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Cellular cholesterol balance induces changes in the inflam-
matory status of macrophages, and low grade chronic inflam-
mation is increasingly being recognized as one of the key
steps in the development of atherosclerosis as well as insulin
resistance. Cholesteryl ester hydrolase (CEH) catalyzes the
hydrolysis of intracellular stored cholesteryl esters (CEs) and
thereby enhances free cholesterol efflux and reduces cellular
CE content.We have earlier reported reduced atherosclerosis
and lesion necrosis in macrophage-specific CEH transgenic
mice on a Ldlr�/� background. In the present study, we tested
the hypothesis that reduced intracellular accumulation of CE
in macrophages from CEH transgenic mice will attenuate
expression of proinflammatory mediators, thereby reducing
infiltration into adipose tissue, alleviating inflammation, and
resulting in improved insulin sensitivity. Western diet fed
Ldlr�/�CEH transgenicmice showed improved insulin sensitiv-
ity as assessed by glucose and insulin tolerance tests. Macro-
phages fromCEH transgenic mice expressed significantly lower
levels of proinflammatory cytokines (interleukin-1� and inter-
leukin-6) and chemokine (MCP-1; monocyte chemoattractant
protein). Attenuation of NF-�B- and AP-1-driven gene expres-
sion was determined to be the underlying mechanism. Infiltra-
tion of macrophages into the adipose tissue that increases
inflammation and impairs insulin signaling was also signifi-
cantly reduced in Ldlr�/�CEH transgenicmice. In theOP-9 adi-
pocyte peritoneal macrophage co-culture system, macrophages
from CEH transgenic mice had a significantly reduced effect on
insulin signaling as measured by Akt phosphorylation com-
pared with nontransgenic macrophages. Taken together, these
studies demonstrate that macrophage-specific overexpression
of CEHdecreases expression of proinflammatorymediators and
attenuates macrophage infiltration into the adipose tissue,
resulting in decreased circulating cytokines and improved insu-
lin sensitivity.

Accumulation of lipids, specifically cholesteryl esters (CEs)3,
in macrophages is central to foam cell formation and develop-
ment of atherosclerosis. In addition to contributing to the
increasing lipid burden of the developing plaque, foam cells
also add to associated inflammation by secreting proinflam-
matory cytokines and chemokines. Intracellular accumula-
tion of CE or cholesterol is considered to enhance the expres-
sion of proinflammatory mediators. Fazio and Linton (1)
proposed a feedback loop-linking macrophage cholesterol bal-
ance and inflammatorymediators and suggested that a primary
defect in cellular cholesterol balancemay induce changes in the
inflammatory status of the macrophage. Consistently, under
conditions of enhanced cholesterol accumulation, for example
by deficiency of cholesterol transporter ABCA1, there was a
marked increase in TNF� secretion from macrophages (2). In
contrast, overexpression of apoA1 that enhances cholesterol
removal and decreases cellular cholesterol levels resulted in
attenuated response to proinflammatory insult by LPS (3).
However, the underlying mechanisms linking cellular choles-
terol content and expression of proinflammatorymediators are
not completely defined. Furthermore, the cause or effect rela-
tionship of inflammation to atherosclerosis is also not com-
pletely understood (4).
Chronic low grade inflammation is now also recognized as a

key step in the pathogenesis of obesity-induced insulin resis-
tance and type 2 diabetes mellitus. Adipose tissue was initially
recognized as the site of production of proinflammatory medi-
ators (5, 6) responsible for this low grade inflammation. How-
ever, recent studies have demonstrated thatmajority of adipose
tissue-derived cytokines (TNF�, IL-6, and IL-1�) actually orig-
inate in nonfat cells, and, among them, infiltratedmacrophages
play the most prominent role, and this low grade inflammation
is mediated by the activation and recruitment of macrophages
into expanding adipose tissue (7). The level of macrophages
within a tissue represents a balance between recruitment, sur-
vival/expansion, and emigration. Adipocytes as well as resident
macrophages produce several chemokines and growth factors
that facilitatemacrophage infiltration in expanding adipose tis-
sue, namely MCP-1 (8), macrophage colony-stimulating factor
and granulocytemacrophage colony-stimulating factor (9) that
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recruit and assist in expansion or colonization of macrophages,
respectively. Whether accumulation of cholesterol in macro-
phages can affect macrophage recruitment into the adipose tis-
sue due to increased production of these proinflammatory
mediators has not been explored. Subramanian et al. (10) have
recently reported that addition of a relatively small amount
(0.15%) of dietary cholesterol resulted in a marked increase in
accumulation of macrophages in adipose tissue. Although this
study provides the first evidence that cholesterol plays an
important role in macrophage infiltration into the adipose tis-
sue, the role of macrophage cholesterol balance in regulating
this process remains undefined.
We recently developed transgenic mice with macrophage-

specific overexpression of cholesteryl ester hydrolase (CEH).
Macrophages from these mice stored less CEs as a result of
CEH-mediated CE mobilization, and this led to a significant
attenuation of diet-induced atherosclerosis in a Ldlr�/� back-
ground (11). The present study was undertaken to test the
hypothesis that reduced intracellular accumulation of CE in
macrophages from CEH transgenic mice will attenuate expres-
sion of proinflammatory mediators, thereby reducing infiltra-
tion into adipose tissue, alleviating inflammation, and resulting
in improved insulin sensitivity. The data presented here sup-
port this hypothesis and also identify attenuated NF-�B activa-
tion with overexpression of CEH as one of the potential under-
lying mechanisms.

EXPERIMENTAL PROCEDURES

Animals and Diets—Development and characterization of
macrophage-specific CEH transgenic mice has been described
elsewhere (11). Littermates with or without CEH transgene on
a Ldlr�/� background (Ldlr�/�CEHTg and Ldlr�/�) were used
for all studies. Where indicated, mice were fed a high fat, high
cholesterol (Western) diet (TD88137, Harlan Teklad) for 16
weeks.
Intraperitoneal Glucose Tolerance Tests—10-week-old Ldlr�/�

and Ldlr�/�CEHTg littermates were fed a Western diet for 16
weeks. After an overnight fast, a single bolus of glucose (2 mg/g
body weight) was given intraperitoneally. Blood glucose levels
were determined by commercially available glucometer using
tail vein blood at 0, 15, 30, 60, 120, and 180 min.
Intraperitoneal Insulin Tolerance Tests—10-week-old Ldlr�/�

and Ldlr�/�CEHTg littermates were fed a Western diet for 16
weeks. After a 6-h morning fast, a single bolus of insulin (0.75
units/kg body weight) was given intraperitoneally. Blood glu-
cose levels were determined by commercially available gluco-
meter using tail vein blood at 0, 15, 30, 60, 120, and 180 min.
Glucose-induced Plasma Insulin Levels—10-week-old Ldlr�/�

and Ldlr�/�CEHTg littermates were fed a Western diet for 16
weeks. After an overnight fast, a single bolus of glucose (2 mg/g
body weight) was given intraperitoneally. Blood was collected
from the tail vein at 0, 15, 30, 45, and 60min, and plasma insulin
levels were determined by ELISA (ultra-sensitive rat/mouse
insulin assay from Crystal Chem, Inc.).
Transient Transfections and Luciferase Reporter Assays—

agmACAT1 cells were obtained from Dr. Lawrence L. Rudel.
Cells were maintained in Ham’s F12 medium supplemented
with 10% fetal bovine serum, penicillin/streptomycin, and 200

�g/ml GeneticinTM. Cells were plated in 24-well tissue culture
plates at a density of 2 � 105 cells/well and were either trans-
fected with vector alone (pCMV) or CEH expression vector,
pCMV-CEH using EffecteneTM and the optimized conditions
described earlier (12). In addition, cells were also co-transfected
with a luciferase reporter vector driven by tandem NF-�B- or
AP-1-binding sites. Growth medium was replaced every 24 h,
and luciferase activity was determined in the cell lysates 48 h
after transfection. To correct for transfection efficiencies, lucif-
erase activity was normalized to �-galactosidase activity. To
determine the effects of CEH overexpression on NF-�B- or
AP-1-driven gene expression, data are presented as percent
control (cells transfected with empty pCMV vector) for three
independent experiments performed in triplicate. In some
experiments, NF-�B inhibitor (MG132, 10 �M) was added to
cells 24-h post-transfection with pCMV vector, and cell lysates
were assayed for luciferase activity after an additional 24 h.
Isolation of PeritonealMacrophages—Thioglycollate-elicited

peritoneal macrophages were harvested, and nonadherent cells
were removed after 2 h, and medium was replaced with fresh
growth medium (11). For lipid loading, cells were incubated
with loading medium containing 50 �g/ml acetylated low den-
sity lipoprotein for 24 h. For determination of gene expression,
in some experiments, total RNAwas isolated (using the RNeasy
kit from Qiagen) from the adherent macrophages 2 h after
plating.
Isolation of Adipose Tissue Macrophages—Adipose tissue

macrophages were isolated by the method described by Brown
et al. (13). In brief, 1 gm of visceral (perigonadal) adipose tissue
waswashed and thenminced in phosphate-buffered saline. Fol-
lowing centrifugation, the washed tissue was collected and
digested with collagenase type II (Sigma-Aldrich) for 1 h at
37 °C with gentle shaking. The undigested tissue was removed
by straining through a cell strainer (100 �m), and cells were
collected by centrifugation. Following awash in RPMImedium,
cells were plated in appropriate tissue culture dishes.
Activation of NF-�B—NF-�B DNA-binding activity was

assessed with TransAMTM NF-�B p50 transcription factor
assay kit (Active Motif) using nuclear extracts from peritoneal
or adipose tissue macrophages. Briefly, nuclear extracts were
added to each well of a 96-stripwell plate to which the consen-
sus NF-�B-binding site oligonucleotide had been immobilized.
A primary antibody specific for an epitope on the bound and
active form of the transcription factor was then added, followed
by subsequent incubation with secondary antibody and devel-
oping solution. Intensity of the color developed was quantified
and is a measure of activated and DNA-bound NF-�B in the
tested nuclear extract.
OP-9 Adipocyte Cultures—OP-9 cells were obtained from

Dr. Nancy Webb and were grown in OP-9 propagation medi-
um: minimum Eagle’s medium with 20% fetal bovine serum, 2
mM L-glutamine, 100 units/ml penicillin, and 100 �g/ml strep-
tomycin. Cells were replated every 3 days at a density of at least
7,000 cells/cm2 and differentiated into adipocytes by serum
replacement method as described earlier (14). In brief, the cells
were grown to confluence and then cultured for additional 2
days in propagation medium. Cells were then cultured for 2
more days in serum replacement medium: minimum Eagle’s
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medium with 15% KnockOutTM SR, 100 units/ml penicillin,
and 100 �g/ml streptomycin. Medium was then replaced with
the propagation medium, and, 2 days after differentiation,
0.4-�m cell culture inserts (Millipore) were placed in the well.
Thioglycollate elicited macrophages (1 � 106 cells) were plated
in the inserts, and these co-cultures were incubated for 24 h.
The macrophage-containing inserts were removed, and adipo-
cytes washed three times with phosphate-buffered saline con-
taining Ca2� andMg2� to remove the bound insulin and rinsed
once with minimum Eagle’s medium with 0.2% bovine serum
albumin and then incubated in thismedium for 2.5 h. Following
two washes with phosphate-buffered saline containing Ca2�

and Mg2� buffer and a 30-min incubation, insulin (50 nM) was
added, and total cell lysates were prepared after 15 min as

described below. Changes in insulin signaling were determined
by measuring insulin-dependent Akt phosphorylation by
Western blot analyses as described below.
Western Blot Analyses—The cells were washed twice with

ice-cold phosphate-buffered saline and then lysed by incubat-
ing in lysis buffer (150mMNaCl, 50 mMTris, pH 7.5, 1% Triton
X-100, protease and phosphatase inhibitor mixture (Sigma-
Aldrich, St. Louis, MO)) for 30 min at 4 °C. Following centrifu-
gation at 14,000 rpm for 10 min at 4 °C, the supernatant or the
total cell lysates were collected and used forWestern blot anal-
yses. The proteins (20 �g) were separated by 10% SDS-PAGE
(Bio-Rad Laboratories), transferred to polyvinylidene difluo-
ride membrane, immunoblotted with primary antibodies
(AKT1/2/3 or p-AKT1/2/3, Santa Cruz Biotechnology) and fol-

FIGURE 1. Intraperitoneal glucose tolerance test. 10-week-old Ldlr�/� and Ldlr�/�CEHTg mice (littermates) were fed a Western diet for 16 weeks. After an
overnight fast, blood glucose levels at time 0 were determined using a commercial glucometer. Subsequently, mice were given an intraperitoneal bolus of
glucose (2 mg/g body weight), and blood glucose levels were determined at indicated times. Data are expressed as mean � S.D. (n � 4 for males (A) and females
(B). *, p � 0.05.

FIGURE 2. Intraperitoneal insulin tolerance test. 10-week-old Ldlr�/� and Ldlr�/�CEHTg mice (littermates) were fed a Western diet for 16 weeks. After a 6-h
morning fast, blood glucose levels were determined at time 0 using a commercial glucometer. Insulin (0.75 units/kg body weight) was then injected intra-
peritoneally, and blood glucose levels were determined at indicated times. Data (mean � S.D.; n � 4 for males (A) and females (B)) are expressed as percent of
glucose levels at time 0. *, p � 0.05.
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lowed by species-specific horseradish peroxidase-conjugated
secondary antibodies. Positive immunoreactivity was detected
by chemiluminescence and quantified by densitometry using
Quantity One 4.4.0 software (Bio-Rad Laboratories).
Real Time PCR—Total RNA was extracted using RNeasy

kit (Qiagen). Complementary DNA was synthesized using a
high capacity cDNA reverse transcription kit (Applied Bio-
systems). Real time PCR was performed on Stratagene
Mx3000P machine, using TaqMan Universal PCR Master
Mix and optimized probe and primer sets from Applied Bio-
systems. Following probes were used CD-68 (Mm00839636_
g1), SR-A (Mm00446214_m1), IL-1� (Mm00434228_m1),
IL-6 (Mm00446190_m1), MCP-1 (Mm00441242_m1), Pref1
(Mm00494477_m1), and aP2 (FABP4, Mm00445880_m1).
Cytokine Measurements—Cytokines in plasma as well as cell

culture supernatants were determined using the BeadlyteTM
Multiplex assay system (Millipore).
Histological Analyses of Adipose Tissue—Visceral (perigo-

nadal) adipose tissue was fixed in buffered formalin and paraf-

fin-embedded, and three to four
sections (5-mm thick) were trans-
ferred to numbered slides. Slides
were then stained with hematoxylin
and eosin or immunostained for
macrophages using F4/80 as the pri-
mary antibody (eBioscience). Posi-
tive immunoreactivity was detected
using Alexa 546-conjugated second-
ary antibody (Invitrogen). Images
were acquired using a Zeiss Observer
A1 invertedmicroscope and analyzed
using AxioVision software.

RESULTS

Macrophage-specific Transgenic
Expression of CEH ImprovesGlucose
and Insulin Tolerance Tests—Intra-

peritoneal glucose and insulin tolerance tests were performed
in Western diet-fed Ldlr�/� and Ldlr�/�CEHTg mice. As
shown in Fig. 1, significant improvement in glucose tolerance
was noted in Ldlr�/�CEHTgmice. Although there was a signif-
icant difference at all time points in males (Fig. 1A), the differ-
ences were significant only at earlier time points in females (15,
30, and 60 min, Fig. 1B). However, a significant difference in
insulin tolerance was only apparent in male mice (Fig. 2A); the
significant difference in females was apparent only at the earli-
est time point of 15 min. These data suggest that macrophage-
specific CEH expression leads to improved insulin sensitivity in
Ldlr�/�CEHTg mice compared with Ldlr�/�, and the differ-
ences are more significant in male mice. Consistently, glucose-
induced plasma insulin levels were significantly higher in
Ldlr�/�CEHTg male mice (Fig. 3A).
CEH Overexpression Leads to Attenuation of Cytokine

Expression in Macrophages—Systemic as well as adipose tissue
inflammation affects insulin sensitivity and cellular cholesterol

FIGURE 3. Plasma insulin levels following an intraperitoneal glucose challenge. 10-week-old Ldlr�/� and Ldlr�/�CEHTg mice (littermates) were fed a
Western diet for 16 weeks. After an overnight fast, mice were given an intraperitoneal bolus of glucose (2 mg/g body weight), and blood was collected at
indicated times. Plasma insulin levels were determined by ELISA. Data are expressed as mean � S.D. (n � 4 for males (A) and females (B). *, p � 0.05.

FIGURE 4. CEH overexpression decreases the proinflammatory cytokine production from macrophages.
A, thioglycollate-elicited macrophages were obtained from Ldlr�/� and Ldlr�/�CEHTg mice and lipid loaded with
acetylated low density lipoprotein (AcLDL; 50 �g/ml). IL-1� and MCP-1 levels in the conditioned medium were
determined by ELISA. Data are expressed as mean � S.D. (n � 3). B, thioglycollate-elicited macrophages were
obtained from Western diet-fed Ldlr�/� and Ldlr�/�CEHTg mice, and total RNA was isolated from adherent cells 2 h
after plating. Expression of IL-1�, IL-6, and MCP-1 was determined by real time reverse transcription-PCR, and data
(mean � S.D.; n � 3) are expressed as percent mRNA levels in Ldlr�/�CEHTg mice. *, p � 0.05.
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content is thought to regulate the inflammatory status of
macrophages. Transgenic expression of CEH reduces intracel-
lular cholesterol levels in macrophages (11), and we hypothe-
sized that CEH-mediated reduction in cellular cholesterol con-
tent will reduce expression of inflammatory cytokines. This
reduction in inflammation could be one of the underlying
mechanisms for the observed improvement in insulin sensitiv-
ity in CEHTg mice. Expression of primary master cytokine
IL-1� and chemokine MCP-1, which regulates macrophage
recruitment into other tissues, was examined in peritoneal
macrophages isolated from Ldlr�/� and Ldlr�/�CEHTg mice.
Upon lipid loading with acetylated low density lipoprotein,
therewas a significant increase in IL-1� aswell asMCP-1 secre-
tion from macrophages isolated from Ldlr�/� mice (Fig. 4A).
However, this lipid loading-induced increase in cytokine and
chemokine secretion was significantly attenuated in macro-
phages from Ldlr�/�CEHTg mice. Consistently, significantly
higher mRNA levels of IL-1�, IL-6, and MCP-1 were observed
in freshly isolated peritoneal macrophages fromWestern diet-
fed Ldlr�/� mice compared with those from Ldlr�/�CEHTg
mice (Fig. 4B). These data indicate that macrophages from
CEHTg mice have attenuated proinflammatory cytokine and
chemokine expression.
Macrophages with Transgenic Expression of CEH Have

ReducedNF-�BActivation—NF-�B is the key transcription fac-
tor regulating the expression of majority of proinflammatory
cytokines. To test the hypothesis that reduced activation of
NF-�B may be responsible for the observed decrease in proin-
flammatory cytokine expression in macrophages from CEHTg
mice, activated NF-�B levels in nuclear extracts prepared from
freshly isolated peritoneal macrophages and adipose tissue
macrophages fromWestern diet-fedmice were determined. As
shown in Fig. 5, NF-�B levels were significantly attenuated in
macrophages from CEHTg mice, suggesting that reduced acti-
vation/nuclear translocation of proinflammatory transcription

factor NF-�B is likely the underlying mechanism for reduced
cytokine production.
CEH Overexpression Attenuates Reporter Gene Expres-

sion Driven by Proinflammatory Transcription Factors NF-�B
and AP-1—To evaluate the direct effects of CEH overexpres-
sion on NF-�B- or AP-1-mediated gene transcription, a previ-
ously standardized cell culture system was used. These cells
(agmACAT-1) accumulate reproducible amounts of CEs
due to stable overexpression of ACAT-1, and CEH overex-
pression in these cells efficiently mobilizes cellular CE (12).
Using optimal conditions where significant reduction in cellu-
lar CE is achieved following transient transfection with CEH
expression vector (pCMV-CEH) (12), we investigated the
effects on NF-�B- or AP-1-dependent reporter gene expres-
sion. As shown in Fig. 6, NF-�B- or AP-1-driven luciferase
expression was significantly reduced when agmACAT1 cells
were co-transfected with CEH expression vector (pCMV-
CEH). These data suggest that CEH overexpression attenuates
proinflammatory transcription factor (NF-�B or AP-1) driven
gene expression. In the presence of NF-�B inhibitor MG132,
there was a dramatic decrease in luciferase activity (2.63 �
2.19% of vehicle control, data not shown) in cells transfected
with pCMV, suggesting that theNF-�B inhibitor canmimic the
effects of CEH overexpression, albeit in an appreciably more
potent manner.
Reduced Levels of Circulating Cytokines in Ldlr�/�CEHTg

Mice—To evaluate whether reduced activation of cellular
NF-�BorAP-1 and thereby reducedmacrophage inflammation
leads to decreased systemic inflammation, circulating levels
of plasma cytokines were determined in Western diet-fed
Ldlr�/� and Ldlr�/�CEHTg mice. Consistent with attenu-
ated activation of proinflammatory transcription factors,
significantly reduced levels of circulating cytokines were
observed in Ldlr�/�CEHTg mice when compared with

FIGURE 6. Transient overexpression of CEH in agmACAT-1 cells decreases
NF-�B- and AP-1-driven luciferase expression. agmACAT1 cells were
plated in 24-well tissue culture plates and transfected with either NF-�B- or
AP-1-driven luciferase reporter vector. The cells were also co-transfected with
either an empty vector pCMV or CEH expression vector pCMV-CEH. The
medium was replaced every 24 h, and cells were lysed 48 h post-transfection,
and luciferase activity was determined and normalized to transfection effi-
ciency control (�-galactosidase). Data (mean � S.D.; n � 3) are expressed as
percent pCMV control. *, p � 0.05.

FIGURE 5. Reduced activation of NF-�B in CEHTg macrophages. Thiogly-
collate-elicited peritoneal macrophages and adipose tissue macrophages
were obtained from Western diet-fed Ldlr�/� and Ldlr�/�CEHTg mice and
nuclear extracts were prepared as described under “Experimental Proce-
dures.” DNA binding of activated or nuclear NF-�B levels was determined by
TransAmTM Assay. Data (mean � S.D., n � 3) are presented as percent
LDLR�/� control. *, p � 0.05.
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Ldlr�/� mice (Fig. 7). It is noteworthy that the levels of master
cytokine IL-1� were almost 20-fold higher in Ldlr�/� mice.
Decreased Infiltration of Macrophages into Adipose Tissue in

CEH Transgenic Mice—In obesity, adipose tissue becomes a
major contributor to circulatory cytokines. Furthermore, infiltra-

tion of macrophages into the adipose tissue is increasingly being
considered as the determinant of adipose tissue inflammation. To
determine whether decreased macrophage inflammation leads to
reduced infiltration into the expanding adipose tissue, presence of
macrophages inperigonadal adipose tissuewasevaluatedeitherby
immunohistochemistry or by monitoring the expression of mac-
rophage-specific genes (CD-68 and SR-A). Consistent with the
pattern of macrophage distribution in adipose tissue, adipocytes
were surrounded by macrophages forming a “crown-like” struc-
ture in adipose tissue fromWesterndiet-fedLdlr�/�mice. In con-
trast, in adipose tissue obtained from Western diet-fed Ldlr�/�

CEHTgmice, either there were nomacrophages surrounding the
adipocytes, or a smaller number of macrophages were present
around the adipocytes (Fig. 8A). Quantification of these crown-
like structures demonstrated a significantly attenuated infiltration
of macrophages into the adipose tissue of Ldlr�/�CEHTg mice.
These data were confirmed by a corresponding reduction in the
expression of macrophage-specific genes (CD-68 and SR-A) in
adipose tissue obtained from Western diet-fed Ldlr�/�CEHTg
mice.
Attenuated Effect on Insulin Signaling in Adipocytes by

Macrophages from Ldlr�/�CEHTg Mice—In addition to
increasing the adipose tissue inflammation, the infiltratedmacro-
phages also affect insulin signaling in adipocytes, leading to insulin
resistance. OP-9 adipocyte culture was optimized, and differenti-
ation was assessed by the decrease in the expression of preadipo-
cyte factor-1 and increase in the expression of adipocyte marker

aP2 (Fig. 9A). These differentiated
OP-9 adipocytes were responsive
to insulin, as shown by an increase in
insulin-dependent Akt phosphory-
lation (Fig. 9B). A co-culture sys-
tem was used to examine the
effects of macrophages on insulin
signaling in OP-9 adipocytes.
Insulin signaling as measured by
activation/phosphorylation of Akt
was attenuated when OP-9 adipo-
cytes were co-cultured with
macrophages from Ldlr�/� mice.
This attenuation was significantly
reduced when macrophages from
Ldlr�/�CEHTg were used (Fig.
9C). Although incubation of OP-9
adipocytes with medium condi-
tioned by macrophages that were
isolated from Ldlr�/�CEHTg
mice did not noticeably affect
insulin-induced Akt phosphoryla-
tion, a decrease (�30%) was noted
when adipocytes were incubated
with medium conditioned by
macrophages from Ldlr�/� mice
(data not shown). Taken together
with the results shown in Fig. 8, these
data demonstrate that macrophage-
specific transgenic expression of
CEH not only reduces infiltration of

FIGURE 7. Decreased levels of circulating cytokines in Ldlr�/�CEHTg mice.
Ldlr�/� and Ldlr�/�CEHTg mice were fed a Western diet for 16 weeks. Plasma
samples were collected at the time of sacrifice, and circulating cytokine levels
were determined by BeadlyteTM multiplex assay system. Data (mean � S.D., n �
5) are expressed as percent respective cytokine levels in Ldlr�/�CEHTg mice. *,
p � 0.05. GM-CSF, granulocyte macrophage colony-stimulating factor.

FIGURE 8. Transgenic overexpression of CEH reduces macrophage infiltration into adipose tissue. Infil-
tration of macrophages into perigonadal adipose tissue was assessed by immunohistochemistry as well as by
measuring macrophage-specific gene expression as described under “Experimental Procedures.” A, macro-
phages stained with F4/80 (red) surround the adipocytes. Nuclei are stained with DAPI (blue). The magnification
for all the three images is the same (scale bar shown in one of the images), although the field size is different.
B, quantification of crown-like structures (CLS). Data are expressed as mean � S.D. for n � 3; a minimum of three
fields were analyzed for each animal. C, total RNA from adipose tissue was used to determine the levels of
macrophage-specific genes (CD-68 and SR-A) by real time reverse transcription-PCR. Data (mean � S.D., n � 3)
are presented as percent Ldlr�/� control. *, p � 0.05.
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macrophages into the expanding adipose tissue, but the nega-
tive effect of infiltrated macrophages on insulin signaling in
adipocytes is also reduced. Decreased systemic and adipose tis-
sue inflammation, as well as reduced effect on adipocyte insulin
signaling, are therefore the potential mechanisms for the
observed improvement in insulin sensitivity in Ldlr�/�CEHTg
mice.

DISCUSSION

Inflamed adipose tissue due to increased infiltration of
macrophages is being considered as an important factor under-
lying the metabolic syndrome and atherosclerosis (15). Using
macrophage-specific CEH transgenic mice, we have earlier
demonstrated that overexpression of CEH and resulting reduc-
tion in macrophage cholesterol accumulation and increased
reverse cholesterol transport leads to attenuation of diet-in-
duced atherosclerosis and lesion necrosis in Ldlr�/� mice (11).
Our present study demonstrates that transgenic expression of

CEH also results in decreased
expression of proinflammatory
mediators due to reduced activation
of NF-�B, attenuated infiltration of
macrophages into the adipose tissue
of Ldlr�/�CEHTg mice, and signif-
icantly lower levels of circulating
cytokines. In addition, attenuation
of insulin signaling in adipocytes by
CEHTg macrophages was signifi-
cantly lower when compared with
nontransgenic macrophages. Col-
lectively, these effects result in
improved glucose and insulin toler-
ance in Western diet-fed Ldlr�/�

mice.
Macrophage cholesterol balance

is directly linked to the inflamma-
tory status, and the close relation-
ship between macrophage choles-
terol efflux and inflammation is
exemplified by attenuation of in
vitro efflux and in vivo reverse cho-
lesterol transport by endotoxins
(16). In addition, proinflammatory
cytokines such as IL-1� and TNF�
enhance lipid accumulation and
foam cell formation by reducing
lipid catabolism (17). CEH-medi-
ated hydrolysis of intracellular CE
represents the obligatory first step
in cholesterol efflux, and the data
presented here establishes that
overexpression of CEH attenuates
proinflammatory gene expression.
This is consistent with the reported
role of the ATP-binding cassette
transporter A1 (ABCA1), which
exports cholesterol from cells to
apoA1, in suppressing macrophage

inflammation and geneticmanipulations of ABCA1 expression in
mice affect inflammation and pancreatic beta cell function (18). It
is noteworthy that macrophages from Ldlr�/�ABCA1�/� mice
with an 80-fold increase in cellular CE content display an exag-
gerated inflammatory response (19). A recent clinical study
demonstrated beneficial effects of reconstituted high density
lipoprotein infusions that enhance cholesterol efflux from cells
on suppression of inflammation (20), underscoring the impor-
tance of cholesterol removal in modulating inflammatory
processes.
Adipose tissue inflammation and circulating cytokines, namely

IL-1� (21), IL-6 (22), and TNF� (23), collectively contribute to
insulin resistance associated with obesity. IL-1� is the primary
cytokine that not only regulates its ownproductionby an autofeed
forward loop but also regulates the production of other cytokines
including IL-6 (24). IL-1� and IL-6 are thought to perturb insulin
signaling, including insulin-dependent Akt phosphorylation (25,
26), and recent evidence suggests that someof the effects of TNF�

FIGURE 9. CEHTg macrophages have reduced effect on insulin signaling in adipocytes compared with
nontransgenic macrophages. A, differentiation of OP-9 cells. Preadipocyte factor-1 (Pref-1, marker gene for
preadipocyte) and aP2 (adipocyte-specific marker) mRNA levels were monitored to confirm the differentiation
into adipocytes. Data are presented as percent of undifferentiated cells (zero time) prior to the addition of the
differentiation medium. B, insulin responsiveness of differentiated OP-9 adipocytes was assessed by monitor-
ing insulin-mediated Akt phosphorylation. Cells were stimulated with insulin for 30 min and Akt, phosphory-
lated Akt (P-Akt) were examined by Western blot analyses. C, differentiated OP-9 adipocytes were co-cultured
with control nontransgenic or CEH transgenic macrophages, and insulin-induced fold increase in Akt phos-
phorylation was determined as described under “Experimental Procedures.” Data (mean � S.D., n � 3) are
presented as percent control; insulin-induced fold increase in Akt phosphorylation observed in OP-9 adipo-
cytes cultured without macrophages was used as control. *, p � 0.05. CLS, crown-like structures.
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may be mediated by its ability to induce IL-6 (27). Macrophages
are the primary source of IL-1�, and macrophage-derived IL-1�
production in insulin-sensitive organs such as adipose tissue, leads
to progressionof inflammation and inductionof insulin resistance
in obesity (28). IL-1� production and secretion have also been
reported from pancreatic islets and insulin-producing beta cells
within pancreatic islets are specifically prone to IL-1�-induced
destructionand lossof function (28).Taken togetherwithourdata
showing that CEH transgenicmice have dramatically reduced cir-
culating IL-1� levels along with reduced levels of other cytokines
and chemokines, attenuated levels of circulating IL-1� and/or
other cytokines likely contribute to the observed improvement in
insulin sensitivity in thesemice. Reduction inmacrophage infiltra-
tion into the adipose tissue due to reduced chemokine (MCP-1
andgranulocytemacrophagecolony-stimulating factor) levels fur-
ther add to this beneficial effect.
Transcriptionofproinflammatorycytokines is largely regulatedby

transcription factorsNF-�Band/orAP-1,and increased levelsofacti-
vated NF-�B and AP-1 are observed in macrophages from diabetic
patients (29). Our studies show that there is reduced activation of
NF-�Binperitoneal aswell asadipose tissuemacrophages fromCEH
transgenic mice and in vitro overexpression of CEH directly affects
NF-�B- andAP-1-mediated reporter gene transcription. These data
are consistent with the observed increase in the expression of proin-
flammatory cytokines and increased activation of the NF-�B in
macrophages isolated frommacrophage-specific ABCA1 knock-out
mice that accumulate high levels of intracellularCE (30).Thus, cellu-
lar cholesterol levels and activationof proinflammatory transcription
factors are probably linked by a mechanism not completely under-
stood as yet. In this regard, it is noteworthy thatmacrophage specific
inactivation ofNF-�B reduces foamcell formation (31).
In conclusion, transgenic overexpression of CEH results in

reduced systemic and adipose tissue inflammation, and collec-
tively, these two processes lead to improved insulin sensitivity.
CEH overexpression mediated attenuation of NF-�B and AP-1
activation is one of the underlying mechanisms. Future studies
will establish the specific mechanism(s) or pathways linking
cellular cholesterol balance and inflammation.
Recent studies have suggested a tentative link between cellu-

lar cholesterol content, membrane lipid rafts, and TLR4 signal-
ing, suggesting that these changes underlie the cholesterol
accumulation-mediated increase in inflammation (2, 30).
Ongoing studies in the laboratory will establish whether CEH-
mediated reduction in cellular cholesterol content has the
opposite effect and whether changes in lipid rafts/TLR4 signal-
ing or other intracellular events lead to the observed attenua-
tion of NF-�B activation as well as decreased expression of
proinflammatory mediators in CEH-overexpressing cells.
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