable that expression of EPOR
in atherosclerotic lesions is different be-
tween coronary arteries and aortas in the
WHHLMI rabbit. Recent work demon-
strated that expression of EPO and EPOR
was upregulated in atherosclerotic le-
sions of apoE–/– mice (6). Because HBSP,
as well as EPO, signals through the
EPOR/βcR complex, the increased ex-
pression of EPOR in coronary arteries
compared with aortas could explain the
antiatherosclerotic effects of HBSP in cor-
onary atherosclerotic lesions, but not in
aortic atherosclerotic lesions. Expression
of βcR was not evaluated because of the
lack of a suitable anti-rabbit βcR anti-
body. Previous work showed the similar
effects of statins that predominantly sup-
press atherosclerotic lesions of coronary
arteries compared with those of aortas
(18,33). Further studies are warranted to
assess the effects of chronic HBSP admin-
istration on preventing CAD.

CONCLUSION
We have shown antiatherosclerotic ef-

fects of HBSP by using HUVEC and
THP-1 cultures in vitro and the WHHLMI
rabbit, an animal model for spontaneous
myocardial infarction, in vivo. Chronic
administration of HBSP suppresses coro-
nary atherosclerosis, in part by inhibiting
endothelial cell apoptosis through activa-
tion of Akt and in association with de-
creased TNF-α production and modified
macrophage polarization in coronary
 atherosclerotic lesions. These antiathero-
sclerotic effects of HBSP depend on the
regional expression of EPOR in athero-
sclerotic lesions. Because HBSP does not
have the prothrombotic effects of EPO,
administration of HBSP may provide a
novel therapeutic strategy that sup-
presses progression of CAD.
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