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Abstract Methionine sulfoxide reductase A (MsrA), a spe-
cific enzyme that converts methionine-S-sulfoxide to methi-
onine, plays an important role in the regulation of protein
function and the maintenance of redox homeostasis. In this
study, we examined the impact of hepatic MsrA overexpres-
sion on llpld metabolism and atherosclerosis in apoE-defi-
cient (apoE ) mice. In vitro study showed that in HepG2
cells, lentivirus-mediated human MsrA (hMsrA) overexpres-
sion upregulated the expression levels of several key lipo-
protein-metabolism-related genes such as liver X receptor
a, scavenger receptor class B type I, and ABCAL. ApoE
mice were intravenously injected with lentivirus to achieve
high-level hMsrA expression predominantly in the liver.
We found that hepatic hMsrA expression significantly re-
duced plasma VLDL/LDL levels, improved plasma superox-
ide dismutase, and paraoxonase-l act1v1t1es, and decreased
plasma serum amyloid A level in apoE™’ " mice fed a West-
ern diet, by significantly altering the expression of several
genes in the liver involving cholesterol selective uptake,
conversion and excretion into bile, TG biosynthesis, and in-
flammation. Moreover, overexpression of hMsrA resulted
in reduced hepatic steatosis and aortic atherosclerosis.El
These results suggest that hepatic MsrA may be an effective
therapeutic target for ameliorating dyslipidemia and reducing
atherosclerosis-related cardiovascular diseases.—Xu, Y-Y.,
F. Du, B. Meng, G-H. Xie, J. Cao, D. Fan, and H. Yu. Hepatic
overexpression of methionine sulfoxide reductase A reduces
atherosclerosis in apolipoprotein E-deficient mice. J. Lipid
Res. 2015. 56: 1891-1900.
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Atherosclerosis is a multifactorial chronic inflammatory
disease. Numerous genetic and environmental contribut-
ing factors have been documented, among which dyslipid-
emia and oxidative stress are well-known risk factors (1-3).
The liver plays a critical metabolic role in regulating lipid
and redox homeostasis through many processes including
synthesis of cholesterol, VLDL secretion, the uptake of
cholesterol from the peripheral tissues, and its excretion
into bile by a process called reverse cholesterol transport
(RCT). Hepatic dysfunction could aggravate the progres-
sion of atherosclerosis via deterioration of dyslipidemia
and increased levels of circulating proinflammatory factors
(4, 5). Therefore, manipulation of hepatic lipid metabo-
lism and inflammation is a commonly pursued strategy to
prevent atherosclerosis progression.

There is considerable evidence that cellular homeosta-
sis and pathological states are affected by redox status. The
accumulation of reactive oxygen species (ROS) can lead
to oxidative modification of biomolecules and cell dam-
age. Methionine (Met) sulfoxide formation is one of the
most common posttranslational modifications of proteins
when ROS levels are increased. Cellular methionine sulf-
oxide reductase A (MsrA), as an essential oxidoreductase,
specifically catalyzes the reduction of free and protein-based
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methionine-S$sulfoxide (MetSO) to Met. It is expressed in
various cell types with different levels and regulates intra-
cellular redox status (6, 7). A number of studies have dem-
onstrated that MsrA plays protective roles in repairing
reversible protein Met oxidation; thus it protects cells
from oxidative stress and contributes to the prevention of
oxidation-related disease such as cataracts, Alzheimer’s
disease, and ischemia/reperfusion injury (7-11). Recent
studies have shown thatasingle polymorphism, rs10903323
G/A, in the human MsrA (hMsrA) gene is associated with
an increased risk of coronary artery disease (12, 13), high-
lighting the importance of MsrA.

Although MsrA is expressed in hepatocytes, its impact
on hepatic lipoprotein metabolism and function has not
been studied (14). We hypothesized that hepatic expres-
sion of MsrA might attenuate the progression of athero-
sclerosis by regulating redox state and some key proteins
involved in lipid metabolism and inflammation. To test
this hypothesis, we used lentivirus injection to achieve
high-level hepatic expression of hMsrA in apoE-deficient
(apoE_/ ) mice. We found that hepatic hMsrA expression
ameliorated lipid metabolism dysfunction and reduced the
progression of atherosclerosis in Western-diet-fed apoE_/ N
mice, through altering the expression of several genes in-
volved in lipid metabolism and inflammation in the liver.
These findings provide new insights into the biological
effects of MsrA in the liver and suggest that MsrA may be a
promising therapeutic target for atherosclerosis.

METHODS

Materials and reagents

Mice. ApoE ™'~ mice (on a C57BL/6 background) were pur-
chased from Vital River Laboratory Animal Technology Co.
(China) and housed in microisolator cages in Wuhan University
Animal Center. Animal care and experimental procedures were
performed under the regulations of the Institutional Animal
Care and the Ethics Committee for Animal Experiments of
Wuhan University conforming to the Public Health Service Pol-
icy on Humane Care and Use of Laboratory Animals. Sixteen
male apoEik mice at 11 months of age were randomly divided
into two groups for lentiviral injection. Starting at 2 weeks after
lentiviral injection, the mice were fed with AIN76A Western
diet (purchased from Beijing HFK Bioscience Co., China) for 12
weeks to accelerate the development of atherosclerosis. The
composition of the diet was the following: 20% milk fat, 19.5%
casein, 10% maltodextrin, 5% corn starch, 5% cellulose, and
0.15% cholesterol.

Generation of plasmids and production of lentiviruses. The plas-
mid containing hMsrA cDNA sequence was a gift from Prof. Ste-
fan H. Heinemann (Jena Friedrich Schiller University, Germany).
To generate a lentiviral vector for hMsrA overexpression, a 639
bp cDNA fragment of hMsrA was amplified by PCR and subcloned
into a bicistronic lentiviral vector PWPI containing tagged green
fluorescent protein (GFP). The final hMsrA-lentiviral construct
PWPI-hMsrA-GFP was verified by DNA sequencing. General pro-
cedures for lentivirus production were described previously (15).
The lentivirus for overexpression of hMsrA was named Lv-MsrA-
GFP, and the control lentivirus was named Lv-GFP.
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Overexpression of hMsrA in HepG2 cells. HepG2 hepatocellu-
lar line was purchased from Classic Specimen Culture and Stor-
age Center at Wuhan University (Wuhan, China). The cells
were cultured in high-glucose DMEM (Gibco) supplemented
with 1% penicillin/streptomycin, 2 mM glutamine, and 10%
FBS (Gibco) in 5% COy saturated humidity, at 37°C. Cells were
subcultured at 1 x 10” cells per well into 6-well culture plates.
After 12 h of culture, the cells were transfected with the PWPI-
hMsrA-GFP vector or the control PWPI-GFP vector using Lipo-
fectamine 2000 (Invitrogen) according to the manufacturer’s
instructions.

Tissue distribution of MsrA in mice. All mice were injected with
200 pl of lentivirus containing 1.6 x 108 particles of either Ly-
MsrA-GFP or Lv-GFP via the retroorbital venous plexus under
anesthesia with 3% isoflurane, in order to achieve high-level ex-
pression of MsrA and GFP simultaneously or GFP alone, respec-
tively. Two weeks after lentiviral injection, the mice were fed with
a Western diet for 12 weeks and then euthanized, and tissues
were harvested. Livers were cyrosectioned at 5-10 pm and di-
rectly visualized for GFP fluorescence using an Olympus micro-
scope. Expression of MsrA protein in liver and other tissues
including aorta, heart, spleen, and kidney was determined by im-
munohistochemistry and/or Western blot analysis.

Plasma lipid, lipoprotein, and biochemical analyses. Beginning at
2 weeks after lentiviral injection, blood samples were collected
from mice after overnight fasting by retroorbital venous plexus
puncture at 2- to 4-week intervals. Plasma was immediately sepa-
rated by centrifugation at 10,000 gfor 10 min at 4°C and then ali-
quoted and stored at —80°C. Total cholesterol (TC) and TG
levels in fresh plasma were determined enzymatically using Cho-
lesterol Reagent and TG GPO Reagent kits (Prodia Diagnostics,
Boetzingen, Germany). HDL-cholesterol (HDL-C) levels were
determined after precipitation of the apoB-containing lipopro-
teins using HDL-C reagent kits according to the manufacturer’s
instructions (Sekisui Medical, Japan). Plasma lipoprotein pro-
files were determined by fast-protein liquid chromatography
(FPLC) using a Superose 6 10/300 GL column (Amersham Bio-
sciences) on an AKTA purifier (GE Healthcare) as described pre-
viously (16).

Plasma paraoxonase-1 (PONI1) activity was measured as de-
scribed previously (17). An enzymatic colorimetric assay was con-
ducted to determine the activity of superoxide dismutase (SOD)
using SOD reagent kits (Nanjing Jiancheng Bioengineering Insti-
tute, China). Plasma alanine aminotransferase (ALT) was deter-
mined using Mohum’s method.

Biochemical and histochemical analyses of the liver. Fresh liver
tissue was homogenized in PBS, and total lipids were extracted
using isopropanol. The amounts of TC, free cholesterol (FC),
cholesteryl ester (CE), and TG were determined as previously de-
scribed (16, 18). Lipid content was normalized to liver protein
content. Histochemical analysis of liver tissue was performed by
staining with hematoxylin and eosin (HE) or Oil Red O (5 pm
serial sections), and images were acquired using an Olympus
microscope.

Fecal cholesterol measurement. Mice feces were collected, and
cholesterol was extracted from the dried feces using isopropanol.
After evaporation under nitrogen, the extracts were solubilized
in isopropanol containing 10% Triton X-100, and the TC levels
were determined. Total fecal cholesterol was normalized to dry
weight of the feces, and data are presented as milligrams (choles-
terol) per gram (dry weight).



Quantification of atherosclerotic lesions. Twelve weeks after lenti-
viral injection, the extent of atherosclerosis was examined using
Oil Red O-stained cross sections of the aortic root (8 pm serial
sections) and by en face analysis of the aorta. The quantification
was performed using Image-Pro Plus 6.0 software as previously
described (16, 18).

Quantitative real-time PCR analysis. Total mouse liver RNA was
isolated with TRIzol reagent and reverse transcribed into cDNA
with reverse transcriptase (Invitrogen). The cDNA products were
subjected to quantitative real-time PCR analysis using universal
PCR master mix (Invitrogen). The PCR primers for amplification
of mouse genes, including apoAl, low density lipoprotein receptor
(LDLR), scavenger receptor class B type I (SR-BI), liver X receptor
alpha (LXRa), ABCA1/G8, ACAT, cholesterol 7-a hydroxylase
(CYP7A1), cholesterol 27-a hydroxylase (CYP27A1), acetyl-CoA
carboxylase (ACCa), FASN, PON1, interleukin-6 (IL-6), and TNFa,
are shown in supplementary Table 1. The RT-PCR program con-
sisted of 1 cycle at 95°C for 5 min followed by 40 cycles at 95°C
for 30 s, 60°C for 30 s, and 72°C for 30 s. The expression level of
each gene was normalized to the level of 18S RNA.

Western blot analysis. Western blot was used to measure the
target protein levels in plasma, cell lysate, or tissue homogenate.
The protein concentrations of cell lysate and liver homogenate
were determined by the Lowry method using a DC protein assay
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kit (Bio-Rad), and appropriate amounts of proteins (supplemen-
tary Table 2) were loaded and separated by SDS-PAGE and trans-
ferred onto nitrocellulose membranes, and target proteins were
detected by specific primary antibodies and HRP-conjugated sec-
ondary antibodies. The signal was detected using an ECL kit. The
detailed information about loading amount of proteins and pri-
mary antibodies against mouse or hMsrA, apoAl, LDLR, SR-BI,
LXRa, ABCA1, ABCGS, cholesteryl ester hydrolase (CEH), ACAT,
PONI, serum amyloid A (SAA), GAPDH, or B-actin were also
shown in supplementary Table 2.

Statistical analysis

Data are presented as mean + standard error of the mean. The
Mann-Whitney test was used to measure the statistical differences
in lesion area. The other results were analyzed using two-tailed
Student ttest. The differences were considered significant with
P<0.05.

RESULTS

hMsrA overexpression affects expression of lipoprotein-
metabolism-related genes in HepG2 cells

We used lentiviral vector PWPI-GFP as the starting construct
to generate a bicistronic lentiviral vector to overexpress
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of each target protein is shown (mean + SD, n = 3). * P<0.05 and ** P<0.01.
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hMsrA and GFP (PWPI-hMsrA-GFP) (supplementary Fig.
1). Next, PWPI-hMsrA-GFP plasmids were transfected into
the HepG2 cells to confirm the overexpression of hMsrA
and GFP (supplementary Fig. 2). We then examined the
effects of hMsrA overexpression on the expression of
several cholesterol-metabolism-related genes. The results
showed that overexpression of hMsrA in HepG2 cells
significantly increased the expression levels of LXRa,
ABCAL, and SR-BI, but not that of LDLR (Fig. 1). The re-
sults suggested that MsrA overexpression in hepatocytes
may be able to regulate cholesterol uptake and efflux
through increasing the expression of the genes mentioned
previously.

Hepatic high-level expression of hMsrA
in Lv-MsrA-GFP mice

Lentiviruses Lv-MsrA-GFP or Lv-GFP were intravenously
injected into 11-month-old apoE ™/~ mice. Two weeks after
the lentiviral injection, the mice were fed a Western diet
until euthanized after an additional 12 weeks. Fluores-
cence of GFP in liver cryosections and MsrA proteins in
liver or aorta cryosections was detected. The results showed
that GFP or MsrA proteins were expressed in liver and aor-
tic tissue in both control Lv-GFP-injected (Lv-GFP) mice
and Lv-MsrA-GFP-injected (Lv-MsrA-GFP) mice (Fig. 2A-
C), and the hepatic MsrA expression level in Lv-MsrA-GFP
mice was significantly higher than that in Lv-GFP mice
(Fig. 2B). Western blot analysis also showed that the he-
patic MsrA level in Lv-MsrA-GFP mice was increased 3.4-
fold when compared with that of Lv-GFP mice (Fig. 2D).
Although the MsrA levels in extrahepatic tissues of Lv-MsrA-
GFP mice were higher compared with those of Lv-GFP mice,
MsrA expression in the liver was 5- to 9-fold higher com-
pared with the expression levels in heart, spleen, and kidney
(Fig. 2D), suggesting that intravenous injection of Lv-MsrA-
GFP predominantly increased the expression of hMsrA in
the liver. On the other hand, hepatic high-level expression
of hMsrA did not cause in vivo toxicity, and no alterations
were observed in body weight, spleen weight, or plasma ALT
activity (supplementary Fig. 3).

Plasma lipid levels and oxidative status were
ameliorated in Lv-MsrA-GFP mice

Plasma lipid levels were assessed on the day of lentiviral
injection and once every 2 or 3 weeks thereafter. Fasting
plasma TC and TG levels and FPLC profile were measured,
and the results showed that hepatic hMsrA expression re-
duced plasma lipid levels in ap0E7/7 mice as early as 2
weeks after lentiviral injection, and the reduction became
more significant during the 12-week period with Western
diet feeding (Fig. 3A, B). The FPLC profiling indicated that
the reduction in plasma TC and TG was due to decreases
in VLDL and LDL fractions, but not in HDL fraction (Fig.
3C). Direct measurement of plasma HDL-C after deple-
tion of apoB-containing lipoproteins also confirmed that
the HDL-C level was not significantly changed (Fig. 3D).

To examine the plasma redox status in mice, we deter-
mined the activities of the antioxidative enzymes SOD and
PONI, and the protein levels of PON1, apoAl, and SAA.
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Fig. 2. hMsrA is predominantly expressed in the liver in mice
treated with lentivirus injection. Lentiviruses Lv-MsrA-GFP or Lv-
GFP were intravenously injected into 11-month-old apoEiF mice.
The mice were euthanized 14 weeks after injection, and tissues
were harvested. A: GFP expression of liver cryosections (5 pm) in
both Lv-MsrA-GFP and the control Lv-GFP mice were directly visu-
alized under the fluorescence microscope. B, C: Expression of MsrA
protein in the liver or aorta was determined by immunohistochem-
istry. D: MsrA levels in the liver and other tissues including heart,
spleen, and kidney were detected by Western blot analysis using
anti-hMsrA antibody. B-actin was detected as the loading control.

As shown in Fig. 4A, B, the activities of SOD and PONI in
Lv-MsrA-GFP mice were significantly increased, and the
plasma protein levels of PON1 and apoAl were significantly
increased, whereas plasma SAA level was significantly re-
duced, compared with those in Lv-GFP mice.

Effects of high-level hMsrA expression on hepatic
gene expression and steatosis

MsrA is a cellular antioxidant enzyme; the previously
mentioned data indicated that hepatic expression of
hMsrA ameliorated high plasma lipid levels and oxidative
and inflammatory status in Western-diet-fed apoEf/ ~ mice.
To investigate the underlying mechanisms, we examined
hepatic expression of lipoprotein-metabolism-related genes
and inflammatory factors in the Lv-MsrA-GFP mice. We
found that the mRNA levels of apoAl, SR-BI, LXRa, ABCALI,
ABCGS8, ACAT, and bile-acid-biosynthesis-related genes
CYP7A1 and CYP27A1 were increased, and the mRNA levels
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Fig. 3. Hepatic hMsrA expression reduces plasma VLDL/LDL-cholesterol (LDL-C) levels. Lentiviruses Lv-
MsrA-GFP or Lv-GFP (1.6 x 10° particles in 200 pl) were intravenously injected into 11-month-old apoFfF
mice. Starting at 2 weeks after the lentiviral injection, the mice were fed a Western diet for 12 weeks. A, B:
TC and TG levels of fasting plasma collected at the indicated time were determined enzymatically as de-
scribed in Methods. Data are presented as mean + SD, n = 8. ¥ P<0.05 and ** P<0.01. C: Plasma lipoprotein
profiles in Lv-MsrA-GFP or Lv-GFP mice at 12 weeks after Western diet feeding. Lipoproteins in pooled
plasma were size fractionated by FPLC using a Superose 6 10/300 GL column, and cholesterol contents
within lipoprotein fractions (VLDL, LDL, and HDL) were measured. D: Plasma HDL-C level in Lv-MsrA-GFP
or Lv-GFP mice were measured after precipitation of the apoB-containing lipoproteins.

of ACCa and FASN, two key enzymes in fatty acid synthesis,
were significantly decreased, while expression levels of LDLR
were not changed (Fig. 5A). Changes in the expression of
some of the aforementioned genes were also confirmed at
protein levels. Hepatic expression of CEH and ACAT, the
key enzymes in FC and CE conversion, were also mea-
sured. We found that decreased ACAT protein levels were
accompanied by increased CEH protein levels in Lv-MsrA-
GFP mice (Fig. 5B). Moreover, hepatic hMsrA expression
significantly increased PON1 mRNA levels and decreased
the mRNA levels of inflammatory factors IL-6 and TNFa in
the liver (Fig. 5A).

To examine the effects of hMsrA expression on hepatic
steatosis in apoE_/  mice, we performed HE staining and
Oil Red O staining of liver slides. The results showed that
lipid accumulation was significantly attenuated in Lv-
MsrA-GFP mice compared with Lv-GFP mice (Fig. 6A, B).
Consistently, when lipids in mouse liver and feces were
extracted and analyzed, hepatic TC, FC, CEs, and TG levels
were significantly decreased, and fecal cholesterol content
was significantly increased in Lv-MsrA-GFP mice compared
with Lv-GFP mice (Fig. 6C, D). These data indicated that
hepatic high-level expression of hMsrA might attenuate
hepatic steatosis through inhibiting fatty acid synthesis,
enhancing hepatic lipid selective uptake, and increasing
cholesterol excretion into the bile.

Hepatic hMsrA expression reduced atherosclerosis

The impact of hepatic hMsrA expression on atheroscle-
rotic lesion development in apoE_/_ mice was examined
14 weeks after lentiviral injection (12 weeks of Western
diet feeding). Representative atherosclerotic lesions in
cross sections of aortic roots and en face aorta images
stained with Oil Red O are shown in Fig. 7A, B. Quantita-
tive analysis of the aortic root cross sections demonstrated
a significant decrease in mean lesion area in Lv-MsrA-GFP
mice compared with Lv-GFP mice (0.50 + 0.06 vs. 0.66 +
0.06 mm®; P < 0.01; Fig. 7C). En face analysis of aortas
revealed that the percentage of lesion area in Lv-MsrA-
GFP mice was also significantly reduced in the aortic arch
and total aorta compared with Lv-GFP mice (Fig. 7D, E).
These data suggested that hepatic high-level expression
of hMsrA reduced the development of atherosclerosis in
apoE™ " mice.

DISCUSSION

Cellular redox status is tightly regulated by oxidant and
antioxidant systems. The imbalance of these systems causes
oxidative stress, which leads to dysfunctional molecules,
inflammatory processes, and cell damage (19). MsrA is
a powerful intracellular redox regulator that specifically

Hepatic MsrA reduces atherosclerosis 1895



p

- 2001
s x
£ 150
5 E_mo-
%3
g 50-
&

Lv-GFP Lv-MsrA-GFP
B

LV-GFP LV-MsrA-GFP
PONT e o s o
ApOAl e e - -

SAA A .

N
(=]
3

* %

g

e
g

ot
>

Lv-GFP Lv-MsrA-GFP

Plasma ApoA1(fold increase)
(=]

Fig. 4.

200-
2
'E * %k
0 1504 ——
]
2E
o = 1001
a2
©
£ 50+
7]
S
o 5
v T
Lv-GFP Lv-MsrA-GFP
M
2 2.0
g *
o
£ 1.5+
o
£ 1.0- ——
-
S
o 0.54
o
£
® 0.0 T
o Lv-GFP Lv-MsrA-GFP
’g,'f
@ 1.59
)
B
Q
g —_
o 1.04
£ * %
< o051
n
©
£
= 0.0 v
o Lv-GFP Lv-MsrA-GFP

Hepatic hMsrA expression improves plasma redox state. A: The activities of antioxidative enzymes

SOD and PONI in plasma were determined by enzymatic colorimetric assay. Data are presented as mean +
SD, n = 8. ¥ P< 0.05. B: Plasma protein levels of PON1, apoAl, and SAA were determined by Western blot
analysis using anti-mouse PONI1, apoAl, and SAA antibody. Relative fold increase of each protein is
shown (mean + SD, n =4-5). * P< 0.05 and ** P<0.01.

reduces MetSO to Met and plays protective roles against
aging and the pathogenesis of many oxidative-stress-related
diseases including atherosclerosis, through the regulation
of protein function and the maintenance of redox homeo-
stasis (20). The data presented here provide the first evidence
that high-level hepatic expression of hMsrA, achieved by
lentiviral injection, resulted in diminished hepatic steatosis
and attenuated atherosclerosis in Western-diet-fed apoE_/ N
mice. The potential mechanisms may include ameliora-
tion of lipid metabolism dysfunction and inhibition of
inflammatory status.

Liver plays a central role in lipid homeostasis, not only
through lipid synthesis and apolipoprotein production,
but also through the final elimination of cholesterol from
the body, the important process of RCT. Homeostatic bal-
ance of lipid metabolism in the liver is essential for the
prevention of hyperlipidemia, hepatic steatosis, and pe-
ripheral lipid accumulative diseases such as atherosclero-
sis (4, 5). It had been reported that Met-148 oxidation in
apoAl could impair RCT through disrupting apoAl’s abil-
ity to activate LCAT in vitro (21); however, we did not obtain
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the MetSO antibodies for detecting modified apoAl accord-
ing to a previous report (22). The present study showed
that hMsrA overexpression in HepG2 cells significantly
enhanced the expression of cellular proteins, such as
LXRa, SR-BI, and ABCA1, without an effect on LDLR pro-
tein levels. In vivo results further demonstrated the effects
of hepatic hMsrA expression on reducing plasma VLDL/
LDL-C levels and lipid accumulation in the liver. These
changes were accompanied by alterations in hepatic mRNA
and protein levels of apoAl, SR-BI, ABCAl, ABCGS, and
LXRa, as well as key enzymes such as CYP7A1, CYP27A1,
CEH, and ACAT. These effects of hepatic MsrA may involve
the modulation of the interaction between Met oxidation
and cellular signaling, such as protein kinase/phosphatase-
based signaling (23).

SR-BI, a cell surface high-affinity HDL receptor, plays a
critical role in RCT. In the liver, SR-BI mediates cell selective
uptake of CEs from spherical HDL, as well as oxidized li-
poprotein. Its atheroprotective function has been demon-
strated in studies using transgenic or knockout mouse models
(24-26). In the present study, we showed that high-level
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Fig. 5. Hepatic high-level hMsrA alters expression of lipoprotein-metabolism-related or inflammation-related genes. Total RNA and pro-
teins from the livers of Lv-MsrA-GFP and Lv-GFP mice were isolated, and gene expression levels were determined. A: Mouse apoAl, LDLR,
SR-BI, LXRa, ABCA1, ABCGS8, ACAT, CYP7A1, CYP27A1, ACCa, FASN, PON1, IL-6, and TNFa mRNA levels were determined by quanti-
tative real-time PCR with the expression level of each gene normalized to the level of 18S RNA. The relative expression of each gene was
shown (mean + SD, n = 4-5). ¥ P< 0.05 and ** P< 0.01. B: Expression of apoAl, LDLR, SR-BI, LXRa, ABCA1, ABCG8, CEH, and ACAT
proteins in mouse liver were detected by Western blot analysis. Appropriate amounts of proteins were loaded and separated by SDS-PAGE,
and target proteins were detected by specific primary antibodies and HRP-conjugated secondary antibodies as described in Methods. Rela-
tive fold increases of each protein are shown (mean + SD, n = 3-5). ¥ P< 0.05 and ** P<0.01.

hMsrA expression in mouse liver increased the expression
of SR-BI in hepatocytes, suggesting that hepatic MsrA could
assist HDL catabolism through promotion of hepatic selec-
tive cholesterol uptake.

ABC superfamily proteins are also important membrane
transporters that regulate the delivery and disposal of cho-
lesterol (27). These ABC transporters are LXRa target
genes. Previous studies have indicated that ABCAI mediates
the efflux of cell cholesterol and phospholipids to lipid-poor
apoAl, which is essential for the formation of nascent HDL
(28). ABCGbS and ABCGS8 form a heterodimer and play a
critical role in the liver in the excretion of cholesterol into
the bile (29). Some studies have assessed the respective roles
of liver ABCA1 and ABCGS in preventing atherosclerosis by
promoting HDL biogenesis and hepatic cholesterol excre-
tion (30, 31). Our present study suggested that hepatic MsrA
may increase cholesterol movement via LXRa-mediated
ABCAI and ABCGS8 upregulation, as well as apoAl synthesis
and secretion. However, we did not find a difference in
plasma HDL-C levels between Lv-MsrA-GFP mice and Lv-
GFP mice, indicating that high-level expression of MsrA in
the liver could promote HDL metabolism, including HDL-C
uptake, excretion into the bile, and secretion of nascent
HDL, without a net increase of plasma HDL-C levels.

Besides the increase of ABCG8 expression by MsrA, we
also found that MsrA overexpression significantly increased
the mRNA levels of bile-acid-biosynthesis-related genes

CYP7A1 and CYP27A1 in mouse liver. Together with the
finding that MsrA increases the content of TC in feces,
these data support that liver overexpression of MsrA en-
hanced the secretion of cholesterol into bile. A limitation
of our study is that we did not directly measure fecal bile
acids, so we cannot exclude nonhepatic mechanisms by
which hepatic MsrA may increase fecal cholesterol exit.
HDL metabolism also involves intracellular CE hydro-
lysis by the key cytoplasmic enzyme, neutral CEH. When
HDL-C enters the hepatocytes through the SR-BI-medi-
ated selective uptake pathway, hydrolysis of HDL-CEs is
catalyzed by cytoplasm neutral CEH, and then bile acid
synthesis or FC biliary secretion are promoted (32). The
atheroprotective role of hepatic CEH has been previously
demonstrated (33, 34). In our present study, we found
that high-level expression of hMsrA in mice significantly
upregulated CEH protein level in the liver. This may lead
to increased hepatic hydrolysis of HDL-CEs to bridge the
increased HDL-CE uptake via SR-BI and accelerated excre-
tion into bile by the ABCG8 pathway. These synchronized
processes accelerated HDL metabolism and promoted the
movement of cholesterol and TG from VLDL to HDL in
plasma and thus reduced plasma VLDL/LDL levels. In ad-
dition, reduced protein levels of ACAT in Lv-MsrA-GFP
mice are also notable. Hepatic ACAT catalyzes cytoplasm
FC esterification to generate CEs for packaging into newly
synthesized VLDL (35). Therefore, reduction in hepatic
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Fig. 6. High-level hMsrA in the liver attenuates hepatic lipid content and fecal cholesterol level in apoE_/ "~ mice. Lv-GFP and Lyv-MsrA-
GFP mice were fed a Western diet for 12 weeks. Livers were harvested at the time of euthanasia and either used to extract total lipids or
fixed for histochemical analysis. A, B: Histochemical analysis of fresh liver tissue was performed by staining with HE or Oil Red O (5 pm
serial sections). C: The amounts of TC, FC, CE, and TG were determined using iospropanol as described in Methods and expressed as mil-
ligrams per gram of liver protein (mean + SD, n = 6). D: Total fecal cholesterol was determined as described in Methods and expressed as

milligram per gram of dry feces. * P< 0.05 and ** P< 0.01.

VLDL production and secretion due to decreased hepatic
ACAT may also contribute to the reduced VLDL/LDL levels
in Lv-MsrA-GFP mice. A previous study showed that inhibi-
tion of hepatic ACAT improved hyperlipidemia (36). Fur-
thermore, a recent study suggested that ABCAl-mediating
nascent HDL biogenesis may directly induce phosphati-
dylinositol 3-kinase (PI3K)-mediated signaling to decrease
hepatic production and secretion of TG-enriched VLDL,
providing an inverse relationship between plasma HDL
and TG concentrations in individuals with compromised
ABCALI function (37). We also determined the mRNA levels
of lipogenic genes (ACCa and FASN) by quantitative PCR
and found that hepatic expression of hMsrA significantly
decreased the mRNA levels of FASN and ACCa in apoE ™/~
mice. These data indicate that hepatic expression of hMsrA
reduces TG synthesis. However, currently it is unknown why
ACC and FASN were downregulated by MsrA even with
increased LXRa expression. We speculate that other mech-
anisms mediated by MsrA may override LXRa pathway in
the regulation of lipogenesis.

Although we do not exclude other potential mechanisms
for hepatic MsrA to regulate lipoprotein metabolism and
attenuate atherosclerosis, our data strongly suggest that
MsrA can coordinately regulate I) hepatic lipid mobiliza-
tion through increasing SR-BI-mediated cholesterol uptake
and bile acid biosynthesis, 2) CEH/ACAT-mediated FC/
CEs conversion, 3) ABCA1/ABCG8-mediated cholesterol
efflux/secretion, and 4) TG biosynthesis. These effects re-
sult in reduced plasma VLDL/LDL lipid levels, diminished
hepatic steatosis, and attenuated atherosclerosis in Western-
diet-fed apoE_/ " mice.
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Dyslipidemia is often accompanied by aggravated oxida-
tive stress and inflammation (38). Previous reports indi-
cated that LXRa, ABCAI, and possibly SR-BI have direct
effects on inflammation. LXRa is a member of the meta-
bolic nuclear receptors; it not only serves as a key regula-
tor in lipid metabolism and transport but also suppresses
nuclear factor kB (NFkB)-mediated inflammatory signal-
ing (39). ABCAI may also directly act as anti-inflammatory
molecule through activating the Janus kinase 2 / signal trans-
ducers and activators of transcription 3 pathway inde-
pendent of its lipid transport activity (40). SR-BI has also
recently been shown to suppress lipopolysaccharide-induced
cytokine secretion through inhibition of NFkB activation in
mice (41). Interestingly, our results demonstrated that he-
patic high-level hMsrA expression in mice significantly de-
creased hepatic expression of inflammatory cytokines IL-6
and TNFa, as well as the plasma level of SAA, which is a
marker of systemic inflammation. Moreover, plasma SOD
and PONI1 activities, as indicators of the antioxidant de-
fense system in circulation, were significantly enhanced in
Lv-MsrA-GFP mice. Extracellular SOD, which comes from
the secreted Cu/ZnSOD and catalyzes superoxide anion
conversion to hydrogen peroxide, is the main antioxidant
enzyme to regulate circulating redox status (42). Our result
suggests that hepatic cellular MsrA decreases oxidative
stress in the liver and plasma by increasing the activity of
SOD. This is consistent with a recent report suggesting that
Met/Met sulfoxide modified liver homeostasis and altered
the redox cellular state by increasing the activity of SOD
(43). Plasma PONI, mainly located in HDL particles, pre-
dominantly reduces LDL and HDL lipid peroxidation and
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Fig. 7. Hepatic overexpression of hMsrA reduces atherosclerosis in apoEﬁf mice. Lv-GFP and Lv-MsrA-GFP mice were fed a high-
cholesterol Western diet for 12 weeks. Atherosclerotic lesions were examined using Oil Red O-stained cross sections of the aortic root
(8 pm serial sections) and by en face analysis of the aorta and quantified by using Image-Pro Plus 6.0 software as previously described.
A: Representative atherosclerotic lesions in cross sections of the aortas from Lv-GFP and Lv-MsrA-GFP mice. B: Representative en face
aorta images from Lv-GFP and Lv-MsrA-GFP mice. Quantitative analysis of the cross-sectional lesion areas of the aortic roots (C), per-
centage lesion area in the aortic arch (D), and total lesion areas (E) was presented and analyzed by the Mann-Whitney test (* P < 0.05,

#* P<0.01, n = 6-7).

is considered to have the potential to protect against athero-
genesis. In previous studies, we and others have demon-
strated that lower plasma PONI activity is associated with
increased atherosclerosis (17, 44). The present study showed
that plasma PONI activity was increased by hepatic MsrA ex-
pression in mice, providing an additional mechanistic link
by which hepatic MsrA improves HDL antioxidative and
anti-inflammatory function.

In conclusion, our present study showed the first evi-
dence that MsrA, as a specific intracellular MetSO reduc-
tase, plays an important role in lipid metabolism and
redox homeostasis. We demonstrated that in apoE ™/~
mice fed a Western diet, hepatic high-level expression of
hMsrA reduces plasma VLDL/LDL, improves HDL func-
tion and redox status, and suppresses liver and plasma in-
flammation, resulting in diminished hepatic steatosis and
attenuated atherosclerosis. We speculate that hepatic
MsrA exerts its role not only through the regulation of sys-
temic redox status but also through postoxidative stress
repair of MetSO-modified proteins with direct roles in li-
poprotein metabolism, such as apoAl. However, the precise
molecular targets through which hepatic MsrA achieves

the above functions warrant further investigation; in par-
ticular, in this study, we have not directly examined how
MsrA repairs MetSO-modified proteins. Because hepatic
lipoprotein metabolism and inflammation are two recip-
rocally regulated processes, currently we do not know if
the effects of hepatic MsrA on lipoprotein metabolism or
those on inflammation are the primary contributors. It
will be interesting to determine the interaction between
these two using our hepatic MsrA overexpression mouse
model in the future il
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