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Abstract
Hyperlipidemia is one of the most important risk factors for atherosclerosis. This can be amplified
by a localized inflammatory response mediated by macrophages. Macrophages are capable of taking
up excess cholesterol, and it is well known that delivery of cholesterol to the mitochondria by
steroidogenic acute regulatory (StAR) protein is the rate-limiting step for cholesterol degradation in
the liver. It has also been shown that overexpression of StAR in hepatocytes dramatically increases
the amount of regulatory oxysterols in the nucleus, which play an important role in the maintenance
of intracellular lipid homeostasis. The goal of the present studywas to determine whether StAR plays
a similar role in macrophages. We have found that overexpression of StAR in human THP-1
monocyte-derived macrophages decreases intracellular lipid levels, activates liver X receptor alpha
(LXRα) and proliferation peroxysome activator receptor gamma (PPARγ), and increases ABCG1
and CYP27A1 expression. Furthermore, it reduces the secretion of inflammatory factors, and
prevents apoptosis. These results suggest that StAR delivers cholesterol to mitochondria where
regulatory oxysterols are generated. Regulatory oxysterols can in turn activate nuclear receptors,
which increase expression of cholesterol efflux transporters, and decrease secretion of inflammatory
factors. These effects can prevent macrophage apoptosis. These results imply a potential role of StAR
in the prevention of atherosclerosis.
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1. Introduction
Macrophages play a key role in both the initiation and progression of atherosclerosis.
Macrophages in arterial walls uptake lipoproteins, especially oxidized low-density lipoprotein
(ox-LDL), and accumulate cholesterol and other neutral lipids resulting in foam cell formation,
which is considered a critical process in the development of atherosclerosis [1,2]. The factors
regulating net accumulation or elimination of lipids from macrophages are critical in formation
of the early atherosclerotic lesion and progression to the chronic stage of atherosclerosis. To
stimulate the pathways involved in decreasing lipids in macrophages may be an effective way
to prevent atherosclerosis.

Several studies have shown that the processes of uptake and/or efflux of cholesterol from
macrophages are regulated by nuclear receptors, including liver X receptors (LXRs) and
proliferation peroxysome activator receptors (PPARs). Expression of a number of ATP-
binding cassette transporters (ABCs), such as ABCA1, ABCG1, and ABCG4 involved in lipid
efflux are regulated through activation of LXRs [3]. ABC transporters have been implicated
in macrophage reverse cholesterol transport (RCT) and atherosclerosis [4], while PPARs have
been reported to coordinate the effect of LXRs [5,6] and play an important role in inflammatory
response through interference with pro-inflammatory transcription factor pathways [7].

Oxysterols are well known as physiological ligands for LXRs [8]. 22-Hydroxycholesterol and
27-hydroxycholesterol synthesized by mitochondrial sterol 27-hydroxylase (CYP27A1) are
able to activate LXRs as endogenous ligands in cholesterol-loaded cells [9,8]. CYP27A1
activity has been reported to play a fundamental role in the maintenance of intracellular lipid
homeostasis in vitro and in vivo [10,11]. Recent studies have shown that mitochondrial
cholesterol delivery by steroidogenic acute regulatory (StAR) protein is the rate-limiting step
for CYP27A1 activity [12–14]. Overexpression of StAR can increase the activity of CYP27A1
to produce regulatory oxysterols that appear capable of regulating intracellular lipid
homeostasis [13]. More recent studies have shown that overexpression of StAR in primary
human and rat hepatocytes dramatically increases oxysterols in hepatocyte nuclei. These
oxysterols are potent regulators involved in intracellular lipid metabolism [15–17]. Our
previous work showed that StAR mRNA and protein also expressed in macrophages [18].
However, the physiological significance of StAR in maintenance of cholesterol homeostasis
in macrophages remains unknown.

In the present study, we show that overexpression of StAR decreases intracellular lipid levels
and the secretion of inflammatory factors. These results suggest that the mitochondrial
cholesterol delivery protein StAR plays an important role in lipid metabolism and the
inflammatory response in human THP-1 derived macrophages.

2. Materials and methods
All cell culture media and additives, TRIZOL reagent and SuperScript TMIII First-Strand
Synthesis System for RT-PCR were purchased from Invitrogen (Carlsbad, CA). SYBR® Green
real-time PCR Master Mix was from Toyobo Company (Osaka, JP). The primary antibodies
against StAR and β-actin were purchased from Abcam (Cambridge, MA). ABCA1 and Histone
H4 antibodies were from United States Biological (Swampscott, MA) and Cell Signaling
Technology, Inc. (Boston, MA), respectively. ABCG1, CYP27A1, PPARγ and LXRα
antibodies were purchased from SantaCruz Biotechnology, Inc. (Santa Cruz, CA). Secondary
antibodies against rabbit, goat, and mouse IgG were obtained from Kirkegaard & Perry
Laboratories (Guildford, UK). Cytokine ELISAassay and in situ apoptosis detection kits were
from R&D Systems, Inc. (Minneapolis, MN). Lipoproteins were prepared from 80 ml of blood
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from healthy donors by gradient ultracentrifugation as previously described [19]. All other
reagents were from Sigma-Aldrich Chemical Co (St. Louis, MO) unless otherwise indicated.

2.1. Cell culture and macrophage differentiation
The human THP-1 monocytes were purchased from American Type Culture Collection
(Manassas, VA). Cells were cultured in RPMI 1640 media containing 10% (v/v) fetal calf
serum, 100 U/ml of penicillin, and 100µg/ml of streptomycin, in a humidified atmosphere of
5% CO2 and 95% air at 37 °C. THP-1 cells were induced to undergo macrophages
differentiation by adding 160 nM phorbol 12-myristate 13-acetate (PMA) to the culture media
and culturing for 48 h.

To illustrate the relationship of StAR and LXRα, cells were preincubated with or without
LXRα antagonist 4,4′-diisothiocyanatostilbene-2,2′-disulfonic acid (DIDS, 100µM) [20] for
30min followed by incubation with LXRα agonists 22(R)-hydroxycholesterol (22RHC, 10µM)
or 27-hydroxycholesterol (27HC, 5µM) for various times as indicated in the text. Specific
protein levels in the cell lysates were analyzed by Western blot analysis.

2.2. Infection of cells with adenovirus encoding human StAR
After macrophages differentiation, the cells were then infected with recombinant adenovirus
encoding Adv-CMV-StAR at a multiplicity of 100 pfu/cell as previously described [21]. No
virus control (Cont) and a virus encoding enhanced green-fluorescence protein (Adv-CMV-
EGFP) were used as controls.

The recombinant adenoviruses encoding StAR were prepared as described [22]. The control
adenoviruses expressing the enhanced green fluorescence protein (EGFP) were purchased from
Vector Gene Technology Company Ltd. (Beijing, China).

2.3. Macrophage neutral lipid and total intracellular cholesterol analysis
Two hours post-infection, the media were replaced with fresh serum-free RPMI 1640 media
containing 0.1% BSA with or without 50µg/ml of ox-LDL. After another 24 h, neutral lipids
in the cells were either stained with oil-red O or extracted as previously described [23]. The
relative lipid levels were examined by light microscopy and determined by spectrophotometer
at OD518 nm after oil-red O was extracted into isopropanol. The total cellular cholesterol levels
were determined by a commercial kit (Rongsheng Biotechnology Company Ltd., Shanghai,
China) following the lipid extraction and the data was normalized by cellular total protein.

2.4. Determination of total mRNA by real-time fluorescent quantitative RT-PCR
Total RNA was extracted using the TRIZOL reagent according to the supplier’s instructions.
Specific mRNA levels were determined by real-time RT-PCR as previously described [24].
The primer sets used in these assays are shown in Supplemental Table 1.

2.5. Determination of relative protein levels
After infection or treatment, cells were harvested in radioimmune precipitation assay (RIPA)
lysis buffer, or subcellular fractions were separated and isolated by centrifugation as previously
described [25]. Thirty micrograms of solubilized total protein were loaded onto a 6% SDS-
PAGE to detect ABCG1 or ABCA1 and 10% SDS-PAGE to detect CYP27A1 and PPARγ,
using β-actin as a protein loading control. Twenty micrograms of mitochondrial protein were
loaded as above for detection of StAR, as well as 20µg nuclear protein for detection of activated
LXRα using Histone H4 (HisH4) as a protein loading control, respectively. Western blots were
performed as previously described [24].
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2.6. ELISA assay for cytokines
The THP-1 derived macrophages were infected as described above and cell culture media were
collected following addition of lipopolysaccharide (LPS, 10 ng/ml) for 16 h. Levels of
IL-1β, TNFα, and IL-6 were determined by ELISA assay according to the manufacturer’s
instructions.

2.7. Determination of apoptotic cells by terminal deoxynucleotidyl transferase mediated
dUTP nick-end labeling (TUNEL) assay

THP-1 cells were seeded on sterile coverslips in a 24-well plate at a density of 5 × 104 cells/
well, differentiated, and infected as described above. Media were replaced with fresh serum-
free media with or without 50µg/ml ox-LDL. After another 24 h, the in situ apoptotic cells
were detected by TUNEL assay according to the manufacturer’s instructions. Five random
fields per condition were photographed using a Leica, DM IL light microscopy (Wetzlar,
Germany). For quantification purposes, an area containing approximately 100 cells under 40×
magnification was selected and the positive-staining cells were counted.

2.8. Statistic analysis
Data are reported as mean ± standard deviation (S.D.) and subjected to one-way analysis of
variance (ANOVA) analysis. Statistical significance is defined as P < 0.05.

3. Results
3.1. Recombinant StAR gene was successfully overexpressed by transfection of
recombinant adenovirus

Infection of THP-1 derived macrophages with recombinant adenovirus containing a CMV-
driven gene encoding StAR produced high StAR mRNA and protein levels without inducing
any evidence of cell toxicity. Real-time RT-PCR analysis showed that infection with Adv-
CMV-StAR increased StAR mRNA levels by 130-fold in the cells (Supplemental Fig. 1A).
Western blot analysis of mitochondrial proteins showed one major immunoreactive band with
a molecular weight of 30 kDa (lower bands) and a second band with the molecular weight of
37 kDa (upper bands) after infection, which is consistent with StAR mature protein as shown
in the upper panel of Supplemental Fig. 1B. It showed that the StAR protein levels were
increased about 35-fold by infecting with Adv-CMV-StAR. A summary of the data normalized
to β-Actin is shown in the lower panel of Supplemental Fig. 1B.

3.2. Effect of StAR overexpression on intracellular lipid levels in THP-1 derived macrophages
The effect of overexpressed StAR protein on intracellular neutral lipid levels was determined
by oil-red O staining and total cell cholesterolwas determined by a commercial kit.
Overexpression of StAR significantly decreased the neutral lipids levels after adding of 50µg/
ml ox-LDL for 24 h following adenovirus Fig. 1A shows representative images for each
condition, and Fig. 1B showed the quantitative levels of extracted oil-red O. Total cholesterol
was also decreased by about 50% in StAR infected cells with ox-LDL compared to the controls
(Fig. 1C).

3.3. Effect of StAR overexpression on the gene expression involved in cholesterol
homeostasis in THP-1 derived macrophages

mRNA levels of the genes involved in cholesterol homeostasis were determined by real-time
RT-PCR after the cells were infected with the recombinant adenovirus as indicated. CYP27A1,
LXRα, PPARβ, and ABCG1 all increased by 3-fold, in the Adv-CMV-StAR transfected
macrophages (Fig. 2A), whereas mRNA levels of apoE, sterol regulatory element binding
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protein 1 and 2 (SREBP-1/2), low-density lipoprotein receptor (LDLr) and ABCA1 did not
change significantly (data not shown).

3.4. Effect of StAR overexpression on CYP27A1, ABCG1, PPARγ and LXRα protein levels in
THP-1 derived macrophages

The protein levels of CYP27A1, ABCG1, PPARγ and LXRα after StAR overexpression in
THP-1 derived macrophages were detected by Western blot analysis as shown in Fig. 2B and
C. Consistently, CYP27A1, ABCG1, PPARγ and LXRα proteins were increased by 2.8-, 2.5-,
2.2-, and 1.8-fold, respectively, in the Adv-CMV-StAR transfected macrophages. The
expression of ABCA1 protein did not change significantly (data not shown).

To pursue the association between StAR and LXRα, the THP-1 derived macrophages were
preincubated with or without LXRα antagonist DIDS for 30min followed by incubation with
10µM 22RHC for various times as indicated in Fig. 3a. The protein levels of ABCG1, StAR,
and LXRα were detected by Western blot analysis after incubation with 22RHC. As shown in
Fig. 3, the expression of ABCG1 (Fig. 3a(A)) and LXRα (Fig. 3a(B)) proteins were respectively
increased by 6- and 3-fold after incubating with 22RHC. These increases could be blocked by
preincubation with DIDS. On the other hand, the expression of StAR protein could also be
increased by 22RHC but could not be blocked by preincubation with DIDS (Fig. 3a(C)). To
confirm this result, a different physiological agonist of LXRα, 27-hydroxycholesterol (27HC,
5µM) was used for comparable studies. As shown in Fig. 3b, the results are similar to those
with 22RHC.

3.5. Effect of StAR overexpression on the levels of cytokines secreted from THP-1 derived
macrophages

The levels of secreted IL-1β, TNFα, and IL-6 induced by LPS in the cultured media were
determined by ELISA following StAR overexpression in the macrophages. As shown in Fig.
4, overexpression of the gene encoding StAR protein significantly decreased the levels of
IL-1β and TNFα secreted from the macrophages while the levels of IL-6 did not change
significantly after 48 h following the StAR transfection.

3.6. Effect of StAR overexpression on the apoptosis in THP-1 derived macrophages induced
by serum-free media or ox-LDL

The in situ apoptosis were detected by TUNEL and the pictures were taken under microscope
as shown in Fig. 5A and the positive-staining cell numbers are shown in Fig. 5B. The cells
infected with adenovirus encoding StAR showed decreased susceptibility to apoptosis induced
by serum-free media or ox-LDL.

4. Discussion
Hyperlipidemia is one of the most important risk factors for atherosclerosis, in which
macrophages are important cells that can uptake extra cholesterol and enhance the local
inflammatory response, which promotes the progression of atherosclerosis [26]. In the current
study, we overexpressed StAR in THP-1 derived macrophages by recombinant adenovirus
infection. After successful infection, intracellular neutral lipid levels in the macrophages were
significantly decreased and total cholesterol was reduced about 50%. Concomitantly, secretion
of pro-inflammatory cytokines and the number of apoptotic cells were significantly reduced.

To better understand the signal transduction events induced by StAR overexpression in
macrophages, we determined the expression of genes involved in cholesterol homeostasis by
real-time RT-PCR. We found that the expression of ABCG1 and CYP27A1 mRNA were
increased by 2.2- and 2.7-fold, respectively, but ABCA1 expression did not change
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significantly, suggesting that ABCG1 and ABCA1 may be regulated by a different mechanism
[27–29]. The details of said mechanism are unclear at present time. We also found that the
mRNA and protein levels of two nuclear receptors PPARγ and LXRα were also increased
significantly. This suggests that overexpression of StAR may decrease intracellular lipid levels
by activating these nuclear receptors. The possible reason is that overexpression of StAR
delivered cholesterol to mitochondria where regulatory oxysterols were synthesized. The
regulatory oxysterols in turn activated the nuclear receptors, which then increase the expression
of cholesterol efflux transporters and effectively decrease intracellular lipid levels. Previous
works have reported that overexpression of StAR could increase cholesterol oxygenation
resulting in synthesis of regulatory oxysterols in hepatocytes, which plays an important role
in lipid metabolism [16]. These results support our hypothesis that the regulatory oxysterols
can regulate expression of key enzymes involved in lipid metabolism and subsequently
decrease intracellular lipid levels [17]. More work is needed to elucidate the mechanism.

Accumulation of cholesterol and other neutral lipids resulting in foam cell formation is
considered to be a critical process in the development of atherosclerosis. Progressive lipid
accumulation leads to increases in the secretion of pro-inflammatory cytokines and the
infiltration of inflammatory cells. The present study shows that the decreases in secretion of
inflammatory factors by overexpression of StAR may be the result of increased PPARγ levels
[30,31], and that activation of nuclear receptors by regulatory oxysterols decreases the secretion
of inflammatory factors, which can prevent macrophages from apoptosis. Our results implied
a potential role of StAR in the prevention of atherosclerosis.

To confirm our hypothesis that mitochondrial-derived oxysterols play an important role in
activation of the nuclear receptors, we studied the effects of oxysterols on LXRα activation.
These results showed that addition of 22RHC and 27HC increases LXRα activation and the
expression of some of its known target genes, which can be blocked by an antagonist of
LXRα.

In summary, overexpression of StAR in THP-1 derived macrophages can reduce the
intracellular lipid levels by increasing the expression of cholesterol transporters and reduce
inflammatory response by decreasing pro-inflammatory cytokines secretion, blocking
macrophages from apoptosis. Further studies are in progress to elucidate the mechanism behind
the role of this mitochondrial cholesterol delivery protein in the prevention of atherosclerosis.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Fig. 1.
Effect of StAR overexpression on intracellular neutral lipids in THP-1 derived macrophages.
THP-1 derived macrophages were incubated with or without 50µg/ml ox-LDL for 24 h after
48 h following adenovirus infection, and the levels of intracellular neutral lipids were
determined by oil-red O staining followed by spectrometric quantification as shown in Panels
A and B. Panel A represents typical results of three separate experiments and Panel B shows
the quantification of oil-red O staining. The total cellular cholesterol levels were determined
after the lipids extracted as described in Section 2 and as shown in Panel C. Cont represents
the cells were infected with null virus as control; EGFP, with recombinant adenovirus encoding
CMV-EGFP as a negative gene control; StAR, with adenovirus encoding CMV-StAR; (#)
represents P < 0.05 vs. Adv-CMV-EGFP. None represents cells incubated in serum-free media
without ox-LDL; ox-LDL, with 50µg/ml ox-LDL in serum-free media.
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Fig. 2.
Effects of StAR overexpression on gene expression involved in lipid homeostasis. The cells
were harvested after 48 h of adenovirus infection to isolate total RNA or proteins. Panel A:
mRNA levels following StAR overexpression were determined by real-time Quantitative PCR.
The data are normalized to the internal control GAPDH mRNA and are represented as the mean
of results from three independent experiments ± S.D. Panel B: ABCG1, CYP27A1 and
PPARγ protein expression were analyzed by Western blot using total cell lysates. β-Actin was
used as the protein loading control. Panel C: LXRα protein expression was analyzed by Western
blot of nuclear proteins extracts. Histone H4 (HisH4) was used as the protein loading control.
(#) Represents P < 0.05 vs. Adv-CMV-EGFP.

Ning et al. Page 10

Atherosclerosis. Author manuscript; available in PMC 2009 October 14.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Fig. 3.
(a) Effects of LXR agonist and antagonist on ABCG1, LXRα and StAR proteins expression.
The macrophages were preincubated with DMSO (without DIDS) (upper panels) or with
100µM DIDS (lower panels) for 30min and followed by incubation with 10µM 22RHC for
various times as indicated. Total cell lysates were extracted for determination of ABCG1
protein levels (A), nuclear fractions for LXRα protein levels (B) and mitochondrial fractions
for StAR protein levels (C) by Western blot analysis. Summaries of three experiments were
shown in the bottom panels. The data are shown as the mean of three independent experiments
± S.D. (#) Represents P < 0.05 vs. 0 h. (b) Effects of LXR agonist and antagonist on ABCG1,
LXRα and StAR proteins expression. The macrophages were preincubated with DMSO
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(without DIDS) (upper panels) or with 100µM DIDS (lower panels) for 30min and followed
by incubation with 5µM 27HC for various times as indicated. Total cell lysates were extracted
for determination of ABCG1 protein levels (A), nuclear fractions for LXRα protein levels (B)
and mitochondrial fractions for StAR protein levels (C) by Western blot analysis. Summaries
of three experiments were shown in the bottom panels. The data are shown as the mean of three
independent experiments ± S.D. (#) Represents P < 0.05 vs. 0 h.
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Fig. 4.
Effects of StAR overexpression on the cytokines secretion. The cells were incubated with LPS
(10 ng/ml) for 16 h after 48 h following adenovirus infection. The cell culture supernatant was
collected and the levels of cytokines such as IL-1β, TNFα, and IL-6 were determined by ELISA
analysis. (#) Represents P < 0.05 vs. Adv-CMV-EGFP.
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Fig. 5.
Effects of StAR overexpression on macrophage apoptosis. Cells were cultured in fresh serum-
free media with or without 50µg/ml ox-LDL for another 24 h after 48 h following adenovirus
infection. Panel A: Representative images of apoptotic cells with nuclei stained brown. Panel
B: The positive-staining cell numbers were counted per 100 total cells. The experiment was
repeated three times with similar results and the data are shown as mean ± S.D. None represents
cells were incubated in serum-free media without ox-LDL; ox-LDL, with 50µg/ml ox-LDL in
serum-free media. (#) Represents P < 0.05 vs. Adv-CMV-EGFP.
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