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Abstract The previous studies in our laboratory revealed
that seven cysteine mutants of apolipoprotein A-I (apoA-I)
have different structural features and biological activities in
vitro and in vivo. To investigate the potential cardioprotec-
tive effects of apolipoprotein A-I(N74C) [apoA-I(N74C)],
we examined the anti-inflammatory, antioxidant, and anti-
atherosclerotic effects of this cysteine mutant in a rapid
atherosclerosis model induced by perivascular carotid col-
lar placement in apoE™’~ mice. Lipid-free apoA-I(N74C)
showed a significant increased antioxidant potency in low
density lipoprotein (LDL) oxidation in vitro and reduced
intracellular lipid accumulation in THP-1-derived macro-
phages, relative to wild-type apoA-I (apoA-Iwt). Mice in-
jected with recombinant HDL (rHDL) reconstituted with
apoA-I(N74C) (named rHDL74) through tail veins (40 mg/
kg of body weight, three injections) had a significant lower
level of serum interleukin-6 (IL-6) and enhanced serum an-
tioxidation compared with mice receiving rHDL reconsti-
tuted with apoA-Iwt (named rHDLwt). Moreover, compared
with rHDLwt, the rHDL74 in vivo injection resulted in a sig-
nificant decrease in plaque size, ratio of aorta intima to
media, arterial remodeling, and macrophage content in
lesions.Hl In summary, intravenous injection with rHDL74
reconstituted with apoA-I cysteine mutant apoA-I (N74C)
dramatically delays the development of atherosclerosis in-
duced by perivascular carotid collar placement and reduces
vascular remodeling in the carotid arteryin apoE_/ " mice.—
Zhang, X., X. Zhu, and B. Chen. Inhibition of collar-induced
carotid atherosclerosis by recombinant apoA-I cysteine mu-
tants in apoE-deficient mice. J Lipid Res. 2010. 51: 3434-3442.
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It has been well documented that the plasma level of
high density lipoprotein (HDL) is inversely correlated
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with the incidence of atherosclerosis and coronary artery
disease (1-3). Apolipoprotein A-I (apoA-I), the major pro-
tein component of HDL, is known to play an important
role in reverse cholesterol transport (RCT), which delivers
cholesterol from peripheral tissues, such as macrophages
and foam cells in atherosclerotic lesions, to liver (4). In
addition to promoting RCT, apoA-I also exerts cardiopro-
tection against atherosclerosis via anti-inflammation and
anti-oxidation (5-8).

Mature apoA-I contains a series of 10 repeating units that
compose approximately 80% of the protein separated by
helix-breaking amino acids such as proline. Eight of these
repeats contain 22 amino acids, while two have 11 amino
acids. Apolipoprotein A-lyjne (APOA-Iyijane) and apoA-Ip, .
two natural cysteine mutants of apoA-I with dimers as their
effective forms, have been shown to have enhanced cardio-
vascular protective activities (9-11). More comprehensive
studies have also been carried out to identify the cardiopro-
tective activities of apoA-Iyy,,, in animals (12-14) and hu-
mans (15, 16). Repeated doses (40 mg/kg) and a single
high dose of recombinant apoA-ly.,./PC (400 mg/kg)
prevented the progression of aortic atherosclerosis and re-
duced the lipid and macrophage content in plaques of
apoE-deficient (apoE_/ ) mice compared with the control
group (12, 17). Furthermore, infusion of recombinant hu-
man apoA-Iy;.,, resulted in significant regression of coro-
nary atherosclerosis accompanied by reverse remodeling of
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the external elastic membrane (EEM) in human patients as
measured by intravascular ultrasound (IVUS) (15, 16).
These studies highlight the significant role of apoA-I and its
mutants in atherosclerotic protection.

According to the Edmundson wheel (18), the construc-
tion features of apoA-I, and the unique cysteine mutation
positioning of apoA-Iyg.,, and apoA-lp, ;s at the polar-non-
polar interface on the helix, seven cysteine mutants of
apoA-I were designed and constructed in our laboratory
with mutant positions similar to apoA-Iyj.,, on the a-helices
(19). We have shown that monomeric cysteine mutant pro-
teins in a lipid-free state exhibited different structural
features as well as biological functions of lipid binding, anti-
oxidation, and promotion of cholesterol efflux from THP-
1-derived macrophages (19). Furthermore, our in vivo study
documented that apoA-I(N74C) had an increased anti-
inflammatory capability in an LPS-induced endotoxemia
mouse model compared with wild-type apoA-I (apoA-Iwt)
and apoA-Iy,, (20), suggesting a potential role of apoA-
I(N74C) in ant-inflammation in innate immunity as well as
in chronic inflammatory diseases such as atherosclerosis.

ApoE_/ " mice, which are prone to develop diet-induced
hypercholesterolemia and atherosclerosis, are largely used
in atherosclerosis study as an atherogenic mice model (12,
17). Perivascular carotid collar placement in apoE_/_ mice
is able to induce rapid, site-controlled lesion formation
and has been shown to have similar plaque morphology,
endothelial expression pattern, and plaque pathogenesis
to human lesion (21, 22). To test our hypothesis that the
administration of recombinant phospholipid apoA-I
(N74C) complex will improve the progression of athero-
sclerosis and reduce injury-induced arterial remodeling,
we used apoE’~ mice with perivascular carotid collar
placement in this study.

METHODS

Animals

Male apoE™~ mice (C57BL/6] strain, SPF grade, 10 weeks old,
26-28 g), obtained from Department of Laboratory Animal Sci-
ence of Peking University Health Science Center, were fed a high-
fat, high-cholesterol (HF/HC) Western-type diet (21% (wt/wt)
fatand 0.15% cholesterol) for two weeks before being used in the
study (12) and maintained throughout the duration of the exper-
iment. All animal experimental work was approved by the animal
care committee of the Chinese Academy of Medical Science.

Preparation of recombinant HDL

The expression, purification, and endotoxin removal of re-
combinant proteins, including apoA-Iwt, apoA-I(N74C), and
apoA-lyjan,, Were performed as described previously (19, 20).
Subsequently, recombinant HDLs were prepared via sodium cho-
late dialysis (23) with soybean lecithin (SPC, at least 90% purifi-
cation) with a mass ratio of SPC:apoA-I of 3.35:1 (24). rHDL was
sterilized by filtering through a 0.22 pm membrane (Pall).

In vitro antioxidation against low density lipoprotein

LDL (1.019<d<1.063) was isolated by density gradient ultracen-
trifugation from healthy human plasma, and then dialyzed against
0.01 M PBS (PH 7.4). To evaluate the antioxidation ability of lipid-

free cysteine mutant proteins, we used copper-mediated LDL oxi-
dation system and thiobarbituric acid-reacting substance (TBARS)
assay to measure the oxidation extent of LDL in vitro (25). Briefly,
fresh human LDL (100 mg/1) was incubated with 5 uM of copper
sulfate (CuSOy) in the presence of recombinant proteins (10, 50,
100, and 300 mg/1) for 4 h at 37°C. After incubation, an aliquot of
LDL (150 wl) was first mixed with 1.5 ml of 0.8% thiobarbituric acid
(TBA, Merck), 1.5 ml of 20% glacial acetic acid, and 150 wl of 0.2%
ethylenediamine tetraacetic acid. It was then heated at 95°C for 50
min and then cooled down on ice. After centrifugation at 14, 000 g
for 10 min, the supernatant was monitored at 532 nm to assess the
oxidation extent, with 1,1,3,3-Tetraethoxypropane (Merck) as a
standard. At least three independent assays were performed for
each sample. The half-maximal inhibitory concentration (ICs) val-
ues were calculated for comparison of the antioxidant capacities of
the tested recombinant apolipoproteins. To determine whether
the antioxidant effect might be the result of chelating Cu® of the
free thiols induced by cysteine mutation in the recombinant apoA-I
cysteine mutants, we included L-glutathione (GSH, Roche) in the
apoA-Iwt reaction at the same molar concentration of thiols as the
mutants have to counteract the potential antioxidant role of
thiols.

Cellular uptake of oxidized LDL and intracellular lipid
accumulation in vitro

Oxidized LDL (oxLDL) was generated by incubating LDL with
CuSO, at 37°C and then filtering prior to use (26). Macrophage
uptake of oxLLDL and intracellular lipid accumulation assay were
performed as described previously (26). THP-1 cells (Cell Culture
Center, Chinese Academy of Medical Science) were incubated in
PRMI-1640 medium containing 10% fetal bovine serum (FBS) and
160 nM phorbol 12-myristate 13-acetate (PMA) in 12-well plates for
48 h at 37°C to induce differentiation into macrophages. Subse-
quently, the differentiated macrophages were washed with PBS and
incubated with oxLLDL (100 mg/1) in 1 ml medium containing PBS
or each recombinant apolipoprotein (150 mg/1) for another 48 h
at 37°C. After incubation, the macrophages were washed with PBS
three times and fixed in 4% paraformaldehyde for 10 min. The
fixed cells were stained with 0.3% Oil Red O solution for 30 min
and then washed with distilled water. The stained cells were photo-
graphed and the mean area of Oil Red O-stained region per cell
was quantified with 20 representative cells using the Image-Pro Plus
software 6.0. To confirm the Oil Red O staining data, the cells were
lysed with 1% TritonX-100, and the protein concentrations were
determined by the BCA method. The intracellular lipids were ex-
tracted from the cells with a chloroform/methanol (2:1) mixture
and dried under nitrogen gas stream (27). Subsequently, the lipid
extracts were solubilized in deionized water with 3% Triton X-100,
and the intracellular total cholesterol (TC) levels were determined
using a commercially available enzymatic assay kit. The data was
expressed as total cholesterol (mg) per cellular protein (g).

Carotid collar placement

Silicone tube for carotid collar placement (length, 5 mm; in-
ternal diameter, 0.3 mm; external diameter, 0.6 mm) was ob-
tained from Beijing Rubber Products Institute and stored at 95%
ethanol. The surgery was based on a previously described method
(21). Briefly, mice were anesthetized by pentobarbital (50 mg/
kg) via intraperitoneal injection, and both of the common ca-
rotid arteries were dissected from the surrounding connective
tissue. Collars were placed carefully around the right carotid ar-
teries and then tied with three circumferential silk ties at their
axial edges. Subsequently, the entry wound was closed, and the
animals continued to feed on a Western-type diet throughout the
duration of the experiment.
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In vivo injection of rHDL

rHDL was prepared with apoA-Iwt, apoA-I (N74C), and apoA-
Iyitano (named rHDLwt, rHDL74, and rHDL, ;... respectively) as
described above and adjusted to appropriate concentration for
tail vein injection. Carotid collars were first placed in the right
carotid arteries of the mice, with the left carotid arteries as sham
operation as described above. Five days after surgery, mice were
injected through the tail vein with indicated apolipoproteins ev-
ery 10 days for a total of three injections per mouse before mice
were euthanized. Briefly, 28 male apoE_/_ mice fed a HF/HC diet
for two weeks were divided randomly into five groups and received
via tail vein injections with saline (n =5, 0.3 ml), soybean lecithin
(n =5, 134 mg/kg body weight in 0.3 ml), rHDLwt (n = 6, 40 mg/
kg body weight in 0.3ml), rHDL74 (n = 6, 40 mg/kg body weight
in 0.3ml), or rHDL, ,,,, (n = 6, 40 mg/kg body weight in 0.3ml).

Serum lipid and cytokine analysis

Twenty-four h after the third tail vein injection of rHDL, blood
samples were obtained from the retro-orbital plexus. Serum was
isolated and stored at —80°C until analysis. Serum total choles-
terol (TC) and triglyceride (TG) concentrations were deter-
mined by standard enzymatic methods. Serum HDL levels were
measured using a direct HDL-cholesterol reagent kit (BioSino
Bio-technology and Science). NonHDL cholesterol (nonHDL-C)
was determined as the difference between serum total choles-
terol and HDL cholesterol. Serum interleukin-6 (IL-6), an in-
flammatory molecular marker most strongly associated with
atherosclerosis and its progression, was measured using a com-
mercially available ELISA kit (Boster Biological Technology).

Ferric-reducing ability of serum assay

The ferric-reducing ability of serum (FRAS) assay, a known,
rapid, reproducible method for determining the antioxidant
values of serum described by Benzie and Strain (28), was used
to determine the antioxidant activity of recombinant proteins
in vivo. FRAS regents were freshly prepared by mixing 25 ml
0.3M acetate buffer, 2.5 ml 10 mM 2,4,6-Tris (2-pyridyl)-s-triazine
(TPTZ, Sigma) solution and 2.5 ml 20 mM FeCl;-6H,0 solution.
Freshly prepared FRAS regents (300 pl, prewarmed to 37°C)
were mixed with 10 wl serum isolated from mice receiving rHDL
(described above) and 30 pl distilled water and then monitored
at 593 nm every 20 s over a 10 min period at 37°C.

Arylesterase activity measurements

Paraoxonase (PON) activity was measured as arylesterase activ-
ity with phenylacetate as substrate in the presence of 0.9 mM
CaCly in 20 mM Tris-HCI, as described by Aviram et al. (29). Ac-
tivity was determined by monitoring the increase in absorption at
270 nm for 60 s. One unit of arylesterase activity is equal to 1
mmol of phenylacetate hydrolyzed/min.

Tissue harvesting and histological analysis

Mice were euthanized 24 h after the last injection. The tho-
racic cavity was exposed immediately, and in situ perfusion fixa-
tion through the left cardiac ventricle was performed by thorough
perfusion with PBS for 10 min, followed by 10% neutral buffered
formalin for 30 min (21). Subsequently, both carotid arteries
were removed and fixed in 10% formaldehyde solution and em-
bedded in paraffin. Carotid artery sections were stained with he-
matoxylin and eosin (HE) to observe the neointima formation
and vascular remodeling. Images of HE-stained sections were an-
alyzed using Image-Pro Plus 6.0 software to measure the areas of
the intima and media divided by internal elastic membrane
(IEM) and EEM, and the intima/media ratios (I/M) were calcu-
lated. Sections were digitally processed into monochrome with
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Image-Pro Plus software, showing tissues as black and delipidated
areas as white. Percentage of total white area in the total plaque
area was calculated as the fractional lipid content (30). At least
two to three sections of each animal were used for quantitative
measurement of plaque size and lipid content.

To detect macrophage content in atherosclerotic plaques, sec-
tions were stained immunohistochemically with rat monoclonal
anti-mouse F4/80 antibody (Abcam, dilution 1:10) (31). In brief,
enzymatic antigen retrieval (Proteinase K in 0.05 M Tris-HCI, 15
mM sodium azide, pH 7.5) at room temperature for 10 min was
carried out on the sections. Endogenous peroxidase was blocked
using 3% hydrogen peroxide for 10 min. Sections were incubated
at 4°C overnight with monoclonal rat anti-mouse F4,/80 antibody,
followed by incubation with nonbiotin labeled polymer conjugated
to goat anti-rat IgG and then stained with 3,3’-diaminobenzidine
(DAB). The stained sections were visualized with an inverted mi-
croscope (Leica DMI 4000 B, Germany) and photographed. Re-
sults are expressed as the percentage of the total plaque area
stained with DAB as measured with the Image-Pro Plus software.

Statistical analysis

Data were expressed as mean + SD. Differences among the
experimental groups were examined for significance using one-
way ANOVA (ANOVA) followed by multiple comparisons test.
P < 0.05 was considered statistically significant.

RESULTS

Antioxidant activity against LDL in vitro

HDL and rHDL have been shown to have atheroprotec-
tive effects by inhibiting LDL oxidation in vitro. As shown
in Fig. 1A, apoA-Iwt, as well as apoA-I(N74C) and apoA-
Infilano» inhibited the malondialdehyde (MDA) formation
in a dose-dependent pattern in the presence of 5 uM
CuSO, when apolipoproteins were used at a final concen-
tration varying from 10 to 300 mg/1. Under Cu’"mediated
oxidation, apoA-Iwt, apoA-I(N74C), and apoA-Iyjjue
showed antioxidant activities with 1C;, values of 264, 72,
and 67 mg/L, respectively (supplementary Table I). Add-
ing the same molar concentration of GSH to apoA-Iwt to
counteract the role of thiols induced by the cysteine mu-
tant of apoA-I resulted in a decrease in I1C;, value from 264
to 238 mg/1 (supplementary Table I). Our findings sug-
gested that the antioxidation of cysteine mutants resulted
not only from free thiols induced by cysteine mutation but
also from structural change and interaction of cysteine
mutants with other substrates.

Intracellular lipid accumulation in THP-1-derived
macrophages

Macrophage uptake of oxLLDL is thought to play a cen-
tral role in foam cell formation and the pathogenesis of
atherosclerosis. To investigate whether recombinant apoli-
poproteins can inhibitlipid accumulation in macrophages,
we incubated THP-1-derived macrophages with our recon-
stituted apoA-Iwt, apoA-I(N74C), and apoA-Iyjan.. As
shown in Fig. 1B and 1C, compared with the PBS control
group [Fig. 1B(a)], the Oil Red O staining area was signif-
icantly less in THP-I-derived macrophages treated with
the recombinant apolipoproteins. ApoA-I(N74C) [Fig.
1B (c)] and apoA-Ig,,, [Fig. 1B(d)] significantly inhibited
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Fig. 1. Antioxidant activity of apoA-I(N74C) in lipid-free state in vitro and in lipid-bound state in vivo. A: Potent inhibitory effect of re-

combinant apolipoproteins against LDL oxidation in the presence of 5 uM CuSO, in vitro. Freshly prepared LDL (100 mg/1) was incu-
bated with each apolipoprotein (10-300 mg/1) for 4 h at 37°C. After incubation, samples were assayed for MDA formation and expressed
as percentage of inhibition relative to the C112+-only controls. The IC;, values were calculated from the linear slopes of the graphs. To pre-
clude the effects of thiols induced by cysteine mutation, the same molar concentrations of GSH as the apolipoproteins tested were added
to apoA-Iwt reaction system and analyzed the antioxidant effects. B: The Oil Red O staining in THP-1-derived macrophages treated with
PBS at 40x magnification: (a) apoA-Iwt (control); (b) apoA-Iwt + GSH; (c) apoA-I(N74C); and (d) apoA-Iyj.,.- C: Quantitative analysis of
the intracellular lipid accumulation in THP-1-derived macrophages. The areas of Oil Red O staining were calculated using the Image-Pro
Plus software. To verify the data of lipid staining area, the intracellular total cholesterol level expressed as the ratio between total cholesterol
and total protein was analyzed. D: Antioxidant ability of mice serum measured by FRAS. Absorption of rHDL74-injected serum at 593 nm
for up to 10 min exhibited of up to 42% more than the initial values. Data are expressed as mean + SD. *P<0.05 versus PBS; TP<0.05 versus
apoA-Iwt; $P < 0.01 versus apoA-Iwt + GSH. Apo, apolipoprotein; apoA-I(N74C), apolipoprotein A-I(N74C); apoA-Iwt, wild-type apoA-I;
FRAS, ferric reducing ability of serum; GSH, L-glutathione; rHDL, recombinant HDL; ICy,, half-maximal inhibitory concentration; MDA,

malondialdehyde.

intracellular lipid accumulation, with a 56.78 % and 61.08%
decrease, respectively, in the Oil Red O staining area,
whereas apoA-Iwt decreased only 30.65% [Fig. 1B(b)]. Con-
sistent with the Oil Red O staining results, apoA-I(N74C)-
and apoA-Iyj.,-treated macrophages also showed a
significant lower level of intracellular cholesterol accumula-

tion relative to the PBS and apoA-Iwt control groups
(Fig. 1C, P< 0.05).

Serum lipid profile of rHDL treated apoE '~ mice

The protective effect of HDL against atherosclerosis can
largely be attributed to its ability to promote macrophage

cholesterol efflux and RCT. As shown in Table 1, HF/HC
diet feeding for six weeks dramatically increased serum TC
concentration in saline- and SPC-treated apoE_/ " mice.
Interestingly, in vivo injection of rHDL, .., significantly
reduced the serum TC concentration by 48.4% relative to
the saline group, whereas rHDL74 and rHDLwt showed a
similar TC-lowering ability with a 31.9% and 27.6% reduc-
tion of serum TC, respectively. No significant difference in
the serum TG concentration was detected between the sa-
line- and rHDL-treated groups; however, SPC injection led
to an acute increase in serum TG. In addition, rHDL, ;....-
treated animals had a slightly, but significantly, lower se-
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TABLE 1.

Serum lipid profile of the hypercholesterolaemic mice 24 h after the last injection

TC HDL-C NonHDL-C
Group (n) mM mM mM mM
Saline (5) 15.93 + 2.07° 1.12 + 0.24 3.36 + 0.36 12.57 +1.97"
SPC (5) 14.55 + 1.39 1.74 + 0.34 3.58 + 0.35 10.97 + 1.20“
rHDLwt (6) 11.52 + 0.55“" 1.05 +0.07" 3.16 +0.23 8.36 + 0.39""
rHDL74 (6) 10.84 + 0.48“" 0.95+0.17° 3.20 +0.24 7.64 +0.39%
rHDL, .00 (6) 8.23 + 0.56" 0.94 +0.21° 2.75 +0.13"" 5.48 + 0.90"

Results expressed as mean + SD. HDL-C, HDL-cholesterol; rHDL, recombinant HDL; SPC, soybean lecithin;

TC, total cholesterol; TG, triglyceride.
“P< 0.05 compared with saline group.
'P<0.05 compared with SPC group.
‘P< 0.05 compared with rHDLwt group.

rum HDL level compared with other groups, but there was
no statistic difference in HDL level among groups. Consis-
tent with the TC results, rHDL,;.,-treated mice showed a
significantly lower level of nonHDL-C relative to the saline
and rHDLwt groups, whereas rHDL74 and rHDLwtshowed
a similar nonHDL-C-lowering ability, indicating that
rHDL74 is as effective as rHDLwt in lowering serum TC
and nonHDL-C levels, which were lower than that of
rHDL

milano*

Serum antioxidant ability in vivo

To assess the antioxidant activity of rHDL in vivo, we
used the FRAS method to determine the serum antioxi-
dant ability by monitoring absorption at 593 nm every 20
s for up to 10 min as described in “Methods.” As shown
in Fig. 1D, the rHDL74 injection group showed a dra-
matic increase in absorption at 593 nm (by 42% com-
pared with the initial values), which was significantly
higher compared with other groups. No difference was
detected among other groups regarding serum antioxi-
dation ability.

A
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Serum IL-6 level (pg ml?Y)
8 8 8

&

rHDLwt rHDL74 rHDLmilano

Fig. 2. Serum IL-6 level and PON arylesterase activity in apoEfF

Serum anti-inflammatory and PON arylesterase activity
in vivo

To evaluate the impact of rHDL on inflammation in-
duced by a HF/HC diet and carotid collar replacement
in apoE_/_ mice, we measured by ELISA the concentra-
tion of serum IL-6 from different rHDL-treated mice. As
shown in Fig. 2, 24 h after the last injection, rHDLwt-
treated mice exhibited an acute increase in serum IL-6
(315.0 = 32.5 pg/ml) compared with the saline- and
SPC-treated mice. Administration of rHDL, ;.. resulted
in a 17% decrease (261.5 = 35.2 pg/ml), whereas
rHDL74 resulted in a 32% decrease (215.6 =+ 19.4 pg/
ml) in mouse serum IL-6 compared with mice that re-
ceived with rHDLwt. The saline and SPC groups exhib-
ited the lowest IL-6 serum concentration of all treatment
groups, which is consistent with the previous findings of
Cho et al. (32-34). Since all recombinant apolipopro-
teins were prepared using the same FE. coli expression,
purification system, and endotoxin removal procedure,
we do not think that there was more contamination in
apoA-Iwt than in apoA-I(N74C) or apoA-Iyj..,. It has

200
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50

Saline

w

Arylesterase Units/mg Serum Protein

rHDLwt rHDL74 rHDLmilano

mice. A: The serum IL-6 levels at 24 h after the last injection. Mouse IL-6

concentration was determined with mouse IL-6 ELISA kit. The serum IL-6 concentrations increased 24 h after injection with rHDLwt and
rHDI milano COMplexes, whereas rHDL74 treatment only exhibited a level similar to the saline treatment group. Data are expressed as mean +
SD. * P< 0.01 versus rHDLwt; 'P< 0.05 and SP< 0.01versus rHDL, ;j.0- B: Arylesterase activity. Serum was added to 1 ml of the 1 mM phe-
nylacetate-containing solution (20 mM Tris-HC1/0.9 mM CaCl,, pH 8.0). A PON-1 activity of 1 U/l is equal to 1 mmol of phenylacetate
hydrolyzed/min; arylesterase activity was expressed as units per mg serum proteins. rHDL, recombinant HDL; IL-6, interleukin-6; PON,

paraoxonase.
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been reported that residual endotoxin in rHDL does

not damage cultured cell and animal tissue because of

the ability of rHDL to neutralize the toxicity of endo-
toxin or lipopolysaccharide (7, 35, 36). The endotoxin
level of recombinant apolipoproteins used in our study
was checked with tachypleus amebocyte lysate before in-
jection, and residual endotoxin in rHDL should not
lead to a significant difference in the level of serum
IL-6. These results suggested that rHDL74 or rHDL, ;1,0
may have an anti-inflammatory function compared
with rHDLwt. However, we still do not know the mecha-
nism by which rHDLwt injection induces acute in-
flammation.

As shown in Fig. 2B, all rHDL groups showed a slightly
higher serum PON activity than the saline group; however,
there is no statistically significant relationship among
rHDL groups.

Fig. 3. Effects of rHDL on vascular remodeling and carotid atherosclerosis in apol*f’/f

Extent of carotid atherosclerosis and vascular remodeling
in atherosclerotic plaques

Arterial remodeling in response to atherosclerotic plaque
formation is currently appreciated as a causal factor for arterial
occlusive disease (37). It has recently become clear that the
geometrical change in arterial size and plaque area may
equally contribute to the luminal narrowing in atheroscle-
rotic disease (37). In the saline- and SPC-treated mice, col-
lared carotid arteries showed the formation of large
intimal lesions [Fig. 3A(a, b)]. Compared with the saline
group, the rHDLwt injection [Fig. 3A(c)] reduced the ex-
tent of atheroma by 38%, whereas treatment with rHDL74
[Fig. 3A(d)] and rHDL, ..., [Fig. 3A(e)] resulted in a fur-
ther 58% and 55% reduction, respectively, with no signifi-
cance between these two groups (Fig. 3B). Not surprisingly,
there was no apparent neointimal thickening in sham-oper-
ated left carotid arteries [Fig. 3A(f)]. As shown in Fig. 3C,
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mice. A: Representative hematoxylin and eosin

staining of collared right carotid arteries at 20x magnification after injection with (a) saline (n = 5); (b) SPC (n = 5); (c¢) rHDLwt (n = 6);
(d) rHDL74 (n =6); and (e) rHDL, .., (n = 6). Sham-operated left carotid arteries from saline group did not show neointima formation
(f) at 10x magnification. B-D: Quantltatne analysis of the extent of atheroma intima/media ratio, and 11p1d content in neointima. Results
are expressed as mean + SD. *P<0.05 compared with saline group; P<0.05 compared with SPC group; SP<0.05 compared with rHDLwt

group. rHDL, recombinant HDL; L, lumen; SPC, soybean lecithin.
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the mean intima-to-media ratio increased dramatically in
the saline-treated mice, similar to the SPC-treated group
(0.96 versus 1.01). Compared with saline group, rHDLwt in-
jection reduced I/M ratio by 54% to 0.44, whereas rHDL74
resulted in a further 75% reduction to 0.24. Treatment with
rHDL, .0, resulted in a reduction similar to rHDL74 (0.26
versus 0.24). Our results indicated that rHDL74 and
rHDL, ., injections significantly slow the progression of
atherosclerosis and reduce injury-induced arterial remodel-
ing to a similar extent compared with rHDLwt.

Lipid content in atherosclerotic plaques

As shown in Fig. 3D, injection of all rHDL significantly
reduced the lipid content in the carotid neointima com-
pared with the saline and SPC control groups. The
rHDLwt and rHDL74 injections resulted in a similar re-
duction in lipid content (19% versus 21%), whereas the
rHDL, .., injection decreased the lipid content to 13%
compared with the control groups. Our finding is quite
consistent with the results of the serum lipid profile (Table
1), in which rHDL74 was evidenced to have a lipid-lower-
ing ability similar to that of rHDLwt.

Macrophage content in atherosclerotic plaques

The infiltration of monocyte/macrophages is an early
event in the development of atherosclerosis and acceler-
ates the progression of atherosclerosis by promoting the
formation of foam cells and secretion of cytokines and
chemotactic factors (38). In the saline-treated mice, the
macrophages stained with the macrophage-specific marker
F4/80 were detected throughout the neointima (Fig. 4B).
Fig. 4C-F shows representative neointima macrophage
staining in mice injected with SPC, rHDLwt, rHDL74, or
rHDL, 1.0, Tespectively. As summarized in Fig. 4F, relative
to the saline control, rHDLwt injection resulted in a
42% reduction of macrophage accumulation in plaques,

whereas injection with rHDL74 and rHDL,,,,, resulted in
more dramatic reduction in macrophage content in the
neointima, with a 71% and 70% decrease, respectively
(P < 0.05), suggesting that rHDL74 and rHDL,,,, may
protect animals from atherosclerosis by decreasing mac-
rophage accumulation in plaque lesions.

DISCUSSION

The cardioprotective effects of HDL and apoA-I have
been attributed to their functions on RCT, inhibition of
inflammation and LDL oxidation, reduction of thrombus
formation, etc. (4-8). However, the role of HDL with
apoA-I or its cysteine mutants in the pathogenesis of ath-
erosclerosis is still not fully understood. In the present
study, we reconstituted three recombinant HDL (named
rHDLwt, rHDL74, and rHDL,;,,,) by mixing SPC with
apoA-Iwt or its cysteine mutants [apoA-I(N74C) and apoA-
Iyiilano] to investigate their antioxidant, anti-inflammatory,
and anti-atherosclerotic activities in vitro and in vivo. Our
results showed that apoA-I(N74C) dramatically inhibited
the formation of MDA in LDL and decreased the intracel-
lular lipid accumulation in vitro compared with apoA-Iwt.
In addition, our in vivo study showed that rHDL74 injec-
tion resulted in increased serum antioxidation in HF/HC
diet fed apoE™’” mice compared with the rHDLwt or
rHDL, .., groups. rHDL74 treatment also induced lower
serum IL-6 production in HF/HC diet fed apoEf/f mice
compared with the rHDLwt or rHDL,;,,,, groups. Inject-
ing mice with rHDL74 after carotid artery collar place-
ment resulted in significant reduction of the development
of carotid atherosclerosis, improvement of atheroma ex-
tent and I/M ratio, and reduction of lipid and macro-
phages content that was as effective as rHDL,;,,,. All
together, our findings suggest that rHDL74 may function
as a potential atheroprotective inhibitor to attenuate the
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Fig. 4. Effects of rHDL on macrophage content in neointima staining with macrophage antibody F4/80 (40x magnification). The carotid
plaques were immunostained with F4/80 antibody to identify macrophages as brown (red arrows). The macrophage content is expressed as the
ratio between the staining area in the neointima and the neointima area. A: Negative control. B-F: Groups treated with saline, SPC, rHDLwt,
rHDL74, and rHDL, ..., respectively. G: Quantitative analysis of the macrophage content in neointima measured with Image-Pro Plus software.
*P<0.05 compared with saline group. P<0.05 compared with rHDLwt group. rHDL, recombinant HDL; L, lumen; SPC, soybean lecithin.
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development of atherosclerosis by inhibiting inflamma-
tion, oxidant factors, and accumulation of lipid and mac-
rophages in artery lesions.

The oxidation of LDL is known to be associated with the
development of atherosclerotic lesions, especially in the
early stages of progression, and plasma level of oxLLDL is a
risk marker for cardiovascular diseases (39). In the present
study, we showed that apoA-I(N74C) dramatically inhibited
LDL-oxidation, decreased intracellular lipid accumulation
in macrophages, and decreased serum total antioxidant
level in animals, suggesting a broad anti-oxidation capabil-
ity of apoA-I(N74C) both in vitro and in vivo. Note that we
did not see the difference in anti-oxidation between apoA-I
cysteine mutants in our previous study (19), perhaps due to
the following reasons: (1) the antioxidant system used pre-
viously was the lipoxygenase-mediated oxidation of PLPC,
while the current study used Cu*-mediated LDL oxidation,
which plays a critical role at the beginning of atherosclero-
sis; (2) the apolipoproteins used in our previous study
mainly existed in monomeric form, while the proteins used
here were in monomeric and dimeric forms; and (3) only
lipid-free proteins were used in our previous in vitro study,
whereas the present study evaluated the antioxidant activity
of cysteine mutants both in lipid-free status in vitro and lipid-
bound status in vivo. It is thought that the antioxidant
activity of HDL in vivo is partly attributed to the paraoxo-
nase-1 (PON-1) and platelet-activating factor acetylhydro-
lase (PAF-AH), two antioxidantlike enzymes associated with
natural HDL. It has been reported that maximal PON activ-
ity is lipid-dependent and requires co-assembly of PON and
apoA-I on nascent HDL (40). In addition, it is reported that
the cysteine mutations in the N-terminal region of apoA-I
significantly increased PON activity relative to wild-type
(40). However, we could not see the same phenomenon in
the cysteine mutant of apoA-I(N74C) in our experiment
(Fig. 2B). Therefore, the higher antioxidant activity of
apoA-I(N74C) than that of apoA-Iyg,,, in vivo may be attrib-
uted to its lipid-dependent mechanism.

Atherosclerosis is considered as a chronic inflammatory
disease with recruitment of circulating inflammatory mono-
cytes into the arterial wall, migration and proliferation of
smooth muscle cells, and formation of fibrous tissue (41).
IL-6, a key pro-inflammatory cytokine mediating expression
of acute-phase proteins, is strongly associated with athero-
sclerosis and its progression (42). Recently, it is reported
that IL-6 is required to modulate lipid homeostasis, vascular
remodeling, and plaque inflammation in atherosclerosis
(43) and that it exacerbates atherosclerotic lesion develop-
ment (44). Our data showed that, compared with rHDLwt
and rHDL,;,,,,, administration of rHDL74 significantly de-
creased serum IL-6 production in HF/HC diet fed apoE_/ B
mice, consistent with our previous findings using endotox-
emia mice model (20). HDL or rHDL are well-known to
neutralize endotoxin and lipopolysaccharides, decrease in-
flammatory cytokine production, and inhibit the expression
of cell adhesion molecules in vitro and in vivo (7, 35, 36).
Our findings indicate that rHDL74 might have an enhanced
neutralizing effect on endotoxin and the subsequent in-
flammatory cascade. Likewise, injection of rHDL74 de-

creased the macrophage content in neointima, which
implied an enhanced protective role from inflammatory cy-
tokine and its effect on the artery wall.

Evidence suggests that rHDL reconstituted with apoA-
Iytitano €xhibited better anti-inflammatory and anti-athero-
sclerotic activities compared with apoA-Iwt (12-14). More
interestingly, intravenous injection with rHDL, ., not only
dramatically stopped the progression of atherosclerosis but it
also reversed preformed coronary atherosclerosis in animal
models and in patients with acute coronary syndromes (15,
16). Consistently, our current results showed that intravenous
injection with rHDL, ,,,, significantly inhibited the develop-
ment of atherosclerosis in a carotid artery collar placement
mouse model compared with rHDLwt. Furthermore, rHDL74
injection exerted similar cardioprotective effects as THDL, 1,0,
based on assessment of formation of plaques, vascular remod-
eling, and macrophage content in neointima. Our previous
study also indicated that the cysteine substitution in apoA-
I(N74C) had no significant effect on its cholesterol efflux
ability (19). Therefore, we assume that reduction of the intra-
cellular lipid accumulation in the apoA-I(N74C)-treatment
group might result from inhibition of LDL oxidation and
cholesterol uptake instead of promotion of cholesterol efflux.
Thus, the inhibition of rHDL74 in vascular remodeling and
progression of atherosclerosis may be due to the enhanced
anti-inflammatory and antioxidant activities of apoA-I(N74C)
instead of its ability in reverse cholesterol transport.

In conclusion, the present study shows that treatment
with tHDL74 reconstituted with apoA-I cysteine mutant
apoA-I(N74C) and SPC dramatically delays the develop-
ment of atherosclerosis induced by perivascular carotid
collar placement and reduces vascular remodeling in the
carotid artery in apoE_/ " mice. Our findings suggest that
rHDL74 might be a potential therapeutic target for the
prevention of chronic inflammatory-related diseases, such
as atherosclerosis. B
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