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Background: Role of CCAAT/enhancer-binding protein � in obesity-induced inflammation remains unexplored.
Results: Bonemarrow-chimeric mice studies show that C/EBP� deletion regulates dietary-induced systemic inflammation and
insulin resistance.
Conclusion: C/EBP� expression in response to palmitate or high-fat diet controls transcriptional regulatory networks in
macrophages and adipocytes critical for inflammation, lipid metabolism, and insulin resistance.
Significance: Attenuating C/EBP� is an attractive target for ameliorating nutrition-induced inflammation.

Strong evidence exists for a link between chronic low level
inflammation and dietary-induced insulin resistance; however,
little is known about the transcriptional networks involved.
Here we show that high fat diet (HFD) or saturated fatty acid
exposure directly activates CCAAT/enhancer-binding protein
� (C/EBP�) protein expression in liver, adipocytes, and macro-
phages. Global C/EBP� deletion prevented HFD-induced
inflammation and surprisingly increased mitochondrial gene
expression in white adipose tissue along with brown adipose
tissue markers PRDM16, CIDEa, and UCP1, consistent with a
resistance to HFD-induced obesity. In isolated peritoneal
macrophages from C/EBP��/� mice, the anti-inflammatory
gene LXR� and its targets SCD1 and DGAT2 were strikingly
up-regulated along with IL-10, while NLRP3, a gene important
for activating the inflammasome, was suppressed in response to
palmitate. Using RAW 264.7 macrophage cells or 3T3-L1 adi-
pocytes, C/EBP� knockdown prevented palmitate-induced
inflammation and p65-NF�B DNA binding activity, while
C/EBP� overexpression inducedNF�Bbinding, JNK activation,
and pro-inflammatory cytokine gene expression directly.
Finally, chimeric bone marrow mice transplanted with bone
marrow lacking C/EBP��/� demonstrated reduced systemic
and adipose tissue inflammatorymarkers, macrophage content,
and maintained insulin sensitivity on HFD. Taken together,
these results demonstrate that HFD or palmitate exposure trig-
gers C/EBP� expression that controls expression of distinct
aspects of alternativemacrophage activation. ReducingC/EBP�
inmacrophages confers protection fromHFD-induced systemic

inflammation and insulin resistance, suggesting it may be an
attractive therapeutic target for ameliorating obesity-induced
inflammatory responses.

Obesity-linked inflammation plays a causal role in various
metabolic disorders, including type 2 diabetes mellitus, nonal-
coholic fatty liver disease, and atherosclerosis (1). This inflam-
matory condition is provoked by ER stress, hypoxia, lipotoxic-
ity, reactive oxygen species, and altered adipokine signaling (2).
In addition, saturated fatty acids, which are increased in obesity
(3), have been implicated in the coordinate regulation ofmetab-
olismand inflammatory and immune responses (4). Several lab-
oratories have demonstrated that saturated fatty acids act as
ligands for toll-like receptor 4 (TLR4)4 in macrophages and
adipocytes (3–6). These signals in turn regulate various pro-
inflammatory transcription factors, such as NF�B, that induce
the transcription of genes encoding cytokines, chemokines, and
other effectors of the innate immune system (7).
In obese adipose tissue, macrophages are an important mod-

ulator of inflammation and insulin resistance; however, not all
macrophages exhibit an inflammatory phenotype. Resident
(sometimes called M2 or alternatively activated macrophages)
cells secrete IL-10 and additional interleukins that exert anti-
inflammatory activity (8), and promote tissue repair (9).
Although macrophages may exhibit a dynamic range of gene
expression patterns along a continuum of classical M1 to alter-
native M2 activation (9), the mechanisms underlying this phe-
notypic switch and development of obesity complications
remains unclear. Adoptive transfer of bone marrow lacking
either peroxisome proliferator-activated receptor (PPAR)�
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(10) or PPAR� (11) into WTmice diminishes the M2 response
and heightens insulin resistance and inflammation on a high fat
diet (HFD). Similarly, signaling pathways within macrophages,
including TLR4 (12), IKK� (13), JNK1 (14), Cbl-associated pro-
tein (15), and fatty acid-binding protein/AP2 (16), or overex-
pression of diacylglycerol acyltransferase (DGAT) 1 in macro-
phages (17), resulted in loss of monocyte migration and
protected obesemice from inflammation and insulin resistance
while on a HFD. Alternatively, mice with adipocyte-specific
deletion in the death receptor Fas (18), PKC� (19), or dominant
negative cAMP responsive element-binding protein (CREB)
(20) are protected from inflammation and glucose intolerance
induced by a HFD, suggesting that pathways within the adi-
pocyte itself may also coordinate inflammation and insulin
resistance.
The CCAAT/enhancer-binding protein (C/EBP) family of

basic leucine zipper (b-ZIP) transcription factors includes
C/EBP�,-�, -�, -�, and -�, and the ER stress gene C/EBP homol-
ogy protein (CHOP), which must heterodimerize with other
members of this family, most notably C/EBP�, in order to func-
tion (21). C/EBP�, in particular, is an important b-ZIP tran-
scription factor essential for adipose differentiation and native
immunities (22, 23). Importantly, two C/EBP� isoforms are
expressed in tissues from the samemRNA:C/EBP�-LAP (liver-
activating protein) and a truncated isoformC/EBP�-LIP (liver-
inhibiting protein) (24), and relative expression of each of these
isoforms has dramatic effects on inflammation, ER stress, and
insulin resistance in tissues (25–27). We showed that adenovi-
rus delivery of C/EBP� to the liver of WT mice re-capitulated
many of the nonalcoholic steatohepatitis-like phenotypes
including hepatic inflammation, ER stress, and lipid accumula-
tion (28). Conversely, we showed that C/EBP� deletion in
Leprdb/db mice reduced adiposity, hepatic steatosis, and diabe-
tes (27). Matsuda et al. (2010) demonstrated that transgenic
mice overexpressing C/EBP� specifically in the pancreatic �
cell resulted in decreased � cell mass and diabetes; while tar-
geted disruption of C/EBP� in the pancreatic � cell of obese or
diabetic mice preserved � cell mass and ameliorated hypergly-
cemia (25). These findings, combined with those of others (23,
29), suggest that C/EBP� is central to the pathogenesis of sev-
eral inflammatory disorders.WhileC/EBP� is a key regulator of
metabolism, adipocyte differentiation, andmacrophage activa-
tion, its pivotal role in the pathogenesis of dietary-induced
inflammation remains relatively unexplored.
In the present study, we show for the first time that C/EBP�

directly controls many of the metabolic and gene regulatory
changes associated with HFD or fatty acid-induced inflamma-
tion and insulin resistance inmacrophages and adipocytes. Our
results reveal a strong induction of C/EBP� in cells exposed to
either palmitate or HFD. Notably, there was a pronounced
reduction in inflammation and macrophage activation in peri-
toneal macrophages (PM) from C/EBP��/� mice. We show
that C/EBP� deletion in bone marrow cells protects mice from
macrophage infiltration and the pro-inflammatory response
induced by obesity.On the basis of these results, we discuss how
accumulation of C/EBP� in macrophage and adipose tissue
plays a direct role in the molecular pathway(s) for initiation of

fatty acid-induced inflammation and the pathogenesis of obe-
sity-linked insulin resistance.

EXPERIMENTAL PROCEDURES

Animals and Diets—Generation of C/EBP��/� mice has
been described before (30). Male C/EBP��/� and their WT
littermates were placed on either a HFD (60% of the total calo-
ries as fat, D12492; ResearchDiets, NewBrunswick, NJ) or con-
trol diet (CON,N02018; Harlan Laboratories, Indianapolis, IN)
for a total of 16weeks starting at 6weeks of age. The animal care
and procedures were approved by the Animal Care and Use
Committee of the University of Colorado Denver. Food intake
and body weight were measured weekly. Unless specified, tis-
sues were collected in mice anesthetized with intraperitoneal
administration of Avertin (250 mg/kg 2,2,2-tribromoethanol)
after a 6-h fast. Tissues were immediately placed in tubes with
RNAlater (Qiagen, Valencia, CA) or snap-frozen in liquid
nitrogen. Blood samples were collected after a 4–5-h daytime
fast via the retro-orbital sinus.
Measurement of Serum Metabolites and Liver TG—For glu-

cose tolerance tests (GTT), both WT and C/EBP��/� mice on
CON and HFD were fasted for 6 h and injected with glucose (2
mg/g BW). Blood was taken from tail vein and blood glucose
was measured using a glucometer. Serum insulin, adiponectin,
and IL-10 levels were measured by ELISA kits from ALPCO
(Windham,NH). Serum IL-6wasmeasured byMultiplex Assay
(Bio-Rad). Liver lipid was extracted and measured using the
protocol described previously (28).
Adipose Tissue Immunohistochemistry—Paraffin sections of

adipose tissue fromWTandC/EBP��/� mice underwent tryp-
sin antigen retrieval, followed by blocking with avidin/biotin
(Vector Laboratories, Burlingame, CA) and rabbit serum. Sec-
tions were then incubated with rat anti-mouse F4/80 antibody
(AbD Serotec, Raleigh, NC; 1:50 dilution) overnight at 4 °C.
F4/80 staining was detected by incubating the slides with bioti-
nylated rabbit anti-rat antibody, followed by treatment with
peroxidase-conjugated streptavidin and 3-amino-9-ethylcar-
bazole, and counterstaining with hematoxylin.
3T3-L1 Fibroblast Cell Culture—3T3-L1 murine fibroblasts

(ATCC, Manassas, VA) were propagated and differentiated
according to the protocol described previously (31). In brief, the
cells were propagated in DMEM containing 10% FBS and pen-
icillin/streptomycin at 37 °C and 5% CO2, and allowed to reach
confluence. On day 0, the medium was changed to DM1 (con-
taining FBS, 160 nM insulin, 250 �M dexamethasone, and 0.5
mM 3-isobutyl-1-methylxanthine). On day 2, the medium was
switched to DM2 (containing FBS and 160 nM insulin). On day
4, the cells were switched backed to DMEM with FBS. Mature
adipocytes were transfected with C/EBP�-siRNA or non-tar-
geting control Cont-siRNA (using DharmaFect 1, Thermo Sci-
entific, Lafayette, CO), or infected with AdLAP or AdGFP con-
trol (each at 50 pfu/cell), for 24 h followed by treatment with or
without palmitate (200�M) for 24 h and then stimulatedwith or
without 100 nM insulin for 20 min. Cell lysates were prepared
for Western blotting and separately, RNA was isolated for
qPCR.
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Isolation of Peritoneal Macrophages and Treatment with
Palmitate—Mice were intraperitoneal injected with 3% thio-
glycolate 3 days before isolation of the peritoneal macrophages
as described previously (32). Peritoneal macrophages were col-
lected from 10–12-week-old male WT and C/EBP��/� mice
by peritoneal lavage, centrifuged for 10 min, resuspended in
DMEM supplemented with 10% FBS and incubated in 6-well
plates for 24 h and then treated with or without palmitate (200
�M) for 24 h. Cells were harvested followed by RNA extraction
and qPCR.
RAW 264.7 Macrophage Cells and Treatments—RAW 264.7

macrophage-like murine cell line (ATCC) was routinely cultured
in DMEM with 10% FBS and penicillin/streptomycin at 37 °C
and 5% CO2. RAW macrophage cells (60–70% confluent) were
treated with 0–200 �M palmitate for 24 h, and cell lysates
were prepared for immunoblotting. RAW 264.7 macrophages
were grown in 6-well plates and transfected with C/EBP�-siRNA
or Cont-siRNA for 24 h using DharmaFect 3 (Thermo Scientific).
After that, cells were treated with or without palmitate overnight
followed by RNA extraction and qPCR. RAW macrophage cells
were also infectedwithAdLAP orAdGFP control (each at 50 pfu/
cell) for 24 h and processed for either Western blotting or RNA
extraction and qPCR. Additional adenovirus-infected cells were
serum-starved for 2h then stimulatedwithorwithout insulin (100
nM) for 20 min followed by Western blot analysis. Adenovirus
propagation and purification were as previously reported (28).
Preparation of Cytosolic andNuclear Fractions and Immuno-

blot Analysis—Cytosolic and nuclear extracts were prepared
from frozen tissue samples as previously described (28). All cell
lysates were subjected to Western blot analysis as described
previously (28). Primary antibodies used in this study were
C/EBP�, actin, and GAPDH (Santa Cruz Biotechnology, Santa
Cruz, CA); pJNK, JNK, pAkt (Ser-473), Akt, �/� tubulin (Cell
Signaling Technology, Danvers, MA); and TATA-binding pro-
tein (1TBP18; Abcam, Cambridge, MA). Immune complexes
were visualized using ECL and quantified by densitometry.
Quantitative Real-time PCR—Total RNA was isolated from

relevant tissues and cells using RNeasy Plus kit (Qiagen).
Reverse transcription was performed using total RNA with
iScript cDNA synthesis kit (Bio-Rad). Quantitative PCR was
performed using primer sets for genes of interest and two ref-
erence genes and iQ Supermix or iQ SYBR Supermix (Bio-Rad)
following manufacturer’s protocol. Reactions were run in
duplicate on an iQ5 Real-Time PCR Detection System (Bio-
Rad) along with a no-template control per gene. RNA expres-
sion data were normalized to levels of reference gene ubiq-
uitin C and GAPDH using the comparative threshold cycle
method. To demonstrate that efficiencies of target and ref-
erence genes are approximately equal, validations experi-
ments were performed.
Measurement of NF�B DNA Binding Activity—Fully differ-

entiated 3T3-L1 cells and RAW 264.7 cells were infected with
Cont-shRNA and C/EBP�-shRNA for 24 h then left untreated
or treated with 200 �M palmitate for 24 h. shRNA adenoviruses
toC/EBP� (C/EBP�-shRNA) and non-targeting control (Cont-
shRNA) were constructed as previously described (27). 3T3-L1
and RAW 264.7 macrophage cells were infected with AdGFP
and AdLAP for 24 h. Activity of NF�B-p65 in relation to

C/EBP� was measured by TransAM kit according to the man-
ufacturer’s protocol (Active Motif, Carlsbad, CA). The nuclear
extracts from differentially-treated cells were used in each well.
Colorimetric change was measured on a plate reader at 450 nm
with a reference wavelength of 655 nm. All treatments were
done in triplicate.
Bone Marrow Transplants—6–8-week-old B6.SJL (CD45.1;

#002104; Jackson Laboratory, BarHarbor,ME)WTmale recip-
ientmicewere subjected to a total of 1000 rads (2� 500 rads 3 h
apart) of whole body irradiation to eliminate endogenous bone
marrow stem cells. Bone marrow was harvested from donor
mice by flushing the femur of WT C57BL/6 (CD45.2) and
C/EBP� KO (CD45.2) with Hank’s buffer. Recipient mice were
then anesthetized with isoflurane and injected with 2.5 � 106

cells into the retro-orbital sinus cavity. After a 4-week recovery,
mice were placed on HFD for 12 weeks. At 10 weeks post-
irradiation, mice were anesthetized with isoflurane, and blood
was collected via retro-orbital sinus and placed in a RBC lysis
buffer for 10 min. RBC lysis was stopped with PBS, cells were
spun down then resuspended in staining buffer containing anti-
bodies (PE anti-CD45.1 and APC anti-CD45.2 from BD Biosci-
ences, San Diego, CA; Ter119 FITC from eBioscience, San
Diego, CA). Stained cells were then tested for engraftment of
donor bone marrow by flow cytometry for CD45.1 or CD45.2-
positive cells. Only mice with an engraftment of �85% donor
cells were used for final analysis. Tissue and serum metabolite
data collectionwere as described above. Adipose tissue samples
fromHFD-fedWT3WT and KO3WT animals were fixed in
4% formalin for immunohistochemistry. Briefly, samples were
embedded in paraffin, sectioned, and stained with a rat anti-
mouse F4/80 primary antibody (AbD Serotec). Staining was
visualized with a HRP-linked rabbit anti-rat secondary anti-
body. All the sections were counterstained with hematoxylin
before dehydration and coverslip placement. Images were
taken at �200 magnification.
For acute insulin stimulation in vivo, an additional set of

HFD-fed BMT mice were fasted for 6 h and anesthetized with
isoflurane and abdominal cavities were opened, exposing the
inferior vena cava. Approximately 100 mg of WAT was rapidly
removed and frozen immediately in liquid nitrogen. An insulin
bolus (10 units/kg BW) was injected into the inferior vena cava
as described previously (33). At 5 min after injection, a second
WAT biopsy was excised, frozen immediately, and stored at
�80 °C until analysis.
Statistical Analysis—Statistical comparisons between groups

were made using Student’s t test or analysis of variance where
appropriate. All values are reported as mean � S.E., and differ-
ences were considered to be statistically significant at p val-
ues 	 0.05.

RESULTS

C/EBP� Is Induced by HFD and Is a Critical Regulator of
Induction of Pro-inflammatory Gene Expression—To test the
C/EBP� role in key aspects of inflammation under conditions
of HFD-induced obesity, mice were fed a HFD for up to 16
weeks. HFD significantly increased body weight and relative fat
mass in WT mice, whereas this increase was absent in
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C/EBP��/� mice (Fig. 1A). Likewise, C/EBP��/� mice were
protected from hepatic TG accumulation, hyperinsulinemia,
and impaired glucose tolerance onHFD (Fig. 1B). As illustrated
in Fig. 1C, HFD induced a 2-fold increase in C/EBP� mRNA
expression in WT mice. We also performed immune-histo-
chemical analyses of adipose tissue size and ATM clusters by
staining for F4/80� cells (Fig. 1C). As we showed previously
(27), adipocytes from C/EBP��/� mice fed control chow
(CON) were substantially smaller than from WT mice. The
F4/80� ATM staining was highly concentrated in the nuclei of

WT HFD-fed mice, while this staining was absent in
C/EBP��/� mice on CON or HFD, suggestive of less tissue
macrophage content.
To determine whether C/EBP��/� mice on HFD have

reduced pro-inflammatory gene expression, we monitored
changes in gene expression by quantitative real-time PCR
(qPCR) in epididymal white adipose tissue (WAT). Macro-
phage marker expression of CD11b, F4/80, and MCP1 were
greatly reduced in HFD-fed C/EBP��/� mice (Fig. 1D) along
with serum amyloid A (SAA3), an acute phase response protein

FIGURE 1. Resistance to weight gain, reduced adipose tissue inflammation, and BAT gene expression in WAT of C/EBP��/� mice. A, epididymal adipose
tissue weight and relative weight change, and body weight gain of WT and C/EBP��/� mice fed CON or HFD for 16 weeks. Data are shown as mean � S.E. *, p �
0.05 versus WT-CON; **, p � 0.05 versus WT-CON; #, p � 0.05 versus WT-HFD; n � 4 mice/group. B, hepatic TG levels and fasting insulin levels measured by ELISA.
*, p � 0.05 versus WT-CON; #, p � 0.05 versus WT-HFD; n � 4 mice/group. C, representative sections of WAT immunostained with macrophage marker F4/80.
Arrows point to crown-like rump structures within cells from WT mice on HFD. Images were taken at �200 magnification. Inset: C/EBP� expression measured
by qPCR in WAT from WT mice fed CON or HFD. D–E, macrophage marker and inflammatory gene (D) and mitochondrial gene (E) expression was measured in
epididymal WAT by qPCR from WT and C/EBP��/� mice fed HFD. Data are shown as mean � S.E. *, p � 0.05; n � 4 mice/group. F, relative gene expression in
WAT and BAT for BAT marker genes in CON-fed WT and C/EBP��/� mice analyzed by qPCR. Data are shown as mean � S.E. n � 4 mice/group.
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that stimulates innate and adaptive immune responses in
mouse macrophages (34), and also TNF� and IL-6 were signif-
icantly lower in C/EBP��/� mice. Superoxide dismutase 1
(SOD1), an enzyme involved in limiting oxidative stress, and
the transcription factor yin-yang 1 (YY1), a common target of
mTOR and PPAR� coactivator-1� (PGC-1�), were both dou-
bled in epididymal adipose tissues of C/EBP��/� mice com-
pared withWT (Fig. 1E). Strikingly C/EBP��/� mice showed a
remarkable 18-fold increase in PGC-1� mRNA levels com-
pared with WT under HFD-fed conditions and the transcrip-
tion factor nuclear respiratory factor-1 (NRF1) was signifi-
cantly increased. The mitochondrial transcription factor A
(Tfam) and the M2 marker genes YM1 and arginase 1 (ARG1)
also demonstrated a strong trend for increase in C/EBP��/�

mice, suggesting anM2 (polarized, less active)macrophage pat-
tern in adipose tissue from C/EBP��/� mice on HFD.

Interestingly, the BAT selective genes including PRDM16,
UCP1, CIDEa, and ELOVL3 were all up-regulated by at least
2-fold in fat pads from C/EBP��/� CON-fed mice compared
with WT fat pads whereas there was no significant change in
BAT (Fig. 1F). This “browning” of theWAT has been observed
in many knock-out mouse strains that resist diet-induced obe-
sity (35–39), and indicates that C/EBP� deletion increases
mitochondrial biogenesis and resistance to pro-inflammatory
gene expression, despite consuming a HFD.
C/EBP� Controls Pro-inflammatory Gene Expression and

Insulin Responsiveness in Cell Culture—Previous studies have
shown that C/EBP� plays an important role in regulating
inflammatory responses in many different cell types (40, 41).
Similar to adipose tissue, the liver from WT mice on HFD
showed a doubling of C/EBP� protein expression (Fig. 2A).
Because weight gain and inflammation was limited in
C/EBP��/�mice onHFDhowever, we sought to determine the
direct effects of fatty acids onC/EBP� in adipocytes andmacro-
phages themselves. We first carried out in vitro experiments in
fully differentiated 3T3-L1 adipocytes. Differentiated cells were
treated with palmitate conjugated to fatty acid-free BSA which
is necessary to increase palmitate solubility. Palmitate
increased C/EBP�-LAP in a dose responsemanner (Fig. 2B). By
contrast, siRNA-mediated knockdown of C/EBP� in fully dif-
ferentiated 3T3-L1 cells (Fig. 2C) attenuated palmitate-medi-
ated induction ofMCP1, TNF�, and IL-6 gene expression com-
pared with controls (Fig. 2D). Likewise, suppressing C/EBP�
using siRNA significantly improved pAKT activation in
response to insulin in palmitate-treated 3T3L1 cells (Fig. 2E).
To further ascertain the C/EBP� role in inflammation,

mature 3T3-L1 adipocytes were infected with the full-length
C/EBP� isoform AdLAP or AdGFP control for 24 h (Fig. 2F).
Increasing C/EBP�-LAP expression in the absence of palmitate
increased the levels of IL-6, SAA3, TLR4, andMCP1 compared
with AdGFP (Fig. 2G). Furthermore, C/EBP�-LAP overexpres-
sion significantly induced JNK phosphorylation in the absence
of fatty acid incubation (Fig. 2H). Together, these results sug-
gest that palmitate induces C/EBP� along with inflammatory
gene expression, and attenuating C/EBP� inhibited fatty acid-
induced transcription of MCP1, TNF�, and IL-6 expression in
mature adipocytes.

C/EBP� Controls Genes Involved in Lipid Metabolism and
Inflammation in Peritoneal Macrophages and a Macrophage
Cell Line—In RAW 264.7 cells incubated with increasing con-
centrations (0–200 �M) of albumin-bound, long-chain satu-
rated fatty acids overnight, palmitate significantly increased
C/EBP� protein at concentrations as low as 50�M (Fig. 3A).We
then went on to determine the regulatory role of C/EBP� using
isolated primary PM fromWT and C/EBP��/� mice (Fig. 3B).
PM from C/EBP��/� mice displayed decreased TNF� and
reduced expression of the inflammasome marker NLRP3 com-
pared with WT mice both in the basal state and in response to
palmitate incubation. Most interestingly, we observed dramat-
ically induced expression of the potent anti-inflammatory tran-
scription factor liver X receptor � (LXR�) in PM from
C/EBP��/�mice. The downstreamLXR� target genesDGAT2
and SCD1 were also dramatically up-regulated in PM from
C/EBP��/� mice. Both of these genes have been implicated in
protecting macrophage cells from lipotoxicity by suppressing
pro-inflammatory fatty acids into neutral lipids and reducing
M1 activation (17). In addition, the anti-inflammatory cytokine
IL-10 was highly expressed in PM from C/EBP��/� mice,
together suggesting an increased M2-like phenotype in these
cells. PPAR�, a master regulator of lipid metabolism known to
inhibit pro-inflammatory gene expression (42), was strikingly
increased in PM fromC/EBP��/� mice.We also examined the
expression of genes in fatty acid synthesis (ACC, FASN), oxida-
tion (CPT1), and fatty acid-binding protein AP2, but found no
consistent differences between C/EBP��/� andWTmice (Fig.
3B).
These results indicate that C/EBP� might play a key role in

the regulation of both lipid homeostasis aswell as inflammation
in PM. To gain more insight into the C/EBP� role in macro-
phage lipid homeostasis and inflammation, we treated RAW
264.7 macrophage cells with control or C/EBP� siRNA then
incubated with or without palmitate overnight. mRNA expres-
sion levels in themacrophage cell linewas less robust compared
with the PM treated with palmitate; however, attenuation of
C/EBP� in RAWmacrophage cells significantly decreased fatty
acid-induced pro-inflammatory gene expression including
p65-NF�B, TNF�, IL-6, andTLR4 (Fig. 3C). On the other hand,
overexpression of C/EBP�-LAP dramatically increased inflam-
matory gene expression inRAWmacrophage cells (Fig. 3D) and
ER stress-related protein pJNK (Fig. 3E). We also measured
pAKT activation and found that C/EBP� significantly reduced
insulin-stimulated pAKT activation (Fig. 3F).
C/EBP� Knockdown Suppresses p65-NF�B Binding Activity

in Response to Lipids—Numerous studies have shown that the
canonical pro-inflammatory NF�B p50/65 signaling pathway
plays amajor role in directing the inflammatory response in the
macrophage and adipose tissues and is linked to fatty acid-in-
duced insulin resistance (13, 35). To further investigate the
C/EBP� role in transcriptional activation of NF�B in a cell
autonomous manner, fully differentiated 3T3-L1 adipocytes
and RAW 264.7 macrophage cells were exposed to palmitate
and p65-NF�B binding activity was determined using an oligo-
nucleotide binding assay. Palmitate treatment significantly
increased p65-NF�B binding activity by 40 and 50% in 3T3-L1
and RAW 264.7 cells, respectively (Fig. 4A), while treatment
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FIGURE 2. C/EBP� protein is induced by HFD or palmitate exposure and controls induction of pro-inflammatory gene expression. A, representative
immunoblot of C/EBP� in livers of WT and C/EBP��/� mice fed HFD. B, C/EBP� expression is induced in differentiated 3T3-L1 cells as detected by Western blot
analysis after treatment with or without palmitate (as indicated). Representative blots are shown. C, 3T3-L1 cells transfected with control or C/EBP� siRNA for
48 h. Representative Western blot for C/EBP� is shown. Data are shown as mean � S.E. of three independent experiments and normalized to actin. *, p � 0.05.
D, palmitate-mediated induction of pro-inflammatory genes in fully differentiated 3T3-L1 adipocytes analyzed by qPCR. Mature adipocytes were transfected
with control or C/EBP� siRNA for 48 h and then treated with 200 �M palmitate for a further 24 h. Data are mean � S.E. of three independent experiments. *, p �
0.05 versus control; #, p � 0.05 versus Cont-siRNA � palmitate. E, representative Western blot for pAKT(Ser-473), expressed as % control after normalization to
AKT. Mature adipocytes were transfected with control or C/EBP� siRNA for 48 h and treated with 200 �M of palmitate for a further 24 h. Cells were then starved
for 2 h in serum-free DMEM followed by stimulation with (100 nM) or without insulin for an additional 20 min. Data are mean � S.E. n � 3 experiments. *, p �
0.05. F–H, differentiated 3T3-L1 cells were infected with AdGFP control or AdLAP for 24 h. Representative immunoblot (F) for C/EBP� showing LAP and LIP
fragments. Pro-inflammatory gene expression (G) analyzed by qPCR. Representative Western blots (H) for pJNK and JNK and quantification by densitometry.
Data are shown as mean � S.E. *, p � 0.05; n � 3 experiments.
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FIGURE 3. C/EBP� regulates genes involved in lipid metabolism and stress-related protein expression in macrophages. A, representative immunoblots
of C/EBP� and pJNK in RAW 264.7 macrophage cells treated with 0 –200 �M palmitate for 24 h. B, PM cells were isolated from WT and C/EBP��/� mice and
treated with or without 200 �M palmitate for 24 h. mRNA were analyzed by qPCR. Data represent mean � S.E. *, p � 0.05 versus WT-cont; #, p � 0.05 versus
WT-palm; n � 3– 4 mice/group. C, relative gene expression in RAW 264.7 macrophage cells infected with Cont-siRNA or C/EBP�-siRNA for 24 h followed by
treatment with or without 200 �M palmitate overnight. Data are mean � S.E. of three independent experiments. *, p � 0.05 versus Cont-siRNA; #, p � 0.05 versus
Cont-siRNA � palm. D, RAW 264.7 macrophage cells were infected with AdLAP or AdGFP for 24 h and analyzed by qPCR, *, p � 0.05. E, Western blot analysis for
RAW 264.7 macrophage cells infected with AdLAP or AdGFP for 24 h for pJNK, expressed as % of control after normalization to JNK. Representative blots are
shown. Data are means � S.E. of three independent experiments. *, p � 0.05. F, representative Western blot for pAKT(Ser-473), expressed as % control after
normalization to AKT. RAW macrophage cells were infected with AdLAP or AdGFP for 24 h. After that, cells were starved for 2 h in serum-free DMEM followed
by stimulation with (100 nM) or without insulin for an additional 20 min. Data are mean � S.E. n � 3 experiments. *, p � 0.05.
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with C/EBP�-shRNA inhibited palmitate-induced p65-NF�B
DNA binding activity by 25 and 30%, respectively. In contrast,
adenoviral-mediated over-expression of C/EBP� significantly
increased NF�B binding activities by 20% and �100% in
3T3-L1 and RAW 264.7 cells, respectively (Fig. 4B), suggesting
that C/EBP� increases the transactivation potential of NF�B in
response to fatty acid exposure.
Mice with Bone Marrow-specific Deletion of C/EBP� Are Pro-

tected from Chronic Diet-induced Pro-inflammatory Response—
We hypothesized that both macrophages and adipocytes up-
regulate C/EBP� under the influence of saturated fatty acids,
but that macrophage-derived C/EBP� could be important for
propagating signals necessary for inflammation and macro-
phage infiltration duringHFD-induced obesity. To address this
issue, we performed adoptive bone marrow transplantation
(BMT) studies from C/EBP��/� mice into lethally irradiated
WT mice. Bone marrow from C/EBP��/� (KO) mice was
transplanted into WT mice (KO3WT) and from WT to WT
mice (WT3WT). After a 4-week recovery, the mice were
placed on HFD for the next 12 weeks, with engraftment confir-
mation at 10 weeks after irradiation. Final body weight gain on
HFD was similar in WT3WT and KO3WT mice (Fig. 5A).
Despite similar weight gain however, fasting serum insulin lev-
els were significantly lower by 50% in KO3WTHFD-fed mice
(Fig. 5B). Fasting blood glucose levels were similar in both
groups, while HOMA-IRwas�40% reduced in KO3WTmice
compared with WT3WT mice (Fig. 5B), suggestive of
increased insulin sensitivity in mice lacking C/EBP� in bone
marrow only. Notably, serum adiponectin levels were signifi-
cantly higher and pro-inflammatory serum marker IL-6 lower

in the HFD-fed KO3WT mice compared with WT3WT
mice (Fig. 5C). Likewise, serum IL-10, an anti-inflammatory
peptide, was significantly increased inKO3WTHFD-fedmice
(Fig. 5D). Although basal serum lipids including TG and FFA
were not measured in these BMT mice, liver TGs were signifi-
cantly reduced in KO3WT mice compared with WT3WT
mice (Fig. 5D).
Glucose tolerance in the BMT mice was only slightly

improved in KO3WTHFD-fed mice (Fig. 5E). Because limit-
ing inflammation is linked to improved insulin sensitivity, we
examined the activation of insulin signaling in adipose tissue
from BMT mice on HFD when injected with insulin. Insulin-
stimulated Akt activation was dramatically increased in
KO3WT HFD-fed mice compared with WT3WT HFD-fed
mice (Fig. 5F). We next examined adipose tissue macrophage
and inflammatory markers by qPCR in WAT from BMTmice.
The expression of macrophage markers CD11b, CD11c, and
CD68 were significantly reduced in KO3WTmice onHFD, as
were pro-inflammatory genes TNF�, IL-6, andMCP1 (Fig. 5G).
NLRP3, important for activating the inflammasome and pro-
moting insulin resistance in WAT (43), was lower in WAT of
KO3WT mice compared with WT3WT HFD-fed mice.
Importantly, expression levels of C/EBP� inWATwere similar
in WT3WT and KO3WT HFD-fed mice, suggesting that
C/EBP� deletion in bone marrow-transplanted mice protected
adipose tissue from macrophage infiltration and activation on
HFD, despite similar levels of C/EBP� expression in WAT.
Examination of WAT morphology showed increased macro-
phage F4/80 staining in WT3WTmice on HFD, but this was
greatly reduced in the KO3WTmice (Fig. 5H). Overall, these
results suggest that C/EBP� deletion in bone marrow-derived
cells protected these animals from systemic and adipose tissue
inflammation and these effects were sufficient to prevent the
deleterious effects of HFD on hyperinsulinemia and insulin
resistance in adipose tissue.

DISCUSSION

In the present study we demonstrate using both gain- and
loss-of-function approaches in RAW 264.7 macrophages, PM
cells, and inmice lacking C/EBP� in bonemarrow-derived cells
that C/EBP� is required for lipid-induced inflammatory
responses and the activation of the innate immune system in
response to HFD. Our data show that C/EBP� knockdown in
both adipocytes and macrophage cells reduces NF�B-DNA
binding activity and inflammation, while overexpression of
C/EBP� increased NF�B-DNA binding activities and inflam-
matory genes, even in the absence of fatty acids. Various pro-
inflammatory genes including TNF�, MCP1, SAA3, and IL-6
were consistently lower in cells andmice lackingC/EBP�, while
NLRP3 was suppressed in PM from mice lacking C/EBP�. A
recent study has shown that obesity induces the assembly of the
NLRP3 inflammasome in ATMs, thereby mediating insulin
resistance in early type 2 diabetes (43). Thus, these results dem-
onstrate that C/EBP� governs a network of genes crucial for
dietary-driven inflammatory activity and insulin resistance in
macrophages in vivo and in vitro. C/EBP� has been less charac-
terized than C/EBP�; however, unlike C/EBP�, C/EBP� has
been suggested to play a greater role in T regulatory cells and in

FIGURE 4. C/EBP� regulates NF�B-DNA binding activity in fully differen-
tiated 3T3-L1 adipocytes and RAW 264.7 macrophage cells. A, fully differ-
entiated 3T3-L1 cells and RAW 264.7 cells were infected with Cont-shRNA and
C/EBP�-shRNA for 24 h then left untreated or treated with 200 �M palmitate
for 24 h. Data are mean � S.E. of three independent experiments. *, p � 0.05
versus Cont-shRNA; **, p � 0.05 versus Cont-shRNA � Palm. B, 3T3-L1 and
RAW 264.7 macrophage cells were infected with AdGFP and AdLAP for 24 h.
Data are mean � S.E. of three independent experiments. *, p � 0.05.
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dendritic cells found in the central nervous system (44). In con-
trast, macrophages deficient in either C/EBP� or C/EBP� failed
to show a significant decrease in IL-6 and TNF� induction,
suggesting compensatory roles of C/EBP� and C/EBP� in
induction of pro-inflammatory cytokines (29, 40, 45). Given
that mice lacking C/EBP� either globally or in bone marrow
chimera studied here showed a striking reduction in inflamma-
tory responses, suggests there is low redundancy in the system;
however, this warrants further investigation.
We found that forced C/EBP� expression, independent of

fatty acids, increased TLR4 mRNA and cytokine/chemokine
expression (IL-6, MCP1, SAA3) in mature adipocytes, whereas
in C/EBP�-deficient macrophages, TLR4 expression, along
with TNF� and IL-6, were all reduced in response to palmitate.
These results suggest that C/EBP� may control the inflamma-
tory response in mature macrophages, in part by regulating
TLR4 receptor expression, either alone or in cooperation with

NF�B or FOXO1 (46). LXR� was also dramatically increased in
PM lacking C/EBP� suggesting that C/EBP� deletion could
play a fundamental role in facilitating protection from inflam-
mation by altering LXR� expression and its downstream tar-
gets SCD1 and DGAT2 (47). C/EBP� overexpression also
induces the reprogramming of� cells or pre-T cells intomacro-
phages (48, 49). Together these results suggest an early role for
C/EBP� in lineage commitment and the potential establish-
ment of an important macrophage transcription factor
network.
C/EBP binding motifs exist in many lipogenic gene promot-

ers. These include (among others) acetyl-CoA carboxylase,
lipoprotein lipase, fatty acid transport protein, SCD1, and acyl-
CoA synthetase (50–52). Based on the functions of these genes,
one would expect C/EBP� not only to regulate inflammation,
but also lipogenesis (27). Surprisingly, C/EBP� deletion
resulted in a striking increase in both SCD1 and DGAT2 in the

FIGURE 5. Bone marrow-specific deletion of C/EBP� reduced insulin levels and expression of adipose tissue inflammation and macrophage marker
genes in HFD-fed mice. WT mice were transplanted with WT and C/EBP��/� bone marrow cells and their engraftment was tested at 10 weeks post-irradiation.
At 4 weeks post-irradiation, mice were placed on HFD for 12 weeks. Data are mean � S.E.; n � 6 –7 mice/group. A, growth curve. B, fasting serum insulin
(measured by ELISA) and blood glucose levels (measured by glucometer) and HOMA-IR. *, p � 0.05. C, serum levels of adiponectin and IL-6 were measured by
ELISA and multiplex assay (respectively). *, p � 0.05. D, serum levels of IL-10 (measured by ELISA) and hepatic TG levels. *, p � 0.05. E, GTT. n � 3 mice/group.
F, insulin-stimulated phosphorylation of Akt (Ser-473) in adipose tissue of BMT mice. Representative blots are shown. Graph under the blot shows quantifica-
tion. Data are means � S.E.; n � 4 mice/group. *, p � 0.05 versus control (non-insulin stimulated); #, p � 0.05 versus WT3WT � insulin. G, adipose tissue RNA
was isolated, and relative gene expression was analyzed by qPCR. *, p � 0.05; n � 6 –7 mice/group. H, adipose tissue samples (n � 3/group) from HFD-fed
WT3WT and KO3WT animals were fixed in 4% formalin for immunohistochemistry as described under “Experimental Procedures.” Images were taken at
�200 magnification. Arrows point to crown-like rump structures within cells. Representative histology for both groups is shown.

C/EBP� Regulates Dietary-induced Inflammation

OCTOBER 5, 2012 • VOLUME 287 • NUMBER 41 JOURNAL OF BIOLOGICAL CHEMISTRY 34357



PM from C/EBP��/� mice, with minimal changes in lipogenic
genes. Increased DGAT expression in macrophages reduces
fatty acid-induced inflammatory responses, due in part to
increased SCD1 desaturase activity and protection from lipo-
toxicity (17, 53).
Palmitate is one of themost abundant saturated fatty acids in

plasma and is substantially elevated following a HFD (54). To
date, several mechanisms have been proposed to explain how
fatty acids activate macrophage inflammatory pathways. These
include, among others, increased ER stress (55), changes in ste-
rol metabolism (56), altered lipid trafficking and de novo lipo-
genesis (17, 53, 57), and polarization to an M1 pro-inflamma-
tory state (8). We found that hematopoietic deficiency of
C/EBP� leads to a reduction in inducible expression of inflam-
matory genes including TNF� and IL-6, and increased blood
levels of adiponectin, an anti-inflammatory adipokine, in HFD-
fed C/EBP��/� mice, along with increasedM2marker genes in
adipose tissues ofC/EBP��/�mice. These findings suggest that
C/EBP� expression inmacrophages controls distinct aspects of
alternative macrophage activation in response to fatty acids
thereby promoting adipose tissue inflammation and insulin
resistance.
Clear evidence shows that saturated fatty acids inhibit prox-

imal insulin signaling causing insulin resistance in multiple tis-
sues (58, 59). Conversely, C/EBP� overexpression in fully dif-
ferentiated adipocytes and RAW macrophage cell lines
increased pJNK activation which is directly linked with insulin
resistance (59). Therefore, it is plausible to assume that C/EBP�
expression contributes to insulin resistance in multiple ways:
through activation of inflammation and inactivation of anti-
inflammation, thereby possibly altering M2 to a more M1
polarized state. Unexpectedly, we found that adipose tissue
from global C/EBP��/� mice had markedly increased mito-
chondrial and brown adipose marker gene expression, and
exhibited a BAT-like phenotype. The shift in WAT to a BAT-
like phenotype in C/EBP��/� mice together with increased
mitochondrial gene expression suggest the possibility that up-
regulation of mitochondrial biogenesis might have a causal link
with the reduced inflammatory gene progression in adipose
tissue. Full elucidation of the role of mitochondria in innate
immune signaling and assessing how immune cells from
C/EBP��/� mice respondmetabolically to fatty acids will be of
paramount importance in the future.
There is now overwhelming evidence that obesity-linked

inflammation in adipose tissue and the liver is mediated largely
by macrophages and their activation state. The complexity of
the interactions between immune cells, tissues, and the regula-
tion of metabolism makes it hard to understand which comes
first: the initiation of inflammation or insulin resistance. Some
progress has been made identifying proteins and lipids
expressed by macrophages that control metabolism; but, with
few exceptions, the functions of the macrophage and T regula-
tory cells in metabolic tissues remain poorly understood.
Recent human data show that SNPs located in C/EBP� and �
genes can influence development of abdominal obesity and
associated changes in adipokines and metabolic phenotypes
related to the development of type 2 diabetes and cardiovascu-
lar disease (60). TZD treatment, which increases whole body

insulin sensitivity, has been shown to repress C/EBP� tran-
scriptional activity (along with NF�B) in bone marrow-derived
stem cells (61); indicating that C/EBP� may be an important
additional pathway for targeting inflammatory gene expression
and increasing insulin sensitivity. Thus, therapeutic strategies
that counteract the activation/expression of C/EBP� could be
an attractive and useful means for preventing and/or treating
obesity-related metabolic and cardiovascular diseases.
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