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Chronic inflammation in obese adipose tissue is linked to endoplasmic reticulum (ER) stress and systemic insulin resis-
tance. Targeted deletion of the murine fatty acid binding protein (FABP4/aP2) uncouples obesity from inflammation al-
though the mechanism underlying this finding has remained enigmatic. Here, we show that inhibition or deletion of
FABP4/aP2 in macrophages results in increased intracellular free fatty acids (FFAs) and elevated expression of uncoupling
protein 2 (UCP2) without concomitant increases in UCP1 or UCP3. Silencing of UCP2 mRNA in FABP4/aP2-deficient mac-
rophages negated the protective effect of FABP loss and increased ER stress in response to palmitate or lipopolysaccharide
(LPS). Pharmacologic inhibition of FABP4/aP2 with the FABP inhibitor HTS01037 also upregulated UCP2 and reduced
expression of BiP, CHOP, and XBP-1s. Expression of native FABP4/aP2 (but not the non-fatty acid binding mutant
R126Q) into FABP4/aP2 null cells reduced UCP2 expression, suggesting that the FABP-FFA equilibrium controls UCP2
expression. FABP4/aP2-deficient macrophages are resistant to LPS-induced mitochondrial dysfunction and exhibit de-
creased mitochondrial protein carbonylation and UCP2-dependent reduction in intracellular reactive oxygen species.
These data demonstrate that FABP4/aP2 directly regulates intracellular FFA levels and indirectly controls macrophage in-
flammation and ER stress by regulating the expression of UCP2.

Obesity-linked metabolic disorders, including insulin resis-
tance, fatty liver disease, and coronary arterial disease, share

the common signature of chronic inflammation and endoplasmic
reticulum (ER) stress (1, 2). Macrophage and T cell infiltration
and activation in adipose tissue play a key role in affecting adipo-
kine synthesis and secretion, thereby regulating systemic insulin
resistance (3). Inflammatory cytokines increase oxidative stress
and decrease the protein-folding efficiency of the ER, initiating a
counterregulatory unfolded protein response (UPR) (4) involving
pancreatic ER kinase (PERK), activating transcription factor-6
(ATF6), and inositol-requiring enzyme 1 (IRE1). Such concomi-
tant activation leads to the downstream activation of response
pathways and the induction of inflammatory signaling networks
via c-Jun N-terminal kinase (JNK) and/or NF-�B (nuclear factor
kappa B) (1).

Lipid metabolism in macrophages has been shown to play an
important role in triggering inflammation and ER stress (5, 6) and
has led to the identification of critical proteins that regulate the
obesity-metabolic disease axis. For example, genetic ablation of
the fatty acid binding protein (FABP4, also known as aP2) in mac-
rophages alone is sufficient to protect mice from development of
atherosclerosis and dyslipidemia (7). FABP4/aP2 is a cytoplasmic
fatty acid (FA) carrier protein that mediates intracellular fatty acid
trafficking, and a number of hypotheses have been proposed to
explain why the loss of FABP4/aP2 results in metabolic improve-
ment (6). Moreover, small molecules that target FABP4/aP2 have
been developed as potential therapeutics (8). However, conflict-
ing reports exist concerning the effectiveness of these inhibitors
using cell-based and animal models (9). FABP4/aP2-deficient
macrophages exhibit suppressed inflammatory signaling, attenu-
ated activation of the NF-�B pathway, and decreased ER stress (6,
10). Consistent with a role for FABP4/aP2 as a key determinant in
obesity-linked inflammation, genetic variation in the human

FABP4/aP2 promoter that leads to decreased expression of the
protein in adipose tissue is associated with lower serum triglycer-
ide levels, reduced coronary disease, and type 2 diabetes (11). The
biochemical processes underlying the effects of FABP4/aP2 defi-
ciency on macrophage lipid metabolism and ER stress and inflam-
matory pathways are not understood but may be linked to the
accumulation of intracellular unsaturated fatty acids, particularly
palmitoleic acid (6, 10).

The investigation herein describes the novel finding that UCP2
(uncoupling protein 2) is upregulated selectively in macrophages
from FABP4/aP2 null mice and that increased expression of UCP2
plays an important and essential role in alleviating ER stress and
decreasing inflammation (12, 13). Unlike its structural homolog
UCP1 that is highly expressed in brown fat, UCP2 is more broadly
expressed in various tissues and cells, functions as a sensor of
mitochondrial oxidative stress, and is generally considered to be
cytoprotective (14). Moreover, unsaturated fatty acids increase
UCP2 expression in macrophage cells, suggesting that the FABP-
fatty acid equilibrium is central to mediating metabolic homeo-
stasis.
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MATERIALS AND METHODS
Cell lines. FABP4/aP2 knockout and wild-type macrophage cells were
maintained in RPMI 1640 medium (Invitrogen) with 5% fetal bovine
serum (FBS). Raw 264.7 macrophages as well as UCP2 knockdown Raw
264.7 macrophages were maintained in Dulbecco’s modified Eagle’s me-
dium (DMEM; Invitrogen) with 10% FBS. Peritoneal macrophages were
isolated from C57BL/6J animals. A total of 1 � 106 to 2 � 106 cells were
plated and incubated overnight (15).

Intracellular fatty acid analysis. Monolayers of cells were washed
with phosphate-buffered saline (PBS) and harvested into 2 ml of 100 mM
sodium acetate (pH 3.9). Lipids were extracted into hexane-isopropanol-
H2O (3:2:2) and centrifuged at 3,000 rpm for 10 min to achieve phase
separation. The aqueous phase was dried under nitrogen, and lipids were
solubilized in 1 ml of chloroform. Samples were loaded onto an equili-
brated HF Bond Elut NH2 column (Agilent Technology) and washed with
chloroform-isopropanol (2:1) to remove neutral lipids, and fatty acids
were eluted with 2% acetic acid in diethyl ether. The fatty acid eluate was
dried and resolubilized in isopropanol for measurement of fatty acid
abundance (NEFA kit; Wako) or submitted to the Metabolomics Re-
sources Core of the Mayo Clinic (Rochester, MN) for fatty acid composi-
tion analysis. The fatty acid composition analysis was carried out by liquid
chromatography-mass spectrometry (LC-MS) with C17:0 spiked in each
sample as an internal standard.

Isolation of stromal vascular cells. Epididymal fat pads were dis-
sected from wild-type C57BL/6J and FABP4/aP2 knockout (KO) mice
(n � 6) maintained on a high-fat diet for 12 weeks (16). Briefly, fat pads
were minced and digested with type I collagenase in Krebs-Ringers-
HEPES (KRH) buffer supplemented with 10 mg/ml bovine serum albu-
min (BSA). After incubation at 37°C for 1 h, the mixture was filtered with
a cell strainer (100-�m-pore-size nylon; Falcon) to remove undigested
tissues. The stromal vascular fraction (SVF) was collected by centrifuga-
tion at 500 � g for 10 min. The stromal vascular fraction was washed, and
TRIzol reagent was used for RNA isolation. All experimental procedures
using animals were reviewed and approved by the University of Minne-
sota Institutional Animal Care and Use Committee.

shRNA knockdown of UCP2 in macrophages. Raw 264.7 and FABP4/
aP2 KO macrophages were transduced with a short hairpin RNA (shRNA)
lentivirus as described previously (17). Green fluorescent protein (GFP)
scrambled and Ucp2 targeting sequences were obtained from Open Bio-
systems. The following were used: Ucp2 (GenBank accession number
NM_011671) targeting sequence (UCP2 knockdown [UCP2 kd]), 5=-CC
GGTCTCCCAATGTTGCCCGTAATCTCGAGATTACGGGCAACATT
GGGAGATTTTTG-3=; alternative UCP2 targeting sequence (UCP2-2

kd), 5=-CCGGCCCAGCCTACAGATGTGGTAACTCGAGTTACCACA
TCTGTAGGCTGGGTTTTTG-3=; scrambled sequence, 5=-AACGTACG
CGGAATACTTCGA-3=.

Expression analysis by qPCR. Total RNA was isolated using TRIzol
reagent (Invitrogen) and reverse transcribed to cDNA using iScript ac-
cording to the manufacturer’s protocol (Bio-Rad). Real-time quantitative
PCR (qPCR) amplification was performed on a Bio-Rad CFX 96 real-time
system using SYBR green Supermix (Bio-Rad). Transcription factor II E
(TFIIE) was used as an internal control to normalize expression unless
specified otherwise. Primer sequences are provided in Table 1.

RT-PCR analysis. Reverse transcription-PCR (RT-PCR) was used to
identify UCP1, UCP2, and UCP3 expression in macrophages. The follow-
ing primers were used: UCP1 forward, 5=-GCCAGGCTTCCAGTACCA
TTA-3=; UCP1 reverse, 5=-TGGTACGCTTGGGTACTGTCC-3=; UCP2
forward, 5=-CCAGAGCACTGTCGAAGCCT-3=; UCP2 reverse, 5=-GCA
GCCATTAGGGCTCTTTTG-3=; UCP3 forward, 5=-AGAACCCAGGGG
CTCAGAG-3=; UCP3 reverse, 5=-AAAACGGAGATTCCCGCAGTA-3=.

Cellular respiratory assay. A macrophage respiratory assay was per-
formed on an XF24 extracellular flux analyzer (Seahorse Biosciences)
(18). Macrophages were plated on V7 microplates at a density of 300,000
cells per plate and incubated overnight, and then cells were treated with
either vehicle or lipopolysaccharide (LPS; 100 ng/ml) for 4 h. During the
assay, cells were exposed to compounds in the following order: 2 �M
oligomycin, 0.4 �M FCCP [carbonyl cyanide-p-(trifluoromethoxy)phe-
nylhydrazone], and 4 �M antimycin A.

H2O2 assay. Hydrogen peroxide (H2O2) quantification was deter-
mined using an Amplex Red hydrogen peroxide/peroxidase assay kit (In-
vitrogen) according to the manufacturer’s protocol with modification.
Briefly, cells were scraped into phosphate buffer (pH 7.4) and inactivated
at 95°C for 10 min. After spin-down of cell debris, 50 �l of supernatant
was loaded with 50 �l of working solution. Following a 30-min incuba-
tion, fluorescence was measured using a microplate reader with excitation
at 540 nm and emission at 590 nm.

Membrane potential measurement. Mitochondrial proton motive
force was measured by tetramethylrhodamine methyl ester (TMRM)
staining (Invitrogen). Briefly, cells were washed with PBS and incubated
in 1 ml of KRH buffer (pH 7.4) with a 20 nM final concentration of
TMRM for 30 min. Then cells were washed with PBS and harvested into
300 �l of KRH buffer. Samples (150 �l each) were loaded into 96-well
plates, and fluorescence was measured using a microplate reader with
excitation at 531 nm and emission at 572 nm.

Mitochondrial isolation. Cells were scraped into isolation buffer (20
mM Tris [pH 7.4], 220 mM mannitol, 70 mM sucrose, 1 mM EDTA, 0.1

TABLE 1 Real-time qPCR primer sequences

Target Forward primer (5= to 3=) Reverse primer (5= to 3=)
UCP2 ACTGTGCCCTTACCATGCTCC ATTGGTAGGCAGCCATTAGGG
PPAR� GCCATTGAGTGCCGAGTC TGTGGATCCGGCAGTTAAG
LXR� TCAAGGGAGCACGCTATGTC TTCCTCTTCTTGCCGCTTC
CD36 TGGAGCTGTTATTGGTGCAG TGGGTTTTGCACATCAAAGA
Arginase AACACGGCAGTGGCTTTAACC GGTTTTCATCTGGCGCATTC
SCD1 CCTACGACAAGAACATTCAATCCC CAGGAACTCAGAAGCCCAAAGC
iNOS AGCGAGTTGTGGATTGTCC TCTCTGCCTATCCGTCTCG
Catalase CCAGCGACCAGATGAAGCAG CCACTCTCTCAGGAATCCGC
Gpx4 GCTGTGCGCGCTCCAT CCATGTGCCCGTCGATGT
SOD1 GCCAATGATGGAATGCTCTCC CAATCTGACTGCTGGAAAGGAC
SOD2 CCGAGGAGAAGTACCACGAG GCTTGATAGCCTCCAGCAAC
Prd3 TTA AACATGGTTAGTTGCTAGTACAAGGA TTGAGACATGATCTAAGAATAGCCTCCTA
ALDH2 TTTATCCAGCCCACCGTGTTC CAAGCCCATACTTAGAATCATTGG
XBP-1s CTGAGTCCGAATCAGGTGCAG GTCCATGGGAAGATGTTCTGG
XBP-1u TGGCCGGGTCTGCTGAGTCCG GTCCATGGGAAGATGTTCTGG
F4/80 TTTGGCTATGGGCTTCCAGTC TCAGCAACCTCGTGTCCTTGAG
TFIIE CAAGGCTTTAGGGGACCAGATAC CATCCATTGACTCCACAGTGACAC

Xu et al.

1056 mcb.asm.org March 2015 Volume 35 Number 6Molecular and Cellular Biology

http://www.ncbi.nlm.nih.gov/nuccore?term=NM_011671
http://mcb.asm.org


mM EGTA) supplemented with protease inhibitors and lysed with 20
strokes of a Dounce homogenizer. Homogenates were centrifuged at
700 � g for 10 min to remove nuclei and unbroken cells. Mitochondria
were pelleted by centrifugation at 12,000 � g for 15 min.

Immunoblotting. Cells were lysed in radioimmunoprecipitation as-
say (RIPA) buffer supplemented with protease inhibitors. Equal amounts
of protein were separated by SDS-PAGE and transferred to polyvinylidene
difluoride (PVDF) membrane. After a blocking step, membranes were
incubated with primary antibody overnight at 4°C. Membranes were
washed and incubated with secondary antibody conjugated to Li-Cor
IRDye for 1 h and visualized using Odyssey infrared imaging (Li-Cor
Biosciences). The antibodies used were anti-UCP2 (C-20; Santa Cruz Bio-
technology), anti-4-hydroxynonenal (anti-4-HNE) (Millipore), anti-
DDIT3 (anti-CHOP) (Abcam), anti-GPR78 (Bip) (H-129; Santa Cruz
Biotechnology), anti-cyclooxygenase-2 (anti-Cox2) and anti-inducible
nitric oxide synthase (anti-iNOS) (BD Transduction Laboratories), anti-
�-actin (Sigma-Aldrich), and anti-ATP synthase-� subunit (MitoSci-
ences).

Cytokine TNF-� measurement. Secreted tumor necrosis factor alpha
(TNF-�) in medium (8 h) was measured with a mouse TNF enzyme-
linked immunosorbent assay (ELISA) set from BD Biosciences according
to the manufacturer’s instructions.

Fatty acid oxidation assay. Fatty acid oxidation was carried out as
described by Wiczer and Bernlohr (19). Briefly, cells were incubated for 1
h at 37°C in Krebs-Ringers-HEPES buffer (pH 7.4) containing 5.4 mM
glucose and 400 �M [14C]palmitic acid bound to 100 �M fatty acid-free
BSA. Cells were scraped from the plates and transferred with medium into
20-ml glass reaction vials containing a center reaction tube filled with 400
�l of 1 M sodium hydroxide. Perchloric acid (70%) was added to the
medium (final concentration of 7%), and samples were incubated for 1 h
with shaking at 80 rpm. After incubation, the content of the center tube
was transferred into 10 ml of liquid scintillation fluid, and the 14CO2 level
was determined by liquid scintillation counting.

Statistical analysis. All data in the paper are expressed as means 	
standard deviations (SDs). Statistical significance was determined using
an unpaired, two-tailed Student t test.

RESULTS
Loss or inhibition of FABP4/aP2 in macrophages leads to in-
creased UCP2 expression. Previous reports have demonstrated
that the intracellular fatty acid pool in FABP4/aP2-deficient mac-
rophages and adipocytes is increased and has an altered composi-
tion (6, 20). Work in other systems, particularly in the liver, has
shown that the expression of UCP2 mRNA and protein is in-
creased with obesity and regulated by fatty acids and that lipid
overload leads to increased expression of UCP2 as part of a coun-
terregulatory cycle (14, 21). Since FABPs establish an intracellular
equilibrium between bound and free fatty acids (FFAs), we hy-
pothesized that loss of FABP4/aP2 would result in increased avail-
ability of lipid and upregulation of UCP2. To test this hypothesis,
we evaluated the expression of uncoupling proteins using real-
time qPCR and determined that UCP2 mRNA is increased ap-
proximately 60% in adipocyte FABP (AFABP)/aP2-deficient SVF
cells compared to levels in wild-type mice (Fig. 1A). Similarly,
UCP2 mRNA levels were increased 
2-fold in cell lines derived
from AFABP/aP2-deficient mice (referred to as AKO macro-
phages) compared to levels in control cells (Fig. 1B). The pheno-
type of FABP4/aP2 deficiency in macrophages can be mimicked by
treatment of cultured macrophages with a previously identified
and characterized chemical inhibitor of FABPs, HTS01037 (8).
Treatment of Raw 264.7 macrophages with HTS01037 also signif-
icantly increased the UCP2 mRNA level (Fig. 1C). To further con-
firm that the upregulation of UCP2 is responsive to FABP4/aP2

deficiency, AFABP/aP2�/� macrophages were reconstituted with
either a wild-type FABP4/aP2 or a non-fatty acid binding mutant
of AFABP/aP2 (R126Q) (22) to a level comparable to that of
FABP4/aP2 in wild-type macrophages (results not shown). Reex-
pression of wild-type FABP4/aP2 but not the R126Q mutant re-
duced UCP2 mRNA to a level comparable to that in wild-type
macrophages (Fig. 1B), implying that the intracellular FFA-FABP
equilibrium is a major control element for UCP2 expression.
Analysis of UCP2 protein levels in FABP4/aP2-deficient macro-
phages showed that UCP2 is significantly increased compared to
the wild-type level (Fig. 1D). Moreover, the treatment of Raw
264.7 macrophages with the FABP inhibitor HTS01037 also in-
creased the UCP2 protein level (Fig. 1E). Furthermore, the in-
creased expression of uncoupling protein was specific for UCP2 as
there was no evidence of any expression of UCP1 or UCP3

FIG 1 Loss of FABP4/aP2 increases UCP2 expression. (A) UCP2 mRNA level
normalized to macrophage F4/80 in the stromal vascular fraction of epididy-
mal adipose tissue obtained from high-fat diet-fed wild-type (WT-epidi) and
AFABP/aP2�/� (AKO-epidi) mice. (B) UCP2 mRNA level in wild-type, AKO,
AKO�native (AFABP/aP2�/� macrophages reconstituted with WT AFABP/
aP2), and AKO�R126Q (AFABP/aP2�/� macrophages reconstituted with a
non-fatty acid binding mutant of AFABP/aP2) macrophages. (C) UCP2
mRNA level in Raw 264.7 macrophages treated with 30 �M HTS01037 for 24
h. DMSO, dimethyl sulfoxide. (D) UCP2 protein expression in AKO and WT
macrophage mitochondrial fractions determined by Western blotting. (E)
UCP2 expression in Raw 264.7 macrophages treated with 30 �M HTS01037 as
determined by Western blotting. (F) RT-PCR amplification of UCP1, -2, and
-3 from wild-type (WT) and AFABP/aP2�/� (AKO) macrophages. Amplifica-
tion of UCP1 from brown fat (B-fat) was used as a positive control for UCP1
expression while a UCP3 expression control was amplified from a heart cDNA
sample. *, P  0.05; ** P  0.01; NS, not significant.
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(Fig. 1F). These results in sum indicate that FABP4/aP2-FFA equi-
librium controls the expression of UCP2.

Unsaturated fatty acids induce UCP2 expression in macro-
phages via PPAR�. Previous reports have shown that in multiple
systems UCP2 expression can be induced by unsaturated fatty
acids (14, 23–25). Moreover, FABPs are identified as lipid chaper-
ones involved in establishment of the bound-versus-free FA equi-
librium (16, 26). Consistent with previous work, intracellular free
fatty acids in FABP4/aP2�/� macrophages were increased 
70%
compared to the level of the wild type (Fig. 2A) (6). Moreover,
fatty acid composition analysis revealed that monounsaturated
fatty acid levels, such as those of oleic acid (18:1), palmitoleic acid
(16:1 cis), and palmitelaidic acid (16:1 trans), were selectively ele-
vated in FABP4/aP2�/� macrophages (Fig. 2B). To test which mo-
lecular species of fatty acid could induce UCP2 expression in mac-
rophages, Raw 264.7 cells were treated for 24 h with different fatty
acids (4:1, FFA/bovine serum albumin), and the expression of
UCP2 was evaluated. The results demonstrate that polyunsatu-
rated fatty acids, including docosahexaenoic acid (DHA; 22:6),
eicosapentaenoic acid (EPA; 20:5), linoleate (18:2), and the
monounsaturated fatty acids oleate (18:1) and palmitoleate (16:1)
can each induce UCP2 expression in macrophages, while the sat-
urated fatty acid palmitate (16:0) was unable to elicit any response
(Fig. 2C). Unsaturated fatty acids have been shown to act as li-
gands of a family of transcription factors, peroxisomal prolifera-
tor-activated receptors (PPARs), which are involved in regulating
the expression of a cohort of genes involved in lipid metabolism
(27). PPAR� is the major form of PPARs expressed in macro-
phages and suppresses the expression of a large set of inflamma-
tory genes (28). Real-time qPCR analysis showed that both
PPAR� and its target genes, such as liver X receptor alpha (LXR�),

cluster of differentiation 36 (CD36), arginase and stearoyl coen-
zyme A (stearoyl-CoA) desaturase 1 (SCD1), were upregulated in
FABP4/aP2�/� macrophages compared to levels in wild-type
macrophages. In contrast, the expression of the proinflammatory
gene inducible nitric oxide synthase (iNOS) is downregulated in
FABP4/aP2�/� macrophages (Fig. 2D). In addition, treatment of
wild-type peritoneal macrophages with the FABP inhibitor
HTS01037 showed similar results (Fig. 2E). In order to determine
the role of PPAR� in macrophage UCP2 expression, Raw 264.7
cells were treated with the PPAR� agonist troglitazone. Troglita-
zone treatment increased the expression of UCP2 in macrophages,
as well as LXR� (Fig. 2F). On the other hand, treatment of FABP4/
aP2�/� macrophages with the PPAR� antagonist GW9662 re-
duced UCP2 expression to a level comparable to that in the wild
type (Fig. 2G).

UCP2 upregulation negates palmitate-induced ER stress in
FABP4/aP2-deficient macrophages. The alleviation of lipid-in-
duced macrophage ER stress can be accomplished by either
knocking out FABP4/aP2 genetically or inhibiting the FABP-fatty
acid interaction with small-molecule inhibitors (6). In addition,
the reduction in macrophage ER stress has been shown to offer
protection against atherosclerosis (29). We therefore evaluated
the role of UCP2 upregulation in FABP4/aP2�/� macrophages as
mediating reduced ER stress in palmitate-treated macrophages by
silencing UCP2 in AKO and Raw 264.7 macrophages (Fig. 3A and
B). Spliced X-box binding protein 1 (XBP-1s) (30, 31) was mark-
edly downregulated in Raw 264.7 cells treated with HTS01037,
while the level of the unspliced form was increased, suggesting that
loss of FABP4/aP2 protects macrophages from ER stress (Fig. 4A).
Treatment of UCP2 knockdown and control cells with HTS01037

FIG 2 Unsaturated fatty acids induce UCP2 expression via PPAR�. (A) Intracellular free fatty acids measured in WT (wild-type) and AKO (AFABP/aP2�/�)
macrophages. (B) Fatty acid composition in WT and AKO macrophages. (C) UCP2 mRNA level in Raw 264.7 macrophages treated with 300 �M docosa-
hexaenoic acid (DHA), eicosapentaenoic acid (EPA), linoleate, oleate, palmitoleate, or palmitate. Fatty acids were added in complex to bovine serum album at
a molar ratio of 4:1. Ctl, control. (D) mRNA levels of PPAR�, liver X receptor alpha (LXR�), cluster of differentiation 36 (CD36), arginase, stearoyl-CoA
desaturase 1 (SCD1), and inducible nitric oxide (iNOS) in WT and AKO peritoneal macrophages. (E) PPAR�, LXR�, CD36, arginase, SCD1, and iNOS mRNA
levels in WT peritoneal macrophages treated with 10 �M HTS01037. (F) mRNA levels of LXR� and UCP2 in Raw 264.7 macrophages treated with 5 �M
troglitazone for 24 h. (G) mRNA levels of UCP2 in WT and AKO macrophages treated with 5 �M GW9662 for 24 h. *, P  0.05; ** P  0.01.
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showed that UCP2-silenced macrophages have a basal increase of
XBP-1s and a blunted response to HTS01037 (Fig. 4B).

Lipid loading, especially palmitate treatment, has been shown
to induce expression of proteins involved in the ER stress re-
sponse, such as CHOP (C/EBP homologous protein) and immu-
noglobulin heavy-chain binding protein (Bip) (6). To assess the
role of UCP2 induction in regulating the ER stress response to
palmitate, UCP2 knockdown and control cells were pretreated
with HTS01037 or vehicle, and palmitate-induced ER stress was
evaluated. Expression of CHOP and Bip with palmitate treatment
was markedly reduced in response to HTS01037 treatment in
macrophages, and this protection was negated in UCP2 knock-
down macrophages (Fig. 4C to E). In order to further determine
the role of UCP2 in inhibiting the ER stress response, UCP2 was
knocked down in FABP4/aP2-deficient macrophages (AKO-
UCP2 kd), and palmitate-induced ER stress was evaluated. Im-
portantly, palmitate treatment of macrophages showed increased
expression of CHOP and Bip in wild-type and AKO-UCP2 kd
macrophages compared to levels in FABP4/aP2�/� (AKO) mac-
rophages (Fig. 4F and G). Taken together, these results strongly
indicate that UCP2 expression in FABP4/aP2-deficient macro-
phages plays an important role in mediating the reduced lipid-
induced ER stress.

UCP2 mediates the decreased inflammatory signaling in
FABP4/aP2-deficient macrophages. FABP4/aP2�/� macrophages
have reduced expression of inflammatory proteins such as cyclo-
oxygenase 2 (Cox2) and iNOS (7, 10). In order to determine if
UCP2 is involved in the suppression of inflammatory signaling in
FABP4/aP2 knockout macrophages, wild-type and FABP4/
aP2�/� macrophages were treated with lipopolysaccharide (LPS)
in the presence or absence of genipin, a UCP2 inhibitor (32), and
the inflammatory response was profiled. Consistent with previous
studies, LPS-induced Cox2 expression and TNF-� secretion were
significantly lower in FABP4/aP2�/� macrophages (Fig. 5A and
B). Moreover, LPS and genipin cotreatment of FABP4/aP2�/�

macrophages significantly increased Cox2 expression and TNF-�
secretion in FABP4/aP2�/� macrophages compared to levels with
LPS treatment alone (Fig. 5A and B), suggesting that increased
UCP2 expression may attenuate inflammatory responsiveness. To
further confirm UCP2’s role in suppressing inflammatory signal-

ing, control cells and UCP2 knockdown Raw 264.7 macrophages
were pretreated with HTS01037 and stimulated with LPS or LPS
plus gamma interferon (IFN-�). In control cells, HTS01037 treat-
ment significantly reduced LPS-induced Cox2 expression as well
as LPS-plus-IFN-�-induced iNOS expression (Fig. 5C to E). How-
ever, the effect of HTS01037 was significantly reduced, if not to-
tally abolished, in UCP2 knockdown macrophages (Fig. 5C to E).
Taken together, these data indicate that UCP2 plays an important
role in mediating the reduced inflammation in FABP4/aP2-defi-
cient macrophages and that the key determinant of metabolic im-
provement in FABP-deficient mice is upregulation of UCP2.

UCP2 decreases the hydrogen peroxide level and oxidative
stress in FABP4/aP2-deficient macrophages. A well-defined role
for UCP2 is suppression of reactive oxygen species (ROS) produc-
tion (13, 14). In order to determine the effect of FABP4/aP2 loss
on ROS level in macrophages, the intracellular hydrogen peroxide
levels in both FABP4/aP2�/� and wild-type macrophages were
determined. Figure 6A shows that FABP4/aP2�/� macrophages
have a significantly lower level of intracellular hydrogen peroxide.
Moreover, treatment of control and FABP4/aP2�/� macrophages
with genipin to inhibit UCP2 attenuated the decreased ROS levels
in FABP4/aP2-deficient cells but had little effect on control mac-
rophages (Fig. 6B). Interestingly, HTS01037 treatment of Raw
264.7 macrophages, which mimics the knockdown of FABP4/aP2,
also led to decreased intracellular hydrogen peroxide (Fig. 6C).
Moreover, HTS01037 treatment of UCP2 knockdown cells was
not able to reduce the intracellular hydrogen peroxide level (Fig.
6D), suggesting that the effect of HTS01037 treatment on hydro-
gen peroxide level is likely to be mediated by UCP2 expression as
well. Taken together, the results indicate that genetic loss or chem-
ical inhibition of FABP4/aP2 leads to the reduced level of intracel-
lular hydrogen peroxide in a UCP2-dependent manner.

Oxidative stress is a key contributor to mitochondrial dysfunc-
tion and apoptosis (33, 34). Consistent with decreased hydrogen
peroxide that is indicative of reduced oxidative stress, most of the
antioxidants, if not all, are decreased in FABP4/aP2-deficient
macrophages (Fig. 6E). Surprisingly, silencing of UCP2 also leads
to a decrease in the mRNA expression levels of several antioxidant
enzymes (Fig. 6E and F). One of the effects of oxidative stress is
protein carbonylation, the covalent modification of proteins with
reactive lipid aldehydes that is linked to mitochondrial dysfunc-
tion (35). Utilizing an antibody directed to carbonylated proteins,
and consistent with reduced ROS levels, FABP4/aP2�/� macro-
phages exhibit reduced protein carbonylation (Fig. 6G).

FABP4/aP2�/� macrophages have higher mitochondrial res-
piration capacity. Reduced carbonylation is predictive of im-
proved mitochondrial function, and to test this hypothesis, cellu-
lar respiration was evaluated both at the basal level and in response
to an LPS challenge. As shown in Fig. 7, FABP4/aP2�/� macro-
phages exhibited a lower level of basal respiration and ATP turn-
over but a significantly higher level of maximum respiration.
Upon LPS treatment, FABP4/aP2�/� macrophages have a signif-
icant increase in basal respiration and ATP turnover, while wild-
type macrophages lose the maximum respiration capacity (Fig. 7B
to D). However, no difference in coupling efficiency and proton
leak between the two cell lines or treatments was observed (Fig. 7E
and F).

UCP2 mediates decreased basal respiration and lactate pro-
duction of FABP4/aP2�/� macrophages but not increased fatty
acid oxidation. Consistent with a role of UCP2 in control of basal

FIG 3 Knockdown of UCP2 in FABP4/aP2-deficient and Raw 264.7 macro-
phages. (A) UCP2 mRNA levels in wild-type (WT), AKO, and AKO-UCP2 kd
(UCP2 knockdown AKO macrophages) macrophages. (B) UCP2 mRNA levels
in control cells (Ctl) and in UCP2 kd and UCP2-2 kd (alternatively silenced
UCP2 knockdown cells) Raw 264.7 macrophages. **, P  0.01.
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respiration, silencing of UCP2 in FABP4/aP2�/� macrophages in-
creased basal, but not maximal, respiration compared to control
cell levels (Fig. 8A). Additionally, fatty acid oxidation was in-
creased in macrophages lacking FABP4/aP2 (Fig. 8B). However,
no difference in fatty acid oxidation was observed in UCP2 knock-
down FABP4/aP2�/� or Raw 264.7 macrophages (Fig. 8B and C),

suggesting a UCP2-independent process. FABP4/aP2�/� macro-
phage cell culture medium had reduced lactate compared to wild-
type macrophages (Fig. 8D). This is consistent with the lower basal
respiration of FABP4/aP2�/� macrophages (Fig. 7B). In support
of the role of UCP2 mediating the decreased lactate production in
FABP4/aP2�/� macrophages, the lactate level was increased about

FIG 4 UCP2 upregulation mediates decreased ER stress in FABP4/aP2-deficient macrophages. (A) XBP-1s and XBP-1u (unspliced XBP-1) mRNA levels in Raw
264.7 macrophages treated with 30 �M HTS01037. (B) XBP-1s mRNA levels in UCP2 knockdown and control macrophage cell lines treated with 30 �M
HTS01037 for 24 h. (C to E) CHOP (C and D) and Bip (E) abundance as determined by Western blotting in UCP2 knockdown and control cells pretreated with
vehicle (Ctl�DMSO) or HTS01037 (30 �M; 01037) for 3 h and treated with 500 �M palmitate (PA) for 16 h. (F) CHOP abundance as determined by Western
blotting in WT, AKO, and AKO-UCP2 kd (UCP2 knockdown AKO macrophages) cells treated with 300 �M palmitate for 24 h. (G) Bip abundance as determined
by Western blotting in WT, AKO, and AKO-UCP2 kd cells treated with 500 �M palmitate for 12 h. *, P  0.05; **, P  0.01.
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70% in the cell culture medium of UCP2 knockdown FABP4/
aP2�/� cells and UCP2 knockdown Raw 264.7 cells compared
with levels in control macrophages (Fig. 8D and E).

DISCUSSION

Chronic activation of ER stress and inflammation in macrophages
contributes to the pathogenesis of various metabolic disarrange-
ments such as atherosclerosis and type 2 diabetes (4, 29). The
stressors that can lead to macrophage ER stress and inflammation
include oxidative stress and high levels of intracellular cholesterol
and saturated fatty acids (29). Prolonged elevation of macrophage
ER stress and inflammation has been proposed to contribute to
macrophage apoptosis and lead to plaque necrosis and rupture (2,
36). Therefore, understanding the biological processes involved in
counteracting macrophage ER stress and inflammation is crucial
for development of specific strategies to improve metabolic poise.
Interestingly, FABP4/aP2 has been shown to play an important
role in mediating both ER stress and inflammation in macro-
phages (6, 37). Genetic ablation or chemical inhibition of FABP4/
aP2 alleviates macrophage inflammation and ER stress (6, 8, 10).
The increase in monounsaturated fatty acids, PPAR�, and LXR�
activity have all been suggested as mediating the anti-inflamma-
tory and anti-ER stress effects of FABP4/aP2 deficiency (6, 10).
However, the molecular relationship of FABP deficiency to in-

flammation and ER stress outcome is still unclear. Increased ex-
pression of UCP2 in FABP4/aP2�/� macrophages provides a
mechanistic basis for the anti-inflammatory, anti-ER stress out-
comes. Studies in a number of systems have implicated UCP2 as a
major control element in macrophage ER stress, inflammation,
and diet-induced atherosclerosis (38–40). Interestingly, a UCP2
promoter region -866G¡A polymorphism which decreases
UCP2 expression has been associated with increased risk of obe-
sity, decreased insulin level, and type 2 diabetes (14). Moreover,
type 2 diabetes patients bearing the G allele have a higher inflamma-
tory status (41). In a second study, a UCP2 -866G¡A polymorphism
is associated with multiple chronic inflammatory diseases, including
Crohn’s disease, ulcerative colitis, and psoriasis (42).

It has been proposed that unsaturated fatty acids (or their me-
tabolites) are potential ligands for LXR� and PPAR� (27). Fatty
acids and the expression of LXR� and PPAR� are increased in
FABP4/aP2-deficient macrophages and have all been previously
shown to upregulate UCP2 expression (14). Interestingly, a pre-
vious study by Erbay et al. showed that the unsaturated fatty acid
pool is increased in FABP4/aP2�/� macrophages (6). Results
herein show that monounsaturated fatty acids are increased in
FABP4/aP2�/� macrophages and that unsaturated, but not satu-
rated, fatty acids induce UCP2 expression in macrophages, con-
sistent with a report on fatty acid induction of UCP2 in liver cells

FIG 5 UCP2 upregulation mediates decreased inflammation in FABP4/aP2-deficient macrophages. (A) Cyclooxygenae 2 (Cox2) abundance measured by
Western blotting in WT and AKO macrophages cotreated with or without LPS (100 ng/ml) and genipin (40 �M) for 18 h. (B) Secreted TNF-� in cell culture
medium determined by ELISA in WT and AKO macrophages cotreated with or without LPS (100 ng/ml) and genipin (40 �M) for 8 h. (C) Cox2 abundance as
determined by Western blotting in UCP2 knockdown and control macrophages pretreated with vehicle or HTS01037 (30 �M) for 3 h and then treated with LPS
(100 ng/ml) for 12 h. (D and E) iNOS abundance as determined by Western blotting in UCP2 knockdown and control macrophages pretreated with vehicle or
HTS01037 (30 �M) for 3 h and then treated with LPS (100 ng/ml) and IFN-� (10 U) for 12 h (UCP2 kd) and 4 h (UCP2-2 kd). *, P  0.05; **, P  0.01.
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(43). Moreover, given the increase in the intracellular free fatty
acid pool in FABP4/aP2�/� macrophages, it is very likely that they
directly or indirectly activate PPAR�, thereby inducing UCP2 ex-
pression. However, this does not exclude the possibility that fatty
acids also directly regulate UCP2 activity.

Paradoxically, despite the existence of the other FABP in mac-
rophages (FABP5/mal1), the deficiency of FABP4 leads to an anti-
inflammatory and antiatherosclerotic phenotype (7). One expla-
nation is that FABP4 has a higher affinity for unsaturated fatty
acids than FABP5 (44). Therefore, the loss of FABP4 will affect the
pool of available free unsaturated fatty acids, especially monoun-
saturated fatty acids. An additional possibility is that the pools of
fatty acids bound to FABP4 are distinct from those bound to
FABP5 such that loss of FABP4 could exhibit a unique phenotype.
Experiments to test these hypotheses are under way.

The reduced ER stress and inflammation demonstrated in both
FABP4/aP2-deficient and FABP4/aP2-inhibited macrophages
were markedly abolished or compromised by knockdown or in-
hibition of UCP2. This observation places UCP2 as a modulator
between the FABP-FFA equilibrium and ER stress and inflamma-
tion, which is a role for UCP2 that has previously not been appre-
ciated. It is noteworthy that the findings do not rule out contribu-
tions from other parallel pathways that reduce ER stress and
inflammation. However, the results imply that the UCP2-medi-
ated pathway is likely the major determinant of the FABP4/aP2-
deficient macrophage phenotype since UCP2 knockdown or inhi-
bition greatly compromised the protection from loss of FABP4/
aP2 function.

The prominent and well-defined role of UCP2 is to suppress
ROS (13). The data herein show that FABP4/aP2�/� macrophages

FIG 6 UCP2 upregulation decreases intracellular hydrogen peroxide in FABP4/aP2-deficient macrophages. Intracellular hydrogen peroxide levels were mea-
sured by Amplex Red assay in WT and AKO macrophages (A), WT and AKO macrophages treated with vehicle or genipin (50 �M) for 6 h (B), Raw 264.7
macrophages treated with HTS01037 (30 �M) for 24 h (C), and UCP2 knockdown and control cells treated with HTS01037 (30 �M) for 6 h (D). Antioxidant
gene mRNA levels were determined in WT, AKO, and AKO-UCP2 kd cells (E) and in UCP2 knockdown and control cells (F). (G) Protein carbonylation
measured by Western blotting with anti-HNE antibody in WT and AKO mitochondrial proteins. *, P  0.05; **, P  0.01.
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have a lower level of intracellular hydrogen peroxide that is de-
pendent on UCP2 expression, as evidenced by restoration via
genipin inhibition of UCP2. Hydrogen peroxide has been shown
to directly oxidize the side chains of several amino acids, particu-
larly cysteine, thereby affecting the cellular redoxome. Alterna-
tively, if not detoxified by antioxidants such as catalase, peroxire-
doxin, or glutathione peroxidase, hydrogen peroxide could react
with iron to form hydroxyl radicals and oxidize lipids. 4-Hy-
droxynonenal (4-HNE) and 4-oxononenal (4-ONE) are the two
most well-studied lipid peroxidation products and have been
shown to covalently modify proteins, a process termed as protein
carbonylation. This frequently leads to loss or alteration of protein
activity and mitochondrial dysfunction (35, 45). Interestingly, a
decreased level of mitochondrial protein carbonylation was ob-
served in FABP4/aP2�/� macrophages, consistent with improved

mitochondrial function (35). The results shown in Fig. 7 demon-
strating that FABP4/aP2�/� macrophages were protected from
LPS-induced loss of mitochondrial respiration capacity support
this concept. Interestingly, it has been shown that LPS-induced
mitochondrial dysfunction mainly relies on the increased ROS
production and that suppression of ROS not only protects cells
from LPS-induced mitochondrial dysfunction but also greatly at-
tenuates LPS-induced inflammatory responses (46, 47). Further
work is still required to determine if the decreased hydrogen per-
oxide level in FABP4/aP2�/� macrophages is responsible for the
protection from LPS-induced mitochondrial dysfunction.

FIG 7 Cellular respiration of FABP4/aP2-deficient and wild-type macro-
phages. Oxygen consumption rates (OCRs) were determined in WT and AKO
macrophages treated with or without LPS (100 ng/ml) for 4 h (oligomycin, 2
�M; FCCP, 0.4 �M; antimycin, 4 �M). *, P  0.05; **, P  0.01. Bac corr,
background correction.

FIG 8 Metabolic impact of UCP2 silencing on macrophages. (A) Oxygen
consumption rate (OCR) in FABP4/aP2-deficient and AKO-UCP2 kd macro-
phages. (B) �-Oxidation measured in WT, AKO, and AKO-UCP2 kd cells. (C)
�-Oxidation measured in UCP2 kd cells and control cells. (D) Cell culture
medium lactate level measured in WT, AKO, and AKO-UCP2 kd cells. (E) Cell
culture medium lactate level measured in UCP2 knockdown and control cells.
*, P  0.05; **, P  0.01.
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Both hydrogen peroxide and oxidized lipids have also been
shown to activate ER stress and inflammatory pathways (48, 49). It
is tempting to speculate that the UCP2 suppression of ROS in
FABP4/aP2�/� macrophages broadly impacts not only mitochon-
drial function but also endoplasmic reticulum function and in-
flammatory pathway activity (Fig. 9). Interestingly, knockdown of
UCP2 in macrophages increases lactate production. The increased
lactate production indicates increased energy production through
glycolysis, a common indicator of electron transport chain dys-
function (50). Additionally, this may also explain UCP2 depen-
dency of the lower basal respiration of FABP4/aP2-deficient mac-
rophages. As a suppressor of ROS production, higher UCP2
expression in FABP4/aP2�/� macrophages leads to lower cellular
oxidative stress. Since oxidative stress drives the upregulation of
antioxidants, it is reasonable that most genes linked to antioxidant
biology are expressed at lower levels in FABP4/aP2�/� cells than in
wild-type macrophages (Fig. 6E). The reduced UCP2 expression
in macrophages, which leads to increased oxidative stress, would
be predicted to lead to increased antioxidant protein expression.
Paradoxically, in the FABP4/aP2�/� UCP2 kd macrophages, ex-
pression of antioxidant enzymes is downregulated. This suggests
that UCP2 is involved in a more complex regulation of antioxi-
dant expression. Nevertheless, the loss of antioxidant capacity of
UCP2 knockdown is consistent with a previous report showing
that UCP2-deficient mice have reduced antioxidant capacity (38).

Overall, the studies herein provide a mechanistic basis for the
metabolic improvement in FABP4/aP2-deficient cells generated
by either genetic or pharmacologic means. Loss of FABP-FFA
equilibrium is likely to increase the bioavailability of fatty acids,
particularly unsaturated lipids that have the potential to increase
the expression of UCP2. Whether this mechanism exists in non-
macrophage cells and would pertain to the metabolic changes ob-
served in FABP1, FABP2, or FABP3 null mice remains unknown
(51). However, it may be that FABP-dependent modulation of
intracellular FFA levels and therefore of UCP2 expression is a
common property in many cell types.
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