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Abstract

Lactobacillus acidophilus species are well-known probiotics with the beneficial activity of
regulating cholesterol levels. In this study, we showed that L. acidophilus K301 reduced the
level of cholesterol through reverse transport in macrophages. L. acidophilus K301 upregu-
lated the mRNA and protein levels of genes such as ATP-binding cassette A1 (ABCA1) and
ATP-binding cassette G1 (ABCG1) under the control of liver X receptor (LXR), resulting in
increased apoA-I-dependent cholesterol efflux in phorbol 12-myristate 13-acetate (PMA)-
differentiated THP-1 cells. L. acidophilus K301 induced both ABCA1 and ABCG1 through
the endogenous LXR agonist 24(S), 25-epoxcycholesterol, which is synthesized by intracel-
lular cholesterol synthetic pathways. In vivo studies using L. acidophilus K301-treated
ApoE”~ mice showed reduced accumulation of lipoproteins in the arterial lumen. The inhibi-
tory effects of L. acidophilus K301 on accumulation of lipoprotein in atherosclerotic plaques
were mediated by the induction of squalene reductase (SQLE) and oxidosqualene cyclase
(OSC) and resulted in ABCA1-mediated cholesterol efflux. Taken together, our findings
revealed that Lactobacillus acidophilus K301 regulates the expression of genes related to
cholesterol reverse transport via the induction of endogenous LXR agonist, suggesting the
therapeutic potential of Lactobacillus acidophilus K301 as an anti-atherosclerotic agent.
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Introduction

Elevated serum cholesterol is a recognized risk factor associated with atherosclerosis and coro-
nary heart disease [1-4]. Numerous drugs have been used to lower cholesterol levels in hyper-
cholesterolemic individuals [5], although the undesirable side effects of these compounds have
raised concerns about their therapeutic use [6]. The cholesterol accumulated on the inner wall
of blood vessel can be removed by reverse cholesterol transport (RCT) from macrophages.
RCT is mediated by LXR and ABC transporter system. Macrophages accumulated with high
levels of cholesterol become foam cells and deposit on the blood vessel walls, which aggravates
atherosclerotic lesion [7]. Cells control their cholesterol levels by three main mechanisms: reg-
ulation of synthesis, uptake (especially via low-density lipoprotein [LDL]), and efflux. Synthesis
and uptake are largely governed by the sterol regulatory element binding protein (SREBP) fam-
ily of transcription factors, whereas genes involved in cholesterol efflux are under the control
of the oxysterol-activated liver X receptor (LXR) [8, 9].

The liver X receptors (LXRs) are members of the type 2 nuclear receptor family that are crit-
ical for the control of lipid homeostasis in vertebrates through binding to LXR response ele-
ments (LXREs) within the promoter regions of several responsive genes. These genes include
ATP-binding cassette A1 (ABCA1) and ATP-binding cassette G1 (ABCGI), which are mainly
involved in cholesterol reverse transport and mediate cellular cholesterol efflux in human and
mouse macrophages to an extracellular acceptor and apolipoprotein E (ApoE). I vivo experi-
ments using synthetic LXR agonists such as TO901317 have established that activation of LXR
attenuates atherosclerosis [10]. Recent studies revealed that the LXR signaling pathways are
important for the development of metabolic disorders such as hyperlipidemia and atheroscle-
rosis [11]. Macrophage-specific deletion of LXRs in mice resulted in enhanced atherogenesis
whereas liver-specific LXR overexpression decreased atherosclerosis [12]. Lipogenesis and tri-
glyceride accumulation are enhanced by highly potent synthetic LXR agonists, which induce
the expression of SREBP-1c, fatty acid synthetase (FAS), and lipoprotein ligase (LPL) [13].

Lactic acid bacteria (LAB) are components of the human gut microflora and are safe for use
as probiotics. In particular, lipoteichoic acid, one of cell wall components of LAB, is known to
regulate the immune system, including the anti-inflammatory response, and atherosclerotic
plaque formation [14-16]. Ingestion of probiotic LAB has been reported to reduce serum cho-
lesterol and LAB have been suggested as natural candidates for the prevention and treatment
of hypercholesterolemia [17-19]. These hypocholesterolemic and anti-atherogenic effects have
been explained by inhibition of absorption of dietary cholesterol by live LAB [20, 21]. However,
to the best of our knowledge, there are no reports on the direct effect of LAB on LXR-related
gene expression and cholesterol efflux. Therefore, the purpose of this study is to examine the
effect of LAB on the induction of RCT from macrophages. This study investigated the influence
of several Lactobacilli on expression of LXR-related genes, including ABCAI and ABCGI, in
human PMA-differentiated THP-1 cells and mouse peritoneal macrophages. In addition, Lac-
tobacillus-treated ApoE knockout (ApoE™") mice were used to examine factors that induce the
progression of atherosclerosis such as serum cholesterol, infiltrated immune cells, and athero-
sclerotic markers.

Materials and Methods
Cell culture

THP-1 and HEK293 cells were obtained from the Korean Cell Line Bank (KCLB, Korea) and
maintained in RPMI 1640 or MEM medium supplemented with 10% heat-inactivated fetal
bovine serum (FBS), 100 U/ml penicillin, and 100 pug/ml streptomycin at 37°C in 5% CO,.
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Mouse peritoneal macrophage cells were maintained in RPMI 1640 (0.2% bovine serum albu-
min [BSA]), 100 U/ml penicillin, and 100 pg/ml streptomycin at 37°C in 5% CO,. THP-1 cells
were plated in 12-well plates and differentiated to macrophages by the addition of 100 ng/ml
phorbol 12-myristate 13-acetate (PMA) for 3 days. The differentiation of monocytes to macro-
phages was detected by expression changes in differentiation markers such as CD11b and che-
mokine receptor 2 (CCR2). Differentiated THP-1 cells were incubated for 12-16 h in FBS-free
RPMI 1640 (0.2% BSA) with heat-killed lactic acid bacteria (LAB) or synthetic LXR agonist
(TO901317).

Preparation of lactic acid bacteria strains

The LAB strains used in this study were supplied by the R&D center of Maeil Dairy Industry
Co (Gyeonggi, Korea). LAB strains were cultured with MRS broth (Difco Laboratories, MI,
USA) at 30°C for 12-24 h and heat killed at 85°C for 15 min.

Real-time PCR

Total RNA was isolated using Trizol reagent (Invitrogen, NY, USA) and DNase I and genomic
DNA contamination was confirmed via optical density (O.D.) measurement and agarose gel
electrophoresis. cDNA was synthesized from the isolated RNA using the Improm-II" reverse
transcription system (Promega, WI, USA). To quantify mRNA of LXR-regulated and LXR-
related genes, real-time PCR amplification was carried out using the ABI prism 7000 sequence
detection system (Applied BioSystems, CA, USA) and the PCR products were detected using
SYBR Green. The primers used for real-time PCR are shown in S1 Table. The expression levels
of the mRNAs were normalized to expression of glyceraldehyde-3-phosphate dehydrogenase
(GAPDH) or B-actin.

Immunofluorescence staining

TO901317 or L. acidophilus K301-stimulated THP-1 cells were incubated at 37°C for 1 h with
50 pg/ml human apoA-1 from human plasma in RPMI 1640. After incubation, THP-1 cells
were fixed with 4% paraformaldehyde. Cells were blocked with phosphate-buffered saline
(PBS) containing 1% BSA, and incubated with monoclonal anti-ABCA1 and polyclonal anti-
apoA1l antibodies (Santa Cruz Biotechnology, CA, USA) in blocking buffer at room tempera-
ture. Donkey anti-mouse IgG-Alexa 488 and Donkey anti-goat IgG-Alexa 568 (Invitrogen)
were added as secondary antibodies. Staining was examined by fluorescence microscopy.

Determination of cholesterol efflux

Cholesterol efflux was measured using 1 pCi of [H>]-cholesterol/ml in the presence of heat-
killed LAB strains or indicated doses of the LXR agonist TO901317. After 48 h of THP-1
monocyte differentiation into macrophages, the macrophages were labeled with [H*]-choles-
terol in RPMI1640 containing 0.2% BSA for 24 h. The cells were washed twice with PBS and
incubated for 6-12 h in RPMI1640 containing 0.2% BSA plus heat-killed LAB (1x10%/ml) or

1 uM TO901317. The macrophages were washed again with PBS and incubated in RPM11640
containing 0.2% BSA in the presence and absence of apoA-I (10 pg/ml) for 8 h. The percentage
cholesterol efflux was calculated by dividing medium-derived radioactivity by the sum of the
radioactivity in the medium and cells [22].
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Transient DNA transfection and reporter assay

A luciferase reporter assay was used to determine the expression of LXR-related genes at the
transcriptional level. Reporter constructs of the human ABCA1 promoter region were obtained
by high-fidelity PCR with primers based on genomic sequences in Genbank (Accession No.
ACO012230). The promoter spans -919 nt to +239 nt and contains a binding site for the LXR
receptor (LXRo/B) and the retinoid X receptor [18]. The product was ligated into pGL3-Basic
(Promega) and designated pGL3-hABCA1. cDNA of human LXR-o was amplified from
mRNA obtained from THP-1 cells by RT-PCR and cloned into pCMV-Tag 2A (Stratagene,
CA, USA). The HEK 293 human embryonic kidney cell line was transfected with pCMV- LXR
(0.25 ug) and pGL3-hABCA1 (0.5 pg). The pRL-SV40 vector (Promega) was also co-trans-
fected for normalization of transfection efficiency.

Western blot analysis

PMA differentiated THP-1 cells were cultured to confluency on 60-mm dishes in regular
media. Cells were treated with compactin (0.1 to 10 uM) and/or L. acidophilus K301 in
RPMI1640 containing 0.2% BSA for 24 h and then washed with PBS and harvested with lysis
buffer (50 mM Tris (pH 7.5), 150 mM NaCl, 1 mM EDTA, 1% Triton X-100, 1% sodium deox-
ycholate, 0.1% SDS, 1 mM phenylmethylsulfonyl fluoride [PMSF], 5 g/ml aprotinin, 5 g/ml leu-
peptin). Quantification of proteins was performed by the Bradford assay (Sigma, MO, USA).
SDS-PAGE was performed with a 4% stacking gel and a 8% (for ABCA1) or 10% (for ABCG1)
resolving gel, followed by transfer to PVDF membranes (Bio-Rad, CA, USA). The membranes
were blocked overnight at 4°C in blocking solution (5% skim milk in TBS-T) and then incu-
bated with mouse monoclonal anti-ABCA1 antibody and rabbit polyclonal anti-ABCGI1 anti-
body for 1 h at room temperature. Rabbit polyclonal anti-B-actin antibody was included as a
housekeeping protein to normalize the total amount of protein. The membranes were washed
with TBS-T and incubated with HRP-conjugated anti-mouse IgG or anti-rabbit IgG for 1 h at
room temperature. The signal densities for specific bands on the western blots were quantified
using Image Lab density analysis software (Version 2.2).

Thin-layer chromatography

Thin-layer chromatography (TLC) was conducted for assessment of cholesterol and 24(S),
25-epoxcycholesterol (24, 25-EC) synthesis using a method detailed by Wong et al. [23].

Cells were incubated in 6-well plates in the presence or absence of inhibitors (compactin or
RO488071) or L. acidophilus K301 together with ['*C]-acetate (2 uCi/well) for 24 h. The
medium was aspirated and the cells were washed twice with PBS. Cells were lysed in KOH in
methanol (1.2 ml; 10% w/v) followed by the addition of 1.4 ml water. Butylated-hydroxy tolu-
ene/ethylenediamine tetraacetic acid (EDTA; 20 mM final concentration for each) was added
to each sample, followed by saponification at 70°C for 1 h. After cooling, neutral lipids were
extracted twice with n-hexane:diethyl ether (2 ml; 1:1 v/v). Extracts were dried, re-dissolved in
n-hexane:diethyl ether (100 pl; 1:1 v/v), and separated by TLC with a mobile phase of n-hex-
ane:diethyl ether:acetic acid (60:40:1 v/v/v). For visualization, TLC plates were exposed to X-
ray film.

Ethics statement

The mice were cared for and used in accordance with guidelines of the animal ethics committee
of Kyung Hee University. Specific approval for the mouse experiments was obtained for proto-
col (KHU-14-021) by the Department of Laboratory Animal, Institutional Animal Care and
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Use Committee at Global campus of Kyung Hee University (Yongin, Korea). The research
titled is “The proof of the anti-inflammatory effects of lactic acid bacterial cell wall compo-
nents.” They were kept in individual cages at 24+2°C and 50+10% moisture condition, and fed
nutritionally balanced rodent food (Central Lab. Animal Inc. Korea) and sterilized water. All
reasonable efforts were made to ameliorate suffering, including use of anesthesia for painful
procedures.

In vivo studies

ApoE knockout (ApoE™") mice were purchased from the Jackson Laboratory (Bar Harbor,
ME) and bred at the Samsung Biomedical Research Institute under specific pathogen-free con-
ditions. Eight-week-old ApoE™"~ mice were randomly divided into two groups: a high-fat high-
cholesterol (HFHC) diet and placebo (n = 6), or a HFHC diet and L. acidophilus K301 treat-
ment (n = 6). The HFHC diet contained 0.15% cholesterol, 6% fat, 0.8% sodium chloride
(CREF-1, Research Diets, Inc. NB, USA). To induce the atherogenic effects, the 8-week-old mice
were fed with the HFHC diet for 8 weeks and then with normal chow for 8 weeks. During the
last 8 weeks, animals were randomized for oral administration of L. acidophilus K301 (1x10®
CFU/kg) or an equal volume of placebo twice a week for 8 weeks. After completion of treat-
ment with L. acidophilus K301 or placebo at the 16th week, the mice were sacrificed by CO,
inhalation. Total plasma cholesterol and triglyceride levels were measured using a 7020 Auto-
matic Analyzer (Hitachi, Japan). To isolation and culture of peritoneal macrophages, euthana-
sia was performed with ketamine-xylazine given intraperitoneally. The peritoneal cavities were
then flushed with 5 ml DMEM. The peritoneal lavage fluids were centrifuged at 1,500 rpm for
10 min and the cells were resuspended with ACK lysing buffer for 1 min. After washing 2
times, cells were resuspended with DMEM and plated. After incubation for 2 h at 37°C, the
cells were washed and nonadherent cells were removed. Peritoneal macrophages were cultured
at 37°C in DMEM added 10% FBS and penicillin/streptomycin.

Histological examination

The cross-sectional areas of atherosclerotic lesions were quantified by evaluating the lesion size
in the aortic sinus. Briefly, the heart and aorta were perfused with PBS for 10 min and with 4%
paraformaldehyde for 5 min, and then fixed for at least 24 h. The isolated hearts and aortas
were embedded in Tissue-Tek OCT compound (Sakura Finetechnical, Tokyo, Japan), and fro-
zen at -70°C. All samples were sectioned using a cryostat at -20°C, and six consecutive 5-pm
thick sections were cut from the aorta where the valve cusps were visible. Plaques were stained
with Oil Red O and counterstained with hematoxylin. The lesion area (um?) of three sections
was quantified by computer-assisted morphometry (Image-Pro Plus, MD, USA), and the aver-
age lesion area was calculated for each animal. Immunohistochemical (IHC) studies were
conducted using a commercially available kit (DAKO, USA) with anti-mouse macrophage/
monocyte antibody (MOMA-2, Serotec, UK) and anti-mouse ABCA1 antibody (Santa Cruz
Biotechnology). After the IHC reactions, the lesions that showed positive signal were quantified
by calculating the lesion area (um?) of three sections as described above.

Statistical analysis

All experiments were performed at least three times. The data shown are representative results
for the means + standard deviation of triplicate experiments. Differences were judged to be sta-
tistically significant when the P value was less than 0.05.
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Results
L. acidophilus strains increased the expression of ABCA1 and ABCG1

To examine the effects of LAB on ABCAI and ABCGI gene expression in macrophages, THP-1
cells were differentiated with PMA and the relative expression of monocyte-to-macrophage
maturation markers was examined by real-time PCR. Increased gene expression of CD36 and
CD11b was observed, whereas expression of chemokine receptor 2 (CCR2) was decreased dur-
ing differentiation, indicating that monocyte-like THP-1 cells differentiated into macrophages.
In addition, the cholesterol uptake ability was also increased in differentiated macrophages

(S1 Fig).

Ten different heat-killed lactic acid bacterial strains were examined for their ability to
induce ABCA1, ABCGI, and ApoE gene expression in PMA-differentiated THP-1 macro-
phages through real-time PCR (S1 Table). ABCAI mRNA gene expression was significantly
increased by L. acidophilus K301, Bifidobacterium infantis MKO09, L. acidophilus Lal4, Lactoba-
cillus casei LC107, and L. acidophilus KCTC 3164. In contrast, L. paracasei B3, L. paracasei B4,
L. plantarum D3, L. rhamnosus D4, and Bifidobacterium longum BL720 induced low levels of
ABCA1 transcription (please see S2 Table for abbreviations of bacterial strains used in this
study). Among the strains used in this study, L. acidophilus K301, L. acidophilus Lal4, and L.
acidophilus KCTC 3164 significantly increased ABCGI mRNA expression. While ABCA1
expressions were increased by LAB, some bacterial strains including L. paracasei B3, B4, and L.
rhamnosus D4 inhibited ABCG1 and ApoE gene expression (Fig 1A). L. acidophilus K301,
which was isolated from dairy products, had a dose-dependent effect on expression of ABCA1
and ABCG (Fig 1B). The protein level of ABCAI and ABCG1 also increased in a dose-depen-
dent manner when cells were treated with L. acidophilus K301 (Fig 1C, upper panel). Densi-
tometry of western blots is shown in the lower panel of Fig 1C. To confirm the effects of L.
acidophilus K301 on ABCAI and ABCGI mRNA expression, cells were treated with Actinomy-
cin D prior to treatment with L. acidophilus K301. Actinomycin D prevents the increase of
ABCAI and ABCG1 mRNA expression as well as the increase in cholesterol efflux induced by
the ligands [24]. Our results showed that L. acidophilus K301-mediated ABCAI and ABCG1
mRNA expression was suppressed by Actinomycin D (Fig 1D). A synthetic LXR agonist,
TO901317, was used as a positive control in this study. The effect of the LXR agonist
TO901317 and L. acidophilus K301 on expression of lipogenesis-related gene expression was
examined through microarray analysis (S2 Fig). Only ABCAI and ABCGI gene expression was
increased, by 3-fold and 4-fold respectively. Expression of LPL decreased 3-fold compared to
the control, indicating that L. acidophilus K301 may increase ABCAl-mediated cholesterol
efflux [25]. The positive control TO901317 increased expression of both the ABCAI and
ABCGI genes, in addition to LPL. These data suggest that L. acidophilus K301 can function as a
LXR agonist.

L. acidophilus K301-mediated ABCA1 and ABCG1 expression was
associated with intracellular cholesterol synthesis

To investigate the effect of L. acidophilus K301 on LXR agonistic activity, pGL3-hABCA1
luciferase vector and pCMV- LXR expression vector were transfected into HEK293 cells.
Luciferase assay was performed using cells treated with L. acidophilus K301 or the LXR ago-
nist TO901317. The transcriptional activity of the hABCA1 promoter containing the LXR
binding site was unchanged by L. acidophilus K301 in the pGL3-hABCAL1 transfectants as well
as in the pGL3-hABCA1 and pCMV-LXR co-transfectants, indicating that L. acidophilus
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Fig 1. Effects of heat-killed lactic acid bacteria on LXR-related gene expression in macrophages. (A) THP-1 macrophages were incubated with 1x107/
ml heat-killed LAB or 1 yM TO901317. Expression of ABCA1, ABCG1, and ApoE mRNA was examined by real-time PCR. (B) Cells were incubated with the
indicated dose of heat-killed L. acidophilus K301 and the expression of ABCA7 and ABCG1 was examined by real-time PCR. (C) The protein expression of
ABCA1 and ABCG1 was examined by western blotting using specific anti-ABCA1 and anti-ABCG1 antibodies. The amount of protein expression was
normalized to beta-actin, and fold changes were presented by densitometry analysis (lower panel). (D) Cells were treated with heat-killed L. acidophilus

K301 or TO901317 in the presence or absence of 1 nM Actinomycin D. The expression of ABCA7 and ABCG1 was examined by real-time PCR. mRNA
expression was normalized to expression of GAPDH. Data are given as meanta a. *P < 0.05; **P < 0.01 vs. control (Ctr). The error bars in individual samples
are shown as variations from triplicate assays.

doi:10.1371/journal.pone.0154302.g001

K301 has no LXR agonist activity. In contrast, TO901317 significantly increased hABCA1
promoter activity in both transfectants (Fig 2A).

It is known that downregulation of lipoprotein lipase (LPL) increases ABCA1-mediated
cholesterol efflux in THP-1 macrophages [25] and that sterol regulatory element binding pro-
tein-1 (SREBP-1) induces the expression of numerous genes involved in lipid metabolism,
including LPL [26]. Although TO901317 significantly increased LPL and SREBP-1¢ mRNA
expression, L. acidophilus K301 did not increase expression of these mRNAs in PMA-differen-
tiated THP-1 macrophages, suggesting that L. acidophilus K301 may inhibit cholesterol efflux
through LPL-mediated atherogenesis (S2 Fig and Fig 2B).

Compactin is used to inhibit 3-hydroxy-3-methylglutaryl coenzyme A reductase (HMG-
CoA reductase), thus blocking cholesterol synthesis and making cells dependent on external
cholesterol [27]. L. acidophilus K301-mediated ABCAI and ABCGI mRNA expression was
significantly decreased by compactin in a dose-dependent manner (Fig 2C). In contrast,
TO901317 did not decrease the mRNA levels of ABCAI and ABCG! in the compactin-treated
cells (Fig 2D). These results suggest that L. acidophilus K301, but not TO901317, increases
ABCAI-mediated cholesterol efflux through the HMG-CoA reductase pathway.
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Fig 2. L. acidophilus K301-mediated ABCA1 and ABCG1 expression was associated with intracellular cholesterol synthesis. (A) Reporter assay of
LXR agonistic activity of heat-killed LAB. A firefly luciferase reporter gene containing the human LXR binding site of the ABCAT promoter was constructed
and transfected into HEK293 cells together with an expression vector containing human LXR-a. The reference plasmid pRL-SV40 was also co-transfected.
Cells were stimulated with 1x10® heat-killed L. acidophilus K301 or TO901317. Firefly luciferase activity was measured and normalized to Renilla luciferase
activity. (B) PMA differentiated macrophages were stimulated with the indicated dose of heat-killed L. acidophilus K801 and mRNA expression of LPL and
SREBP-1c was examined by real-time PCR. (C, D) Cells were treated with heat-killed L. acidophilus K301 (C) or with TO901317 (D) in the presence of
compactin. mRNA expression of ABCA1 and ABCG1 was examined by real-time PCR. (E) Cells were stimulated with heat-killed L. acidophilus K301 in the
presence of compactin and 10 mM mevalonate. ABCA7 and ABCG7 mRNA level was examined by real-time PCR. (F) Cells were stimulated with heat-killed
L. acidophilus K301 in the presence of compactin and 10 mM mevalonate. The protein level of ABCA1 and ABCG1 was examined by western blotting, and
corresponding densitometry data are shown (low panel). (G) Cells were stimulated with the indicated dose of heat-killed L. acidophilus K301 with 10 yM
compactin and 10 mM mevalonate. The mRNA level of ABCA7 and ABCG1 was examined by real-time PCR. -actin was used as a protein loading control;
mRNA expression of genes was normalized to GAPDH. Results are the means of three independent experiments (meanS.D). **P < 0.01; ***P < 0.001 vs.
untreated cells. The error bars in individual samples are shown as variations from triplicate assays.

doi:10.1371/journal.pone.0154302.9002

The production of mevalonate from HMG-CoA is catalyzed by HMG-CoA reductase and is
involved in cholesterol synthesis (53 Fig). To determine whether compactin-mediated inhibi-
tion of ABCAI and ABCGI gene expression in macrophages is specific to the inhibitory effect
on HMG-CoA reductase, the restorative effect of mevalonate on the suppression of ABCA1I
and ABCG1 gene expression by compactin was examined. As shown in Fig 2E, mevalonate
treatment rescued the compactin-mediated reduction in ABCAI and ABCGI expression.
Expression of these genes was not induced by mevalonate in the absence of L. acidophilus K301
and the addition of mevalonate alone had no significant effect on ABCAI and ABCGI mRNA
expression level. The protein expression of ABCA1 and ABCG1 was also increased by co-treat-
ment with mevalonate and L. acidophilus K301 (Fig 2F). ABCA1 and ABCGI gene expression
in macrophages treated with compactin and mevalonate increased in a L. acidophilus K301
dose-dependent manner (Fig 2G). These data suggest that L. acidophilus K301-mediated
ABCA1 and ABCGI expression is associated with intracellular cholesterol synthesis mediated
by the mevalonate pathway, including the HMG-CoA reductase pathway. Thus, the L. acidoph-
ilus K301-mediated pathway is different from the TO901317-mediated cholesterol synthesis
pathway.

L. acidophilus K301 increased apoA-I mediated cholesterol efflux in
macrophages

ABCALI and ABCG]1 directly interact with apoA-I and transfer cholesterol onto apoA-I in
the cholesterol efflux mechanism [11]. The binding ability of apoA-I to L. acidophilus K301
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treated-macrophage cells was examined. The binding of Alexa labeled apoA-I onto the sur-
face of L. acidophilus K301 treated-macrophages increased in a dose-dependent manner (Fig
3A). Densitometric scanning of the immunofluorescence result displayed relative expression
of apoA-I by L. acidophilus K301 treatment (Fig 3B). L. acidophilus K301 also increased

the efflux of cholesterol up to 2.3-fold in apoA-I treated conditions, whereas no effect was
observed in the absence of apoA-I (Fig 3C). TO901317 increased the cholesterol efflux
3.7-fold (p<0.01) in apoA-I treated conditions. In contrast, L. rhamnosus D4, which had no
ability to induce ABCA1 and ABCGI (Fig 1A), did not affect cholesterol efflux. When cells
were treated with compactin, L. acidophilus K301-mediated cholesterol efflux was decreased
and this effect was rescued by mevalonate treatment (Fig 3D). These data suggest that L. aci-
dophilus K301 increases cholesterol efflux through the interaction of apoA-I and ABCALI or
ABCGI, which was increased by L. acidophilus K301.

L. acidophilus K301 modulated gene expression related to reverse
cholesterol transport by induction of squalene epoxidase and
oxidosqualene cyclase

Squalene epoxidase (SQLE) and 2,3-oxidosqualene:lanosterol cyclase (OSC) are two key cho-
lesterol biosynthesis enzymes. After treatment with L. acidophilus K301, levels of SQLE and
OSC gene expression in THP-1 macrophages increased in a dose-dependent manner (Fig 4A).
In contrast, expression of 24-dehydrocholesterol reductase (DHCR24), an enzyme that func-
tions at the end of cholesterol biosynthesis, was decreased in L. acidophilus K301-treated cells.
Protein expression of SQLE and OSC was consistent with the mRNA expression, indicating
that L. acidophilus K301 enhances the synthesis of the oxysterol 24(S), 25-epoxychelesterol (24,
25-EC) in THP-1-differentiated macrophages (Fig 4B). When cells were treated with Actino-
mycin D plus L. acidophilus K301, which inhibits ABCAI and ABCGI mRNA expression,
SQLE and OSC expression was inhibited compared to L. acidophilus K301 treatment only (Fig
4C). These findings suggest that L. acidophilus K301-induced ABCA1 and ABCGI expression
is associated with endogenous LXR ligands, such as 24, 25-EC, and the effect of L. acidophilus
K301 on ABCA1 and ABCGI may be partially dependent on LXR.

L. acidophilus K301 induced ABCA1 and ABCG1 production through the
endogenous LXR agonist, 24(S), 25-epoxcycholesterol

The endogenous regulator 24(S), 25-epoxycholesterol (24, 25-EC) decreases cholesterol syn-
thesis by interfering with DHCR24, resulting in rapid accumulation of the substrate desmos-
terol [28]. 24, 25-EC is produced in a shunt of the cholesterol synthetic pathway and works at
multiple points to maintain cellular cholesterol homeostasis. 24, 25-EC reduces cell cholesterol
levels through inhibition of cholesterol synthesis by stimulating HMGR degradation, increased
uptake by suppressing SREBP activation, or the acceleration of export by serving as a potent
ligand for LXR [29]. It is also known that endogenous synthesis of 24, 25-EC increases ABCA1
and ABCGI gene expression [13]. In this study, we examined whether L. acidophilus K301 acti-
vates the shunt pathway for cholesterol efflux. Analysis by thin-layer chromatography (TLC)
showed the induction of 24, 25-EC production in L. acidophilus K301-treated (1x108 cells/ml)
macrophages (Fig 5A), which was suppressed by treatment with RO 488071 (an inhibitor of
oxidosqualene cyclase [OSC]) (Fig 5B). Treatment with RO 488071 also significantly reduced
the L. acidophilus K301-mediated induction of ABCA1 and ABCG], indicating that OSC is
involved in the L. acidophilus K301-mediated induction of ABCA1 and ABCGl (Fig 5C).
Together, these data suggest that increased cholesterol efflux is mediated by induction of 24,
25-EC, an endogenous LXR agonist, in the shunt pathway.
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Fig 3. L. acidophilus K301 increased apoA-l mediated cholesterol efflux in macrophages. Cholesterol efflux from [H%]-cholesterol (1 uCi/ml)-loaded
macrophages to apoA-l (10 pg/ml) was measured after incubation with heat-killed L. acidophilus K301 or TO901317. (A) The binding of Alexa-labeled apoA-I
onto the surface of heat-killed L. acidophilus K301 treated-macrophages is shown. (B) Densitometry analysis was performed by Imaged software after
repeated experiments. The data shown is representative of two independent experiments. (C) Cholesterol efflux is expressed as the percentage of [H3]-
cholesterol in the media relative to total [H®]-cholesterol (media and cells). An unpaired t-test was used to determine the significance of differences between
treatment groups and control. (D) Cholesterol efflux was examined after stimulation with heat-killed L. acidophilus K301 in the presence or absence of
compactin and mevalonate. Results are the means of three independent experiments (mean+S.D). **P < 0.01 vs. untreated cells. The error bars in individual
samples are shown as variations from triplicate assays.

doi:10.1371/journal.pone.0154302.g003

L. acidophilus K301 increased the gene expression of ABCA7, ABCG1,
and OSC in mouse primary macrophages

To examine the effect of L. acidophilus K301 in mouse macrophages, mouse peritoneal macro-
phages were treated with L. acidophilus K301. Similar to the results in human macrophages,
gene expression of ABCA1, ABCG1, and OSC was induced by L. acidophilus K301 treatment in
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Fig 4. L. acidophilus K301 modulated reverse cholesterol transport-related gene expression by induction of squalene epoxidase and
oxidosqualene cyclase. PMA-differentiated macrophages were stimulated with various concentrations of heat-killed L. acidophilus K301 for 12 h. The
expression of SQLE and OSC was examined by real-time PCR (A) and western blotting using specific anti-SQLE and anti-OSC antibodies (B). The amount
of protein expression was normalized to beta-actin and the fold change is shown (lower panel of B). (C) The mRNA expression of AQLE and OSC was
examined in cells stimulated with heat-killed L. acidophilus K301 in the presence of Actinomycin D. mRNA level was normalized to GAPDH. Data are given
as meanzSD. *P < 0.05; **P < 0.01 vs. control (Ctr). The error bars in individual samples are shown as variations from triplicate assays.

doi:10.1371/journal.pone.0154302.g004

mouse macrophages in a dose-dependent manner (Fig 6A). In an ex-vivo study, ApoE”” mice
were intraperitoneally injected with L. acidophilus K301 and the expression of ABCA1 and
ABCG1 was examined by flow cytometry (Fig 6B) and immunofluorescence (Fig 6C) analysis
of macrophages isolated 48 h after injection with L. acidophilus K301 (1x10''/kg). In both
experiments, ABCA1 and ABCGI expression was increased by L. acidophilus K301 compared
to the control.

Next, the expression of ABCA1, SQLE, and OSC in the aortic sinus was examined. Mice
treated with L. acidophilus K301 after high-fat high-cholesterol (HFHC) treatment showed
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Fig 5. L. acidophilus K301 induced ABCA1 and ABCG1 production through the endogenous LXR agonist, 24(S), 25-epoxcycholesterol. (A) PMA-
differentiated macrophages were incubated with TO901317 and heat-killed L. acidophilus K301 in medium containing [*C]-acetate for 16 h. Neutral lipid
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K301-stimulated THP-1 macrophages were treated with RO 488071 and mRNA levels of ABCA1 and ABCG1 were determined using real-time PCR. mRNA
levels were normalized to GAPDH. Data are given as means +SD. **P < 0.01 vs. untreated cells. The error bars in individual samples are shown as
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doi:10.1371/journal.pone.0154302.9005

increased expression of ABCA1 compared to mice with HFHC treatment only (Fig 6D). Induc-
tion of SQLE and OSC was also observed in the aortic sinus, indicating that synthesis of 24,
25-EC in the artery was induced by L. acidophilus K301 infusion (Fig 6E).

Administration of L. acidophilus K301 prevented atherosclerotic lesion
development

Serum profiles were measured in the 16th week (after 8 weeks on HFHC diet and 8 weeks on a
normal chow diet). Table 1 shows the effects of dietary L. acidophilus K301 on serum choles-
terol levels in ApoE”” mice. HDL concentrations in the L. acidophilus K301-treated group were
significantly increased compared with the HFHC diet group. Glutamic oxaloacetic transami-
nase (GOT) and gamma-glutamic pyruvic transaminase (GTP) concentrations did not show

a significant difference between the groups. These results suggest that L. acidophilus K301
increased serum HDL levels, but decreased total cholesterol levels, in high-fat high-cholesterol
fed ApoE”" mice. Oil Red O staining was performed to evaluate cholesterol uptake. The Oil Red
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Fig 6. L. acidophilus K301 increased gene expression of ABCA1, ABCG1, and OSC in mouse primary macrophages. (A) Mouse peritoneal
macrophages isolated from ApoE™~ mice were incubated with heat-killed L. acidophilus K301 for 24 h and the expression of ABCA1, ABCG1, and OSC was
examined by western blotting using specific antibodies. The amount of protein expression was normalized to that of 3-actin. Densitometry analysis was
performed by ImagedJ software after repeated experiments (lower panel). The error bars in individual samples are shown as variations from triplicate assays.
(B) ApoE™" mice were intraperitoneally injected with 1x10"/kg heat-killed L. acidophilus K301 or TO901317. At 48 h after injection, macrophages were
isolated and the expression of ABCA1 was examined by flow cytometric analysis. (C) The expression of ABCA1 and ABCG1 in macrophages isolated from
heat-killed L. acidophilus K301-injected ApoE™~ mice was visualized by immunofluorescence staining. (D) Representative immunostaining images showing
the change in expression of ABCA1 in ApoE™~ mice fed a high-fat high-cholesterol (HFHC) diet or treated with heat-killed L. acidophilus K301. (E)
Immunostaining images of SQLE and OSC in HFHC-fed ApoE™~ mice and L. acidophilus K301-infused ApoE™" mice; typical images from the area inside the
plaques in each group are displayed. In all color images, DAPI (DNA) is shown as blue, whereas target proteins are shown as green (OSC) or red (SQLE).
Data shown is representative of three independent experiments.

doi:10.1371/journal.pone.0154302.9006

O stained area of the en face view of aorta specimen was 18.1 + 5.6% in the reference group
treated with HFHC only and was decreased by 42.3% in the K301-treated group (P < 0.05)
(Fig 7A). The Oil Red O stained area in the aortic sinus of ApoE”" mice was decreased by
60.2% in the L. acidophilus K301-treated group compared with the reference group at 16 weeks
(Fig 7B), indicating that administration of L. acidophilus K301 prevented atherosclerotic lesion
development by inhibiting lipid accumulation in the aorta of HFHC-fed ApoE”" mice. Staining
of MOMA-2, a specific marker of mouse macrophages, revealed that the area of macrophage

Table 1.

Group n TC (mg/dL) TG (mg/dL) HDL(mg/dL) GOT(U/L) GPT (U/L)
HFHC 4 865+121.66 58.33+10.41 23.33+2.89 105+27.83 43.33+2.89
K301 5 530+55.79* 75.00+12.24 48.75+16.00 100+9.35 47.00+5.70

Data were expressed as mean = S.D. GOT, glutamic oxaloacetic transaminase; GPT, gamma-glutamic pyruvic transaminase; HDL, high-density
lipoprotein; TC, total cholesterol; TG, triglyceride.

* P =0.001544

P =0.045144

doi:10.1371/journal.pone.0154302.t1001
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Fig 7. Administration of L. acidophilus K301 prevented atherosclerotic lesion development. ApoE”~ mice were treated with heat-killed L. acidophilus
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and co-treated daily with 1x10'3/kg heat-killed L. acidophilus K301 for 8 weeks is shown, and the percentage of Oil Red-O stained area was calculated (lower
panel). (B) Oil Red-O stained areas of aortic sinus are shown with quantitation by computer-assisted morphometery (lower panel). All results are shown as
mean + S.D. (C) Accumulation of ApoB-100 and macrophages in HFHC-fed ApoE™~ mice and heat-killed L. acidophilus K301-infused ApoE™" mice was
examined by immunofluorescence analysis. ApoB and macrophages from the area inside the plaques in each group are displayed. In all color images, DAPI
is shown in blue, and target proteins in green (ApoB-100) or red (macrophages). Data shown is representative of three independent experiments.

doi:10.1371/journal.pone.0154302.g007

infiltration was 147.3 + 38.4 um” in the HFHC diet only group. The MOMA-2 stained area
decreased by 49.1% (72.3 + 39.5 um®) in the L. acidophilus K301-treated group compared with
the HFHC-only group at 16 weeks (P < 0.05) (Fig 7C). These data suggest that L. acidophilus
K301 inhibited macrophage infiltration in atherosclerotic lesions of HFHC-fed ApoE”" mice.

Discussion

Administration of fermented dairy products containing LAB has shown the potential to reduce
serum cholesterol levels. Several possible mechanisms for LAB-mediated cholesterol removal
are absorption of cholesterol by growing cells, binding of cholesterol to the cellular surface,
incorporation of cholesterol into the cellular membrane, deconjugation of bile by bile salt
hydrolase, coprecipitation of cholesterol with deconjugated bile, binding of bile by fiber, and
production of short-chain fatty acids by oligosaccharides [30]. In particular, it is known that
lactobacillus species have the ability to reduce cholesterol content. For example, the probiotic
bacteria L. paracasei possess cholesterol lowering activity, and LPS-mediated IL-1p protein
expression in alveolar macrophages (AMs) from pigs fed a high-fat diet with probiotic bacteria
(HFPB diet) was significantly lower than that in AMs from pigs fed the HF diet only [31].
Huang and colleagues demonstrated that L. acidophilus ATCC 4356 prevents atherosclerosis
by inhibition of intestinal cholesterol absorption in ApoE”" mice [32]. The probiotics L. rham-
nosus BFE5264 and L. plantarum NR74 also promote cholesterol efflux and inhibit expression
of inflammatory cytokines such as IL-1p and TNF-o,, which are increased by LXR activation
[33]. In particular, these two strains activated LXR and induced cholesterol efflux by promoting
the expression of ABCA1 and ABCGI. Kaplan and colleagues have reported that bacterial
endotoxin increases the expression of ABCA1, but not ABCG1, through a LXR-independent
pathway [34]. However, there are no clues to how LAB modulates the ABCA1- and ABCG1-
mediated induction of cholesterol efflux.

This study demonstrated the effects of different LAB strains on the induction of genes that
are regulated by LXR in human and mouse macrophages. Some LAB species seem to increase
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ABCAI and ABCGI gene expression, which is necessary to induce intracellular cholesterol syn-
thesis. Pretreatment with compactin, a HMG-CoA reductase inhibitor, prior to L. acidophilus
K301 stimulation inhibited the expression of ABCA1 and ABCGI in the macrophages. This
result indicates that L. acidophilus K301 induces ABCA1 and ABCG1 production through an
endogenous LXR agonist, such as 24(S), 25-epoxcycholesterol and/or 22(R)-hydroxycholes-
terol, in intracellular cholesterol synthetic pathways, suggesting that L. acidophilus K301
induces the expression of ABCA1 and ABCGI via a LXR-dependent pathway. Furthermore,
incubation with mevalonate rescued the compactin-mediated reduction of ABCA1 and
ABCG1 expression in L. acidophilus K301-stimulated macrophages. The induction of ABCA1
and ABCG1 by L. acidophilus K301 was established by an increase in the level of endogenous
LXR agonist, 24, 25-EC, which resulted from the induction of SQLE and OSC expression.
Treatment of macrophages with RO 488071, an OSC inhibitor, inhibited the expression of
ABCA1 and ABCGI. These results indicate that L. acidophilus K301 induced production of
both ABCA1 and ABCG1 through 24, 25-EC synthesized by the activation of SQLE and OSC.

These findings imply that heat-killed LAB, especially L. acidophilus, might modulate the
cholesterol level in macrophages through RCT. Furthermore, this transport increases the level
of HDL in blood and reduces foam cell formation in cholesterol-loaded macrophages, which is
known to have a beneficial effect in atherosclerosis. Thus, L. acidophilus K301 is a potential
probiotic strain for application in the prevention of atherosclerosis via cholesterol reverse
transport. Any concerns regarding the number of live microorganisms can be allayed by the
fact that heat-killed LAB maintained the ability to induce RCT. It is possible that another
unknown mechanism might also be involved, such as a critical ligand or transcription regulator
related to LXR signaling or cholesterol synthesis mechanisms. These possibilities will be tested
in the next phase of our experiment.

The physiological switch of macrophage may occur during atherosclerosis. Macrophages
gradually accumulate in atherosclerotic lesions, which is enriched in LDL and extracellularma-
trix proteoglycans, and adhere to the areas of tunica intima. As atherosclerotic lesions progress,
macrophages produce pro-inflammatory cytokines and that is the reason atherosclerosis is
considered to be an inflammatory disease [35]. The activation of M1 macrophages is induced
by bacterial cell wall components including LPS and LTA, and they are characterized with pro-
inflammatory cytokine secretion. On the other hand, IL-10 producing macrophages are con-
sidered as M2 activation [36]. In the current study, we examined the expression of TNF-a and
IL-10 from PMA-differentiated THP-1 cells and peritoneal macrophages from mice using lipo-
polysaccharide (LPS) and L. acidophilus K301. When THP-1 and peritoneal cells were treated
with LPS, TNF-a was significantly increased in both cells, while pretreatment of L. acidophilus
K301 followed by LPS retreatment led to decrease TNF-o. expression (S4 Fig). These results
suggest that probiotics including L. acidophilus K301 have an anti-inflammatory effect, which
may alleviate atherosclerotic plaque formation. On the other hand, IL-10 production was not
significantly altered in both cells (data not shown). Macrophages seemed to be switched into
M1 macrophages by LPS stimulation, and they lost M1 activation state by L. acidophilus K301
pretreatment. More studies are needed to prove the activation state of macrophages by bacterial
cell wall components.

In conclusion, elevated serum cholesterol causes atherosclerosis and coronary heart disease.
LAB are known to remove cholesterol through precipitation with bile, incorporation into the
LAB membrane, or absorption by cells. The current study identified that L. acidophilus K301
can regulate the expression of genes related to cholesterol reverse transport via the induction
of endogenous LXR agonist. L. acidophilus K301 increased 24, 25 EC production by induction
of SQLE and OSC, which activate LXR and the LXR-related genes ABCAI and ABCGI.
ABCA1 and ABCGI increase cholesterol efflux through interaction with apoA-I. In addition,
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L. acidophilus K301 seems to inhibit cholesterol biosynthesis by degrading HMGR. Thus, our
data suggest that L. acidophilus K301 has therapeutic potential as an anti-atherosclerotic agent.

Supporting Information

S1 Fig. mRNA expression profiles of three monocyte-macrophage maturation markers. (A)
THP-1 cells were differentiated for 0-48 h using 100 mM PMA. mRNA level of CD36 (solid),
CCR2 (open square), and CD11b (open triangle) are presented. (B) PMA differentiated THP-1
cells were incubated with 50 pug/ml AcLDL. Lipid accumulation was visualized by Oil Red-O
staining and microscopy. Data show means + SD (N = 3).

(TIF)

S2 Fig. LXR-related gene expression. PMA-differentiated macrophages were incubated with
1 uM TO9013 or 1x107 heat-killed L. acidophilus K301 for 16 h and then total RNA was iso-
lated. Expression of LXR-related genes was analyzed using an Affymetrix GeneChip (Affyme-
trix, Santa Clara, CA).

(TIF)

S3 Fig. Schematic overview of L. acidophilus K301-mediated cholesterol efflux. L. acidophi-
lus K301 induces SQLE and OSC gene expression, which results in the induction of 24, 25-EC
in the shunt pathway. 24, 25-EC activates LXR and LXR-related genes ABCAI and ABCGl,
while decreasing expression of LPS. L. acidophilus K301 inhibits cholesterol biosynthesis by
degrading HMGR.

(TIF)

S4 Fig. LPS-mediated TNF-a production was inhibited by L. acidophilus K301. PMA-differ-
entiated THP-1 cells and peritoneal macrophages from mouse were pre-treated with or without
L. acidophilus K301 for 18 h, and then 0.1 pug/ml LPS was re-treated for 4 h. TNF-o. expression
was examined by sandwich ELISA method (R&D Systems, MN, USA) using culture superna-
tants. The error bars in individual samples are shown as variations from triplicate assays.

(TIF)

S1 Table. Real-time PCR primers used in this study.
(DOCX)

S2 Table. Abbreviations of bacterial strains used in this study.
(DOCX)
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