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Background: How microbial agonists induce macrophages to store triglycerides (TAG) for prolonged periods was not
known.
Results: Toll-like receptor (TLR)1/2, TLR3, and TLR4 agonists increased fatty acid uptake, increased TAG synthesis, and
decreased lipolysis, augmenting TAG storage for �72 h.
Conclusion: TAG retention is an active, multifaceted, and long lasting response to sensing microbes.
Significance: Prolonged TAG storage contributes to foam cell formation.

Macrophages in infected tissues may sense microbial mole-
cules that significantly alter their metabolism. In a seeming par-
adox, these critical host defense cells often respond by increas-
ing glucose catabolism while simultaneously storing fatty acids
(FA) as triglycerides (TAG) in lipid droplets. We used a load-
chase strategy to study the mechanisms that promote long term
retention of TAG in murine and human macrophages. Toll-like
receptor (TLR)1/2, TLR3, and TLR4 agonists all induced the
cells to retain TAG for >3 days. Prolonged TAG retention was
accompanied by the following: (a) enhanced FA uptake and FA
incorporation into TAG, with long lasting increases in acyl-CoA
synthetase long 1 (ACSL1) and diacylglycerol acyltransferase-2
(DGAT2), and (b) decreases in lipolysis and FA �-oxidation that
paralleled a prolonged drop in adipose triglyceride lipase
(ATGL). TLR agonist-induced TAG storage is a multifaceted
process that persists long after most early pro-inflammatory
responses have subsided and may contribute to the formation of
“lipid-laden” macrophages in infected tissues.

Lipid droplets (LD,4 also called lipid bodies) are cytosolic
collections of neutral lipids (triglycerides and cholesteryl
esters) that may be both storage depots and foci for the produc-
tion of eicosanoids and other important mediator molecules
(1). They may also give macrophages the “foamy” appearance
that is often noted within granulomas, xanthogranulomatous

lesions, and atherosclerotic vessels. Although triglycerides
(TAG) may comprise a substantial fraction of the lipids in LD
(2), the mechanisms that promote long term TAG storage
within macrophages have received little study.

Glucose is the major food of resting macrophages (3, 4). It
provides precursors for the synthesis of glycerolipids, amino
acids, and nucleic acids via pathways that also supply the cell
with essential NADH, NADPH, and ATP. When macrophages
sense bacterial LPS, they greatly increase their uptake and
catabolism of glucose. Sensing LPS also increases fatty acid (FA)
uptake (5, 6). In a seeming paradox, a large fraction of the newly
acquired FA is incorporated into TAG and stored in LD; FA
�-oxidation and the production of ATP via oxidative phosphor-
ylation decrease. Intrigued by observing that LD persisted
within LPS-exposed macrophages even as the ambient glucose
supply was depleted, we used a load-chase model to study the
mechanisms that promote long term TAG retention in stimu-
lated primary macrophages.

EXPERIMENTAL PROCEDURES

Mice—C57BL/6 and B6.B10ScN-Tlr4lps-del/JthJv (TLR4-de-
ficient) mice were purchased from The Jackson Laboratory and
used for experiments when they were 5–12 weeks of age.
MyD88�/� mice were kindly provided by Alan Sher, NIAID,
National Institutes of Health. All protocols were approved by
the IACUC of the Division of Intramural Research, NIAID,
National Institutes of Health.

Reagents—Fatty acids were obtained from NuChek,
PAM3CysK4 (PAM) from InvivoGen, and poly(I:C) from Sigma
or InvivoGen. LPS was prepared in our laboratory from Esche-
richia coli O14 or E. coli LCD25 (7). The TLR agonists were
tested in preliminary studies to establish each compound’s abil-
ity to elicit IL-6 (MyD88-dependent) and/or RANTES (TRIF-de-
pendent) production by macrophages in vitro and to choose effec-
tive stimulatory concentrations of each. Poly(I:C) elicited
RANTES but not IL-6; PAM only elicited IL-6, and LPS stimulated
the production of both cytokines. Radioisotopes were obtained
from PerkinElmer Life Sciences ([3H]palmitate; [U-14C]glucose)
or Moravek ([1-14C]palmitate; [9,10-3H]oleate).
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Macrophage Cultures—Thioglycollate-elicited peritoneal
macrophages (TEPM), harvested 4 or 5 days after injecting 1.0
ml of 3% Brewer’s thioglycollate (BD Biosciences/BBL) intra-
peritoneally, were allowed to adhere to plastic wells for 4 – 6 h in
complete RPMI 1640 medium (8). The cells (typically 5.5 �
105/0.5 ml of medium in 24-well Costar plates) were then
washed twice with PBS and cultured further in DMEM (Sigma
D5030) that contained 0.5% low endotoxin fetal bovine serum
(Hyclone), 1 g/liter (5.5 mM) glucose, 44 mM NaHCO3, 1 mM

sodium pyruvate, 2 mM L-glutamine, 100 units/ml penicillin G,
and 100 �g/ml streptomycin (“cDMEM”). Cultures were car-
ried in a humidified incubator at 37 °C in an atmosphere of 5%
CO2.

Elutriated human monocytes were obtained from normal
volunteers by the Clinical Center Blood Bank Elutriation Ser-
vice, National Institutes of Health, with Institutional Review
Board approval and subject consent. Prior to initiating experi-
ments, the cells were cultured at 1 million cells/well in 24-well
plastic plates (Costar) for 5 days in DMEM containing 2 mM

L-glutamine, 100 units/ml penicillin, 100 �g/ml streptomycin,
5.5 mM D-glucose, 44 mM NaHCO3, and 2.5% human AB serum
(generously provided by Dr. Lawrence Wahl, NIDCR, National
Institutes of Health).

Fatty acids were suspended in ethanol (50 mM), heated for
�30 min at 50 °C, diluted 1:50 into PBS that contained 2.5 mM

essentially fatty acid-free human serum albumin (Sigma), and
then diluted into warm cDMEM. [3H]Palmitate or [9,10-
3H]oleate were dried under argon and added (1–1.5 �Ci/ml) to
cDMEM that contained nonradioactive palmitate (50 �M) and
oleate (100 �M). After overnight incubation, cells were washed
twice with 0.8 ml of PBS before adding fresh cDMEM that con-
tained 1⁄2 the initial FA concentrations plus agonists as indi-
cated. Cells and media were harvested up to 96 h later for anal-
ysis. Lipids were isolated from twice-washed cells into
isopropyl alcohol (400 �l, combined with 100 �l wash), dried
under argon, resuspended in chloroform that contained carrier
triolein, oleate, and diacylglycerol, and separated on Whatman
Silica Gel G plates using hexane/ethyl acetate/acetic acid (80:
15:1) or hexane/diethyl ether/acetic acid (80:20:1) as solvent.
Silica corresponding to TAG, DAG, and the origin was scraped
from the plate, suspended in 0.5 ml of 2% SDS, 5 mM EDTA in 3
ml of Bio-Safe II scintillation fluid (Research Products Interna-
tional Corp.), and radioactivity was quantitated using a Beck-
man LS 6500 scintillation counter with quench and spillover
correction. In some experiments, [1-14C]palmitate was used,
and TLC band intensity was quantitated using a Typhoon 9410
phosphorimager (Amersham Biosciences). Radiolabeled TAG
retention was calculated by multiplying the total 3H or 14C dpm
in the lipid extract by the percentage of the 3H or 14C dpm that
was recovered in TAG (dpm in TAG); more than 70% of the
radioactivity in the lipid extract was recoverable from the
scraped silica gel. Methanolic alkaline hydrolysis of labeled
TAG and TLC analysis of the products confirmed that the iso-
topes remained in fatty acids.

To measure glucose uptake and utilization, FA-loaded cells
were stimulated with LPS (2.5 ng/ml) overnight, washed, and
re-incubated in glucose-free DMEM for 10 min before adding
[U-14C]glucose (in 200 �M nonradioactive D-glucose) and con-

tinuing incubation for 3 h. Neutral lipids were isolated using
TLC, and the 14C dpm in TAG and DAG were summed.

To measure lipolysis, cells that had been loaded overnight
with FA and [3H]oleate were washed three times and then
treated for 24 h with LPS (or PBS vehicle). After washing three
times again, the 3H dpm in TAG was measured in each group to
determine base-line TAG retention. The remaining cells were
chased for an additional 22–24 h in FA-free cDMEM that either
contained or did not contain triacsin C (3.3 or 10 �M) to inhibit
long chain acyl-CoA synthetases (9 –11). The percentage of the
[3H]TAG load that was lost during Tc treatment was then com-
pared for cells that were, or were not, exposed to LPS before and
during the chase.

Imaging—Cells attached to coverslips were fixed in parafor-
maldehyde (2.5– 4.0% in PBS), washed, and stained with Nile
Red (Invitrogen) and 4�,6-diamidino-2-phenylindole (DAPI,
Sigma). Cells were visualized with an OLYMPUS BX61 motor-
ized confocal microscope using a UPlan-FLN �40 objective
equipped with a RETIGA-SRV Deep-Cooled, High Sensitivity
Digital CCD Camera (QImaging Company). Images of lipid
droplets stained with Nile Red and DAPI were acquired using a
sequential excitation of 457 and 528 nm, respectively. Each con-
focal Z-stack image consisted of 15 optical slices taken at
0.4-nm intervals with a dimension of 224.5 � 167.7 � 6.0 �m
(x,y,z) and a total magnification of �400. Exposure settings
remained exactly the same between treatments in the same
experiment (10 ms of DAPI and 1,000 –1,200 ms of FITC were
used for all samples). All images were acquired with Slide-book
5.0 software (3I Co.) and extracted at a resolution of 1,392 �
1040.

Lipid Droplet Quantification—Assessment of the average
number of LDs per cell was carried out on confocal Z-stack
images using Imaris (Bitplane) 7.4.2 software. Background sub-
traction was performed prior to detection using the “spot-ob-
ject” command, manipulating the detection threshold when
necessary to quantify only spots associated with lipid droplets
that had �500 nm diameter within cells. The average number
of LDs per cell was determined by dividing the total number of
LDs in the field by the number of nuclei detected by the volume-
rendering command in the software. A minimum of four fields
was analyzed for each condition with an overall average of 200 –
300 cells analyzed per treatment.

Inhibitors—In some experiments, etomoxir (Sigma) (0.2 mM)
was added to inhibit carnitine palmitoyltransferase 1 (CPT1)
(12). 3H2O in the medium was measured as described (13) using
Pierce spin cups with cellulose acetate filter (Pierce 69702) and
Dowex 1-X8 adsorbent (Sigma). Triacsin C was from ENZO
Life Sciences.

Assays—After isopropyl alcohol extraction, cell proteins
were solubilized in 1 N NaOH and quantitated using the bicin-
choninic acid assay (Pierce, Thermo Scientific). Triglycerides
and glucose were measured using kits from Abcam and Sigma,
respectively.

Microarray Analysis—Control and FA-loaded macrophages
(2 � 106) were treated with LPS (10 ng/ml) or vehicle for 24 h
prior to extraction of the RNA. Quality control was performed
using the Agilent BioAnalyzer. Amplification and labeling of
the RNA samples were performed using the Illumina TotalPrep
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RNA Amplification (Applied Biosystems) with an input of 500
ng of total RNA per sample. Biotinylated cRNA was hybridized
to Illumina MouseWT-6 Version 2.0 Expression BeadChip
(NCBI GEO accession GPL6887) having 45,281 unique probes
and then scanned using the Illumina HiScan.

Statistical Analysis—Raw data were exported from Illumina
Genome Studio software without background subtraction or
normalization. Signal levels for each array were normalized
using quantile normalization after transforming to log base 2.
Using a simple mixed effect analysis of variance model (treat-
ment as fixed effect and independent experiment as random
effect), log ratios were calculated comparing each treatment to
the unstimulated control. The false discovery rate method was
used to adjusted p values for multiple testing (multiple microar-
ray probes to test the same biological contrast). Normalization
and mixed effects analysis of variance were computed using
JMP/Genomics software version 5.1 (SAS Institute). Raw tabu-
lar data and normalized expression profiles have been depos-
ited in NCBI GEO database (accession GSE42190). Differences
between groups were estimated using Student’s t test unless
indicated otherwise.

Quantitative PCR—Q-PCR was performed using Fast SYBR
Green PCR Master Mix in an ABI PRISM Fast 7500 sequence
detection system (Applied Biosystems). Briefly, total RNA was
isolated using RNeasyPlus mini kit with genomic DNA elimi-
nation (Qiagen) and reverse-transcribed into cDNA using
iScript cDNA synthesis kit (Bio-Rad). PCRs were amplified for
40 cycles (30 s at 95 °C and then 60 s at 60 °C). Cyclophilin was
used as the internal control, and data were analyzed by the
relative quantification (��Ct) method. Primer sequences are
available from the authors on request. In some experiments,
TaqMan primers and probes and TaqMan master mix were
from ABI. �-Actin was used as the internal control.

Western Blotting—Cells were lysed directly with RIPA buffer
supplemented with 1 mM PMSF, complete-mini protease inhib-
itor mixture (Roche Applied Science), and phosphatase inhibi-
tor mixture 2 (Sigma). Antibodies used were as follows: anti-�-
actin (sc-1615) and anti-ACSL1 (sc-98925) from Santa Cruz
Biotechnology; anti-ATGL (2138S) from Cell Signaling Tech-
nology; and anti-DGAT2 from Pierce (PAS-21722). For two-
color quantitative Western analysis, the membranes were incu-
bated with infrared-conjugated secondary antibodies and
scanned in an Odyssey SA scanner (LICOR Biosciences). Band
intensities were quantified using Odyssey software. Super Sig-
nal Western blot enhancer (Pierce) was used.

RESULTS

Microbial Agonists Promote Prolonged TAG Retention in
Macrophages—To identify mechanisms that promote long
term TAG retention when macrophages that contain LD are
exposed to microbes, we used a load-chase approach (Fig. 1A);
after elicited macrophages had adhered to plastic culture wells
for 4 – 6 h, they were washed and incubated overnight with
cDMEM plus 50 �M palmitate, 100 �M oleate, and 1–2 �Ci/ml
radiolabeled palmitate or oleate (LOAD). Approximately 50%
of the label was taken up by the cells overnight; 50 –70% of the
cell-associated label was then recovered in TAG, whereas less
than 5% was found in cholesteryl esters. The cells were washed

and re-incubated in fresh medium (CHASE) that contained 1⁄2
the original concentration of nonradioactive FA and either a
microbial agonist or media control. The cells were harvested up
to 96 h later, and the amount of label that remained in TAG was
measured. In many experiments, LD abundance and intensity
were also quantitated by Nile Red staining and image analysis,
or TAG mass was measured using an enzymatic assay.

The retention of radiolabeled TAG is influenced by the fac-
tors that govern the synthesis and catabolism of TAG. As more
molecules of unlabeled TAG are synthesized and incorporated
into LD during the chase period, the radiolabeled TAG under-
goes dilution and its rate of lipolysis decreases pari passu.
When FA are released from TAG, one potential fate is thioes-
terification and re-incorporation into TAG. Although meas-
uring [3H]TAG does not indicate the relative contributions of
FA uptake, thioesterification, TAG synthesis, lipolysis, and
recycling, it was useful for determining whether or not each of
these steps plays a part in promoting TAG storage.

We first noted that FA-loaded macrophages retained LD
much longer if they were exposed to LPS. LPS exposure
increased both the percentage of the cells that retained LD and
the number of droplets retained per cell (Fig. 1, B–D). There
was significant positive correlation between the average num-
ber of LD/cell and the retention of radiolabeled oleate in TAG
after 48 –72 h of chase (n � 9, r2 � 0.72, p � 0.004) (Fig. 1E). In
three other experiments, we found a strong correlation
between the amount of [3H]TAG and TAG mass (n � 48, r2 �
0.90, p � 0.001).

Following an overnight FA load, the fraction of the labeled
FA that remained in TAG decreased with a half-life of �20 h
(Fig. 2A). LPS exposure after the load increased TAG retention
for at least 4 days, with an overall increase in the [3H]TAG
half-life of �50%. By 96 h of chase, LPS-exposed cells had
�3-fold more [3H]TAG than did cells that were incubated
without LPS (Fig. 2B). The response to LPS was dose-depen-
dent (Fig. 2C), with significant increases in TAG retention
observed after exposure to as little as 0.3 ng of LPS/ml.
PAM3CysK4 (TLR1/2 agonist) and poly(I:C) (TLR3 agonist)
also increased TAG retention, whereas interferon-� did not,
and IL-4 allowed TAG loss (Fig. 2D). LPS did not stimulate
TAG retention in TLR4-deficient macrophages (Fig. 2E),
whereas PAM was stimulatory toward both wild type and
TLR4-deficient cells (Fig. 2, D and E) but not in MyD88�/� cells
(Fig. 2F), endorsing the importance of the MyD88-dependent
pathway in inducing TAG retention. LPS stimulated TAG
retention in MyD88�/� macrophages, as did poly(I:C), con-
firming a role for the MyD88-independent (TRIF) pathway as
well (Fig. 2F) (14).

Increased FA Uptake and Incorporation into TAG—TAG
retention increased when nonradioactive oleate was added to
the medium during the chase (Fig. 3A), suggesting that FA were
taken up from the medium and incorporated into TAG,
increasing the TAG pool and slowing the loss of radiolabeled
TAG. To confirm agonist-induced FA uptake, we loaded
macrophages with nonradioactive oleate and palmitate over-
night, added 2.5 ng/ml LPS (or PBS) for an additional 20 h, and
then measured the uptake of [3H]palmitate over the next 5 h.
LPS exposure significantly increased both [3H]palmitate uptake
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by the cells (1.21 	 0.07 (S.D.)-fold) and its incorporation into
triglyceride (1.32 	 0.06 (S.D.)-fold) (Fig. 3, B and C); similar
results were found for [3H]oleate (data not shown). Because
glucose is the major glycerol precursor but does not contribute
substantially to de novo fatty acid synthesis (15), we also mea-
sured the incorporation of 14C from [14C]glucose into glycer-
olipids in the presence and absence of LPS. When we incubated
washed cells for 10 min in glucose-free medium, then added
[14C]glucose for 3 h, recovery of 14C in TAG and DAG was
1.8-fold higher in FA-loaded cells that had been exposed over-
night to 2.5 ng/ml LPS than in cells only loaded with FA (Fig.
3D). Twenty hours after it was added to cells, LPS thus stim-
ulated FA uptake, FA incorporation into TAG, and the uti-
lization of glucose for glycerolipid synthesis. LPS stimulation
of FA uptake and incorporation into TAG continued for at
least 72 h (Fig. 3E); although at this time point [14C]palmitate
was principally utilized for phospholipid synthesis, a sub-
stantial fraction of both palmitate and oleate was incorpo-

rated into TAG, and the LPS present throughout the chase
was still stimulatory.

FA utilization requires thioesterification of the FA to CoA, a
reaction performed largely by acyl-CoA synthetases (ACSLs).
We loaded cells with FA overnight and incubated them with or
without LPS for 20 h. We then added [14C]palmitate (in 20 �M

nonradioactive palmitate), along with 7.5 �M triacsin C (Tc), an
inhibitor of three of the four ACSL isoforms expressed in
murine macrophages (10, 16), for 5 h. Triacsin C inhibited
[14C]palmitate uptake by LPS-stimulated cells (Fig. 3F) and its
incorporation into TAG (Fig. 3G) and DAG (data not shown) by
both unstimulated and LPS-exposed cells. LPS-induced ACSL
expression (see below) or activation thus plays a role in promot-
ing both FA uptake (possibly by vectorial acylation (17)) and FA
esterification to glycerol.

Decreased Lipolysis and FA Oxidation—Lipolytic activity,
assayed by measuring the release of [3H]oleate from [3H]trio-
lein by cell lysates, decreased by �50% in cells that were

FIGURE 1. LPS stimulates lipid body retention in macrophages. A, flow diagram for the experiments. B, cells showing Nile Red fluorescence (green) and
stained nuclei (DAPI, blue) are shown to the left of an image of the same field that shows lipid droplets as analyzed using Imaris software. C, percentage of the
cells that were lipid-laden (�15 lipid droplets/cell) after chase for 72 h. D, average number of lipid droplets per cell. Data are from four independent experi-
ments. E, fold-change (�) in lipid droplets/cell (
LPS/no LPS) positively correlated with the fold-change (�) in [3H]TAG retention. **, p � 0.01.
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exposed to LPS, PAM, or poly(I:C) for 24 – 48 h (Fig. 4A). FA
released from TAG by lipolysis may undergo thioesterification
and be (a) transported into mitochondria by carnitine palmi-
toyltransferase 1 (CPT1) and undergo �-oxidation, releasing
CO2 and H2O, (b) re-incorporated into triglyceride (the trigly-
ceride-fatty acid cycle) (4, 18 –20), or (c) incorporated into
other lipids (11). Nonesterified FA may also leave the cell. To
measure the impact of LPS stimulation on lipolysis, we loaded
cells overnight with [3H]oleate and then treated them with LPS
(10 ng/ml) or not (control) for 22–24 h. The [3H]TAG present
in LPS-treated and control cells was then measured to deter-
mine base-line TAG retention. We then washed and re-incu-
bated the remaining cells in FA-free medium with or without
triacsin C to block thioesterification. [3H]TAG was measured
22–24 h later in cells that were and were not exposed to Tc.
Cells that were exposed to LPS prior to and during Tc treatment
lost 10 	 2% (S.D.) less [3H]TAG than did control (no LPS) cells
(five determinations in four independent experiments, each
with n � 3 or 4/group; includes determinations using 3.3 or 10
�M Tc, which gave similar results). Because blocking thioesteri-

fication allows lipolysis while preventing FA incorporation into
TAG (11), this result is additional evidence that LPS stimula-
tion decreases lipolysis.

To measure FA catabolism, we loaded cells with nonradioac-
tive FA and trace amounts of [3H]oleate and/or [3H]palmitate.
After incubation for 18 h in medium with or without LPS, the
cells were washed and re-incubated in medium that contained
etomoxir to inhibit CPT1. We found that LPS exposure signif-
icantly reduced the total amount of 3H2O released into the
media (Fig. 4B), and that the “etomoxir-inhibitable 3H2O
release” was significantly reduced by LPS exposure (Fig. 4, B and
C). This result is consistent with both the observed decrement
in lipolytic rate and an LPS-induced decrease in CPT1a mRNA
abundance (see below). Etomoxir-treated cells also retained
significantly more TAG (Fig. 4D) and lipid droplets/cell (Fig.
4E) than did untreated cells, whether or not they had been
exposed to LPS. FA released from TAG may undergo thioes-
terification and become re-incorporated into TAG; this process
may increase when the entry of acyl-CoA into mitochondria is
blocked by etomoxir.

FIGURE 2. LPS, PAM, and poly(I:C) stimulate TAG retention. A, time course of TAG retention following exposure to LPS (5–10 ng/ml). Data were combined
from six independent experiments, each with n � 4/group/time point. B, relative TAG retention increased in LPS-stimulated cells over time. Data are from two
to six experiments per time point. C, LPS dose-response. Results are expressed relative to cells that were only loaded with FA (no LPS). n � 4/dose. D, TLR4 (LPS,
5 ng/ml), TLR1/2 (PAM, 1 �g/ml), and TLR3 (poly(I:C), 15 �g/ml) stimulated TAG retention; interferon-� (200 units/ml) did not, and IL-4 (10 ng/ml; induces M2
phenotype) allowed TAG loss. Chase period � 72 h. The number of independent experiments is indicated above each bar. Mean 
 1 S.D. E, PAM (1 �g/ml) and
poly(I:C) (15 �g/ml) stimulated TAG retention in TLR4-deficient macrophages, whereas LPS (5 ng/ml) did not. 72-h chase. Two experiments, each with n � 4. Bar,
mean 
 upper value. F, LPS and poly(I:C) stimulated TAG retention in MyD88�/� cells, whereas PAM did not. n � 3; similar results were observed in a second
experiment. *, p � 0.05; **, p � 0.01; ***, p � 0.001.
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The results presented in Figs. 3 and 4 suggest that LPS pro-
motes prolonged TAG retention during the chase period by
stimulating FA uptake, thioesterification, and incorporation
into TAG, by increasing glucose utilization to produce glycer-
ides, by reducing TAG lipolysis, and possibly by maintaining or
enhancing TAG-FA recycling.

Changes in mRNA Abundance—To help identify the mole-
cules that promote TAG retention, we performed microarray
analysis (Table 1). Relatively few differences were found
between unstimulated (Unstim) and FA-loaded (“FA only”)
cells, and the LPS-stimulated changes in mRNA abundance
were very similar in cells that had been loaded with FA (“FA 

LPS”) and in cells stimulated without FA loading (“LPS”) (Table
1). The differences of greatest relevance to agonist-induced
TAG retention were those between (FA) and (FA 
 LPS) cells;
we used Q-PCR to confirm many of these changes at 6, 24, 48,
and/or 72 h after exposure to LPS, PAM, or poly(I:C) (Table 1
and Figs. 5, A, B, and C, and 6).

FA Uptake, FA Thioesterification, and TAG Synthesis—Cells
that had been exposed to LPS for 24 h after FA loading had
10 –15-fold higher levels of long chain acyl-CoA synthetase 1
(ACSL1) mRNA than did cells that were only loaded with FA
(Fig. 5A and Table 1). PAM and poly(I:C) also increased ACSL1
mRNA abundance for 24 –72 h by �3-fold (Fig. 5A). When
quantitated using Western blotting, ACSL1 protein abundance

increased �3-fold in LPS- or PAM-stimulated cells and 2-fold
in cells treated with poly(I:C) (Fig. 5D). Elevated levels of dia-
cylglycerol acyltransferase 2 (DGAT2) were also maintained for
72 h in cells exposed to each of the TLR agonists (Fig. 5, B
and E).

Lipolysis—Cells exposed to each of the agonists had signifi-
cantly lower levels of mRNAs for ATGL (Pnpla2) (Fig. 5C;
Table 1). Decreased ATGL abundance after a 72-h chase was
confirmed using Western blotting (Fig. 5F). There was also a
significant drop in Mgll (monoacylglycerol lipase) mRNA
abundance but not in Lipe (hormone-sensitive lipase) (Fig. 6, A
and B).

We also looked for time-dependent, agonist-induced
changes in mRNA abundance for other genes related to FA and
TAG metabolism. LPS stimulated a significant decrease in
mRNA abundance for CD36 (Fig. 6C), a gene previously asso-
ciated with LPS-induced FA uptake by a macrophage cell line
(6). There were 4 –10-fold higher levels of fatty acid-binding
protein 3 (FABP3) mRNA (Table 1). Perilipin-2 (adipophilin or
Plin2, lipid droplet protein) mRNA decreased (Fig. 6D). Carni-
tine palmitoyltransferase-1a (Cpt1a) mRNA was lower at
24 –72 h (Fig. 6E), whereas mRNA for Hif-1�, an important
metabolic regulator, was increased as long as 72 h after LPS or
PAM exposure (Fig. 6F). Changes in mRNA abundance for
other genes are shown in Table 1.

FIGURE 3. LPS stimulates FA uptake and incorporation into DAG and TAG. A, adding FA during the chase increased the retention of [3H]TAG. Cells were
loaded with FA and [3H]oleate overnight, washed, and re-incubated for 96 h in cDMEM containing 25 �M palmitate and 50, 100, or 150 �M oleate. Open box, no
LPS; closed box, LPS (5 ng/ml). n � 4, p � 0.0001, two-way analysis of variance. B, LPS stimulates FA uptake and incorporation into TAG. FA-loaded macrophages
were incubated with or without LPS (5 ng/ml) for 18 h prior to adding nonradioactive palmitate (20 �M) and 1 �Ci/ml [3H]palmitate. 3H dpm were measured in
the lipid extract at each time point. n � 4. C, in the same experiments, LPS significantly increased the incorporation of [3H]palmitate into TAG. Symbols (as in A)
show mean 
 1 S.D. Similar results were obtained when [3H]oleate was used instead of [3H]palmitate (not shown). D, LPS stimulated incorporation of 14C from
[14C]glucose into DAG and TAG. Bars show mean and the upper value from two experiments; n � 3– 4 in each experiment, p � 0.001 for each comparison of
control and LPS-exposed cells. E, after LPS exposure for 72 h, [14C]palmitate and [3H]oleate were still taken up and incorporated into TAG. Radiolabeled FA were
added to washed cells in cDMEM containing 20 �M nonradioactive oleate and palmitate (4 nmol each/well). Cells were harvested for analysis 5 h later. F and G,
after FA-loaded cells had been exposed to LPS or vehicle for 18 h, Tc (7.5 �M), [14C]palmitate (1 �Ci/ml), and 20 �M unlabeled palmitate were added for 4 h. Tc
prevented LPS-induced increases in fatty acid uptake (F) and palmitate incorporation into TAG (G). n � 4/group; similar results were obtained for palmitate
incorporation into DAG and in two additional experiments. Mean 
 1 S.D. *, p � 0.05; **, p � 0.01; ***, p � 0.001.

TLR Agonists Promote Prolonged Triglyceride Retention

3006 JOURNAL OF BIOLOGICAL CHEMISTRY VOLUME 289 • NUMBER 5 • JANUARY 31, 2014



The analysis of mRNA and protein abundance was consis-
tent with the biochemical findings. Increases in ACSL1 may
increase thioesterification, FA uptake, FA incorporation into
TAG, and TAG-FA recycling. DGAT2 carries out the final step
in TAG synthesis. Decreases in ATGL and Mgll are consistent
with the observed reduction in lipolytic rate. Both decreased
lipolysis and reduced CPT1 abundance may contribute to the
lower rate of �-oxidation. All of these changes persisted for
�72 h.

Prolonged TAG Retention in Human Monocyte-Macro-
phages—We also studied elutriated human monocytes after
they had differentiated into macrophages in vitro. In general,
the findings were similar to those described above. Although
LPS-stimulated human macrophages did not show a signifi-
cant increase in the percentage of cells that had LD, a 2-fold
increase in LD per cell was observed after 48 h of LPS expo-
sure (Fig. 7A). LPS exposure increased TAG retention (Fig. 7,
B and C) in human macrophages, as did PAM (Fig. 7D).
Poly(I:C) did not stimulate TAG retention by human mono-
cyte-macrophages, yet it reproducibly augmented the ability
of PAM to do so (Fig. 7D), suggesting cooperation between
the MyD88 and TRIF pathways in these cells. TLR4 activa-
tion increased FA uptake and FA incorporation into TAG
(Fig. 7, E and F). LPS also stimulated significant increases in

ACSL1 and DGAT2 mRNA abundance (data not shown).
The degree to which LPS and PAM stimulate TAG retention
was lower in human monocyte-macrophages than in murine
macrophages, however, there was no change in ATGL
mRNA abundance (data not shown), and TAG retention was
increased for a shorter time.

DISCUSSION

We used TEPM for these experiments because they are
recently recruited (21) cells that can live for several days in
culture. In addition, many of the foundational studies on
macrophage metabolism were performed using TEPM (3, 15,
22, 23), which undergo minimal cell division (24) and are thus
suitable for studying the behavior of differentiated macro-
phages over several days ex vivo.

To our knowledge, these are the first experiments to show
that TLR agonist-induced TAG storage can persist for several
days. In summary, we found that TAG retention in TEPM was:
1) enhanced by sensing TLR agonists via either the MyD88-de-
pendent or the MyD88-independent (TRIF) signaling pathway;
2) greatly enhanced when FA were present in the medium; 3)
promoted by agonist-induced changes in FA uptake, glucose-
derived glyceride synthesis, TAG synthesis, lipolysis, and pos-
sibly FA recycling; 4) accompanied by changes in the abun-

FIGURE 4. Agonist exposure decreases lipolysis and etomoxir-inhibitable �-oxidation. A, TLR agonists decrease lipolytic activity in cell lysates. Macro-
phages were incubated for 48 h with or without LPS (5 ng/ml), PAM (1 �g/ml), or poly(I:C) (15 �g/ml), lysed, and assayed to measure their ability to release
[3H]oleate from [3H]triolein. Bars show mean 
 1 S.E. from three independent experiments, each with n � 3. Each agonist decreased lysate lipolytic activity
relative to unstimulated control cells (p � 0.001 for all comparisons with control). B, LPS exposure decreases FA �-oxidation. Cells were loaded overnight with
FA containing trace amounts of [3H]oleate and [3H]palmitate. They were then exposed to LPS (5 ng/ml) or media control for 18 h before they were washed;
etomoxir (0.2 mM) was added to block mitochondrial FA uptake, and incubation was continued for 18 –24 h. FA-loaded, LPS-exposed cells released less 3H2O
from retained [3H]oleate and [3H]palmitate than did FA-loaded cells (no LPS). Etomoxir blocked 3H2O accumulation in the presence and absence of LPS. n � 4.
C, Etomoxir-inhibitable 3H2O accumulation in the media was significantly less in cells exposed to LPS. Mean 
 1 S.D. of three independent experiments. D,
etomoxir treatment increased the amount of 3H-fatty acid that was retained in TAG, with and without LPS exposure. Data are representative of three
experiments, each with n � 4. E, etomoxir-induced lipid retention was confirmed by counting the lipid droplets in cells stained with Nile Red and DAPI. �200
cells were analyzed per condition in each of four experiments. Et, etomoxir. *, p � 0.05; **, p � 0.01; ***, p � 0.001.

TLR Agonists Promote Prolonged Triglyceride Retention

JANUARY 31, 2014 • VOLUME 289 • NUMBER 5 JOURNAL OF BIOLOGICAL CHEMISTRY 3007



dance of proteins that carry out TAG synthesis or lipolysis; and
5) long lasting (at least 72–96 h).

Much of the previous evidence that TLR agonists increase FA
accumulation by macrophages was found using immortalized
cell lines (RAW 264.7 and J774) (5, 6, 25, 26), and the results we
obtained using TEPM differed from these findings in several
ways. In agreement with others (6, 24), for example, we did not
detect a significant increase in mRNA abundance in TEPM for
CD36, the FA transporter that increases dramatically in LPS-
stimulated murine macrophage cell lines. The impressive
increase in GPAT3 (agpat-9) noted by Feingold et al. (6) in
RAW 264.7 cells was not observed here. These workers also
found LPS-induced inhibition of TAG lipolysis in RAW 264.7
cells without noticing a decrement in ATGL mRNA expression
(6), whereas we found agonist-induced decreases in ATGL
mRNA and protein expression that lasted at least 72 h. TLR
agonists induced aP2 (FABP4) expression in RAW 264.7 cells
(26) but not in the primary macrophages studied here. Another
study found TLR agonist-induced increases in mRNA and pro-

tein levels of adipophilin (Plin2) and Mal1 (fatty acid-binding
protein, FABP5) in both RAW 264.7 and J774 murine macro-
phages (25). We did not find these changes in TEPM when we
studied them 20 h or more after initiating LPS exposure (Table
1). Finally, we found that poly(I:C) induced significant increases
in DGAT2 mRNA and protein in TEPM; this was not seen in
RAW 264.7 cells (6). The extent to which these discrepancies
reflect the differences between dividing (transformed) and non-
dividing cells is uncertain; we focused here on longer term
changes whereas the studies of cell lines addressed acute (�24
h) events; and the LPS concentrations used to stimulate the cell
lines were also often much higher (�100 ng/ml) than those we
used (2.5–10 ng/ml). Substantial differences between RAW
264.7 cells and TEPM in other aspects of LPS-stimulated lipid
metabolism were recently reported (24).

Several different mechanisms combined to prolong TAG
retention. First, agonist-exposed macrophages maintained
increased FA uptake and FA incorporation into TAG for at least
72 h. A role for ACSL1 in these phenomena was suggested by

TABLE 1
Microarray and Q-PCR analysis of mRNA abundance after 24-h chase
Q-PCR analysis used the ��Ct method relative to the average of “FA only” replicates (�1.0). The Q-PCR was not performed if the last three columns are empty.

Microarray analysisa
Q-PCR analysis
(FA�LPS)/FA

Unstimulated
FA

only
LPS
only FA�LPS

Ratio FA/
unstimulated

Ratio
(FA�LPS)/LPS

Ratio
(FA�LPS)/FA Mean S.D. nb

Fatty acid uptake
Acsl1 112 101 621 854 0.90 1.4 8.5 19.5 6.3
Acsl4 156 136 113 141 0.87 1.2 1.0 1.3 1
Acsl5 66 80 83 69 1.20 0.8 0.9 2.2 1
CD36 135 192 63 89 1.42 1.4 0.5 0.2 2
Slc27a1 (FATP1) 244 259 254 280 1.07 1.1 1.1 0.5 0.2 4
Slc27a4 (FATP4) 87 91 95 105 1.05 1.1 1.2
Slc27a6 (FATP6) 91 83 54 54 0.91 1.0 0.7
Fabp3 243 214 897 773 0.88 0.9 3.6 9.5 4.2 4
Fabp4 (aP2) 62 60 50 52 0.87 1.0 0.9
Fabp5 (mal1) 505 519 114 151 0.87 1.3 0.3

TAG synthesis
Dgat1 73 86 72 83 1.18 1.2 1.0 0.6 1
Dgat2 50 48 60 66 0.98 1.1 1.4 8.6 4.2 5
Lpgat1 59 55 53 52 0.93 1.0 0.9

Glucose uptake
Slc2a1 (GLUT1) 832 816 1833 1847 0.87 1.0 2.3

Acylglycerolphosphate synthesis
Gyk 129 124 98 99 0.96 1.0 0.8 0.9 1
PEPCK 61 58 58 57 0.94 1.0 1.0
Agpat2 283 247 281 256 0.87 0.9 1.0
Agpat6 990 950 1272 1232 0.96 1.0 1.3
Agpat9 (GPAT3) 60 59 62 67 0.99 1.1 1.1

Lipid droplet proteins
Plin2 851 1194 267 854 1.40 3.2 0.7 0.7 0.3 7

Triglyceride lipolysis
Pnpla2 (ATGL) 1852 2257 1155 1242 1.22 1.1 0.6 0.5 0.1 3
Lipe 60 69 67 64 1.15 1.0 0.9 1.2 2
Mgll 400 432 83 88 1.08 1.1 0.2 0.1 0.04 3
G0S2 63 60 61 59 0.95 1.0 1.0
Abhd5 333 323 180 232 0.97 1.3 0.7 1.0 1

Mitochondrial fatty
acid uptake, function

Cpt1a 56 58 54 54 1.04 1.0 0.9 0.8 0.3 3
Ppargc1b 99 113 82 111 1.14 1.4 1.0 1.2 1

Regulatory proteins
Hif1a 105 102 114 140 0.97 1.2 1.4 1.85 0.21 5
Sirt1 149 148 119 118 1.00 1.0 0.8 0.6 2
Pparg 812 731 87 106 0.90 1.2 0.1 0.1 0.1 3
Ampk (Prkaa1) 60 60 64 60 1.00 0.9 1
Nfe2l2 404 339 181 169 0.84 0.9 0.5 0.5 1

a Means are of four independent experiments. LPS � 10 ng/ml. Cells were studied 48 h after starting FA load and 24 h after adding LPS.
b n � number of independent experiments, each with 3 replicates/condition.
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prior evidence that ACSL1 is both the major ACSL1 isoform
in macrophages and the ACSL isoform most closely linked to
TAG synthesis (27). In addition, basal levels of 16:0-CoA and
18:1-CoA were reduced in Acsl1�/� macrophages (14), and
ACSL1-deficient macrophages incorporated significantly
less 14C-18:1 into TAG when compared with wild type con-
trols (28). Here, we found the following: 1) LPS, PAM, and
poly(I:C) all stimulated significant elevations in ACSL1
mRNA and protein (Fig. 5, A and D), and 2) triacsin C inhib-

ited LPS-induced increases in FA uptake and FA incorpora-
tion into DAG and TAG (Fig. 3, F and G) (29). These findings
suggest a prominent role for ACSL1 in TAG retention. High
levels of ACSL1 protein have been found in foamy macro-
phages within caseous granulomas, the hallmark lesion elic-
ited by Mycobacterium tuberculosis (2); the most potent
mycobacterial molecule for promoting lipid accumulation is
trehalose dimycolate, which stimulates macrophages via
TLR2 (2, 30). Poly(I:C) induced large increases in ACSL1

FIGURE 5. TLR agonists alter mRNA transcript and protein abundance. A–C, time course of mRNA transcript abundance, determined using Q-PCR, in
FA-loaded cells that were stimulated with LPS (5 ng/ml), PAM (1 �g/ml), or poly(I:C) (15 �g/ml). Bars show mean 
 1 S.E. for determinations from three
independent experiments, each with n � 2 or 3. Agonist-induced changes persisted for 72 h. D–F, Western blots performed after 72 h chase showing
LPS-induced increases in ACSL1 (D) and DGAT2 (E) and decreases in ATGL (F). Protein quantitation is shown below each Western blot. Bars show mean 
1 S.D.
from three or more analyses. In each panel, the changes shown for each agonist were different from control (FA only, no agonist) at each time point (A–C) and
in each Western quantitation (D–F) (p � 0.05).

FIGURE 6. Time course of changes in mRNA abundance for selected murine genes. mRNA abundance was measured using Q-PCR. The results obtained for
cells stimulated with LPS (FA
LPS) (blue) or PAM (FA
PAM) (red) are expressed with respect to the results obtained in each assay from cells that were loaded
with FA and not exposed to LPS (FA) (white). Each bar represents the mean 
 1 S.E. of at least three determinations per time point/condition. Shown are genes
that contribute to lipolysis (Mgll, Lipe) (A and B), fatty acid uptake (CD36, C), lipid droplet formation (Plin2, D), mitochondrial acyl-CoA uptake (Cpt1a, E), and
metabolic regulation (Hif-1�, F). Bars indicate mean 
 1 S.E. *, p � 0.05; **, p � 0.01.
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mRNA, confirming an important role for the TRIF pathway
in ACSL1 regulation (14), yet its ability to prolong TAG
retention was weaker than that of LPS or PAM (Fig. 2D).

In addition, cells exposed to LPS, PAM, or poly(I:C) had sig-
nificant and sustained increases in DGAT2 mRNA and protein
abundance (Fig. 5, B and E) that accompanied significant
increases in FA incorporation into TAG, and blocking mito-
chondrial uptake of acyl-CoA increased LD number/cell and
TAG retention, suggesting increased FA recycling. Finally, all of

the agonists induced significant reductions in lipolytic activity
(Fig. 4A) (6), and in ATGL, the lipase that cleaves the initial FA
from TAG (Fig. 5, C and F) and LPS decreased lipolysis in cells
during the chase period.

In contrast to the acute inflammatory response program seen
in LPS-stimulated macrophages (14, 31, 32), TAG retention is
thus a prolonged response to TLR sensing. TAG retention was
relative, however; TLR-activated cells stored FA in TAG signif-
icantly longer than did unstimulated cells, but FA were gradu-

FIGURE 7. TLR-induced TAG retention in human monocyte-derived macrophages. A, LPS induces human macrophages to retain LD. After incubation
overnight in medium containing radiolabeled FA, the cells were washed and chased for 48 h in medium that contained LPS (10 ng/ml) or no LPS. LD were
analyzed as described under “Experimental Procedures” and the legend to Fig. 1. Data averaged from three donors. Bars indicate mean 
 1 S.D. B, relative
increase in TAG retention in LPS-stimulated cells over time (unstimulated cells � 1). 10 ng/ml LPS was added after overnight FA loading. Mean 	 1 S.E. for three
different donors, each studied in quadruplicate. C, FA-loaded macrophages were exposed to the indicated concentrations of LPS for 48 h. D, [3H]FA remaining
in TAG 48 h after adding LPS (10 ng/ml), PAM (1 �g/ml), poly(I:C) (5 �g/ml). Fold increase above FA-loaded cells is shown (no stimulus). Mean 
 1 S.D. of six
experiments using macrophages from different donors, each with n � 4. E and F, uptake (E) and incorporation into TAG (F) of [14C]oleate by cells that were
loaded with FA 48 h earlier and stimulated with LPS (or not) for 24 h prior to study. Data are from four donors, each with n � 4 determinations/time point. Bars
indicate mean 
 1 S.D. *, p � 0.05; **, p � 0.01.
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ally lost from TAG whether or not the cells were exposed to
TLR agonists (Fig. 2A). Adding FA to the medium greatly
enhanced the impact of TLR4 activation on TAG retention (Fig.
3A); when FA are continuously present in the cells’ environ-
ment, as occurs in vivo, the impact of TLR agonists on TAG
storage may be apparent much longer than the 72–96-h time
period studied here.

TLR1/2 and TLR4 agonists stimulate lipid body formation in
the presence and absence of lipoprotein supplementation (33).
The ability of TLR agonists to prolong TAG retention, in addi-
tion to augmenting the uptake of oxidized LDL (and promoting
desmosterol synthesis (34)), suggests that both phenomena
may contribute to the formation of macrophage foam cells in
vivo.
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