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Background: Acyl-CoA synthetase 1 (ACSL1) promotes inflammatory effects in macrophages, but its regulation and
biological role remain largely unknown.
Results:Multiple inflammatory pathways contribute to ACSL1 induction, and this induction allows for phospholipid turnover
in activated macrophages.
Conclusion: The regulation and function of ACSL1 differ substantially in macrophages and insulin target tissues.
Significance: These findings indicate a novel role for ACSL1 in innate immunity.

The enzyme acyl-CoA synthetase 1 (ACSL1) is induced by
peroxisome proliferator-activated receptor � (PPAR�) and
PPAR� in insulin target tissues, such as skeletal muscle and adi-
pose tissue, and plays an important role in �-oxidation in these
tissues. In macrophages, however, ACSL1 mediates inflamma-
tory effects without significant effects on�-oxidation. Thus, the
function of ACSL1 varies in different tissues. We therefore
investigated the signals and signal transduction pathways
resulting inACSL1 induction inmacrophages aswell as the con-
sequences of ACSL1 deficiency for phospholipid turnover in
LPS-activated macrophages. LPS, Gram-negative bacteria,
IFN-�, andTNF� all induceACSL1 expression inmacrophages,
whereas PPAR agonists do not. LPS-induced ACSL1 expression
is dependent onToll-like receptor 4 (TLR4) and its adaptor pro-
tein TRIF (Toll-like receptor adaptor molecule 1) but does not
require the MyD88 (myeloid differentiation primary response
gene 88) arm of TLR4 signaling; nor does it require STAT1 (sig-
nal transducer and activator of transcription 1) for maximal
induction. Furthermore, ACSL1 deletion attenuates phospho-
lipid turnover in LPS-stimulated macrophages. Thus, the regu-

lation and biological function of ACSL1 in macrophages differ
markedly from that in insulin target tissues. These results sug-
gest that ACSL1 may have an important role in the innate
immune response. Further, these findings illustrate an interest-
ing paradigm in which the same enzyme, ACSL1, confers dis-
tinct biological effects in different cell types, and these disparate
functions are paralleled by differences in the pathways that reg-
ulate its expression.

Acyl-CoA synthetases (ACSLs)4 esterify long chain free fatty
acids, converting them to intracellular fatty acyl-CoAs. Esteri-
fication is a requisite step for subsequentmetabolic fates of fatty
acids, including �-oxidation, neutral lipid synthesis, or incor-
poration into phospholipids. Five distinct ACSL subtypes
encoded by different genes have been identified in mammals,
and they exhibit overlapping yet distinct patterns of tissue dis-
tribution, subcellular localization, and substrate selectivity (1,
2). ACSL1 esterifies long chain fatty acids (C:14–C:22) and is
enriched in liver, heart, and adipose tissue (3–5). Functionally,
ACSL1 has been implicated in pathways of neutral lipid synthe-
sis and both mitochondrial and peroxisomal �-oxidation in
these tissues (6, 7). A pivotal function for ACSL1 in�-oxidation
in heart and adipose tissue recently has been verified by mouse
models with conditional ACSL1 deficiency in these tissues (8,
9). Notably, this role in �-oxidation initially was suggested by
the finding that Acsl1 is a peroxisome proliferator-activated
receptor-� (PPAR�) and PPAR� target gene (6, 10–13).
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ACSL1 also is expressed inmonocytes andmacrophages, and
we have recently demonstrated that ACSL1 expression is
induced in classically activated (M1) macrophages and in
monocytes andmacrophages frommousemodels of type 1 dia-
betes (14). ACSL1-deficient macrophages exhibit reduced
expression of inflammatory cytokines, including IL-1� and
TNF� under diabetic conditions (14), further implicating
ACSL1 in the innate immune response. In contrast to adi-
pocytes, ACSL1-deficient macrophages do not exhibit reduced
�-oxidation, suggesting that ACSL1 may play a functionally
distinct role in macrophages. However, its role in macrophage
biology is poorly understood, and the macrophage-specific
mechanisms by which it is regulated are unknown. Delineating
these regulatory pathways could generate insights into the
functional significance of ACSL1 in macrophages and thereby
contribute to our understanding of the cellular response to
pathogen and other inflammatory stimuli.
In the present study, we demonstrate that macrophages

exhibit a distinct profile of ACSL1 regulation. In contrast to
other studied cell types, macrophage ACSL1 expression is
induced by the proinflammatory molecules LPS, IFN-�, and
TNF� as well as in vitro infection with the Gram-negative
pathogens Escherichia coli and Salmonella typhimurium. Fur-
ther, Acsl1 is not a PPAR target gene in macrophages but is
rather regulated by multiple inflammatory signaling pathways,
including TLR4 and its adaptor protein TRIF and c-Jun N-ter-
minal kinase (JNK). ACSL1 induction after LPS stimulation
predominantly depends on TLR4-TRIF-mediated signaling,
but E. coli can induce its expression by alternative pathways.
Whereas JNK signaling contributes to ACSL1 expression after
IFN-� stimulation, it is not required for LPS- or E. coli-medi-
ated ACSL1 induction. Finally, ACSL1 deficiency inhibits LPS-
stimulated turnover of several phospholipid species. These
findings collectively suggest a novel and distinct regulation of
ACSL1 in macrophages and an important role for ACSL1 in
inflammation and the innate immune response.

EXPERIMENTAL PROCEDURES

Mice—Male and female adult (12–18 weeks of age) mice on
the C57BL6/J background were used for all experiments. Mice
were fed a regular chow diet. Mice with myeloid-specific
ACSL1 deficiency have been described previously (14), as have
mice with double JNK1/JNK2 (Mapk8/Mapk9) deficiency (15)
and myeloid cell-targeted JNK1/JNK2 deficiency (16), TLR4
(Tlr4) deficiency (17), MyD88 (Myd88) deficiency (18), and
TRIF (Ticam1) deficiency (19). All experiments were per-
formed in accordancewith an approvedUniversity ofWashing-
ton Institutional Animal Care and Use Committee protocol.
Bone Marrow-derived Macrophage (BMDM) Isolation and

Culture—Bonemarrowwas harvested from the femurs and tib-
ias of mice 10–14 weeks of age. Bone marrow was flushed with
RPMImedium through a 26-gauge needle and then centrifuged
at 150 � g for 5 min. The supernatant was aspirated, and bone
marrow-derived cells (BMDCs) were suspended in red blood
cell lysis buffer (15 mM NH4Cl4, 0.5 mM KHCO3, 18.6 mM

Na2EDTA) for 5min. The reactionwas quenchedwith PBS, and
samples againwere centrifuged at 150� g for 5min. The super-
natant was aspirated, and the pellet was resuspended in RPMI

medium. Live BMDCs were counted using trypan blue stain to
exclude dead cells and were then plated at a concentration of
2 � 106 cells/well in 6-well plates. BMDCs were cultured in
RPMI 1640 medium (11.2 mM glucose) with 7% heat-inacti-
vated fetal bovine serum (FBS), 30% L929 cell-conditioned
medium as a source ofM-CSF, and 1% penicillin, streptomycin,
and fungizone. Cells were differentiated in the presence of
M-CSF for 7 days, and the medium was changed every 48 h.
For stimulation/activation, media were changed on day 6 to

low glucose DMEM (5.5 mM) with 1% non-essential amino
acids (Invitrogen), 7% FBS, 30%L929 cell-conditionedmedium,
and antibiotics. BMDMs were variably stimulated with LPS
(E. coli 055:B5; Sigma-Aldrich), ultrapure LPS (E. coli 0111:B4;
List Biological Laboratories, Inc., Campbell, CA), recombinant
murine TNF� (PeproTech, Inc., Rocky Hill, NJ), recombinant
murine IFN-� (eBioscience Inc., San Diego, CA), rosiglitazone,
the PPAR� agonist GW 0742 (Sigma-Aldrich), or the highly
specific PPAR� agonist CP900691 (a generous gift from Pfizer
Research and Development) as described under “Results.” For
protein kinase inhibitor studies, macrophages were incubated
in the presence of the indicated inhibitor for 30 min prior to
LPS stimulation. The following inhibitors were employed: the
p38 MAPK inhibitor LY2228820, the mitogen-activated pro-
tein kinase kinase 1 inhibitor PD98059 (both fromSelleckchem,
Houston, TX), and the inhibitor of�Bkinase� (IKK�) inhibitor
SC-514 (Cayman Chemical, Ann Arbor, MI).
PeritonealMacrophageHarvest—Micewere administered an

intraperitoneal injection of thioglycollate (BD Biosciences), as
described previously (14). Five days later, amidline incisionwas
made in the abdomen with dissection of skin to expose the
peritoneum. A 26-gauge needle attached to a syringe filled with
RPMI medium was inserted into the peritoneum, and perito-
neal fluid was collected through lavage. Cells were pelleted by
centrifugation (5 min at 150 � g) and plated. After 2 h of incu-
bation in RPMI medium with 10% serum, the medium was
removed, and attached cells were washed with PBS. Fresh
medium was added, and cells were treated as described under
“Results.”
RNA Extraction and Real-time PCR—Cell lysates were sus-

pended in RLT lysis buffer (Qiagen Inc., Valencia, CA) with
�-mercaptoethanol (10 �l/ml RLT buffer). Total RNA was iso-
lated using RNeasy isolation kits (Qiagen) according to the
manufacturer’s instructions. DNAdigest was performed subse-
quently with DNase I treatment (1 �g/sample; Thermo Scien-
tific, Glen Burnie, MD) followed by a 30-min incubation at
37 °C. The reaction was quenched with EDTA through a
10-min incubation at 67 °C. For each sample, 100–500 ng of
RNA was processed to cDNA using RevertAid RT, RiboLock
RT inhibitor, 5� reaction buffer, dNTP, and random primers
(Thermo Scientific). cDNA was prepared in a 20-�l reaction
mixture to a final concentration of 5 ng/�l.
RT-PCR was performed using the SYBR Green I detection

system (Applied Biosystems, Inc., Carlsbad, CA). Each 20-�l
sample of reaction mixture comprised 10–20 ng of cDNA and
gene-specific primers at a final concentration of 2.5 nM. All
samples were run in duplicate in an Applied Biosystems 7900
HT thermocycler with cycling conditions as follows: 48 °C for
30 min, 95 °C for 10 min, and 40 cycles of 95 °C for 15 s and
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60 °C for 1min. Data were normalized to Rn18smRNA expres-
sion and shown as -fold increase over control. The following
primer sets were used for real-time PCR: ACSL1 (Acsl1) (sense,
5�-GCGGAGGAGAATTCTGCATAGAGAA-3�; antisense,
5�-ATATCAGCACATCATCTGTGGAAG-3�); IL-1� (Il1b)
(sense, 5�- GGGCTGCTTCCAAACCTTTG-3�; antisense, 5�-
TGATACTGCCTGCCTGAAGCTC-3�); CD36 (Cd36) (sense,
5�- GCAAAGAAGGAAAGCCTGTG-3�; antisense, 5�-CCAA-
TGGTCCCAGTCTCATT-3�); CPT1� (Cpt1a) (sense, 5�-CCA-
GGCTACAGTGGGACATT-3�; antisense, 5�-GACTTGCCC-
ATGTCCTTGT-3�); IL-6 (Il6) (sense, 5�-TAGTCCTTCCTA-
CCCCAATTTCC-3�; antisense, 5�-TTGGTCCTTAGCCAC-
TCCTTC-3�); TNF� (Tnfa) (sense, 5�-CCCTCACACTCAGA-
TCATCTTCT-3�; antisense, 5�-GCTACGACGTGGGCTA-
CAG-3�); p38� MAPK (Mapk14) (sense, 5�-GAGAAGATGC-
TCGTTTTGGACT-3�; antisense, 5�-GGACTGGTCATAAG-
GGTCAGC-3�); IL-12p40 (Il12b) (sense, 5�-TGGTTTGCCA-
TCGTTTTGCTG-3�; antisense, 5�-ACAGGTGAGGTTCAC-
TGT-3�); c-Jun (Jun) (sense, 5�-ACTGGGACCTTCTCAC-
GTC-3�; antisense, 5�-GGTCGGTGTAGTGGTGATGT-3�);
COX2 (Ptgs2) (sense, 5�-TGAGCAACTATTCCAAACCAGC-
3�; antisense, 5�-GCACGTAGTCTTCGATCACTAT-3�);
IFN� (Ifnb) (sense, 5�-AGCTCCAAGAAAGGACGAACA-3�;
antisense, 5�-GCCCTGTAGGTGAGGTTGAT-3�); MyD88
(Myd88) (sense, 5�-TCATGTTCTCCATACCCTTGGT-3�;
antisense, 5�-AAACTGCGAGTGGGGTCAG-3�). Resulting
Ct values were normalized to Rn18s, and the ��Ctmethod was
then used to express values as -fold over control samples. All
samples were run in at least duplicates, and statistical analysis
was performed on 2��Ct values.
Western Blot—Cultured macrophages were suspended in

Western lysis buffer (25 mM Tris-HCl, 2 mM EDTA, 10 mM

Na2SO4, 150 mMNaCl, 50 mMNaF, 1% Triton X-100) contain-
ing protease inhibitors (Complete Protease Inhibitor Mixture,
Santa Cruz Biotechnology, Inc., Santa Cruz, CA). The lysate
was centrifuged (12,000 � g, 5 min), and the supernatant was
collected. Protein concentrationwas quantified by a BCA assay,
and equal amounts of protein extract (5–50 �g) were loaded
onto 10% SDS-polyacrylamide gels. Protein then was trans-
ferred overnight to Immobilon-P transfer membranes (Milli-
pore, Billerica, MA). Membranes were washed and blocked for
1 hwith 5%milk inTris-buffered saline solutionwith 1%Tween
20 (TBST). Membranes then were incubated overnight at 4 °C
in the appropriate primary antibody (anti-ACSL1 at 1:1000,
anti-phospho-JNK/SAPK Thr-183/Tyr-185 at 1:1000, anti-to-
tal JNK/SAPK at 1:1000, anti-phospho-p38 MAPK Thr-180/
Tyr-182 at 1:1000, anti-total p38� MAPK at 1:1000, anti-phos-
pho-IKK�/� Ser-176/180 at 1:1000, anti-total IKK� at 1:1000,
anti-phospho-STAT1 Tyr-701 at 1:1000, anti-total STAT1 at
1:1000, and anti-�-actin at 1:10,000; Cell Signaling Technology
(Danvers, MA)). Membranes were washed in TBST with 1%
Tween and incubated for 1 h at room temperature in horserad-
ish peroxidase (HRP)-conjugated anti-rabbit or anti-mouse
secondary antibody. Membranes again were washed in TBST
with 1% Tween and developed using Immobilon Chemolumi-
nescent HRP substrate (Millipore). Densitometry was per-
formed using ImageJ software.

Macrophage Infection—E. coli (XL-1 Blue, Stratagene) and
S. typhimurium (strain SL1344) (20) were cultured overnight in
Luria-Burtani broth. Prior to infection, macrophages were
changed to antibiotic-free medium. Bacteria were counted
using optic densitometry, and 15 bacteria/macrophage were
added to eachwell. Plates were centrifuged at 100� g for 5min.
After 60 min of incubation, 1% gentamicin was added to the
medium. After 6 h, cells were washed with PBS and suspended
in RLT lysis buffer.
Chromatin Immunoprecipitation (ChIP) Assay—BMDCs

were cultured and differentiated in the presence of M-CSF as
described above. On day 7 of culture, macrophages were stim-
ulated with LPS (5 ng/ml). At the designated time points, chro-
matin cross-linking was achieved through formaldehyde fixa-
tion for 15 min at room temperature with a final concentration
of 1.5% formaldehyde. The reactionwas quenchedwith 150mM

glycine before the cells were scraped and collected. Samples
were washed with PBS and suspended in 150�l of immunopre-
cipitation buffer (150 mM NaCl, 50 mM Tris-HCl, 5 mM EDTA,
0.5%Nonidet P-40, 1% Triton X-100, pH 7.5) with phosphatase
(P2850 and P8340, Sigma) and protease (P5726, Sigma) inhibi-
tors. Chromatin shearing was performed in a Bioruptor (Diag-
enode, Philadelphia, PA) at high intensity for 30 min with 30-s
on-off cycles.
The ChIP assay was performed using the matrix ChIP

method described elsewhere (21). Briefly, 96-well plates were
incubated overnight with 0.2 mg of protein A in 100 �l of PBS/
well. Wells were washed with 200 �l of PBS and then blocked
for 1 h at room temperature with 200 �l of blocking buffer (IP
buffer with 5% BSA and 100 �g/ml sheared salmon sperm
DNA). Next, wells were incubated with antibody diluted in
blocking buffer (2.5 �l/100 �l of buffer for polymerase II (Pol
II), 0.5 �l/100 �l of buffer for c-Jun) for 1 h at room tempera-
ture. Chromatin samples (2 �l/well) were added, and the plate
was floated in an ultrasonic water bath (1 h, 4 °C) to promote
antibody binding. The wells then were washed three times with
immunoprecipitation buffer (200 �l/wash) followed by three
washes with TE buffer (200 �l/wash; 10 mM Tris-HCl, 1 mM

EDTA, pH 7.0). Antibody-bound DNA was then eluted in 100
�l/well elution buffer (25 mM Tris, 1 mM EDTA, 1% IP buffer).
Elution was performed in a thermal cycler (15 min at 55 °C, 15
min at 95 °C). RT-PCR was performed with 2 �l of eluted sam-
ple/well with 2 �l of SYBR Green master mix and appropriate
primers at a final primer concentration of 0.25 �M and a total
reaction volume of 4 �l. Primer sets were designed through use
of the Primer-BLAST program. RT-PCR was run in 384-well
Optical Reaction Plates (Applied Biosystems) using the
7900HT real-time PCR system and SDS software. All PCRs
were run in triplicates. Data were normalized to Ct values for
input wells, which contained eluted sample but not antibody.
The RNA polymerase II (Pol II carboxyl terminus domain) and
c-Jun antibodies were obtained from Santa Cruz Biotechnol-
ogy, Inc. For PCR, the following primer sets were used: Acsl1
promoter �320 bp (sense, 5�-GTGACCTTAGTGGCTTTTG-
CTT-3�; antisense, 5�-GCTCCAGTCCTTCCCCTC-3�); Acsl1
promoter, �1250 bp (sense, 5�-TCTGCCCTTCAGTTTCC-
TGT-3�; antisense, 5�-GCTCCCAGCATTAGATGGAA-3�);
Acsl1 promoter �1800 bp (sense, 5�-CCCTGAGAAAGGGT-
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CATTCA-3�; antisense, 5�-AGTCTGAGGCTCCTTGTCCA-
3�); Acsl1 promoter, �2700 bp (sense, 5�-CCTTTGCAGACC-
TCAGGAAC-3�; antisense, 5�-GCAACCACACACCAGAA-
ATG-3�); Acsl1 transcription start site �200 bp (sense, 5�-
GATGTCTGTGTTTTCTGTGGTCTT-3�; antisense, 5�-
ATCCTGCCTTGGGTGACTT-3�); intergenic region �4 kb
(sense, 5�-CAAACTGAGGCAATGCTGAA-3�; antisense,
5�-GGATTTCCTGGACGTTTTGA-3�).
Generation of JNK1/2 (Mapk8/Mapk9)-, p38� MAPK-, and

STAT1-deficient Macrophages—In the Mapk8flox/flox9�/�

mice, a Cre-ERT fusion protein that is sensitive to 4-hydroxyta-
moxifenwas used to knock outMapk8 (22). On day 3 of culture,
BMDMs were incubated with 10 nM tamoxifen for 24 h, gener-
ating a double knock-out through knockdown of JNK1
(Mapk8) in Mapk9-knock-out mice. Macrophages from mice
with myeloid cell-targeted JNK1/JNK2 deficiency were also
used (16). Cells were washed with medium three times and
stimulated with LPS or IFN-� 72 h later.

p38� MAPK and STAT1 deficiency were achieved using
two sequences of siRNA (Mapk14 siRNA A (s77114; refer-
ence sequences NM_001168508.1, NM_001168513.1, NM_
001168514.1, and NM_011951.3) and B (s77113; reference
sequences NM_001168508.1, NM_001168513.1, NM_
001168514.1, and NM_011951.3; Stat1 siRNA A (s74444; ref-
erence sequence NM_009283.3) and B (s74445; reference
sequence NM_009283.3); Ambion� Silencer Select, Invitro-
gen). Ambion� Silencer Negative Control 2 siRNA was used as
a control for all experiments. To increase the efficiency of
siRNA delivery, electroporation was performed, using the
Amaxa Mouse Macrophage Nucleofector kit (Lonza Group
Ltd.) and the Amaxa Nucleofector I electroporator (Lonza
Group Ltd). Peritoneal macrophages were harvested 5 days
after intraperitoneal thioglycollate injection and maintained in
a single-cell suspension in RPMI. Cells were centrifuged for 5
min at 150� g, and after aspiration of the supernatant, 2million
cells were resuspended in 100 �l of nucleofector solution with
30 pmol of siRNA and added to a cuvette for electroporation.
The samples were electroporated in the Amaza Nucleofector I
device using program Y-01. After electroporation, cells were
plated in 12-well plates and incubated for 2 h in RPMImedium
with 1% penicillin, streptomycin. The wells then were aspirated
to remove non-adherent cells, and the remaining macrophages
weremaintained for 4 days in RPMImediumwith 1%penicillin,
streptomycin. The first 3 days after transfection, the media
were also supplemented with 10% serum, which was removed
24 h prior to stimulation with LPS. After 4 days, macrophages
were treated with ultrapure LPS (10 ng/ml) or E. coli. All cells
were harvested in RW1 lysis buffer (Macherey-Nagel) 6 h after
LPS stimulation, and mRNAwas isolated using the Nucleospin
RNA II kit according to the manufacturer’s instructions.
Knockdown of Mapk14 and Stat1 mRNA and induction of
Acsl1 were verified by quantitative PCR. To verify efficiency
of the knockdown at the protein level, additional samples
were harvested in Western lysis buffer after 4 days of culture
and 5 �g of protein from each condition were analyzed by
Western blot.
Acyl-CoA Analysis—Long-chain acyl-CoA species were

quantified by liquid chromatography-electrospray ionization-

tandemmass spectrometry (LC-ESI-MS/MS), as described pre-
viously (14) in wild type and ACSL1-deficient BMDMs stimu-
lated with LPS or vehicle for 24 h.
Phospholipid and Ceramide Analysis—Wild type and

ACSL1-deficient BMDMs were stimulated for 12 h with
LPS or left as unstimulated controls. In some experiments,
10 �M [d8]arachidonic acid (5Z,8Z,11Z,14Z-eicosatetra-
enoic-5,6,8,9,11,12,14,15-d8 acid; item number 10007277,
Cayman Chemical) was added concurrently with LPS. Lipids
were extracted by the method of Bligh and Dyer (23) in the
presence of internal standards, including 1,2-dieicosanoyl-sn-
glycero-3-phosphocholine and N-heptadecanoyl ceramide.
Extracted lipids were resuspended and diluted in methanol/
chloroform (4:1 by volume) prior to analysis by direct infusion
electrospray ionization-mass spectrometry using a Thermo
Fisher TSQ Quantrum Ultra� instrument. Samples were ana-
lyzed as sodiated adduct positive ions and deprotonated nega-
tive ions using tandem mass spectrometry (24, 25). For phos-
phatidylcholine (PC), neutral loss scanning of 59.1 was
monitored at a collision energy of�28 eV in positive ionmode.
Neutral loss scanning of 256.2 was performed for ceramide in
the negative ion mode at a collision energy of 32 eV (26). Indi-
vidual molecular species were quantified by comparing the ion
intensity of individual molecular species with that of the appro-
priate internal standards following corrections for type I and
type II 13C isotope effects (25). Specific molecular species of
arachidonylated and [d8]arachidonylated plasmenylethano-
lamine and phosphatidylinositol were compared using selected
reaction monitoring of the precursor ion and fragment fatty
acid ion in negative ion mode using a collision energy of 25 eV.
These selected reaction monitorings included 16:0–20:4 plas-
menylethanolamine (7223 303), 16:0-[d8]20:4 plasmenyletha-
nolamine (730 3 311), 18:0–20:4 plasmenylethanolamine
(750 3 303), 18:0-[d8]20:4 plasmenylethanolamine (758 3
311), 18:1–20:4 plasmenylethanolamine (748 3 303), 18:1-
[d8]20:4 plasmenylethanolamine (7563 311), 18:0–20:4 phos-
phatidylinositol (885 3 303), and 18:0-[d8]20:4 phosphati-
dylinositol (8933 311).
Statistical Analysis—Statistical analyses were performed

using GraphPad Prism 5 software (GraphPad, Inc., La Jolla,
CA). All experiments were performed at least three times in
independent experiments. Comparisons between two groups
were made with an unpaired Student’s t test, and comparisons
among three or more groups were made with one-way or two-
way analysis of variance and Tukey, Bonferroni, or Neuman-
Keuls post-test. Results are expressed as mean values, and error
bars indicate S.E. For all analyses, a p value of �0.05 was con-
sidered statistically significant.

RESULTS

ACSL1 Expression inMacrophages Is Induced by Proinflamma-
tory Molecules and Infection with Gram-negative Bacteria—In
order to gain insight into the stimuli and intracellular signal
transduction pathways responsible for ACSL1 induction in
macrophages, we first treated BMDMs with several different
cytokines and LPS. LPS (5 ng/ml) plus IFN-� (12 ng/ml)
induced amarked increase inAcsl1mRNA levels, which peaked
6 h after stimulation and remained elevated for at least 24 h (Fig.
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1A). This response differed from that of Il1bmRNA induction,
which was much more rapid and transient (Fig. 1B). Of the
inflammatory mediators evaluated, LPS, LPS � IFN-� (5 ng/ml
and 12 ng/ml, respectively), and TNF� (20 ng/ml) significantly
increased Acsl1 mRNA. In contrast, GM-CSF (10 ng/ml) did
not induce Acsl1 (Fig. 1C). Similar results were obtained when
ACSL1 protein levels were quantified by Western blot analysis
(Fig. 1D).
Because these findings suggest a role for ACSL1 in macro-

phage responses to pathogen, we examined ACSL1 expression
in macrophages subsequent to acute bacterial infection.
Macrophages were incubated with E. coli (15 bacteria/macro-
phage) for 6 h. A significant induction of Acsl1 mRNA was
observed after exposure to E. coli, and the magnitude of this
induction was comparable with that seen with direct TNF�
stimulation but lower than that of LPS (Fig. 1E). To replicate
these findings and to determine whether induction of ACSL1
was specific to E. coli or represented a more general pathogen

response, we next incubated macrophages for 6 h with either
E. coli or S. typhimurium. As with E. coli infection, significant
induction ofAcsl1mRNA levels was observed after exposure to
S. typhimurium (Fig. 1F). Together, these results demonstrate
that ACSL1 is readily induced by inflammatory stimuli and
Gram-negative bacteria in macrophages.
ACSL1 Expression in Macrophages Is Not Induced by PPAR

Agonists—Because Acsl1 is a known transcriptional target of
PPAR� and PPAR� in other tissues (6, 10–13), we next
examined the effect of PPAR agonists onmacrophage ACSL1
expression. Macrophages were treated with either LPS,
PPAR subtype-specific agonists, or LPS and a PPAR agonist
in combination. None of the PPAR agonists induced ACSL1
expression (Fig. 2A). Notably, both the PPAR� agonist
CP900691 (10 �M) (27) and the PPAR� agonist GW 0742 (100
�M) exerted a suppressive effect on LPS-induced ACSL1
expression. The PPAR agonist-mediated suppression of the
LPS effect was statistically significant at the mRNA expression

FIGURE 1. ACSL1 is induced by inflammatory stimuli in macrophages. A, significant induction of ACSL1 expression was evident by 6 h after macrophage
stimulation with LPS � IFN-�. B, in contrast, IL-1� (Il1b) expression peaked within 1 h of stimulation and rapidly declined thereafter. Significant induction of
ACSL1 expression occurred after macrophage treatment with LPS, LPS � IFN-�, and TNF-� but not GM-CSF. ACSL1 expression was comparable at the mRNA
(C) and protein (D) levels. Samples in D were run on the same gel. E, macrophage exposure to LPS, TNF�, or E. coli significantly induced Acsl1 expression. F,
exposure to the Gram-negative pathogens E. coli and S. typhimurium generated comparable induction of Acsl1 expression. *, p � 0.05; **, p � 0.01; ***, p �
0.001 versus basal or time 0. Error bars, S.E.
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level for both agonists and at the protein level forGW0742 (Fig.
2B). A suppressive effect was not observed with the PPAR�
agonist rosiglitazone (25 �M). Cd36 and Cpt1a mRNA levels
were measured by real-time PCR to verify induction of known
PPAR target genes (Fig. 2,C andD). Thus, in contrast to skeletal
muscle and adipose tissue, PPAR agonists do not induceACSL1
inmacrophages but rather suppress the induction of ACSL1 by
LPS.
LPS Induces ACSL1 through a TLR4-dependent and in Part

TRIF-dependent Pathway in Macrophages—LPS is a known
ligand for TLR4, which stimulates cellular responses through
two principal downstream pathways. Thus, among the genes
regulated by LPS, some depend on MyD88 signaling, whereas
others require signaling through TRIF (28). To verify whether
LPS and E. coli induce ACSL1 expression through TLR4 signal-
ing, we first stimulated BMDMs derived from TLR4-deficient
(Tlr4�/�) mice with LPS and E. coli. As anticipated, Tlr4�/�

macrophages exhibited no increase in ACSL1 expression after
LPS treatment, whereas E. coli-induced ACSL1 expression was
minimally but significantly reduced by TLR4 deficiency (Fig.
3A). Neither LPS- nor E. coli-induced Acsl1mRNA levels were
reduced by MyD88 deficiency; rather, Acsl1 expression was
higher inMyd88�/� macrophages subsequent to E. coli expo-
sure, indicating a possible suppressive role for MyD88-de-
pendent signal transduction (Fig. 3C). These findings thus
suggested that the TRIF pathway may be predominantly
responsible for LPS induction of ACSL1. Control experiments
confirmed that the BMDMs from MyD88-deficient mice were
devoid of Myd88 mRNA and exhibited a reduced ability to
induce COX2 (Ptgs2) expression (Fig. 3D) (data not shown), a
known MyD88-regulated gene (29). We next analyzed ACSL1
induction in BMDMs from TRIF-deficient (Ticam1�/�) mice.
TRIF deficiency markedly attenuated LPS-induced ACSL1

expression at both themRNA and protein levels (Fig. 3, E and
G). Modest induction of ACSL1 nonetheless persisted after
LPS stimulation in theTicam1�/� macrophages, and no dec-
rement in ACSL1 expression was observed after exposure to
E. coli, thus underscoring the redundancy of pathways
involved in ACSL1 regulation. To verify the inhibition of
TRIF-dependent signaling in Ticam1�/� macrophages, Ifnb
expression also was assessed and exhibited virtually com-
plete abrogation after both LPS and E. coli stimulation (Fig.
3F). For these experiments, ultrapure LPS was employed to
minimize the possibility of stimulating non-TLR4-depend-
ent pathways.
Several Redundant Signaling Pathways Downstream of TLR4

Are Likely to Contribute to ACSL1 Induction in Macrophages—
To further delineate the signaling pathways involved in LPS-
induced ACSL1 expression, we analyzed some of the known
mediators downstream of TRIF (JNK, p38MAPK, ERK1/2, and
IKK�) in themacrophage LPS response (30). As expected, these
pathways all were activated by LPS (Fig. 4A).

The role of IKK activation in LPS-inducedACSL1 expression
was addressed first. The IKK� inhibitor SC-514 had no effect
on LPS-induced Acsl1mRNA levels at concentrations up to 50
�M, whereas it markedly inhibited LPS induction of Il6mRNA
(Fig. 4, B and C). The MEK1 inhibitor PD98059 also had no
effect on LPS-induced Acsl1 mRNA levels (data not shown).
We therefore focused our studies on the JNK and p38 MAPK
pathways, whichmediate inflammatory effects in macrophages
(16, 31–33).
Both JNK and p38 MAPK can signal through the tran-

scription factor activator protein-1 (AP-1) (33, 34), and the
Acsl1 promoter contains several AP-1 consensus sequences
(TGACTCA). Thus, AP-1 appeared promising as an initial can-
didate among transcription factors that could be implicated in

FIGURE 2. Macrophage stimulation with the PPAR� agonist CP900691 (CP), the PPAR� agonist rosiglitazone (Rosi), or the PPAR� agonist GW
0742 (GW) does not induce ACSL1 expression. Treatment with the PPAR� and PPAR� agonists partially attenuated LPS-mediated increases in ACSL1.
Similar findings were observed at the mRNA (A) and protein (B) levels. Effective PPAR activation was verified by increased expression of the known PPAR
target genes Cd36 (C) and Cpt1a (D). *, p � 0.05; **, p � 0.01; ***, p � 0.001 versus vehicle control. #, p � 0.05; ###, p � 0.001 versus LPS-stimulated
samples. Error bars, S.E.

Regulation and Function of ACSL1 in Macrophages

9962 JOURNAL OF BIOLOGICAL CHEMISTRY VOLUME 288 • NUMBER 14 • APRIL 5, 2013



ACSL1 expression. The AP-1 heterodimer contains Jun pro-
teins, so we first investigated LPS-mediated regulation of Jun. A
significant increase in Jun expression was evident 30 min after
LPS stimulation, prior to appreciable induction of ACSL1 (Fig.
4D). Further, diminished Jun expression was observed in
Tlr4�/� macrophages in association with the abrogation of
LPS-induced ACSL1 expression (Fig. 3B). To investigate the
possibility that LPS induces AP-1 recruitment to theAcsl1 pro-
moter, we performed chromatin immunoprecipitation (ChIP)
in tandem with RT-PCR.
Bone marrow-derived cells were isolated and differentiated

in the presence of M-CSF. Macrophages were stimulated with
LPS (5 ng/ml) and harvested at 0, 1, 3, 6, 9, and 24 h. Chromatin
was immunoprecipitated with an RNAPol II antibody, and RT-

PCR subsequently was performed to quantify binding at a
region 200 bp downstream of the Acsl1 transcription start site
(TSS). A time course of Pol II binding near the TSS recapitu-
lated our mRNA time course data; Pol II binding increased
within 1 h of LPS treatment and peaked at 3–6 h after stimula-
tion (data not shown), further suggesting that LPS increases
Acsl1mRNA levels through a transcriptionally mediated effect.
We therefore used the 0 and 6 h time points for additional
experiments aimed to investigate the role of AP-1 in LPS-in-
duced ACSL1 expression.
Chromatin was isolated from macrophages prior to and 6 h

after stimulation with LPS (5 ng/ml). ChIP was repeated with a
Pol II antibody to verify induction of Acsl1 transcription and to
optimize chromatin volume. Significantly increasedPol II bind-

FIGURE 3. ACSL1 is induced by LPS through a TRIF-dependent pathway in macrophages. A, LPS- but not E. coli-mediated ACSL1 induction was completely
abolished in TLR4-deficient macrophages. B, decreased Jun expression was apparent in Tlr4�/� macrophages subsequent to LPS stimulation. MyD88 defi-
ciency did not attenuate ACSL1 expression after LPS or E. coli stimulation (C) but resulted in pronounced suppression of COX2 (Ptgs2) induction (D).
E, TRIF-deficient macrophages exhibited reduced levels of Acsl1 mRNA after treatment with LPS but not E. coli. F, induction of Ifnb was completely abolished in
Ticam1�/� macrophages. G, reduced ACSL1 expression was evident at the protein level in TRIF-deficient macrophages 24 h after LPS stimulation. *, p � 0.05;
**, p � 0.01; ***, p � 0.001 versus WT basal control. #, p � 0.05; ##, p � 0.01; ###, p � 0.001 versus LPS-stimulated or E. coli-stimulated control, as indicated. Error
bars, S.E.

Regulation and Function of ACSL1 in Macrophages

APRIL 5, 2013 • VOLUME 288 • NUMBER 14 JOURNAL OF BIOLOGICAL CHEMISTRY 9963



ing again was observed near the Acsl1 TSS (�200 bp) (Fig. 4E),
whereas no enhanced binding was evident at a negative control
site selected in an intergenic region 4 kb upstream of the Acsl1
gene (data not shown).
We examined recruitment of the AP-1 constituent c-Jun to

the Acsl1 promoter at four potential AP-1 binding sites. Six
hours after LPS stimulation, enhanced c-Jun binding was evi-
dent at a region 1250 bp upstream of the TSS (Fig. 4F). In con-
trast, no change in c-Jun binding was observed at the �320,
�1800, or �2700 bp regions. These results suggest that LPS-
induced AP-1 activation may be partly responsible for ACSL1
induction.
We next sought to determine the potential roles of the JNK

and p38 MAPK pathways in ACSL1 induction. We first exam-
ined the expression profile of ACSL1 in macrophages defi-
cient in JNK1 (Mapk8) and JNK2 (Mapk9), the JNK subtypes
present in macrophages (31). No attenuation of ACSL1
expression in Mapk8�/�Mapk9�/� double deficient macro-
phages was observed subsequent to LPS or E. coli stimulation
(Fig. 5A). Importantly, combined JNK1 and JNK2 deficiency
dramatically inhibited LPS- and E. coli-induced IL-12p40
(Il12b) induction, consistent with previous results (Fig. 5B)
(35). Western blot analysis was performed to verify JNK1/2
deficiency (Fig. 5C).

Although our studies with protein kinase inhibitors did not
support NF-�B-mediated regulation of ACSL1, the Acsl1 pro-
moter has a putative NF-�B binding site; thus, genetic deletion of
both JNK subtypes potentially could induce ACSL1 through an
alternative, LPS-responsive pathway. To investigate this possibil-
ity, we also examined Acsl1 expression in Mapk8�/�Mapk9�/�

macrophages after pretreatment with the IKK� inhibitor SC-514.
Again, no reduction in LPS- or E. coli-induced ACSL1 expression
was observed. Thus, reducing JNK-mediated pathways alone or in
combination with IKK� inhibition is not sufficient to inhibit
TLR4-mediated ACSL1 expression.
We next investigated the role of p38 MAPK because p38

MAPK is induced by LPS and also can activate AP-1 (33). In
macrophages, p38� and p38� are the predominant isoforms,
whereas the p38� isoform is not readily detected (36). We first
targeted the p38 MAPK isoform using the pharmacological
inhibitor LY2228820. LY2228820 partially inhibited ACSL1
induction after LPS stimulation (Fig. 5D).Wenext employed an
siRNA approach to specifically target p38� MAPK. Using elec-
troporation, we observed robust (�90%) reduction of p38�
MAPK protein (Fig. 5E). However, despite nearly complete
p38� MAPK knockdown, no decrement in ACSL1 expression
was evident after LPS stimulation (Fig. 5F). These results there-
fore collectively suggest that several redundant signaling path-

FIGURE 4. LPS stimulates multiple pathways in macrophages. A, macrophage stimulation with LPS induces phosphorylation of the ERK1/2, JNK1/2, and p38
MAPKs and IKK�. B, the IKK� inhibitor SC-514 did not affect LPS-mediated induction of Acsl1 expression. C, inhibition of NF-�B activity with SC-514 was
demonstrated by significant suppression of LPS-induced Il6 expression. D, after LPS stimulation, a significant increase in Jun expression was evident at 30 min,
with subsequent decline to below base-line expression by 3 h. E, significant recruitment of Pol II to the Acsl1 TSS was evident 6 h after LPS stimulation. F, LPS
treatment enhanced c-Jun binding to the Acsl1 promoter at a site 1250 bp upstream of the TSS. *, p � 0.05; **, p � 0.01; ***, p � 0.001 versus the indicated
treatment group or versus time 0 (D). Error bars, S.E.
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ways downstream of TLR4 are likely to contribute to ACSL1
induction in macrophages.
IFN-� Mediates ACSL1 Induction in Macrophages in Part

through JNK1/JNK2—IFN-� is a key cytokine that induces
inflammatory macrophage activation. We therefore investi-
gated whether IFN-� induces ACSL1. Indeed, a significant
induction of Acsl1 mRNA was obvious in BMDMs 6 h after
stimulation with IFN-� (Fig. 6A). IFN-� signaling stimulates
MAPK-dependent pathways, in part through inhibition of
MAPK phosphatase-1 (37), so we again examined ACSL1
expression in Mapk8�/�Mapk9�/� macrophages, this time
subsequent to IFN-� treatment. Notably, the absence of
JNK1/2 significantly reduced Acsl1 induction in response to
IFN-� (Fig. 6B), suggesting that JNK1/2 signaling plays a more
prominent part in ACSL1 induction by IFN-�, compared with
that induced by LPS or E. coli.

Array studies have recently shown that Acsl1 is among the
IFN-�-induced genes that require STAT1 signaling in macro-
phages (38). TLR4-TRIF signaling results in type I IFN produc-
tion (39), which, like IFN-�, signals through STAT1. Thus,
TLR4-TRIF might induce ACSL1 expression through an auto-
crine mechanism involving type I IFN release and STAT1 acti-
vation. Accordingly, we next assessed STAT1 phosphorylation
after macrophage stimulation with LPS or E. coli and found
robust increases in phosphorylated (Tyr-710) STAT1 subse-
quent to either treatment (Fig. 6C).
Again using an siRNA approach, we investigated the effect of

STAT1 knockdown on Acsl1 expression subsequent to LPS

stimulation.With cell electroporation to optimize siRNAdeliv-
ery, we achieved substantial (�70%) knockdownof STAT1pro-
tein under basal and LPS-stimulated conditions (Fig. 6D).
Nonetheless, inhibition of STAT1 signaling yielded no signifi-
cant reduction in LPS-induced Acsl1 expression (Fig. 6E).
Together, these findings show thatACSL1 is induced bymul-

tiple inflammatory signaling pathways in macrophages. More-
over, different inflammatory signals appear to induce ACSL1
expression through discrete signaling mechanisms character-
ized by redundancy in the implicated pathways.
ACSL1 Is Required for LPS-mediated Phospholipid Turnover

inActivatedMacrophages—Inorder to gain insight intoACSL1
function in LPS-stimulated macrophages, we investigated its
potential role inmodulating LPS-mediated effects on acyl-CoA
species, ceramides, and phospholipids in BMDMs harvested
from wild type and myeloid-specific ACSL1-deficient mice,
described previously (14). Of the saturated acyl-CoAs mea-
sured, 16:0-CoA was more abundant than 18:0-CoA (Fig. 7A).
Among the unsaturated acyl-CoAs, 20:4-CoA was the most
abundant species, consistent with results in thioglycollate-elic-
ited peritoneal macrophages (14). ACSL1 deficiency resulted in
a significant reduction in 16:0-CoA levels under both basal and
LPS-stimulated conditions and a reduction in 18:1-CoA levels
under LPS-stimulated conditions (Fig. 7, A and B). LPS had no
significant effect on any of the acyl-CoA species analyzed
except for 20:4-CoA, in which a small but significant increase
was observed (Fig. 7B). ACSL1 deficiency prevented this LPS-
mediated rise in 20:4-CoA levels. LPS treatment resulted in a

FIGURE 5. Deficiency of JNK1/2 signaling in macrophages does not attenuate ACSL1 expression subsequent to LPS or E. coli exposure, as compared
with WT macrophages. A, no effect on ACSL1 expression was evident with co-administration of the IKK� inhibitor SC-514. B, reduced signaling through
JNK1/2- and IKK-mediated pathways was confirmed by expression levels of IL-12p40 (Il12b). JNK deficiency was confirmed at the protein level by Western blot.
C, a representative blot. D, pretreatment with the p38 MAPK inhibitor LY2228820 partially but significantly reduced LPS-stimulated ACSL1 expression in
macrophages. Macrophage transfection with p38� MAPK (Mapk14) siRNA reduced p38� MAPK protein levels (E) but did not attenuate LPS-induced ACSL1
expression (F). *, p � 0.05; **, p � 0.01; ***, p � 0.001 versus the indicated treatment group. Error bars, S.E.
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marked increase in several ceramide species 12 h after stimula-
tion, including 16:0-, 18:0-, 22:0-, and 24:1-ceramide, but
ACSL1 deficiency had no significant impact on these LPS-me-
diated effects at this time point (Fig. 7C).
However, ACSL1 deficiency had significant effects on PC

species under LPS-stimulated conditions. Thus, in LPS-stimu-
lated BMDMs, ACSL1 deficiency significantly reduced levels of
several PC species, including 16:0–16:1 PC, 16:0–16:0 PC,
16:0–18:2 PC, 16:0–18:1 PC, 18:1–18:2 PC, 18:0–18:2 PC,
18:0–18:1 PC, alkyl-18:1–20:4 PC, alkyl-16:0–18:1 PC, alkyl-
18:1–18:2 PC, alkyl-18:0–18:2 PC, and alkyl-18:0–18:1 PC (Fig.
8, A–L). Interestingly, ACSL1 deficiency had no significant
effect or a much smaller effect on these phospholipids in cells
under basal conditions.
LPS stimulates 20:4-CoA synthesis and metabolism in

macrophages, and we previously have demonstrated that
ACSL1 deficiency results in reduced 20:4-CoA levels in thiogly-
collate-elicited peritonealmacrophages (14); therefore, we next
investigated turnover of 20:4-containing phosphatidylethanol-
amine and phosphatidylinositol (PI) by measuring the ratio of
non-deuterated 20:4 versus deuterated 20:4 in phosphatidyl-
ethanolamine and PI. In wild type BMDMs, LPS caused a sig-
nificant reduction in this ratio (Fig. 8, M–P), indicating an
increased turnover. This accelerated turnover was inhibited by
ACSL1 deficiency for 18:1–20:4 and 18:0–20:4 plasmenyletha-
nolamine (Fig. 8, N–O). However, the effect of LPS was not
attenuated by ACSL1 deficiency for 16:0–20:4 plasmenyletha-
nolamine or 18:0–20:4 PI (Fig. 8, M and P). Finally, ACSL1
deficiency significantly reduced turnover of 20:4 in 18:0–20:4

PI under basal conditions (Fig. 8P). Together, these results indi-
cate that ACSL1 deficiency leads to reduced 16:0-CoA, 18:1-
CoA, and 20:4-CoA levels in LPS-stimulated macrophages and
that LPS-induced turnover of a number of phospholipids con-
taining these fatty acids is impaired by ACSL1 deficiency.

DISCUSSION

In the present study, we demonstrate that ACSL1 expression
inmacrophages is induced by acute exposure toGram-negative
bacterial pathogens and the proinflammatory molecules LPS,
IFN-�, and TNF�. In contrast to its regulation in other cell
types, Acsl1 is not a PPAR transcriptional target in macro-
phages but rather is a downstream target of multiple signal
transduction pathways, with the TLR4-TRIF pathway specifi-
cally implicated in LPS-induced expression and JNK1/JNK2
implicated in IFN-�-induced ACSL1. In contrast, E. coli-medi-
ated induction of ACSL1 is only partly dependent onTLR4, and
neither TRIF- nor JNK-dependent signaling is required for
ACSL1 expression after macrophage stimulation with E. coli.
These findings collectively underscore the cell- and stimulus-
specific regulation of ACSL1 and suggest a novel role for this
enzyme in the innate immune response. Further, the apparent
redundancy of the pathways implicated in ACSL1 regulation
supports the biological importance of ACSL1 in activated
macrophages.
An emerging research area of interest is the differential reg-

ulation of gene expression in different tissues due to chromatin
accessibility and histone marks. For example, PPAR� regulates
different genes in macrophages and adipocytes due to differ-

FIGURE 6. IFN-� induces ACSL1 expression partly through JNK. A, IFN-� treatment significantly induced ACSL1 expression in macrophages. B, Acsl1
expression was diminished in Mapk8�/�Mapk9�/� macrophages subsequent to treatment with IFN-�. C, robust increases in STAT1 phosphorylation were
evident 2 h after macrophage stimulation with LPS or E. coli. D, macrophage transfection with Stat1-targeting siRNA generated �70% knockdown of STAT1
protein (basal and LPS data derive from two different blots, but control siRNA and Stat1 siRNA lanes are from the same blot for basal and LPS-stimulated
samples, respectively, and �-actin blots for control siRNA-treated samples are the same as in Fig. 5E because these samples were run on the same gels).
However, STAT1 knockdown did not reduce LPS-stimulated Acsl1 expression (E). **, p � 0.01 versus control siRNA; ***, p � 0.001 versus basal; ###, p � 0.001
versus IFN-�-stimulated WT. Error bars, S.E.
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ences in binding regions marked with repressive histone mod-
ifications (40). It is likely that the absence of ACSL1 induction
with PPAR agonists inmacrophages is due to repressive histone
modifications of theAcsl1 promoter in these cells, whereas adi-
pocytes and myocytes exhibit different modification profiles.
Indeed, histone deacetylase 3 has recently been shown to regu-
late the inflammatory program in macrophages (41).
The initial suggestion that ACSL1 plays a role in innate

immunity derives from our observations that a combination of
LPS and IFN-� inducesACSL1 expression inmacrophages and,
further, that ACSL1-deficient macrophages exhibit diminished
cytokine generation (14). Here we demonstrate that ACSL1
induction by LPS requires signaling through TLR4 and the
adaptor protein TRIF but not MyD88. A number of redundant
signaling pathways appear to be involved in inducing ACSL1
downstreamof TLR4-TRIF. Thus, inhibiting or knocking down
IKK, ERK1/2, JNK1/2, or p38� MAPKwas inefficient in reduc-
ing LPS-induced ACSL1 expression, at least at the time ofmax-
imal stimulation (6 h). However, ChIP-PCR data supported the
involvement of JNK and/or p38MAPK pathways inAcsl1 tran-
scriptional regulation because increased recruitment of c-Jun
was observed at a specific putative AP-1 binding site located on
the Acsl1 promoter. This c-Jun recruitment was concurrent
with enhanced Pol II binding at the TSS following LPS stimu-
lation, strongly implicating AP-1 as a contributing transcrip-
tion factor in LPS-inducedACSL1 expression. Further support-

ing the role of AP-1 in ACSL1 regulation, simultaneous
treatment of macrophages with LPS and IFN-� appeared to
attenuate LPS induction of ACSL1, and IFN-� has been shown
to inhibit LPS-induced AP-1 activity in humanmonocytes (42).
p38 MAPK isoforms are known regulators of AP-1 and can
activate constituent AP-1 proteins, including ATF2 (43). p38�
MAPK also induces Jun expression through the transcription
factor MEF2c (44), and LPS-stimulated increases in Jun tran-
script precede those in Acsl1, lending additional albeit indirect
support for p38 MAPK-AP-1 mediated regulation of Acsl1
transcription. Findings derived from use of the pharmacologi-
cal p38 MAPK inhibitor LY2228820 supported this putative
signaling pathway, but experiments employing siRNA clearly
demonstrated that p38� MAPK signaling is not required for
maximal LPS-inducedACSL1 expression.We cannot exclude a
role for p38� MAPK in ACSL1 regulation. Thus, p38 MAPK
may contribute to ACSL1 regulation, but the importance of
additional pathways appears likely.
Because JNK is also an upstream regulator of AP-1, we fur-

ther interrogated this signaling pathway. JNK exists in three
distinct subtypes encoded by separate genes, each with its
respective isoforms generated through alternative splicing (31).
Twoof these subtypes, JNK1 and JNK2, are expressed inmacro-
phages and exert discrete biological effects (45–47). Accord-
ingly, we usedmacrophages deficient in both JNK1 and JNK2 to
evaluate the role of JNK signaling in ACSL1 regulation. Similar

FIGURE 7. ACSL1 deficiency leads to reduced 16:0-CoA, 18:1-CoA, and 20:4-CoA levels in LPS-stimulated macrophages but does not affect ceramide
levels. ACSL1-deficient BMDMs and WT controls were stimulated with LPS or vehicle for 24 h, and saturated and unsaturated acyl-CoA species were measured
by LC-ESI-MS/MS (A and B). Ceramides were measured by direct infusion ESI-MS, as described in detail under “Experimental Procedures.” C, ceramide molecular
species in ACSL1-deficient BMDMs and WT controls stimulated with LPS for 12 h. *, p � 0.05; **, p � 0.01; ***, p � 0.001 versus the indicated treatment group;
white bars, WT macrophages; gray bars, ACSL1-deficient macrophages. Error bars, S.E.
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to our results with p38 MAPK, the nearly complete absence
of JNK-dependent signaling yielded no attenuation of LPS-
induced ACSL1 expression. Another possibility is that
TLR4-TRIF-induced ACSL1 induction is due to IRF3 (inter-
feron regulatory transcription factor 3). However, there is also
remarkable redundancy in pathways utilizing IRF family tran-
scription factors. For example, macrophages deficient in IRF3,
IRF5, and IRF7 are still able to produce IFN-� following viral
infection (48).
Isolated IFN-� stimulation produces robust induction of

ACSL1, which elsewhere has been shown to be contingent on
STAT1 signaling (38). Accordingly, we also examined the role
of STAT1 in mediating LPS-induced ACSL1 expression.
Although we achieved robust knockdown of STAT1 through

an siRNA strategy, no attenuation of LPS-induced ACSL1
expression was observed, arguing against a pivotal role for
STAT1 in ACSL1 regulation downstream of TLR4-TRIF sig-
naling. Interestingly, however, JNK-deficient macrophages
exhibited reduced ACSL1 expression exclusively after IFN-�
but not LPS treatment, underscoring the stimulus-dependent
nature of ACSL1 regulation. Notably, too, selective inhibition
of any of the examined pathways, with the exception of a small
effect of TLR4 deficiency, failed to attenuate ACSL1 expression
after macrophage exposure to E. coli. Thus, additional work is
needed to determine the signals responsible specifically for
Gram-negative pathogen-mediated ACSL1 induction.
ACSL1 expression increased after macrophage exposure to

bothE. coli and S. typhimurium, suggesting this enzymemay be

FIGURE 8. ACSL1 deficiency leads to reduced turnover of many phospholipid species and reduced arachidonic acid turnover in phospholipids.
ACSL1-deficient BMDMs and WT controls were stimulated with LPS or vehicle for 12 h. PC, plasmenylethanolamine (PlasmenylE), and PI were measured by
direct infusion ESI-MS as described in detail under “Experimental Procedures.” A–L, PC molecular species were quantified. M–P, turnover of 20:4 in plasme-
nylethanolamine and PI molecular species was evaluated by incubating the macrophages in the presence of 10 �M deuterated 20:4 during the 12 h. *, p � 0.05;
**, p � 0.01; ***, p � 0.001 versus the indicated treatment group; white bars, WT macrophages; gray bars, ACSL1-deficient macrophages. Error bars, S.E.
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induced broadly in response to Gram-negative bacteria rather
than specific, individual pathogens. The functional role of
ACSL1 in macrophages nonetheless has remained unclear
because esterification is a critical, preliminary step for fatty acid
utilization in a variety of cellular functions. In adipocytes and
hepatocytes, ACSL1 principally generates fatty acyl-CoAs that
serve as substrate for �-oxidation and triglyceride synthesis (7,
8). In contrast, macrophages do not rely predominantly on
mitochondrial fatty acid oxidation for ATP generation, and
exposure to bacterial pathogens or LPS further skews macro-
phage energy metabolism toward glycolysis (49). Moreover,
previous work has demonstrated that ACSL1-deficient macro-
phages do not exhibit reduced production of �-oxidation
metabolites but do show significantly reduced arachidonoyl-
CoA levels, which probably contributes to the reduced produc-
tion of certain prostaglandin species we observed (14). Thus,
ACSL1 appears to play a fundamentally different role inmacro-
phages from that in other cell types. To investigate the biolog-
ical role of ACSL1 in macrophages, we examined changes in
acyl-CoAs, ceramides, and phospholipids in ACSL1-deficient
macrophages.
The functional significance of LPS-induced ACSL1 expres-

sion was investigated by thorough analysis of changes in acyl-
CoAs, ceramides, and phospholipids in wild type and ACSL1-
deficient macrophages. Together, these findings indicated that
ACSL1 promotes synthesis of 16:0-CoA, 18:1-CoA, and 20:4-
CoA in LPS-stimulated macrophages, but LPS conferred mini-
mal effects on these CoA species, with only a small stimulatory
effect on 20:4-CoA levels at the time point studied. In contrast,
LPS caused amarked increase in several ceramide species, none
of which was affected by ACSL1 deficiency. This absence of
effect on ceramide production occurred despite the fact that
ACSL1-deficient macrophages exhibited decreased levels of
16:0-CoA, the precursor for de novo ceramide biosynthesis.
Ceramides previously have been shown to mediate the syner-
gistic effects of LPS and fatty acids on enhanced cytokine pro-
duction in stimulated macrophages (50). The present findings
therefore argue against reduced ceramide synthesis as a mech-
anism underlying the anti-inflammatory effects of ACSL1 defi-
ciency. Conversely, ACSL1 deficiency significantly reduced the
turnover of several phospholipid species containing 16:0 and
20:4 acyl chains in LPS-stimulatedmacrophages. This finding is
likely to explain the reduced prostaglandin E2 generation in
ACSL1-deficient macrophages observed previously (14), and it
also suggests that ACSL1 deficiency might negatively regulate
signaling pathways downstream of other phospholipases in
addition to phospholipaseA2. In aggregate, these data therefore
indicate that the cellular capacity to re-esterify fatty acids may
prove a key, rate-limiting step in the generation of certain bio-
active lipids in stimulated macrophages.
Collectively, these findings demonstrate a distinct profile of

ACSL1 regulation in macrophages and suggest in parallel a
highly cell-specific functional role for this enzyme. Future
investigation will reveal whether this mode of regulation of
ACSL1 proves wholly unique to macrophages or is shared with
other cell types. Future studies also are necessary to determine
how ACSL1-dependent flux in phospholipid species contrib-

utes functionally to host defense and other facets of innate
immune activity.
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