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Abstract
Adiponectin is one of several, important metabolically active cytokines secreted from adipocytes.
Low circulating levels of this adipokine have been associated epidemiologically with obesity, insulin
resistance, type II diabetes, and cardiovascular disease. To determine if adiponectin can modulate
lipid metabolism in macrophages, we expressed the adiponectin gene in human THP-1 macrophage
foam cells using a lentiviral vector expression system and demonstrated that macrophages transduced
with the adiponectin gene had decreased lipid accumulation compared with control macrophages
transduced with the LacZ gene. Macrophages transduced with the adiponectin gene also exhibited
decreased oxidized low-density lipoprotein (oxLDL) uptake and increased HDL-mediated
cholesterol efflux.

Additional studies suggest two potential mechanisms for the reduced lipid accumulation in these
adiponectin-transduced macrophage foam cells. The first mechanism involves the PPARγ and LXR
signaling pathways which up-regulate the expression of ABCA1 and promote lipid efflux from these
cells. The second mechanism involves decreased lipid uptake and increased lipid hydrolysis which
may result from decreased SR-AI and increased SR-BI and HSL gene activities in the transformed
macrophage foam cells. We demonstrated also that the expression of two proatherogenic cytokines,
MCP-1 and TNFα, were decreased in the adiponectin transduced macrophage foam cells.

These results suggest that adiponectin may modulate multiple pathways of lipid metabolism in
macrophages. Our studies provide new insights into potential mechanisms of adiponectin-mediated
alterations in lipid metabolism and macrophage foam cell formation which may impact the
development of atherosclerosis.
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1. Introduction
Atherosclerosis is a chronic inflammatory disease as well as a disorder of lipid metabolism
[1]. The complex physiopathologic process is initiated by the formation of cholesterol-rich
lesions in the arterial wall. The accumulation of cholesterol-rich lipoproteins in the artery wall
results in the recruitment of circulating monocytes, their adhesion to the endothelium, and their
differentiation into tissue macrophages. Macrophages play a crucial role in this process because
they accumulate large amounts of lipid to form the foam cells that initiate the formation of the
lesion and participate actively in the development of the atherosclerotic lesion. Since the
transformation of macrophages to foam cells is a critical component of atherosclerotic lesion
formation [2], the prevention or reversal of cholesterol accumulation and/or the production of
inflammatory mediators in macrophage foam cells could result in protection from multiple
pathological effects of atherosclerosis and abnormal lipid metabolism. A well-characterized
cell model system to study this critical transformation of macrophages to foam cells is the
human THP-1 monocytic cell line [3]. These THP-1 monocytic cells can be induced to
differentiate into macrophages following treatment with phorbol myristate acetate (PMA) and
the resulting macrophages can then be induced to form foam cells following treatment with
modified LDL [4].

Adiponectin (also known as apM1, AdipoQ, Gbp28 and Acrp30), an adipocytokine exclusively
expressed and secreted by adipocytes and circulating in plasma in a high concentration, has
been shown to inhibit macrophage foam cell formation by down-regulating scavenger receptor
A (SR-A) expression and acyl-coenzyme A: cholesterol-acyltransferase 1 (ACAT1) expression
[5,6]. It has also been reported that adiponectin may inhibit both the inflammatory process and
atherogenesis by suppressing the migration of monocytes/macrophages and their
transformation into macrophage foam cells in the vascular wall [5,7]. These results suggest
that adiponectin may play an inhibitory role in foam cell formation from human monocyte-
derived macrophages. Thus, the low adiponectin levels associated with elevated plasma levels
of atherogenic triglyceride-rich lipoproteins and their lipolytic remnants may contribute to
foam cell formation.

Experiments conducted in vitro using cell cultures have also shown that adiponectin suppresses
the expression of endothelial adhesion molecules such as intercellular adhesion molecule-1
(ICAM-1), vascular cell adhesion molecule-1 (VCAM-1), and E-selectin [8], and the
proliferation of vascular smooth muscle cells [9]. In addition, there is increasing evidence in
vivo to demonstrate that incidence of cardiovascular death is higher in patients with low plasma
adiponectin levels compared with those with high plasma levels [10] and that hypertrophic
signals in the heart can be mediated by adiponectin [11]. Thus, dysfunction of adiponectin is
linked to atherosclerosis and the vascular complications of diabetes [12,13]. Some insights
have also been gained through work with transgenic and knockout mouse models. Recently,
it has been reported that overexpression of the adiponectin gene protected apoE-deficient mice
from atherosclerosis by reducing lesion formation in the aortic sinus by 30% [14]. All these
investigations point to the anti-inflammatory and anti-atherogenic role of adiponectin during
atherosclerosis.

In this paper, we provide evidence that adiponectin inhibits macrophage foam cell formation
by increasing high density lipoprotein (HDL)-mediated cholesterol efflux from the
macrophage foam cells through the PPARγ/LXR/ABCA1 signaling pathways. We also
demonstrate that adiponectin gene expression in macrophage foam cells significantly decreases
cholesterol and triglyceride accumulation in these cells. Adiponectin gene expression effects
these changes in macrophage lipid metabolism both by reducing lipid uptake and also by
enhancing HDL-mediated cholesterol efflux from these cells. These data suggest that
adiponectin may play a critical atheroprotective role by altering macrophage lipid metabolism
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and by promoting cholesterol efflux via critical lipid metabolic signaling pathways and genes
for prevention of macrophage foam cell formation.

2. Methods
2.1. Experimental materials

Human monocytic leukemia THP-1 cells were purchased from the American Type Culture
Collection (ATCC, Manassas, VA). Tissue culture media were purchased from Life
Technologies (Gaithersburg, MD). Phorbol myristate acetate (PMA) was purchased from the
Sigma Chemical Company (St. Louis, MO). Horseradish peroxidase (HRP)-conjugated
antibodies to the V5 epitope were purchased from Invitrogen (Carlsbad, CA). PPARγ, SR-AI
and SR-BI specific antibodies were purchased from Santa Cruz Biotechnology (Santa Cruz,
CA); LXRα and ABCA1 specific antibodies from Abcam (Cambridge, MA); MCP-1 and
TNFα specific antibodies from R&D Systems (Minneapolis, MN). Unless otherwise specified,
all other reagents were purchased from the Sigma Chemical Company.

2.2. Cell culture
Human monocytic leukemia THP-1 cells were cultured in RPMI 1640 medium supplemented
with 10% fetal calf serum (Tissue Culture Biologicals, Tulare, CA), penicillin (100 U/ml) and
streptomycin (100 mg/ml) at 37 °C in 5% CO2. THP-1 monocytes were treated with 100 nM
PMA for 24 hours to facilitate monocytes differentiating into macrophages. After PMA
treatment, the adherent macrophages were washed three times with phosphate-buffered saline
(PBS) and incubated with cell culture medium for 24 hours at 37°C until addition of oxLDL
for another 24 hours to transform these macrophages into foam cells. All reagents were added
to the culture medium in a minimal volume (<0.1 %) of dimethyl sulfoxide (DMSO) or ethanol,
and, in each case the carrier was shown to not affect the measured parameters. For each
experiment, a minimum of three independent experiments with the triplicate samples (each
sample with 3 × 106 cells/ 60 × 15 mm dish) was performed.

2.3. LDL isolation and modification
Human peripheral blood from healthy volunteers was collected in 10 mM
ethylenediaminetetraacetic acid (EDTA). Native LDL (1.019<d<1.063 g/ml) and HDL
(1.063<d<1.21 g/ml) were isolated from the plasma by sequential ultracentrifugation at 60,000
rpm for 24 hours at 10°C in a 60Ti rotor (Beckman Coulter, Inc., Palo Alto, CA). Native LDL
was washed and concentrated by ultracentrifugation at 40,000 rpm for 24 hours and HDL for
40 hours at 10°C in an SW41 rotor (Beckman). The washed and concentrated LDL and HDL
were dialyzed against saline (0.15 M NaCl and 300 μM EDTA, pH 7.4) at 4°C for 36 hours.
LDL modified by oxidation (oxLDL) was prepared by incubation of LDL (2 mg of LDL
protein/ml) with 40 mM CuCl2 in PBS for 24 hours at 37°C followed by the addition of 300
μM EDTA, and dialysis against saline at 4°C for 36 hours. The degree of LDL oxidation was
determined by measurements of conjugated dienes [15] and fluorescent compounds [16]. The
formation of conjugated dienes and fluorescent compounds, as surrogates for oxidation of lipid
and protein moieties, in oxLDL was 5.8- and 15-fold of those in native LDL, respectively.
Protein concentrations were determined using a modification of the Lowry protein assay with
bovine serum albumin used as a standard [17].

2.4. Recombinant lentiviruses and lentiviral transduced cell lines
Fusion cDNAs containing the full length human adiponectin coding sequence and a V5 epitope
tag were cloned into a ViraPower-CMV vector (Invitrogen). The recombinant adiponectin and
control LacZ lentiviral plasmids were transfected into HEK293 cells to generate the
lentiviruses. Western blot and X-gal staining were performed to confirm that the HEK293 cell
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transfections were successful and infectious virus particles were produced after 72 hours. To
establish stable THP-1 cell lines which express adiponectin or LacZ genes, recombinant
adiponectin or LacZ lentiviral stocks were used to infect THP-1 cells with Polybrene (Specialty
Media, Phillipsburg, New Jersey) at a final concentration of 6 μg/ml. Forty-eight hours post-
transduction, these cells were placed under blasticidin selection (10 μg/ml) for 20 days. Western
blot analyses were performed using antibody against the V5 epitope tag to test for stable
adiponectin or LacZ gene expression after antibiotic selection of these cell lines. From selected
each four cell lines for adiponectin or LacZ gene expression, we used each two clones that
have the similar gene expression levels to perform the experiments.

2.5. Oil Red O staining and cholesterol and triglyceride measurements of human THP-1
macrophage foam cells

Lipid contents in macrophage foam cells were stained with Oil Red O essentially as described
previously [18]. The macrophage foam cells were fixed in 10% formalin for 90 minutes. After
washing thoroughly with distilled water, these cells were incubated with a working solution
of Oil Red O for 3 hours [18]. The staining of lipid droplets in foam cells was quantified using
phase contrast microscope and Image-Pro Plus software from Media Cybernetics (Carlsbad,
CA).

The contents of cholesterol and triglyceride in macrophage cells were measured quantitatively
by enzymatic colorimetric assays with the kits from Wako (Richmond, VA) according to the
manufacturer's protocols. Briefly, 20 μl of each sample (cell lysate), standard (cholesterol 200
mg/dL) and blank (distilled water) were added into the pre-labeled tubes and added with 2 ml
of color reagent (containing cholesterol oxidase, cholesterol ester hydrolase, peroxidase, 4-
aminoantipyrine, ascorbate oxidase and DAOS); then these reactions were mixed well and
incubated at 37°C for 5 minutes. Finally, the measurements of the absorbance of the samples
and standard against the blank were performed at 600 nm. The total cholesterol concentrations
corresponding to the absorbance of samples were calculated from the standard calibration
curve. The contents of triglyceride in macrophage cells were measured quantitatively with a
similar assay process but with a different sample volume (3 μl), triglyceride standard and
Enzyme color A (260 μl) and Enzyme color B (130 μl) solutions provided by the manufacturer
(Wako). The concentrations of cellular proteins from these cells were measured with a protein
assay kit from Bio-Rad (Hercules, CA).

2.6. OxLDL uptake and HDL-mediated cholesterol efflux analysis
OxLDL containing radiolabeled cholesterol (3H-cholesterol, MP Biomedicals, Solon, OH,
specific radioactivity, 47 Ci/mmol) was prepared by slowly adding 3H-cholesterol (about 0.01
μCi) in ethanol (2-4 μl) to 5% albumin PBS buffer while stirring. The albumin-3H-cholesterol
mixtures were then incubated with oxLDL at 37°C for about 4 hours to permit the diffusion
of 3H-cholesterol from the albumin into the oxLDL. The 3H-cholesterol-oxLDL mixtures were
then separated from albumin by ultracentrifugation as described above for preparation of LDL.
The 3H-cholesterol-oxLDL preparation was then passed through a Sephadex G-25 desalting
column to remove potassium bromide. Finally, the desalted 3H-cholesterol-oxLDL preparation
was passed through a 0.2 micron filter for sterilization before use in cell culture experiments.

3H-oxLDL uptake and HDL-mediated cholesterol efflux were measured both in cell culture
media and macrophage cells which had been preincubated with 3H-oxLDL (100 μg/ml) in the
culture medium for 24 hours at 37°C. HDL-mediated cholesterol efflux analyses were
performed by removing the media containing 3H-oxLDL and replacing it with fresh media
containing non-radiolabeled HDL (10 μg/ml) for an additional 4 hours. After the incubation,
cells were washed twice with culture medium containing 1% BSA, then washed three times
with extended rinses of cells with PBS buffer containing albumin, and harvested with cell lysis
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buffer (1 × PBS, 1% Nonidet P-40, 0.5% sodium deoxycholate, 0.1% SDS) containing freshly
added protease inhibitor cocktail (Sigma). Cell total protein was determined [17] and cell-
associated radioactivity was measured in media and cell extracts by scintillation counting.

2.7. Western blot analysis
Lentiviral transduced and control macrophage foam cells were harvested from the culture plates
with cell lysis buffer containing freshly added protease inhibitor cocktail (Sigma). Cell lysate
proteins (25μg protein) were separated by SDS-polyacrylamide gel electrophoresis and then
electrophoretically transferred onto nitrocellulose membranes and incubated overnight at 4°C
with blocking solution (5% nonfat milk in TBS). The blocked membranes were separately
incubated with the specific antibodies (1:5000 dilutions with 1% nonfat milk in TBS) for 1
hour at room temperature, and washed three times with TBS buffer containing 0.1% Tween
20 for 15 minutes at room temperature with shaking. The secondary antibody conjugated to
horseradish peroxidase (HRP) (Santa Cruz Biotechnology) against to the primary antibody was
added, incubated, and washed as described steps above for the first antibody. Immunodetection
analyses were accomplished using the Enhance Chemiluminescence Kit (New England
Nuclear Life Science Products, Boston, MA).

2.8. Isolation of adiponectin multimers
Human serum was obtained from the American Red Cross in Birmingham, Alabama. Serum
density was increased to d = 1.21g/ml using solid potassium bromide and all the lipoprotein
fractions in serum were removed by ultracentrifugation of the serum (40 hours, 4°C,
50,000rpm, 50.2Ti) to form lipoprotein deficient serum (LPDS). The LPDS was exhaustively
dialyzed against Column Running Buffer (0.1M Tris, 150mM NaCl, 0.001M NaN3, pH 8.0)
and sample containing approximately 1 mg total adiponectin was applied to a chromatography
column (AcA22, 2.6X200 cm) from Pall Corp (East Hills, NY) equilibrated in the same buffer.
Protein eluting from the column was monitored continuously by quantitating the absorbance
at 280nm (OD280). Adiponectin protein was quantitated in each fraction eluted from the
column using ELISA (R&D Systems, Inc., Minneapolis, MN). Adiponectin concentration in
each fraction is reported as micrograms per milliter. The distribution of adiponectin multimers
in each fraction was investigated using polyacrylamide gel electrophoresis as described
previously [19]. Column fractions containing predominantly the high molecular form of
adiponectin (HMW) were pooled separate from those containing predominantly the low
molecular weight form (LMW).

2.9. Statistics
Experimental results are reported as the Mean ± SE. Statistical analyses were conducted using
the unpaired Students' T–test assuming unequal variance unless otherwise indicated.
Significance was defined as the p< 0.05.

3. Results
3.1. Generation of recombinant lentiviruses and expression of adiponectin in human THP-1
macrophage foam cells

To investigate the function and regulation of the adiponectin gene in macrophage foam cells,
we first demonstrated that the expression of the adiponectin or LacZ genes in macrophage foam
cells was stable after the antibiotic selection, PMA- and oxLDL–treatment of the THP-1
macrophages by Western blot analyses to investigate expression of adiponectin protein (Figure
1). We detected adiponectin protein both in cell lysates and in culture media indicating that we
stably expressed adiponectin in macrophage foam cells and that the expressed adiponectin is
secreted into cell culture medium.
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3.2. Adiponectin decreases cholesterol and triglyceride accumulation in human THP-1
macrophage foam cells

To investigate the function of adiponectin in macrophage foam cells, we cultured adiponectin
or LacZ transduced THP-1 cells that had been treated initially with PMA for 24 hours to
differentiate THP-1 cells into macrophages and then for an additional 24 hours with ox-LDL
to transform the macrophages into foam cells. We then stained these lipid laden macrophage
foam cells with Oil Red O and analyzed the staining intensity to quantify the lipid droplets
inside these cells (Figure 2A) or harvested the cells to determine cellular cholesterol and
triglyceride contents (Figure 2B and C). These analyses demonstrated that macrophage foam
cells expressing the adiponectin gene had less Oil Red O staining (31%, p<0.05) than the control
macrophage foam cells (stained lipid accumulation) when analyzed using quantitative image
analysis software. We also determined the intracellular accumulation of cholesterol and
triglyceride in the adiponectin or LacZ transduced macrophage foam cells to confirm the
apparent decrease in lipid accumulation suggested by the quantitative histological analyses.
Cholesterol accumulation was reduced 30-40% (p<0.05) in macrophage foam cells transduced
with the adiponectin gene compared to control cells transduced with the LacZ gene (Figure
2B). The expression of adiponectin in macrophage foam cells also led to a significant 40-50
% (p<0.05) decrease in triglyceride accumulation when compared with levels in control cells
(Figure 2C).

These results demonstrate that expression of adiponectin in human THP-1 macrophage foam
cells can significantly decrease cholesterol and triglyceride accumulation in these cells. In
addition, when conditioned medium from the adiponectin transduced cell cultures was added
to the control LacZ cell cultures, a similar decrease in cholesterol and triglyceride mass
accumulation was also observed (data not shown).

3.3. Reduced oxLDL uptake and increased HDL-mediated cholesterol efflux in the
adiponectin transduced human THP-1 macrophage foam cells

Adiponectin may decrease cholesterol and triglyceride accumulation in human THP-1
macrophage foam cells by reducing lipid uptake or by facilitating cholesterol efflux. To
investigate these potential mechanisms whereby adiponectin reduced cholesterol and
triglyceride accumulation in THP-1 macrophage foam cells, we examined the uptake of 3H-
cholesterol labeled oxLDL in both LacZ and adiponectin transduced foam cells.

The accumulation of 3H-cholesterol in human THP-1 macrophage foam cells transduced with
adiponectin gene was significantly reduced (p<0.01) compared to that in control macrophage
foam cells transduced with control LacZ gene (Figure 3A). These results were accompanied
by a significantly (p<0.05) higher level of 3H-cholesterol remaining in the media from
adiponectin transduced macrophage foam cells when compared to control cells (Figure 3B).
These data suggest that adiponectin in macrophage foam cells facilitates reduced oxLDL
uptake by these cells.

We also determined if adiponectin altered the HDL-mediated cholesterol efflux in foam cells
transfected with the adiponectin gene. Transduced human THP-1 macrophage foam cells were
preincubated with 3H-labeled oxLDL for 24 hours, the cultures were washed, and fresh media
containing 10 μg/ml of HDL (which acts as acceptor for lipid efflux) was added for an
additional 4 hours. We quantitated the levels of 3H-radioactivity in these macrophage foam
cell pellets (Figure 3C) and in the culture media (Figure 3D) normalized the results (Figure 3A
and B) with radioactivity levels before HDL added to the cell culture media. The results of
these experiments were similar to the data described in the Figure 3A and B, an increase
of 3H-cholesterol from oxLDL has been observed in the cell culture media of adiponectin
transduced macrophage foam cells, and a decrease of 3H-cholesterol of oxLDL detected in the
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cell pellets of adiponectin transduced macrophage foam cells when compared to the controls.
When we used adiponectin conditioned medium to control LacZ macrophage foam cell cultures
for HDL-mediated cholesterol efflux experiments (10 μg/ml of HDL for 4 hours), we observed
a similar result as described above (Figure 3E and 3F). These results demonstrate that
adiponectin expressed in human THP-1 macrophage foam cells can modulate the lipid
accumulation in these cells through decreased uptake of oxLDL and increased HDL-mediated
cholesterol efflux from the cells.

3.4. Expression of proteins affected by adiponectin in human THP-1 macrophage foam cells
Since uptake of oxLDL into macrophage foam cells is reportedly regulated by PPARγ ligands,
we further examined if the expression of the PPARγ gene was altered in these lentiviral
transduced human TPH-1 macrophage foam cells. Our data showed that the protein levels of
PPARγ were upregulated in adiponectin transduced macrophage foam cells when compared
to the control LacZ transduced macrophage foam cells (Figure 4, UP-Panel). Previous reports
suggest that transcription of ABCA1 gene, a member of the ATP binding cassette (ABC) family
of energy-dependent transporter proteins, is regulated by nuclear oxysterol receptor, LXR
[20,21] and that the PPARγ and LXR ligands can also cooperate to induce expression of
ABCA1, and therefore, promote cholesterol efflux from human THP-1 cell lines and
macrophages derived from mouse embryonic stem cells [22]. Based on these investigations,
we performed Western blot analyses to examine whether expression of LXR and ABCA1
proteins would be also affected in these transduced macrophage foam cells. As shown in Figure
4, the expression of both LXR and ABCA1 proteins was up-regulated in adiponectin transduced
macrophage foam cells when compared to those of control LacZ transduced macrophage foam
cells.

As shown in Figure 4, we also detected a down-regulation of scavenger receptor type AI (SR-
AI) in adiponectin-transduced macrophage foam cells when compared with levels in control
LacZ transduced macrophage foam cells. This observation is consistent with the role of this
scavenger receptor in oxidized lipid uptake in macrophage cells. Conversely, the scavenger
receptor BI (SR-BI), which promotes HDL-mediated cholesterol efflux, and the hormone
sensitive lipase (HSL), which helps to hydrolyze triglycerides in macrophage foam cells, both
were significantly (p<0.01) upregulated in adiponectin-transduced macrophage foam cells.
Proatherogenic cytokines are well known to exert effects on the transformation of macrophage
into foam cells; therefore, we next examined the impact of adiponectin on MCP-1 and TNFα
release from macrophages. The expression of adiponectin in these transformed macrophages
led to reduced production of MCP-1 and TNFα proteins in cell culture media when compared
to those from the controls (Figure 4, DOWN-Panels). Thus, the expression and secretion of
adiponectin in macrophage foam cells resulted in the regulation of multiple important
regulatory components in lipid metabolic signaling pathways, lipid metabolism related genes,
and proatherogenic cytokines for facilitating oxLDL uptake decrease and lipid efflux increase.
In concert, these changes in macrophage metabolism all serve to reduce macrophage foam cell
formation.

3.5. Isolation adiponectin multimers and their effects on macrophage foam cell lipid
metabolism

Since direct expression of adiponectin or increased adiponectin concentration in conditioned
medium both can influence lipid accumulation in THP-1 macrophages, we determined the
effects of the different multimers of adiponectin, e.g. low molecular weight (LMW) and high
molecular weight (HMW) of adiponectin, on lipid metabolism in macrophage foam cells. The
low molecular weight form of adiponectin was separated from higher weight forms using size
exclusion chromatography. A representative column elution profile showed in Figure 5A. The
concentration of adiponectin in each fraction was determined using ELISA (data not shown).
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Total adiponectin applied to the column was well resolved into two distinct peaks with the
majority of contaminating plasma proteins (OD 280) eluting after the second adiponectin peak.
The distribution of adiponectin multimers in serum was similar to that in lipoprotein deficient
serum (LPDS) indicating that the purification and concentration of adiponectin by
ultracentrifugation did not alter adiponectin multimer distribution.

We then determined the effects of LMW compared to HMW adiponectin on macrophage foam
cell cholesterol metabolism by determining cholesterol accumulation in macrophage foam cells
incubated 24 hours with oxLDL (100μg/ml) without adiponectin added to the medium
(CONTROL) or with LMW adiponectin (15μg/ml) or HMW adiponectin (15μg/ml). As shown
in Figure 5B, cholesterol accumulation in THP-1 foam cells incubated with HMW adiponectin
was significantly (p<0.05) reduced compared to cells incubated with LMW adiponectin or to
control incubations without adiponectin added to the media. Thus, adiponectin multimers
differentially inhibit macrophage foam cell formation with HMW having the most potent
activity. The HMW adiponectin will be probably more atheroprotective in the development of
atherosclerosis by inhibiting cholesterol accumulation in the macrophage foam cells.

4. Discussions
Adiponectin is exclusively expressed and secreted from adipocytes and adiponectin expression
has not been previously detected in macrophage cells. To investigate the mechanisms of
adiponectin-mediated alterations of lipid metabolism in macrophage foam cells, we expressed
the gene coding for human adiponectin in macrophage foam cells by using a lentiviral vector.
Furthermore, we demonstrated that, endogenous adiponectin produced by macrophages exerts
similar alterations in lipid metabolism in human THP-1 macrophage foam cells as exogenous
(adipocyte-derived) adiponectin.

Our studies have shown that expression of adiponectin in macrophage foam cells can
significantly decrease triglyceride and cholesterol accumulation in these cells by reducing
oxLDL uptake into the cells while enhancing HDL-mediated cholesterol efflux. These results
suggest that adiponectin plays an important role in lipid metabolism and cholesterol efflux by
modulating lipid metabolic signaling pathways for preventing macrophage foam cell
formation.

The conversion of macrophages embedded in the intima of arterial walls to cholesterol-laden
foam cells is a critical step in the progression of atherosclerosis and this process involves
probably not only the internalization of oxLDL particles by scavenger receptor-A, but also
PPARγ signaling pathway as recently implicated in this process [23]. PPARγ is expressed at
high levels in macrophages, including the foam cells of athermanous lesions [23,24], and
treatment of LDL receptor–deficient mice, a standard model of atherosclerosis, with PPARγ
ligands led to the prevention of atherosclerotic lesion formation in these animals [25]. On the
other hand, cholesterol efflux from macrophages is reportedly regulated by ABCA1, a member
of the ATP binding cassette (ABC) family of energy-dependent transporter proteins, and
transcription of the ABCA1 gene is regulated by the nuclear oxysterol receptor, LXR [20,
21]; and PPARγ and LXR ligands probably cooperate to induce expression of ABCA1 and
thus promote cholesterol efflux from human THP-1 cell lines and macrophages derived from
mouse embryonic stem cells [22]. In our studies, both the PPARγ and LXRα protein levels
were up-regulated in the adiponectin-transduced macrophage foam cells. The probable
mechanism for this joint molecular cooperation appears to be the LXRα gene, a direct target
of the PPARγ/RXR heterodimer [22]. Activation of PPARγ results in increased LXRα
expression which in turn leads to increased ABCA1 expression and cholesterol efflux as we
have observed in our results. Thus, joint PPARγ/LXR/ABCA1 signaling pathways appear to
reduce uptake of oxLDL from macrophage foam cells coupled with increased efflux of free
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cholesterol which can bind to HDL. During this process, decreased SR-AI and increased SR-
BI and HSL may also contribute to reduction of lipid accumulation in adiponectin transduced
macrophage foam cells. Since macrophage cells usually do not have high level of SR-BI
expression, a higher SR-BI expression is observed in adiponectin transduced cells (compared
to lacZ cells) as these cells accumulate less cholesterol; a higher SR-BI expression could
probably explain a higher cholesterol efflux to HDL based on the fact that the expression of
this receptor, that is involved in cholesterol efflux to mature HDL, is highly correlated to the
cholesterol cellular content. Here, adiponectin transduced macrophage cells finely regulate SR-
BI expression on the basis of their intracellular cholesterol content.

A broader role for PPARγ activation in the regulation of monocyte/macrophage biology and
in inflammation has been also suggested by studies showing that treatment of monocytes or
macrophages with PPARγ agonists, including 15d-PGJ2 and glitazones, result in reduced
expression of proinflammatory cytokines such as TNFα and interleukin 6 (IL-6) and thus,
inhibit macrophage activation [26,27]. We also demonstrate decreased TNFα and MCP-1
(which are two proatherogenic cytokines) levels in adiponectin-transduced macrophage foam
cells which may further reduce the impact of macrophage foam cell formation.

The molecular basis of the cellular action of adiponectin became more evident with the recent
identification of two trans-membrane proteins, adiponectin receptor 1 (AdipoR1) and 2
(AdipoR2), which serve as receptors for adiponectin [28]. Recently, these two adiponectin
receptors have been also found to be expressed in human macrophages [29]. In addition, the
expression of these receptors in macrophages is regulated by agonists of the PPARs and LXR.
It is generally considered that the binding of adiponectin to its receptors, and subsequent
signaling events initiated by this binding, are probably responsible for the physiological effects.
However, using our unique macrophage foam cell model system, we have demonstrated that
the bulk of the macrophage-expressed adiponectin remains inside the cells and, thus, exerts its
effects on macrophage metabolism without binding to the adiponectin receptors., However,
we can not exclude possibility that the small fraction of adiponectin secreted from the
adiponectin-transduced macrophage foam cells (Figure 1) binds to macrophage cell receptors
and is responsible for the observed alterations in macrophage metabolism. It is important to
determine effect of large amounts of intracellular adiponectin on the expression of adiponectin
receptors and, furthermore, to determine if there exists a feedback inhibition of the receptor
expression as we have previously reported in 3T3-L1 adipocytes [30]. The study of cells with
reduced adiponectin receptor expression but which express adiponectin would clarify whether
adiponectin has any cellular effect that is not related to its receptor binding in our cell models.
The finding that high molecular weight (HMW) adiponectin is more effective than low
molecular weight (LMW) one in reducing lipid accumulation is interesting. However,
additional studies are required to determine potential mechanisms whereby differently sized
adiponectin molecules may differentially affect macrophage metabolism.
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Figure 1. Detection of adiponectin in lentivirus transduced human THP-1 macrophage foam cells
and culture media
The expression of adiponectin protein was examined in macrophage foam cells and in the
culture media by Western blot analyses with a human adiponectin antibody. Fusion cDNAs
containing the full length human adiponectin coding sequence and a V5 epitope tag were cloned
into a ViraPower-CMV vector and lentiviral plasmid was transfected into HEK293 cells to
generate the lentiviruses. Western blot and X-gal staining confirmed that the HEK293 cell
transfections were successful and infectious virus particles were produced after 72 hours. To
establish stable THP-1 cell lines transfected with adiponectin or LacZ genes, THP-1 cells were
transfected with the lentivirus and 48 hours post-transduction, these cells were placed under
blasticidin selection for 20 days. Figure shows representative Western blot analyses performed
using antibody against the V5 epitope tag to test for stable adiponectin or LacZ gene expression
in cells or cell culture media.
C - Control macrophage foam cells; Z - LacZ transduced macrophage foam cells; Ad -
adiponectin transduced macrophage foam cells. “Cell” denotes samples of macrophage foam
cell lysates, each lane loaded with 20 μg total protein and “Medi” denotes aliquots of
macrophage foam cell culture media, each lane loaded with 20 μl of non-concentrated medium,
approximately 4 μg total protein.
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Figure 2.
(A) Effects of adiponectin on lipid droplet accumulation in human THP-1 macrophage
foam cells. Oil Red O staining was performed to examine the content of lipid in lentiviral
transduced macrophage foam cells. LacZ denotes lentiviral LacZ transduced macrophage foam
cells for 24 hours of oxLDL treatment; Ad denotes adiponectin transduced macrophage foam
cells after incubation with oxLDL for 24 hours. Adiponectin expressing macrophage foam cells
showed less Oil Red O staining (31%, p<0.05) than the control macrophage foam cells (stained
lipid accumulation) when analyzed by Image-Pro Plus software. (B) Decreased cholesterol
accumulation in human THP-1 macrophage foam cells due to the expression of
adiponectin. Cellular accumulation of cholesterol was assessed in transduced human THP-1
macrophage foam cells. Cholesterol mass was quantitated using an enzymatic colorimetric
method. LacZ - control macrophage foam cells transduced with LacZ lentivirus; Ad –
macrophage foam cells transduced with adiponectin lentivirus. (C) Decreased triglyceride
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accumulation in human THP-1 macrophage foam cells due to the expression of
adiponectin. Cellular accumulation of triglycerides was measured in transduced human THP-1
macrophage foam cells. LacZ - control THP-1 macrophage foam cells transduced with LacZ
lentivirus; Ad - THP-1 macrophage foam cells transduced with adiponectin. All of the data
represent the mean ± SE from three separate experiments with triplicate samples. *, p< 0.05.
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Figures 3. Accumulation of oxLDL 3H-cholesterol in media and cell pellets in transduced human
THP-1 macrophage foam cells
(A) Levels of 3H-radioactivity measured in cell pellets from human THP-1 macrophage foam
cells transduced with LacZ or adiponectin genes and preincubated with 3H-oxLDL. The
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adiponectin or LacZ transduced macrophages were treated with 3H-labeled oxLDL for 24
hours. These cells were then washed tree times with PBS, and the levels of 3H-radioactivity in
the cell pellets were determined. (B) Levels of 3H-radioactivity measured in culture media
from human THP-1 macrophage cells transduced with LacZ or adiponectin genes and which
were preincubated with 3H-oxLDL (100 μg/ml) in the culture medium for 24 hours at 37°C.
Media were removed for measurement of the levels of 3H-radioactivity. (C) and (D) HDL-
mediated cholesterol efflux from human THP-1 macrophage foam cells transduced with
the adiponectin gene. Adiponectin or LacZ gene transduced THP-1 macrophage cells were
incubated with 3H-labeled oxLDL for 24 hours. Media were removed for measurement and
normalization of the levels of 3H-radioactivity. These macrophage foam cells were then washed
three times with PBS, and HDL-mediated cholesterol efflux was determined by adding fresh
media with 10 μg/ml of HDL for 4 hours. PANEL C – Decrease of 3H-cholesterol in the cell
pellets after the HDL-mediated cholesterol efflux. PANEL D – Increase of 3H-cholesterol in
media after the HDL-mediated cholesterol efflux from THP-1 macrophage foam cells
transduced with the adiponectin (Ad) gene when compared to the control LacZ gene (LacZ).
(E) and (F) HDL-mediated cholesterol efflux in human THP-1 macrophage foam cells.
THP-1 macrophage cells were incubated with 3H-labeled oxLDL for 24 hours transforming
into macrophage foam cells. These macrophage foam cells were then washed three times with
PBS, and HDL-mediated cholesterol efflux was determined by adding either LacZ conditioned
media (LacZm) or adiponectin conditioned media (Adm) with 10 μg/ml of HDL for 4 hours.
PANEL E – Decrease of 3H-cholesterol in the cell pellets after the HDL-mediated cholesterol
efflux. PANEL F – Increase of 3H-cholesterol in media after the HDL-mediated cholesterol
efflux from THP-1 macrophage foam cells. All of the data represent the mean ± SE from three
separate experiments with triplicate samples. *, p< 0.05; **, p< 0.01.
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Figure 4. Regulation of protein expression by adiponectin in human THP-1 macrophage foam cells
Western blot analyses were performed to examine the levels of proteins: including PPARγ,
LXRα, SR-A1, and SR-BI receptors; ABCA1 and HSL; two proinflammatory cytokines
secreted in the media which were concentrated 10-folḍ, MCP-1 and TNFα; in adiponectin
transduced macrophage foam cells (from Ad1 and Ad2 cell lines) and in the LacZ transduced
control macrophage foam cells (from Z1 and Z2 cell lines). The data of Western blots from
three experiments were scanned and analyzed with NIH ImageJ software. Results represent
the mean ± SE from three separate experiments. *, p< 0.05; **, p< 0.01.
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Figure 5. Effect of LMW and HWM adiponectin on cholesterol metabolism in human THP-1
macrophage foam cells
PANEL A – Preparation of LMW and HMW adiponectin. Lipoprotein deficient serum was
exhaustively dialyzed against column running buffer and sample containing approximately 1
mg total adiponectin was applied to a chromatography column (AcA22, 2.6X200 cm)
equilibrated in the same buffer. Protein eluting from the column was continuously monitored
by quantitating absorbance at 280nm (●, OD280, left Y-axis). The concentration of adiponectin
protein in each fraction was determined using ELISA and is reported as micrograms per milliter
(■, right Y-axis). The distribution of adiponectin isoforms in each column fraction was assayed
using Western blot [19]. Fractions containing predominantly LMW adiponectin (fractions
18-23) were pooled separately from those containing HMW adiponectin (fractions 29-37) and
used for subsequent experiments. PANEL B. Effects of adiponectin isoforms on lipid
accumulation in macrophage foam cells. Fractions containing predominantly LMW
adiponectin or HMW adiponectin were added to the macrophage foam cell culture media
without adiponectin (CONTROL) or with LMW adiponectin (15μg/ml) or HMW adiponectin
(15μg/ml) during oxLDL treatment for 24 hours. Lipids were measured utilizing an enzymatic
colorimetric method for the analysis. Cellular protein was measured using a protein analysis
kit from Bio-Rad. Results represent the mean ± SE from three separate experiments.
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