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 Obesity remains highly prevalent in this country and 
is an important health issue because it poses an increased risk 
for several metabolic diseases including cancer and car-
diovascular, liver, and gallbladder diseases ( 1–5 ). Obesity is 
accompanied by increased infl ammation as evidenced sys-
temically by elevations in circulating infl ammatory cytokines 
and in adipose tissue due to the accumulation of adipose 
tissue macrophages (ATMs) ( 6, 7 ). ATMs are broadly 
characterized as classically activated (M1), producing 
proinfl ammatory proteins, and alternatively activated (M2) 
macrophages based on their responses to specifi c T helper 
(Th) 1 and Th2 cytokines ( 8–10 ). M2 ATMs are the prevalent 
type in lean adipose tissue, but quantitative increases in both 
M1 and M2 ATMs are seen with obesity ( 11, 12 ). Increases in 
the number of M1 macrophages and the ratio of M1 to M2 
ATMs have been positively correlated to insulin resistance in 
humans and mice ( 11, 13 ). Thus, identifying proteins able to 
alter adipose tissue infl ammation may aid in reducing aber-
rant glucose metabolism and improving obesity. 

 In obese humans and mice, the distribution of ATMs 
occurs frequently in clusters adjacent to or surrounding 
lipid droplets of perilipin-negative adipocytes suggesting 
that ATMs participate in eliminating dead fat cells ( 14–16 ). 
Clusters of ATMs are also seen during acute caloric restric-
tion in mice ( 17 ). These ATMs have the appearance of 
foam cells similar to what is seen in atherosclerotic plaques 
and have been shown to contain neutral lipids based on 
histochemical stains ( 16 ). However, the chemical compo-
sition of these neutral lipids has not been carefully analyzed 
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ATMs and that  Abcg1  plays a key role in modulating ATM 
cholesterol levels in obesity and acute weight loss. 

 ATMs were collected from mice for which the myeloid 
cells had been replaced by bone marrow transplantation 
(BMT) from  Abcg1  � / �    mice and from WT mice undergoing 
autologous BMT. We found that  Abcg1  expression affected 
the steady-state cholesterol levels of ATMs, with  Abcg1  � / �    
ATMs having the highest total cholesterol content. Other 
sterol species were not evaluated due to limitations in ATM 
cell quantities. We found that the ratio of M1 to M2 ATMs 
was altered with loss of  Abcg1  expression, and that  Abcg1  was 
most highly expressed by M2 rather than proinfl ammatory 
M1 macrophages suggesting that M2 cells have a unique 
role in adipose tissue sterol homeostasis. 

 Overall, this study identifi es ABCG1 as an important 
protein determining the relative levels of ATMs and cho-
lesterol metabolism especially in M2 macrophages. Under-
standing the contribution of ABCG1 to ATM cholesterol 
homeostasis may provide new information for controlling 
obesity, weight loss, and related disorders such as lung, 
liver, and gallbladder diseases ( 38–40 ). 

 MATERIALS AND METHODS 

 Mice 
 Isogenic WT C57BL/6 mice were purchased from the Jackson 

Laboratory (Bar Harbor, ME; #000664). ABCG1 knockout 
( Abcg1  � / �   ) mice on a C57BL/6 background were generated as 
previously described ( 41 ). BMT was conducted using C57BL/6 
male mice as acceptors of either C57BL/6 bone marrow cells 
(WT-BMT) or cells from  Abcg1  � / �    mice ( Abcg1  � / �    BMT) using 
procedures as described below. Femurs taken from  Abcg1  � / �    
mice were placed in PBS and sent overnight on ice from the Uni-
versity of California, Los Angeles to the University of Washington 
where bone marrow cells were isolated. In addition, C57BL/6 
male mice raised at the University of Washington (three to four 
generations from the Jackson Laboratory) were used as a refer-
ence strain for measures of body composition. All mice were 
housed in pathogen-free conditions, in a temperature- and hu-
midity-controlled environment (12 h light/dark cycle). Animal 
procedures were reviewed and approved by the Institutional Ani-
mal Care and Use Committee of University of Washington. 

 Study design 
 BMT was performed essentially as described ( 42 ). Briefl y, 

male C57BL/6 mice (WT) at 13 weeks of age were irradiated 
(950 rads) and then engrafted with either WT or  Abcg1  � / �    bone 
marrow cells (5 × 10 6  cells/mouse; n = 20 in each group) by retro-
orbital injection. Mice were maintained on pelleted rodent chow 
(LabDiet 5053; Purina Mills, St. Louis, MO) and acidifi ed water 
with neomycin (X-gen Pharmaceuticals, Big Flats, NY) for 4 weeks 
of recovery. Mice were then fed a high-fat diet (HFD) [D12492; 
Research Diets Inc., New Brunswick, NJ; 60% kcal (primarily 
lard) and 20% kcal carbohydrate (maltodextrin 10 and sucrose)] 
for 13 weeks. Mice were then randomly assigned to one of two 
groups for another 3 weeks of either continued ad libitum HFD 
feeding or to caloric restriction. For caloric restriction, mice were 
individually housed and given 60% of the HFD food consump-
tion as monitored during weeks 10–12 as described ( 43 ). At the 
end of all feeding studies, mice were fasted for 4 h in the morn-
ing, bled from the retro-orbital sinus into tubes containing 1 mM 

to our knowledge. Further, direct measures of ATM sterol 
content and in particular cholesterol have not been 
determined. 

 In humans, adipose tissue contains the largest pool of 
free cholesterol in the body, estimated at 25% of total 
body cholesterol ( 18–20 ) (1.6 mg/g adipose lipid), and 
this can double in obese individuals ( 21 ). Storage of free 
cholesterol increases markedly in hypercholesterolemic 
humans ( 22 ) and animals ( 23 ) providing a buffer for 
whole body cholesterol storage ( 19 ). Free cholesterol 
serves to maintain the monolayer surrounding the triacyl-
glycerol lipid droplet and to support the structure and 
function of the plasma membrane ( 24, 25 ). Adipocyte li-
polysis is elevated in obesity and particularly during de-
mand lipolysis that occurs during dieting commonly used 
for reduction in body weight ( 17, 26 ). In addition, adipo-
cyte death is increased in obesity and during acute weight 
loss. Together, these events generate large quantities of 
free cholesterol that must be cleared from adipose tissue. 

 Adipocytes can conduct cholesterol effl ux as mediated 
by ABCA1 and scavenger receptor class B type I to lipid 
acceptors such as HDLs ( 27–29 ). However, these pathways 
may be severely reduced with adipose tissue infl ammation 
as seen in obesity and during acute caloric restriction ( 29 ). 
Thus, mechanisms whereby the bulk of adipose tissue cho-
lesterol is removed from adipose tissue in obesity and dur-
ing weight loss regimes remain unclear. 

 We suggest that an important process for removal of 
free cholesterol from adipose tissue involves the choles-
terol loading of ATMs from adipocytes via collision-based 
diffusion and/or pinocytosis of dead adipocytes. This 
would then be followed by cholesterol effl ux from macro-
phages to cholesterol acceptors within adipose tissue and/
or by macrophage egress from adipose tissue. Here, we 
show for the fi rst time that ATMs taken from obese mice 
and mice undergoing acute body weight loss are enriched 
in cholesterol, supporting our hypothesis that ATMs par-
ticipate in adipose tissue cholesterol modulation. 

 We previously found that the expression of  Abcg1  is 
markedly elevated in ATMs isolated from obese mice and 
that expression is further enhanced following caloric re-
striction ( 17 ). These data are in line with the fi nding that 
 ABCG1  is one of the most upregulated genes in human 
adipose tissue samples after weight loss ( 30 ). ABCG1 is a 
member of the ABC superfamily of transmembrane trans-
porters that facilitate the transport of diverse substrates 
across membranes ( 31, 32 ). ABCG1 coordinates the intra-
cellular distribution of cholesterol and other sterols and 
promotes cellular cholesterol effl ux to a variety of lipid 
acceptors including HDL, LDL, and other phospholipid-
enriched particles ( 32, 33 ).  Abcg1  expression is induced 
following activation of the nuclear receptor liver X receptor 
(LXR) by either synthetic or endogenous ligands that include 
specifi c oxysterols and desmosterol ( 34 ). Thus,  Abcg1  ex-
pression is induced following sterol loading of various cell 
types including endothelial cells ( 35 ), macrophages ( 36 ), 
atherosclerotic foam cells ( 37 ), and peritoneal macro-
phages taken from obese mice ( 17 ). Here, we test the pos-
sibility that  Abcg1  is a marker for cholesterol-enriched 
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1 × 10 6  cells/ml. Cell migration was assessed using the disposable 
96-well ChemoTx System 101-3 (Neuro probe, Gaithersburg, 
MD) according to the manufacturer’s instructions. Recombinant 
monocyte chemoattractant protein 1 (MCP-1) (Biolegend, San 
Diego, CA) at 50 ng/µl was used as chemoattractant to trigger 
cell migration. The fl uorescence of cells was measured using Syn-
ergy4 microplate reader (Bio-Tek, Winooski, VT). Percentages of 
cell migration were calculated as migrated cells/loading control 
(cells loaded directly to the bottom of the well), corrected for 
spontaneous migration. Each sample was tested in 6 wells. 

 Cholesterol loading of macrophages 
 Macrophages were suspended in DMEM medium containing 

1 mg/ml BSA and 100  � g/ml acetylated LDL (ac-LDL) and incu-
bated for 24 h prior to cell collection and usage for mRNA or 
migration studies. 

 Immunoblotting 
 Mouse cells were homogenized in lysis buffer (0.1 M K 2 HPO 4 , 

1 mM PMSF, 0.2% Triton X-100, and 0.1% protease inhibitor cock-
tail; P8340, Sigma). The homogenate was centrifuged (12,000  g  for 
10 min at 4°C), and the supernatant was collected. Equal amounts 
of protein (20  � g) were electrophoresed on 15% SDS polyacryl-
amide gels and then electro-transferred to a ProTran nitrocellu-
lose membrane (Schleicher and Schuell, Riviera Beach, FL). 
Protein levels were measured by immunoblots using antibodies for 
ABCA1 (Novus Biological, Littleton, CO), ABCG1 (Cell Signaling 
Technology, Danvers, MA), and GAPDH (Abcam, Boston, MA), 
and then probed with horseradish peroxidase secondary antibody 
(Chemicon International, Temecula, CA). Blots were developed 
using SuperSignal pico ECL kit (Pierce, Thermo Scientifi c, 
Waltham, MA). Molecular band intensity was determined by densi-
tometry using National Institutes of Health ImageJ software. 

 Real-time quantitative RT-PCR 
 Total RNA was extracted from adipose tissue or cells using 

TRIzol Reagent (Invitrogen, Carlsbad, CA). cDNA was synthe-
sized using Superscript III reverse transcriptase (Epicentre Bio-
technologies, Madison, WI) and random hexamer primers. 
mRNA levels of mouse Nos2 (nitric oxide synthase 2) ( 50 ), Chil3 
(chitinase-like 3), Il6, Arg1 (arginase), Abca1, Abcg1, Acat, MCP1, 
and L32 were measured by real-time RT-PCR using the 7500 real-
time PCR System (Applied Biosystems, Foster City, CA) and Sybr-
Green Master Mix (Bioline USA Inc., Tauton, MA). PCR reactions 
were performed in duplicate, and the data were analyzed with 
the ddCt method as previously described ( 51 ). After normaliza-
tion to internal control L32, the results for each target gene were 
expressed as fold change from WT control. Primer sequences are 
listed in supplementary Table 1. 

 Statistical analysis 
 All results are reported as mean ± SEM and analyzed using 

unpaired Student's  t -test following log10 transformation of data 
and nonparametric ANOVA (Bonferroni correction) followed by 
multiple comparisons as appropriate. Differences are considered 
statistically signifi cant at the  P  < 0.05 level. 

 RESULTS 

 ATM cholesterol content is enriched by obesity and 
further enhanced following caloric restriction 

 We tested the hypothesis that ATMs become cholesterol 
enriched due to obesity and following body fat loss in-
duced by caloric restriction. FACS was used to isolate 

EDTA to obtain plasma, and euthanized by cervical dislocation, 
and tissues were collected for analyses. An aliquot of epididymal 
fat was immediately used to isolate ATMs (see below). 

 Body composition and glucose tolerance 
 In vivo body composition analysis of lean and fat mass content 

was performed before and 2 weeks after caloric restriction using 
quantitative magnetic resonance (EchoMRI™ 3-in-1 Animal Tis-
sue Composition Analyzer; Echo Medical Systems, Houston, TX) 
( 44, 45 ). Intraperitoneal glucose tolerance tests (IPGTTs) were 
conducted as described ( 43, 46 ). 

 Stromal vascular fraction isolation and fl uorescence-
activated cell sorting 

 Epididymal fat pads were excised and minced in Dulbecco’s 
PBS (DPBS with calcium chloride and magnesium; Life Technolo-
gies, Grand Island, NY). Tissue suspensions were centrifuged (500  g , 
5 min) followed by incubation with 1 mg/ml collagenase (Sigma-
Aldrich, St. Louis, MO) at 37°C for 20 min with shaking. The cell 
suspension was fi ltered through a 100  � m fi lter and then centri-
fuged (300  g , 5 min) to separate adipocytes from the stromal vascu-
lar fraction (SVF) pellet. For fl uorescence-activated cell sorting 
(FACS), the SVF pellet was resuspended and incubated in 0.5 ml 
RBC Lysis Buffer (eBioscience, San Diego, CA) for 5 min. The SVF 
was washed and pelleted in DPBS and then resuspended in sorting 
buffer (eBioscience). Cells were incubated with Fc Block (eBiosci-
ence) prior to staining with conjugated antibodies or isotype con-
trols for 15 min at 4°C followed by two washes in 10× DPBS. Cells 
were resuspended in DPBS supplemented with propidium iodide 
to assess cell viability and then subjected to FACS (FACSAria; BD 
Biosciences, San Jose, CA). Viable cells were sorted directly into 
DPBS, pelleted, and frozen at  � 80°C for further analysis. Antibod-
ies used in FACS were as follows: F4/80-FITC, CD11c-PerCP5.5, 
CD45-eFluor450 (eBioscience), and CD206-PECy7 (AbD Serotec; 
Bio-Rad Laboratories Inc., Hercules, CA). 

 Quantifi cation of cellular cholesterol 
 Cells were resuspended in 100 µl DPBS, and cholesterol-d7 

(Sigma-Aldrich) was added as the internal standard. After saponi-
fi cation, the lipid fraction was extracted from the membrane 
preparation with hexane and dried under nitrogen gas. Total 
cholesterol levels were determined after derivatization using LC/
MS/MS as described ( 47 ). Unesterifi ed cholesterol was measured 
using the same procedure except without the saponifi cation step, 
and the quantity of cholesterol moiety of cholesteryl ester was cal-
culated indirectly using the following equation: cholesterol moiety 
of cholesteryl ester = total cholesterol  �  unesterifi ed cholesterol. 

 Bone marrow-derived macrophage differentiation 
 Bone marrow cells isolated from femurs of 10-week-old WT 

and  Abcg1  � / �    mice were cultured in low-glucose DMEM (Thermo 
Scientifi c, Rockford, IL) supplemented with 10% FBS (Life 
Technologies), macrophage-colony stimulating factor [30% 
L-929-conditioned medium prepared as described ( 48 )] for dif-
ferentiation into macrophages. By day 7, macrophages were po-
larized with 5 ng/ml lipopolysaccharide and 12 ng/ml IFNƔ 
(M1) or 10 ng/ml interleukin (IL) 4 (M2). Nonpolarized macro-
phages [bone marrow-derived macrophages (BMDMs)] were 
cultured in complete medium alone. At days 9 and 10, cells are 
used for mRNA extractions or chemotaxis assays. 

 Chemotaxis assay 
 Macrophage migration was determined as described ( 49 ). 

Briefl y, macrophages were incubated with 1  � g/ml Calcein AM 
(Invitrogen) for 30 min at 37°C. Cells were then washed with 
DPBS and resuspended in RPMI 1640 medium with 0.1% free 
fatty acid-free BSA (Sigma-Aldrich) to a fi nal concentration of 
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important role in adipose tissue remodeling and choles-
terol homeostasis. 

 Overall, although macrophage cholesterol synthesis 
cannot be discounted, ATM cholesterol enrichment is 
most likely due to uptake of adipocyte-derived cholesterol 
because cholesterol would be readily available as a result 
of high rates of adipocyte lipolysis and cell death as seen in 
obesity and caloric restriction. 

  Abcg1  genotype determines cholesterol content of ATMs 
in obese mice 

  Abcg1  is highly expressed in ATMs of obese mice ( 17 ) 
and adipose tissue in humans ( 30 ). To determine whether 
ATM cholesterol levels are controlled in part by ABCG1, 
we compared cellular cholesterol levels and chemical 
composition between WT-BMT and  Abcg1  � / �    BMT mice. 

 ATM cholesterol levels were signifi cantly higher for 
 Abcg1  � / �    BMT than WT-BMT mice in both obese and ca-
loric-restricted states (  Fig. 2A  ).  More than 90% of total 
cholesterol was unesterifi ed ( Fig. 2B ). We found that the 
levels of unesterifi ed cholesterol signifi cantly increased 
with caloric restriction for WT-BMT mouse ATMs but did 
not change for  Abcg1  � / �    BMT mice ( Fig. 2B ). Interest-
ingly, following caloric restriction, the ATM population 
isolated from  Abcg1  � / �    BMT mice showed a marked eleva-
tion in cholesteryl ester content as compared with ATMs 
taken from WT-BMT tissues, signifying a greater storage 
of cholesterol in intracellular lipid droplets for  Abcg1 -
defi cient cells ( Fig. 2C ). In support of this latter fi nding is the 
signifi cantly elevated expression of  Acat  found for calori-
cally restricted  Abcg1  � / �    BMT mouse adipose tissue (  Fig. 3A  ).   

 These data are the fi rst report that  Abcg1  defi ciency infl u-
ences ATM cholesterol content and are consistent with the 
role of  Abcg1  to mobilize and effl ux cellular cholesterol as 
seen by others ( 41, 52, 53 ). Overall, ABCG1 is needed in 
adipose tissue to reduce intracellular cholesterol levels of 
ATMs in obesity and during caloric restriction. 

F4/80 +  ATMs from epididymal adipose tissues taken from 
mice, and LC/MS/MS was used to quantify cholesterol 
levels. Oxysterol quantities were not evaluated at this time 
due to the small numbers of available cells. We were also 
unable to detect cholesterol in ATMs taken from lean 
mice due to low cell numbers and likely low levels of total 
cholesterol. 

 Obese mice and mice subjected to caloric restriction 
were from two studies. First, we used tissues taken from 
genetically obese  db/db  (C57BLKS-Lepr db/J ) mice studied 
previously ( 17 ). These mice are of the C57BLKS back-
ground, and their diets and handling are described ( 17 ). 
The body fat content for  db/db  mice was markedly higher 
than seen for C57BLKS lean controls and was reduced by 
nearly 50% following caloric restriction ( 17 ). Second, diet-
induced obesity and caloric restriction were applied to WT 
C57BL/6 mice as described herein, and tissues were taken 
for analysis. This was a separate set of WT mice than those 
used with the BMT study. Body fat content was reduced 
signifi cantly following caloric restriction (supplementary 
Table 2). 

 As compared with lean counterparts for which total cho-
lesterol levels could not be detected, total cholesterol lev-
els for F4/80 +  ATMs from  db/db  obese and diet-induced 
WT obese mice (  Fig. 1A  ) were near 1.0 pg/cell. Following 
caloric restriction, total cholesterol levels were signifi -
cantly elevated to >2.0 pg/cell.   

 For  db/db  mice, we were able to isolate broad subsets 
of F4/80 +  cells into M1 (CD11c + CD206  �  ) and M2 
(CD11c  �  CD206 + ) ATMs using FACS ( 11, 12 ) and then 
quantify total cholesterol in each cell population. We 
found that for ad libitum fed obese mice, signifi cantly 
more total cholesterol was seen within M2 cells than M1 
ATMs ( Fig. 1B ). For both subpopulations, total cholesterol 
levels were signifi cantly increased following caloric restric-
tion with the higher levels of cholesterol seen in M2 cells 
( Fig. 1B ). These data suggest that M2 cells play a particularly 

  Fig. 1.  Total cholesterol levels in ATMs taken from obese mice. Epididymal adipose tissue was collected 
from mice fed ad libitum (open bar) or subjected to caloric restriction (gray bar) (A). The  db/db  mice were 
fed rodent chow and treated as described previously ( 17 ). WT mice were fed the HFD and their treatment is 
described in Materials and Methods. ATMs from  db/db  mice were further categorized based on their surface 
expression of CD11C and CD206 to assess the subpopulation of M1 (CD11C + CD206  �  ) and M2 
(CD11C  �  CD206 + ) and isolated by FACS (B). Total cholesterol levels were quantifi ed using LC/MS/MS. Data 
are presented as mean ± SEM. *  P  < 0.02; ** P  < 0.001; *** P  < 0.0004 for n = 10–11 mice per strain and n = 6 
ATM samples.   
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M2 macrophages. We suggest that differences in the im-
mune status between WT-BMT and  Abcg1  � / �    BMT mice 
are related to their ATM cholesterol contents. 

  Abcg1  defi ciency results in impaired macrophage 
migration 

 The absence of infl ammatory reduction by caloric re-
striction and higher M2 ATM levels seen for  Abcg1  � / �    BMT 
mice as compared with WT-BMT mice ( Fig. 4C ) may be 
due in part to decreased egress of ATMs from adipose tis-
sue. In support of this concept for ATMs, Pagler et al. ( 57 ) 
demonstrated that cholesterol loading of peritoneal mac-
rophages taken from double-defi cient  Abca1  � / �  Abcg1  � / �    
mice displayed impaired chemotaxis that was due to de-
fects in Rac1/Rho GTPase activities that were in turn due to 
an alteration in plasma membrane cholesterol distribu-
tion. Here, we test the hypothesis that loss of  Abcg1  expres-
sion is suffi cient to reduce ATM chemotaxis. 

 To test this hypothesis, M1 and M2 macrophages were 
differentiated from WT and  Abcg1  � / �    bone marrow cells, 
and their migration capability was evaluated using a micro-
plate chemotaxis system toward MCP1 in the absence and 
presence of cholesterol loading. MCP1 is a convenient and 
powerful monocyte attractant, and levels of expression 
were markedly reduced in WT-BMT following caloric re-
striction in concert with reduced tissue infl ammation in 

  Abcg1  genotype modulates M2 content in adipose tissue 
 Several tissues of  Abcg1   � / �   mice, including lungs and 

aorta, have been shown to accumulate lipids and exhibit 
infl ammation ( 41, 54–56 ). Because ATMs accumulated 
cholesterol in the  Abcg1  � / �    BMT ATMs as compared with 
WT-BMT cells, we tested whether infl ammation was also ele-
vated in adipose tissue of  Abcg1 -defi cient mice. Total ATMs 
(F4/80 + ) and M1 (CD11c + CD206  �  ) and M2 (CD11c  �  CD206 + ) 
ATMs were isolated by FACS, and then cell counts were 
compared between mouse strains. 

 With caloric restriction, infl ammation was decreased 
signifi cantly for WT-BMT but not for  Abcg1  � / �    BMT mice 
as evidenced by signifi cant decreases in the total number 
of ATMs (F4/80 + ) (  Fig. 4A  ) and M1 cells for WT-BMT 
mice ( Fig. 4B ).  In addition, tissue levels of MCP-1 and Il6, 
molecular markers associated with infl ammation, were sig-
nifi cantly reduced in adipose tissue samples of WT-BMT 
but not  Abcg1  � / �    BMT mice following caloric restriction 
( Fig. 3B, C ). A major fi nding was the marked and signifi -
cant increase (>2-fold) in numbers of M2 macrophages 
found for  Abcg1   � / �   BMT mice as compared with their WT-
BMT controls ( Fig. 4C ). This was associated with a signifi -
cant decrease in M1 to M2 ratio for ad libitum fed  Abcg1   � / �   
BMT mice as compared with WT-BMT controls ( Fig. 4D ). 
These data show that the loss of  Abcg1  infl uences the extent 
of adipose tissue infl ammation and leads to an increase in 

  Fig. 2.  Defi ciency in myeloid cell ABCG1 modulates ATM cholesterol levels. WT male C57BL/6 mice were irradiated and then two sepa-
rate groups were engrafted with bone marrow from either WT (WT-BMT) (open bars) or  Abcg1  � / �    ( Abcg1  � / �    BMT) mice (black bars) (A–
C). Animals were fed an HFD for 13 weeks and then subjected to 3 weeks of caloric restriction or maintained ad libitum on the HFD. ATMs 
were collected using FACS as described in Materials and Methods. Total (A), unesterifi ed (B), and esterifi ed (C) cholesterol levels were 
quantifi ed using LC/MS/MS. Values are presented as mean ± SEM (n = 5), and  P  values are shown in the fi gure.   

  Fig. 3.  mRNA levels for cholesterol metabolism and infl ammatory genes in epididymal tissues taken from mice. WT-BMT (open bars) 
and Abcg1   � / �    BMT (black bars) were treated as described in  Figure 2 . mRNA was isolated and PCR performed as described in Materials 
and Methods. mRNA results are expressed as fold induction as compared with WT-BMT (WT-BMT = 1 arbitrary unit). Values are presented 
for ACAT (A), MCP1 (B), and IL-6 (C). Data are expressed as mean ± SEM for n = 8 mice. **  P  < 0.03 between WT-BMT and  Abcg1  � / �    BMT. 
#  P  < 0.003 between ad libitum and caloric restriction treatments within the same mouse strain.   
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from WT mice and differentiated in culture into M1 and 
M2 macrophages using standard cytokine inductions. 
Confi rmation of appropriate differentiation was seen us-
ing gene markers associated with M1 and M2 macrophages 
(supplementary Fig. 1) ( 11, 58 ).  Abcg1  mRNA and protein 
levels were then quantifi ed (  Fig. 6A –C ) and compared 
with another protein known to modulate cholesterol ef-
fl ux,  Abca1  ( Fig. 6D–F ).   

 The expression of  Abcg1  and  Abca1  were examined un-
der basal and cholesterol-loaded conditions to recapitu-
late what might be experienced by macrophages under 
lean and obese body weight statuses, respectively. Under 
basal conditions, M2 cells expressed substantially higher 
 Abcg1  mRNA (5-fold) than BMDM or M1 macrophages 
( Fig. 6A ). This was substantiated at the level of protein by 
immunoblotting ( Fig. 6B, C ). In contrast, the expression 
of  Abca1  was comparable across cell types with respect to 
mRNA ( Fig. 6D ) and protein ( Fig. 6E, F ). Together, these 
data demonstrate that M2 macrophages have specifi city 
for  Abcg1  expression, and it is likely that  Abcg1  has impor-
tant functions in this cell type. 

 Cholesterol loading increases the expression of  Abcg1  
and  Abca1  via regulation by LXRs ( 34, 59, 60 ). After cho-
lesterol loading,  Abcg1  expression increased for all cell 
types, but the highest relative expression remained with 
M2 cells (33%) ( Fig. 6A ). The expression of  Abca1  was also 
enhanced by cholesterol treatment, but the magnitude of 
change was smallest for M2 cells ( Fig. 6D ). For these stud-
ies, we did not have enough cells remaining for immuno-
blotting but believe that mRNA refl ects protein levels based 

these mice. Confi rmation of appropriate differentiation 
was seen using gene markers associated with M1 and M2 
macrophages (supplementary Fig. 1A, B) ( 11, 58 ). As ex-
pected,  Nos2  and  Il6  were highly expressed by M1 cells, 
and  Chil3  and  Arg1  were markedly elevated in M2 cells. 
Importantly, differentiation of these cells was not aberrant 
for  Abcg1  � / �    mice (supplementary Fig. 1B). 

 In the absence of cholesterol loading,  Abcg1  � / �    M2 but 
not M1 cells exhibited impaired chemotaxis ( � 40%) as 
compared with WT cells (  Fig. 5  ).  This fi nding points to an 
important role for ABCG1 in M2 basal sterol homeostasis. 
After cholesterol loading with ac-LDL, M1 and M2 cells 
from  Abcg1  � / �    mice exhibited reduced migration capacity. 
In addition, M2 cells from WT mice also show signifi cant 
reduction in chemotaxis as compared with their basal 
state. These data demonstrate for the fi rst time that loss of 
 Abcg1  alone is suffi cient to impair cytokine migration func-
tions in macrophages. In addition, these data show that 
M2 cells in general are particularly sensitive to cholesterol 
homeostasis with respect to chemotactic functions. 

 We suggest that the absence of infl ammatory reduction 
following caloric restriction and the higher M2 ATM levels 
that are seen for  Abcg1  � / �    BMT mice as compared with 
WT-BMT mice ( Fig. 4C ) are due in part to decreased 
egress of  Abcg1  � / �    ATMs from adipose tissue. 

  Abcg1  is preferentially expressed by M2 macrophages 
 We next tested the hypothesis that  Abcg1  expression and 

thereby mechanisms of cellular sterol balance may differ 
between M1 and M2 macrophages. BMDMs were taken 

  Fig. 4.  Loss of  Abcg1  expression increases the numbers of M2 but not M1 ATMs. WT-BMT and Abcg1   � / �    
BMT were generated and treated as described in  Figure 2 . ATMs were collected using FACS as described in 
Materials and Methods. Values are given for numbers of total F4/80 +  cells (A), M1 ATMs (B), M2 ATMs (C), 
and the ratio of M1 to M2 cells (D) for mice in ad libitum and caloric restriction groups. Data are presented 
as mean ± SEM (n = 4–5).  P  values are show in the fi gure.   
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cell expression of  Abcg1  would be suffi cient to alter body 
weight and glucose homeostasis. Body weight, body com-
position, and glucose metabolism were evaluated for WT-
BMT and  Abcg1  � / �    BMT   mice. 

  Abcg1  � / �    BMT   mice exhibited no differences in body 
weight gain (ad libitum treatment) or loss (caloric restric-
tion treatment) as compared with WT-BMT control mice 
(  Fig. 7A  ).  Body composition evaluated at 12 and 14 weeks 
showed no differences in lean and fat mass between WT-
BMT and  Abcg1  � / �    BMT   mice (supplementary Table 2). 
We also found that glucose homeostasis outcomes as eval-
uated using IPGTTs were comparable between  Abcg1  � / �   
 BMT   and WT-BMT mice ( Fig. 7B ). Overall, defi ciency in 
 Abcg1  expression in myeloid-derived cells did not infl u-
ence body weight or glucose homeostasis. 

 DISCUSSION 

 We show for the fi rst time that ATMs taken from obese 
and acutely dieting mice are enriched in cholesterol. This 
was seen in a genetic model of obesity and in diet-induced 
obesity of normally lean mice. The cholesterol content of 
ATMs was particularly increased by caloric restriction, a 
condition of high-demand lipolysis for which the release 
of fatty acids and cholesterol is expected to be abundant 
( 14, 15, 17 ). Using mice and cells with loss of function of 
ABCG1, we showed that  Abcg1  is expressed preferentially 
by M2 macrophages, ATM cellular cholesterol levels are 
modulated by  Abcg1  expression, and loss of  Abcg1  is suffi -
cient to impair cytokine-stimulated ATM migration. Im-
portantly, loss of  Abcg1  expression in myeloid-derived cells 
modulated the number of adipose tissue M2 macrophages 
and the ratio of M1 to M2 ATMs. These changes did not 
result in signifi cant differences in body weight or glucose 
homeostasis between control and  Abcg1  � / �    BMT   mice. 

 Identifying genes that can alter the infl ammatory com-
ponent of obesity is important, as increases in the number 
of activated M1 macrophages and the ratio of M1 to M2 
ATMs have been positively correlated to insulin resis-
tance in humans and mice ( 11, 13 ). Here, loss of  Abcg1  led 
to signifi cant elevations in the number of adipose tissue 
M2 cells as compared with the number found in WT mice, 
modifying the ratio of M1 to M2 ATMs. Further, loss of 
 Abcg1  expression altered the functionality (migration) of 
M2 cells as derived in culture. Thus, ABCG1 provides a 
molecular tool with which to study functions special to M2 
cells. 

 Potential functions of ABCG1 in M2 macrophages are 
likely to involve sterol transmembrane traffi cking and in-
tracellular cholesterol pool maintenance based on previ-
ous studies ( 32, 33 ). For instance, in pancreatic  �  cells, 
ablation of  Abcg1  results in decreased insulin secretion 
due to an altered subcellular cholesterol distribution ( 33 ). 
Ablation of  Abcg1  is associated with a reduction in the bio-
availability of macrophage LPL, an enzyme requiring 
membrane partitioning during biosynthesis, in macro-
phages resulting in reduced LPL-mediated lipid accumu-
lation ( 54 ). M2 functions have been attributed to microbial 

on increases in protein signal seen following macrophage 
treatment with LXR agonist GW3965 ( 32 ). Together, 
these data demonstrate a strong preferential expression of 
 Abcg1  by M2 macrophages. 

 A limitation to these fi ndings is that cells in culture may 
not demonstrate the same expression patterns as in vivo 
( 61 ). However, these data are consistent with the relative 
expression of  Abca1  and  Abcg1  in naive peritoneal macro-
phages that are noninfl ammatory ( 62, 63 ) isolated from 
obese  db/db  mice for which  Abcg1  was highly expressed 
( 17 ). 

  Abcg1  myeloid defi ciency does not modulate body weight 
or glucose metabolism 

 WT mice fed the HFD have been repeatedly shown to 
gain body weight and fat, accompanied by systemic and 
adipose tissue infl ammation ( 11, 14, 15, 43, 46, 51, 58 ). 
What is not known is whether alterations in myeloid-
derived  Abcg1  � / �    worsen obesity or alter the course of body 
weight and fat loss during caloric restriction. Because cho-
lesterol uptake by ATMs may enhance their infl ammatory 
state ( 15, 17 ), loss of ABCG1 may worsen obesity by virtue 
of higher ATM cholesterol levels. However, the ratio of M1 
to M2 ATMs is higher for WT mice, and because this has 
been associated with impaired glucose tolerance and insu-
lin resistance ( 12 ), loss of ABCG1 could improve obesity 
and glucose homeostasis for mice. In addition, Buchmann 
et al. ( 64 ) found that the absence of whole body  Abcg1  ex-
pression resulted in leaner mice with improved glucose 
homeostasis. We tested the hypothesis that loss of myeloid 

  Fig. 5.  Deletion of ABCG1 is suffi cient to impair macrophage mi-
gration. Bone marrow cells from C57BL/6 (WT) and  Abcg1  � / �    
mice were differentiated into BMDMs and further polarized into 
M1 and M2 macrophages as described in Materials and Methods. 
The migration capability of M1 and M2 macrophages from differ-
ent genotypes was assessed using a microplate chemotaxis system as 
described in Materials and Methods. Migration capability of cells 
derived from WT (white bars) and  Abcg1  � / �    (gray bars) bone mar-
row cells was expressed as percentage of migrated cells to total 
cells. Values are presented as mean ± SEM (n = 3). *  P  < 0.05 be-
tween WT and  Abcg1  � / �    cells; **  P  < 0.01 between WT and  Abcg1  � / �    
cells; #  P  < 0.05 between M1 and M2 macrophages within the same 
genotype. In both cases, n = 3; experiments were done using three 
separate mice per genotype.   
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 With cholesterol loading, migration toward a cytokine 
stimulant was reduced in both M1 and M2 cells derived 
from  Abcg1  � / �    mice. Pagler et al. ( 57 ) demonstrated that 
cholesterol loading of macrophages taken from double-
defi cient  Abca1  � / �  Abcg1  � / �    mice displayed impaired che-
motaxis that was due to defects in Rac1/Rho activities that 
were in turn due to an alteration in plasma membrane 
cholesterol distribution. Thus, we establish for the fi rst 
time that loss of  Abcg1  is suffi cient to retard migration. 

 Impaired chemotaxis as seen for macrophages derived 
from  Abcg1  � / �    mice may also explain in part differences in 
the extent of infl ammation that was reduced by caloric 

monitoring, tissue repair, and tissue remodeling ( 65, 66 ), 
all functions likely involving lipid uptake and metabolism. 
Thus, ABCG1 may provide important protection for M2 
macrophages with respect to the distribution and effl ux of 
potentially chemotoxic sterols. 

 Evidence for specifi c roles for  Abcg1  in M2 cells was seen. 
 Abcg1  expression was elevated preferentially in M2 cells as 
compared with M1 cells. M2 cells derived in culture from 
 Abcg1  � / �    mice showed reduced migration in the basal state as 
compared with cells derived from WT mice. This dramatic 
fi nding demonstrates that even without cholesterol loading, 
M2 cells are sensitive to functions modifi ed by  Abcg1 . 

  Fig. 6.   Abcg1  but not  Abca1  is preferentially expressed by M2 macrophages. BMDMs and M1 and M2 macrophages were cultured from 
WT (C57BL/6 male) bone marrow cells as described in Materials and Methods. mRNA and protein levels were evaluated for  Abcg1  (A–C) 
and  Abca1  (D – F) for cells without cholesterol loading. Additional cells were incubated with ac-LDL for 24 h and then quantifi ed for  Abcg1  
(A, black bars) and  Abca1  (D, black bars) expression. mRNA levels were quantifi ed by RT-PCR and normalized to L32 levels. Protein was 
isolated from cell lysates and prepared for SDS-PAGE and immunoblotting using GAPDH as a protein loading control as in Materials and 
Methods. Signal bands were quantifi ed by densitometry using National Institutes of Health ImageJ software for protein levels. Values are 
presented as mean ± SEM (n = 3–4). *  P  < 0.05, **  P  < 0.01, ***  P  < 0.001 between BMDM and M1 or M2 groups within noncholesterol and 
cholesterol-loaded groups (n = 3); †  P  < 0.05, ††  P  < 0.01, †††  P  < 0.001 between noncholesterol and cholesterol-loaded cells within BMDM, 
M1, and M2 cell types (n = 4).   
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glucose homeostasis directives in the brain, a tissue for 
which repopulation by our bone marrow-derived cells 
would be poor ( 69 ). However, the fi ndings by Buchmann et 
al. are somewhat in contrast to what would be expected by 
the fi nding that loss of  Abcg1  expression in pancreatic islets 
is associated with reduced insulin production ( 33 ). Loss of 
ABCG1 in these rodent chow-fed mice resulted in worsen-
ing of glucose homeostasis and reduced insulin secretion, 
factors recapitulating insulin resistance and obesity. Over-
all, the contribution of ABCG1 to states of obesity and insu-
lin resistance are still being defi ned. 

 We studied ATM cholesterol levels and the role of 
ABCG1 in ATM cholesterol homeostasis in the context of 
obesity and caloric restriction. These are metabolic states 
characterized by high lipolysis rates ( 26 ), and further, 
acute body weight loss is associated with increased gall-
stone disease in humans ( 2, 40 ). It is intriguing to think 
that excessive release of adipose tissue cholesterol during 
dieting may provide a secondary source for increased hy-
persaturation of bile leading to gallstone formation ( 70 ). 
Thus, determining how cholesterol is mobilized and cleared 
from adipose tissue under states of high lipolysis and cell 
death could provide directions for prevention of meta-
bolic complications during dieting. 

 In summary, novel data show that ATMs from obese 
mice accumulate cholesterol, the extent of which is modu-
lated in part by levels of  Abcg1  expression.  Abcg1  is ex-
pressed primarily in M2 as opposed to M1 cells. M2 
macrophages are known to participate in tissue remodel-
ing that involves lipid clearance. Thus, it is likely that 
ABCG1 provides a critical role for the handling of intracel-
lular sterols in M2 ATMs. Further studies in the role of 
ABCG1 in M2 macrophages will contribute to our under-
standing of sterol metabolism in adipose tissue in obesity 
as well as other diseases in which macrophages accumulate 
cholesterol.   

restriction in WT but not  Abcg1  � / �    adipose tissue. Negative 
energy balance eventually results in loss of body fat and a 
reduction in local infl ammation. This was evidenced in 
the WT mice as a reduction in numbers of total (F4/80 + ) 
and M1 ATMs, as well as reduced expression of infl amma-
tory genes MCP1 and Il6. In contrast, a dampening of in-
fl ammation was not seen for  Abcg1  � / �    mice. In fact, the 
number of M2 ATMs was markedly higher for  Abcg1  � / �    
mice in both obese and negative balance states. We sug-
gest that the increase in M2 ATMs as seen for  Abcg1  � / �   
 BMT   versus WT-BMT mice was due at least in part to im-
paired migration leading to reduced adipose tissue egress 
of M2 cells. This idea is based on mechanisms thought to 
occur in the early stages of atherosclerosis, another disor-
der in which macrophages accumulate cholesterol. In this 
case, reduced infl ammation is thought to occur due to 
multiple pathways including an inhibition of monocyte re-
cruitment, clearance of apoptotic cells, and/or increases 
in infl ammatory cell egress from vascular tissue ( 67 ). 

 Myeloid-derived  Abcg1  defi ciency was not associated with 
differences in body weight, body composition, or glucose 
status as compared with WT mice. Both strains showed sig-
nifi cant body weight and body fat gain with feeding of the 
HFD accompanied by impaired glucose metabolism. These 
results differ from one report that whole body  Abcg1  � / �    
mice are protected from HFD-induced body weight gain 
( 64 ). These mice showed improved glucose homeostasis, 
reduced food intake, and increased energy expenditure. 
Because background strain (C57BL/6), duration of diet, 
and dietary fat content (36% by weight) were comparable 
between our study and the study by Buchmann et al., these 
data suggest that cells other than myeloid based are critical 
for body weight regulation. For instance,  Abcg1  is highly ex-
pressed in brain where it contributes greatly to cholesterol 
homeostasis in microglia ( 68 ). Thus, a possible explanation 
is that ABCG1 participates in food intake and peripheral 

  Fig. 7.  Body weights and glucose status for mice that are WT or defi cient in  Abcg1  expression. Animals were fed an 
HFD for 13 weeks and then subjected to 3 weeks of caloric restriction (CR) or maintained ad libitum on the HFD. 
Mouse groups are as described in  Figure 2 . Mice were monitored for body weight weekly. (A) No signifi cant differ-
ences were seen between WT-BMT and  Abcg1  � / �    BMT mice during either the ad libitum or CR arms of this study. Data 
are presented as means ± SEM; n = 39–40 for weeks 1–12; n = 9–10 for weeks 13–16. IPGTTs were performed at several 
time points as described in Materials and Methods. (B) Shown are fi nal values for BMT mice including WT mice 
transplanted with WT bone marrow in the ad libitum (black circle) and CR (open circle) treatment groups, and 
 Abcg1  � / �    BMT ad libitum (black square) and CR (open square) groups. Symbols shown are  P  < 0.05 between ad libi-
tum and CR responses at 120 min. No signifi cant differences in glucose homeostasis was seen between mouse strains 
within each diet treatment group for n = 5 mice per strain.   
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