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Palmitate Conditions Macrophages for Enhanced Responses
toward Inflammatory Stimuli via JNK Activation

Marta Riera-Borrull,*,†,1 Vı́ctor D. Cuevas,*,1 Bárbara Alonso,* Miguel A. Vega,*

Jorge Joven,† Elena Izquierdo,*,2 and Ángel L. Corbı́*,2

Obesity is associated with low-grade inflammation and elevated levels of circulating saturated fatty acids, which trigger inflam-

matory responses by engaging pattern recognition receptors in macrophages. Because tissue homeostasis is maintained through an

adequate balance of pro- and anti-inflammatory macrophages, we assessed the transcriptional and functional profile of M-CSF–

dependent monocyte-derived human macrophages exposed to concentrations of saturated fatty acids found in obese individuals.

We report that palmitate (C16:0, 200 mM) significantly modulates the macrophage gene signature, lowers the expression of

transcription factors that positively regulate IL-10 expression (MAFB, AhR), and promotes a proinflammatory state whose

acquisition requires JNK activation. Unlike LPS, palmitate exposure does not activate STAT1, and its transcriptional effects

can be distinguished from those triggered by LPS, as both agents oppositely regulate the expression of CCL19 and TRIB3. Besides,

palmitate conditions macrophages for exacerbated proinflammatory responses (lower IL-10 and CCL2, higher TNF-a, IL-6, and

IL-1b) toward pathogenic stimuli, a process also mediated by JNK activation. All of these effects of palmitate are fatty acid

specific because oleate (C18:1, 200 mM) does not modify the macrophage transcriptional and functional profiles. Therefore,

pathologic palmitate concentrations promote the acquisition of a specific polarization state in human macrophages and condition

macrophages for enhanced responses toward inflammatory stimuli, with both effects being dependent on JNK activation. Our

results provide further insight into the macrophage contribution to obesity-associated inflammation. The Journal of Immunol-

ogy, 2017, 199: 3858–3869.

O
besity associates with the development of metabolic
diseases and correlates with several types of cancer (1, 2).
Inflammation underlies the link between obesity and

metabolic diseases. So, an excessive nutrient intake results in the

accumulation of saturated fatty acids (SFA), which correlates with
an increase in proinflammatory cytokines (3). Moreover, adipose

and liver tissues from obese individuals are infiltrated by immune

cells, primarily macrophages, in what appears to be a primary

trigger for obesity-induced inflammation (4, 5). A key role for

macrophages in the pathogenesis of metabolic disorders has been

demonstrated in mouse models of obesity: defective monocyte

recruitment to adipose tissue protects from obesity-induced in-

flammation (6), and depletion of CD11c+ cells or myeloid cell–

specific deletion of IKKb or JNK1 reduces adipose tissue in-

flammation (7) and protects mice from insulin resistance (8, 9).

Although previous studies have suggested that SFA promote adi-

pose tissue inflammation in a TLR4-dependent manner (10), re-

cent reports suggest that the link between SFA and insulin

resistance might not involve a canonical TLR4 activation (11–15).
Inflamed tissues contain macrophages that display a continuum

of functional (polarization) states, whose acquisition is dependent

on macrophage ontogeny and their surrounding environment (16).

Human monocyte-derived macrophages generated in the presence

of GM-CSF (GM-MØ) are transcriptionally defined by the ex-

pression of a “proinflammatory gene set” and resemble macro-

phages found in vivo under inflammatory conditions (17–20).

Conversely, macrophages generated in the presence of M-CSF

(M-MØ) express an “anti-inflammatory gene set” and resemble

macrophages from homeostatic/anti-inflammatory settings (17–

20). LPS activation of GM-MØ and M-MØ has allowed the

identification of novel gene sets whose expression is regulated by

LPS in a subtype-specific manner: TLR-mediated activation of

GM-MØ results in the production of proinflammatory cytokines

(20) and the parallel acquisition of a transcriptional profile that

includes a set of genes (referred to as an “activated GM-MØ gene

set”) whose expression is modified by TLR ligands exclusively in

GM-MØ. Regarding M-MØ, their activation leads to release of the
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anti-inflammatory cytokine IL-10 (20) and is accompanied by the
acquisition of a gene signature that includes genes whose expres-
sion is modified by TLR ligands exclusively in M-MØ (“activated
M-MØ gene set”) (V.D. Cuevas, M.A. Vega, and Á.L. Corbı́, un-
published observations).
The molecular mechanisms underlying the activation of human

macrophages by SFA have not been completely elucidated. Be-
cause mouse macrophage polarization-specific genes cannot be
extrapolated to human macrophages (21, 22), we have taken
advantage of the above-mentioned human macrophage gene sets
to analyze the transcriptional and functional responses of GM-MØ
and M-MØ to palmitate. Our results indicate that palmitate trig-
gers a JNK-dependent proinflammatory shift in human macro-
phages and primes macrophages for exacerbated proinflammatory
response toward other pathogenic stimuli. The identification of the
genes whose expression correlates with SFA-induced macrophage
activation might provide useful biomarkers for the determination
of the polarization state of adipose tissue macrophages under
homeostatic and pathological conditions.

Materials and Methods
Generation of human monocyte-derived macrophages

Human PBMCs were isolated from buffy coats from normal donors over a
Lymphoprep (Nycomed Pharma, Oslo, Norway) gradient according to
standard procedures. Monocytes were purified from PBMCs by magnetic
cell sorting using anti-CD14 microbeads (Miltenyi Biotec, Bergisch
Gladbach, Germany) (.95% CD14+ cells). Monocytes (0.53 106 cells/ml,
.95% CD14+ cells) were cultured in RPMI 1640 supplemented with 10%
FBS for 7 d in the presence of 1000 U/ml GM-CSF or 10 ng/ml M-CSF
(ImmunoTools, Friesoythe, Germany) to generate GM-CSF–polarized
macrophages (hereafter termed GM-MØ) or M-CSF–polarized macro-
phages (hereafter termed M-MØ), respectively (23). Cytokines were added
every 2 d. Where indicated, macrophages were treated with 10 ng/ml
Escherichia coli 055:B5 LPS (Sigma-Aldrich, St. Louis, MO), palmitate
(C16:0, 200 mM), or BSA for the indicated periods of time. Cells were
cultured in 21% O2 and 5% CO2. For intracellular signaling inhibition,
macrophages were exposed to JNK inhibitor SP600125 (30 mM) during 1 h
before treatment with BSA or palmitate (C16:0).

Fatty acid preparation

Sodium palmitate (P9767; Sigma-Aldrich) and sodium oleate (O7501;
Sigma-Aldrich) were prepared by diluting a 200 mM stock solution in 70%
ethanol into 10% fatty acid–free, low-endotoxin BSA (A-8806; Sigma-
Aldrich; adjusted to pH 7.4) to obtain a 5 mM palmitate-BSA stock so-
lution that was filtered using a 0.22-mm low-protein binding filter (Milli-
pore, Billerica, MA). Palmitate and oleate were added at 200 mM, and
BSA/ethanol was used in control treatments. Sodium arachidonate
(SML1395; Sigma-Aldrich) was also prepared in BSA and tested at 30 and
100 mM.

Fatty acid uptake

Macrophage fatty acid uptake was evaluated using an Oil Red O staining
protocol (24). Briefly, macrophages were fixed with 10% phosphate-
buffered formalin for 10 min, rinsed with PBS once, and then rinsed
with 60% isopropanol; after that, macrophages were stained with Oil Red
O (Sigma-Aldrich) at 37˚C for 1 min in darkness. Finally, macrophages
were destained with 60% isopropanol, washed with PBS three times, and
samples were counterstained with hematoxylin for 5 min before exami-
nation by light microscopy.

Quantitative real-time RT-PCR

Total RNAwas extracted using the NucleoSpin RNA/protein kit (Macherey-
Nagel, D€uren, Germany), retrotranscribed, and amplified using the Uni-
versal Human Probe library (Roche Diagnostics, Mannheim, Germany).
Oligonucleotides for selected genes were designed according to the Roche
software for quantitative real-time PCR (Roche Diagnostics). Assays were
made in triplicate and results normalized according to the expression levels
of TATA box–binding protein (TBP) mRNA. Results were expressed using
the DDCT method for quantification. Analyzed genes included the proin-
flammatory gene set and the anti-inflammatory gene set that have been
previously defined (18, 25). Where indicated, microfluidic gene cards were

custom-made (Roche Diagnostics) and designed to analyze the expression
of a set of genes whose expression is variably modulated by LPS (10 ng/ml
E. coli 055:B5, 4 h) in GM-MØ and/or M-MØ (26) (V.D. Cuevas et al.,
unpublished observations). Specifically, the gene cards included 10 genes
upregulated by LPS in both GM-MØ and M-MØ, 9 genes upregulated by
LPS exclusively in GM-MØ, 3 genes downregulated by LPS exclusively in
GM-MØ, 28 genes upregulated by LPS exclusively in M-MØ, 20 genes
downregulated by LPS exclusively in M-MØ, 78 genes upregulated by
LPS in GM-MØ but downregulated in M-MØ, and 9 genes downregulated
by LPS in GM-MØ but upregulated in M-MØ. Assays were made in
triplicate on two independent samples of each type, and the results were
normalized according to the mean of the expression level of endogenous
reference genes HPRT1, TBP, and RPLP0. In all cases (quantitative real-
time PCR or gene cards), the results were expressed using the DDCT
method for quantitation. Nonsupervised hierarchical clustering was done
on the scaled expression level of each gene in BSA- and palmitate-treated
LPS-activated M-MØ, and using the gplots R package (https://CRAN.
R-project.org/package=gplots).

ELISA

Macrophage supernatants were assayed for the presence of cytokines using
commercial ELISA kits for TNF-a, CCL2 (BD Biosciences, San Jose, CA),
IL-10, IL-6, IL-1b (BioLegend, San Diego, CA), and CCL19 (Sigma-
Aldrich) according to the protocols supplied by the manufacturers.

Western blot

Cell lysates were obtained in 10 mM Tris-HCl (pH 8), 150 mM NaCl, 1%
Nonidet P-40 lysis buffer containing 2 mM Pefabloc, 2 mg/ml aprotinin/
antipain/leupeptin/pepstatin, 10 mM NaF, and 1 mM Na3VO4. Ten to fif-
teen micrograms of cell lysate was subjected to SDS-PAGE and transferred
onto an Immobilon polyvinylidene difluoride membrane (Millipore).
Protein detection was carried out using Abs against MAFB (sc-10022;
Santa Cruz Biotechnology, Santa Cruz, CA), AhR (sc-8087; Santa
Cruz), and C/EBPb (sc-150; Santa Cruz Biotechnology), phospho-ERK1/
2, phospho-JNK, phospho-p38, phospho-p65, phospho-IKK, total IKK,
ERK1/2, and IKBa (all from Cell Signaling Technology), total and
phosphorylated STAT1 and STAT 3 (BD Biosciences), phospho–IFN
regulatory factor (IRF)3 (Cell Signaling Technology), and total IRF3
(Santa Cruz Biotechnology). Protein loading was normalized using a mAb
against GAPDH (Santa Cruz Biotechnology) or an Ab against human
vinculin (Sigma-Aldrich).

Phosphoarrays

Intracellular signaling in response to palmitate was assessed with lysates
from macrophages exposed to palmitate for 4 h and using the Proteome
Profiler array human phospho-kinase array kit (no. ARY003B; R&D
Systems), which detects the relative phosphorylation levels of 46 intra-
cellular serine/threonine/tyrosine kinases, and following the manufac-
turer’s recommendations.

Statistical analysis

Statistical analysis was performed using a Student t test, and p , 0.05 was
considered significant (*p , 0.05, **p , 0.01, ***p , 0.001).

Results
Palmitate modifies the functional, transcriptomic, and protein
profile of human anti-inflammatory M-MØ

Much evidence indicates that macrophage dysfunction in states of
lipid excess contributes to the development of obesity-related
diseases (6–9). To determine to what extent fatty acid exposure
modifies the polarization state of human macrophages, GM-MØ
and M-MØ were exposed for 24 h to 200 mM palmitate, a con-
centration that resembles that found in obese individuals (27–30).
Palmitate was efficiently captured by both macrophage subtypes
(Supplemental Fig. 1A) and significantly increased the production
of TNF-a and IL-1b, diminished the basal levels of CCL2, whose
expression is linked to anti-inflammatory polarization (31), and
had no effect on IL-10 production by M-MØ (Fig. 1A). At the
transcriptional level (Fig. 1B), palmitate drastically downregulated
expression of the M-MØ-specific anti-inflammatory gene set (18,
25) (Fig. 1C), whereas it increased the mRNA expression of genes
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within the GM-MØ-associated proinflammatory gene set (Fig.
1C). Kinetics analysis revealed that the expression of prototypical
genes of the anti-inflammatory gene set (CCL2, IL10, HTR2B,
HTR7) decreased only 4 h after palmitate treatment, whereas
upregulation of genes of the proinflammatory gene set (INHBA,
EGLN3, TNF, IL6) was seen at later time points after palmitate
exposure (Fig. 1D). In the case of GM-MØ, palmitate significantly
enhanced the basal production of TNF-a, IL-6, and IL-1b (Fig.
1A), enhanced the mRNA levels of TNF, IL1B, IL6, and IDO1,
and reduced the expression of various GM-MØ– and M-MØ–
specific genes (Supplemental Fig. 1B). The ability of palmitate
to downregulate the expression of the M-MØ–specific anti-
inflammatory gene set prompted us to determine its effects on
the expression of transcription factors that control macrophage
polarization (AhR, MAFB, C/EBPb) (18, 25, 26, 32, 33). M-MØ
exhibited higher levels of MAFB and AhR than GM-MØ, whereas
the latter exhibit a higher content of C/EBPb (Fig. 1E). Palmitate
treatment significantly reduced MAFB and AhR protein levels,
and increased C/EBPb, in M-MØ (Fig. 1E), changes that were
evident 4–10 h after palmitate treatment (Fig. 1F). Therefore,
palmitate stimulates M-MØ to reduce the expression of their
specific anti-inflammatory gene set and to gain cytokine and
transcription factor profiles that resemble GM-MØ. The palmitate-
induced downregulation of MAFB protein expression is especially
significant given the involvement of MAFB in the acquisition of
an anti-inflammatory profile by human macrophages (26).

Palmitate and LPS induce distinct transcriptional profiles in
human macrophages

Innate immune cells sense palmitate as a danger signal via the LPS
receptor TLR4 (34, 35) as well as additional receptors (34, 36–38).
Numerous studies have already defined the LPS-induced tran-
scriptional changes in mouse and human macrophages (39), and
we have previously identified LPS-responsive genes in GM-MØ
and M-MØ (Fig. 1B) (V.D. Cuevas et al., unpublished observa-
tions). Thus, we compared the transcriptional changes elicited on
M-MØ by palmitate (200 mM) and LPS (10 ng/ml) exposure for 4
and 24 h. LPS and palmitate differentially modified the expression
of the proinflammatory gene set and anti-inflammatory gene set in
M-MØ (Supplemental Fig. 2A, 2B), including opposite actions on
the expression of MMP12, PPARG1, CCR2B, IL10, and CCL2
after 24 h (Fig. 2A). Moreover, distinct transcriptional responses
of M-MØ to LPS and palmitate were also observed upon analysis
of a large set of LPS-regulated genes (Supplemental Fig. 2C, 2D),
as IDO1, CXCL10, MAOA, TNFRSF1B, EMR2, CCL19, LAMB3,
and TRIB3 expression was oppositely modified upon exposure to
LPS or palmitate for 4 and 24 h (Fig. 2B, 2C). The presence of
IFN-regulated genes (IDO1, CXCL10) within the list of genes
differentially regulated by LPS and palmitate is in agreement with
their distinct effect on STAT1, which is only activated in response
to LPS (Fig. 2D). Altogether, this set of experiments indicates that
palmitate induces a unique and specific transcriptional response in
human macrophages, and that the palmitate-induced macrophage
proinflammatory shift is only partly reminiscent of that triggered
by LPS.

JNK activation mediates the transcriptional changes triggered
by palmitate on human macrophages

To search for the basis of the palmitate-specific changes in human
macrophages, we screened the phosphorylation state of intracel-
lular signaling molecules after palmitate treatment. Comparison of
control and palmitate-treated macrophages showed changes in the
phosphorylation state of HSP27, ERK1/2, p27, RSK 1/2/3, c-JUN,
and eNOS and identified JNK as the kinase with the higher level of

palmitate-induced activation (Fig. 3A, 3B). Correspondingly,
c-Jun was also found to be phosphorylated in M-MØ exposed to
palmitate for 4 h (Fig. 3A). The contribution of the palmitate-
induced JNK activation to the transcriptional changes promoted
by the fatty acid was next assessed using the selective JNK in-
hibitor SP600125 (Fig. 3C). JNK inhibition significantly impaired
the palmitate effect on the expression of INHBA, TNF, IL10, IGF1,
MAFB, and TRIB3 (Fig. 3D). Additionally, the JNK inhibitor also
diminished the palmitate-induced downregulation of MAFB pro-
tein expression (Fig. 3E). Therefore, JNK activation mediates the
palmitate-dependent modification of the transcriptional profile of
human macrophages and contributes to the palmitate-induced loss
of MAFB, whose expression is required for the acquisition of the
macrophage anti-inflammatory profile (26).

Palmitate conditions the LPS-induced cytokine
profile of M-MØ

Macrophages are extremely sensitive to the surrounding extra-
cellular milieu, and their exposure to an initial stimulus determines
their subsequent functional responses to additional stimuli (40–43).
Because palmitate levels are enhanced in obesity-related pathol-
ogies, whose comorbidities include altered inflammatory re-
sponses, we hypothesized that palmitate exposure might also
condition human macrophages for altered responses to additional
stimuli. Thus, we initially assessed whether palmitate influences
LPS-initiated intracellular signaling in M-MØ. Palmitate alone
caused only a very low NF-kB activation (as illustrated by a weak
phosphorylation of p65) (Fig. 4A) and a weak reduction in basal
STAT3 phosphorylation levels (Fig. 4B). However, palmitate had a
remarkable effect on the intracellular signaling pathways activated
by LPS. Specifically, palmitate pretreatment (24 h) led to more
potent LPS-induced activation of NF-kB (as evidenced by in-
creased phosphorylation of IKKab and p65 and a more profound
loss of IkBa, Fig. 4A), lower LPS-induced STAT1 and STAT3
phosphorylation, and higher LPS-induced activation of IRF3, p38
MAPK, and JNK (Fig. 4). Therefore, exposure to palmitate con-
ditions macrophages for altered intracellular signaling in response
to another pathogenic stimulus.
Next, we evaluated whether palmitate also modulates the

transcriptional responses initiated by LPS in M-MØ. To that end,
macrophages were exposed to palmitate (24 h) before stimulation
with LPS (4 h), and the expression of the activated M-MØ gene set
(Fig. 1B), whose LPS responsiveness is exclusive of M-MØ (V.D.
Cuevas et al., unpublished observations), was determined. Pal-
mitate pretreatment greatly altered the LPS-induced transcrip-
tional response, with a profound effect on the expression of the
genes upregulated by LPS within the activated M-MØ gene set
(Fig. 5A, Supplemental Fig. 3). Specifically, palmitate signifi-
cantly impaired the LPS-induced upregulation of 25% of the genes
whose expression is enhanced by LPS only in M-MØ (Fig. 5B,
Supplemental Fig. 3), an effect that was most pronounced on
genes with the highest M-MØ–specific upregulation by LPS
(CCL19, ARNT2, RGS16, ADIRF, MAOA) (Supplemental Fig. 3).
Regarding the expression of the genes downregulated by LPS
within the activated M-MØ gene set (Supplemental Fig. 3), pal-
mitate impaired the LPS-induced downregulation of 20% of them
(5 out of 26) and concomitantly potentiated the LPS-induced
downregulation of six genes (Fig. 5B, Supplemental Fig. 3).
Therefore, exposure to palmitate significantly affects the LPS-
regulated gene expression in human macrophages.
Finally, we evaluated whether pre-exposure to palmitate affected

the production of LPS-induced cytokines of human macrophages.
To that end, M-MØ were exposed to palmitate for 24 h and then
stimulated with LPS (Fig. 6A). Palmitate pretreatment significantly
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FIGURE 1. Functional, transcriptomic, and transcription factor profile of palmitate-treated human macrophages. (A) Levels of the indicated cytokines in the

culture media of macrophages (GM-MØ and M-MØ) exposed to 200 mM palmitate (C16:0) or BSA for 24 h, as determined by ELISA. Shown is the mean 6
SEM of 10 independent experiments. (B) Schematic representation of the relationships between the macrophages transcriptional signatures and defining gene

sets used throughout this study. The proinflammatory gene set and anti-inflammatory gene set have been reported in González-Domı́nguez et al. (25). The

activated GM-MØ gene set and activated M-MØ gene set have been derived from the transcriptional analysis deposited in the Gene Expression Omnibus

(https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE99056) under accession number GSE99056 (V.D. Cuevas et al., unpublished observations). (C)

Relative mRNA expression of the indicated genes in M-MØ exposed to 200 mM palmitate (C16:0) or BSA for 24 h, as determined by quantitative RT-PCR

using TBP as a reference. The expression of each gene after palmitate treatment and relative to its expression after BSA treatment is indicated. Shown is the

mean 6 SEM of 10 independent experiments. (D) Relative mRNA expression of the indicated genes in M-MØ exposed to 200 mM palmitate (C16:0) or BSA

for 4, 10, or 24 h, as determined by quantitative RT-PCR using TBP as a reference. The expression of each gene after palmitate treatment and relative to its

expression after BSA treatment is indicated. Shown is the mean 6 SEM of three independent experiments. (E) Expression of MAFB, AhR, and C/EBPb in

macrophages (GM-MØ and M-MØ) treated with 200 mM palmitate (C16:0) or BSA (2) for 24 h, as determined by Western blot. (Figure legend continues)
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enhanced the LPS induction of the proinflammatory cytokines
TNF-a, IL-6, and IL-1b, whereas it inhibited LPS-induced IL-10
and CCL2 production by M-MØ (Fig. 6B). Besides, palmitate
pretreatment completely blocked the LPS-induced production of
the CCL19 chemokine by M-MØ (Fig. 6B). Therefore, palmitate
not only modifies the phenotype and function of anti-inflammatory
(M-CSF–dependent) M-MØ but primes M-MØ for increased pro-
duction of proinflammatory cytokines (and reduced production of
anti-inflammatory cytokines) in response to a pathogenic stimulus
such as LPS. Importantly, these effects of palmitate are fatty acid
specific because the unsaturated free fatty acid oleate (C18:1) was
efficiently taken up by human macrophages (Supplemental Fig.
4A), but it neither modified the basal level of expression of
MAFB, AhR, and C/EBPb in M-MØ (Supplemental Fig. 4B) nor
altered the LPS-induced production of TNF-a, IL-6, CCL2, and
IL-10 (Supplemental Fig. 4C). Similarly, arachidonate (C20:4) did
not modify the expression of MAFB and AhR (Supplemental Fig.
4D) and did not impair the LPS-induced production of IL-10 in
M-MØ (Supplemental Fig. 4E).

JNK activation mediates the ability of palmitate to condition
macrophage responses to LPS

The ability of palmitate to modify the LPS-induced cytokine profile
of M-MØ correlates with its capacity to modulate LPS-initiated
intracellular signaling (shown in Fig. 4). Such a correlation is
especially relevant in the case of JNK, which plays a central role
in the development of inflammation in adipose tissue and insulin
resistance in animal models (44). Given the ability of palmitate to
activate JNK, we analyzed whether the palmitate-induced JNK
activation contributes to its macrophage-conditioning effect. In-
hibition of JNK activation by SP600125 reduced the palmitate-
dependent inhibition in the production of LPS-induced IL-10
(Fig. 6D) although it had no significant effect on the levels of
LPS-induced CCL2 (Fig. 6D). Therefore, the palmitate-induced
JNK activation modifies the macrophage transcriptome and me-
diates the ability of palmitate to alter macrophage responses to-
ward pathogenic stimuli such as LPS.

Discussion
Macrophages are critically involved in the initiation and resolution
of inflammatory processes, and their deregulated activation con-
tributes to chronic inflammatory diseases (4). In the case of chronic
inflammation associated to metabolic syndromes, the production
of proinflammatory cytokines by macrophages correlates with the
serum concentration of SFA (45), whose increased levels modify
macrophage effector functions either by itself (e.g., palmitate)
(10) or in combination with high levels of glucose and insulin
(46). Taking advantage of the previous identification of gene sets
that specifically define the proinflammatory and anti-inflammatory
state of human macrophage (18, 25), we now report that palmitate
promotes the acquisition of a proinflammatory state that depends
on JNK and differs from the LPS-induced proinflammatory acti-
vation at the transcriptional and functional levels. Further sup-
porting the specificity of the palmitate-induced macrophage
activation, we also provide evidences that palmitate conditions, or
trains, human macrophages for stronger proinflammatory re-
sponses toward pathogenic stimuli.
Because metabolic diseases are driven by a low-grade inflam-

mation and elevated levels of proinflammatory cytokines (47), the

ability of palmitate to condition macrophage responses to other
inflammatory stimuli (e.g., LPS) has very relevant pathological
implications. It is now well established that metabolic endotox-
emia initiates obesity and insulin resistance and, in fact, lowering
plasma LPS concentration has been proposed as a strategy to
tackle metabolic diseases (48). Consequently, the palmitate
proinflammatory conditioning that we now report might exac-
erbate the proinflammatory responses of monocytes/macrophages
toward pathogen-associated molecular patterns (49) (e.g., LPS)
derived from bacteria translocating from the gut, thus enhanc-
ing the production of pathogen-associated molecular pattern
(PAMP)–induced inflammatory cytokines. In agreement with the
palmitate-induced increased LPS responsiveness, palmitate
conditions macrophages for stronger LPS-induced NF-kB, IRF3,
p38, ERK, and JNK signaling. Because NF-kB and JNK are
chronically activated in adipose tissue from obese and insulin
resistance subjects (50) and JNK activation in mouse macro-
phages is required for obesity-induced insulin resistance and
inflammation (44), the macrophage-conditioning ability of pal-
mitate that we now report might contribute to the known asso-
ciation between bacterial DNA translocation and increased
insulin resistance (51).
The macrophage-conditioning ability of palmitate also resem-

bles the effect of PAMPs such as b-glucan, which render mac-
rophages more responsive to a subsequent stimulation by LPS (42,
43). This boosting effect has led to the concept of trained im-
munity and allowed the demonstration that innate immunity cells
such as macrophages produce much higher levels of proin-
flammatory cytokines when previously exposed to certain training
stimuli (42, 43). From this point of view, the changes that we have
detected in palmitate-treated macrophages (loss of AhR and
MAFB expression, reduced expression of the anti-inflammatory
gene set) are compatible with the acquisition of a palmitate-trained
state that would confer palmitate-conditioned macrophages with the
ability to produce higher levels of proinflammatory cytokines upon
exposure to a second stimulus.
The capacity of palmitate to downregulate MAFB protein ex-

pression in macrophages is especially relevant for the whole set of
transcriptional and functional changes triggered by this SFA.
Palmitate exerts rapid transcriptional effects and upregulates the
expression of the macrophage proinflammatory gene set (INHBA,
EGLN3) (18, 25) in ,24 h, a time at which palmitate has also
provoked the loss of the transcription factors that drive anti-
inflammatory gene set expression (AhR, MAFB) (18, 25). The
loss of MAFB expression appears to critically underlie the
proinflammatory ability of palmitate because MAFB is a major
positive regulator for the expression of a significant number of
genes that characterize anti-inflammatory IL-10–producing mac-
rophages (e.g., IL10, IGF1, CCL2) (26). Importantly, the
palmitate-induced loss of MAFB expression is partly mediated by
JNK, an effect that is in line with the ability of JNK to promote
MAFB ubiquitination (52) and agrees with the known proin-
flammatory nature of JNK in vivo (44). Besides, MAFB protein
levels are also controlled by other kinases such as GSK3b (53),
whose activation state might be also affected by palmitate (54). In
this regard, note that the diminished LPS-induced production of
IL-10 seen in palmitate-treated macrophages can be prevented by
lithium chloride, a well-known but nonspecific GSK3b inhibitor
(55) (data not shown).

(F) Expression of MAFB, AhR, and C/EBPb in M-MØ nontreated (Ctrl) or treated with 200 mM palmitate or BSA (2) for 4, 10, or 24 h, as determined by

Western blot. In (E) and (F), three independent experiments were done and one of them is shown, and GAPDH protein levels were determined in parallel as

a protein loading control. *p , 0.05, **p , 0.01, ***p , 0.001.
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Previous studies have assumed that palmitate activation of
macrophages mostly resembles LPS-induced mechanisms because
palmitate is recognized by TLR4 and activates proinflammatory

signaling pathways in vitro and in vivo (10). However, and in line
with previous reports (11–13), our results indicate that palmitate
and LPS differ in their respective transcriptional and functional

FIGURE 2. Comparison of the transcriptomic changes elicited by palmitate or LPS on human macrophages. (A) Relative mRNA expression of the

indicated polarization-specific genes in M-MØ untreated (2) or exposed to 10 ng/ml LPS, 200 mM palmitate (C16:0), or BSA for 24 h, as determined by

quantitative RT-PCR using TBP as a reference. (B and C) Relative mRNA expression of the indicated LPS-regulated genes in M-MØ untreated (2) or

exposed to 10 ng/ml LPS, 200 mM palmitate, or BSA for (B) 4 or (C) 24 h, as determined by quantitative RT-PCR using TBP as a reference. In (A)–(C),

results are shown as mean 6 SEM of five independent experiments. (D) Expression of activated STAT1 in M-MØ nontreated (2) or treated with 10 ng/ml

LPS, 200 mM palmitate, or BSA for 2 h, as determined by Western blot. GAPDH protein levels were determined in parallel as a protein loading control.

*p , 0.05, **p , 0.01, ***p , 0.001.
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FIGURE 3. Effect of JNK activation on the palmitate-induced transcriptional changes in human macrophages. (A) M-MØ were left untreated (BSA) or exposed to

200 mM palmitate (C16:0) for 4 h, and the phosphorylation state of representative signaling molecules was determined using the Proteome Profiler array human

phospho-kinase array kit (no. ARY003B; R&D Systems). The kinases specifically mentioned in the text are indicated. The reference spots used for normalization are

shown in square boxes at the top of each panel and correspond to a shorter exposure time of the filters. (B) M-MØ from three independent donors (nos. 1–3) were left

treated with BSA (2) or exposed to 200 mM palmitate (C16:0) for 4 h, and the phosphorylation state of JNK was determined by Western blot using specific Abs. The

level of vinculin was determined in parallel as a protein loading control. Right panels show the mean6 SEM of the densitometric analysis of the three experiments. (C)

Schematic representation of the experimental procedure. (D) Relative mRNA expression of the indicated genes in M-MØ exposed to SP600125 (SP600) or DMSO (2)

for 1 h and exposed to BSA (2) or 200 mM palmitate (C16:0) for 12 h, as determined by quantitative RT-PCR using TBP as a reference. Results are shown as mean6
SEM of five independent experiments. (E) JNK activation and MAFB protein levels in M-MØ untreated or exposed to SP600125 (SP600) for 1 h and then exposed to

BSA (2) or 200 mM palmitate (C16:0) for 12 h, as determined by determined by Western blot using specific Abs. The level of vinculin was determined in parallel as a

protein loading control. The experiment was performed on four independent M-MØ preparations, and one of them is shown. Right panels show the mean6 SEM of the

densitometric analysis of the four experiments. *p , 0.05, **p , 0.01, ***p , 0.001.
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effects on human macrophages. Thus, palmitate and LPS oppo-
sitely modulate the expression of genes such as IDO1, MAOA,
EMR2, and LAMB3. Palmitate and LPS also differ in terms of the
intracellular signaling triggered in human macrophages. Palmitate
leads to JNK activation at late time points, but causes a very weak
NF-kB activation and has no effect on STAT1/STAT3 or IRF3
phosphorylation (Fig. 4). In fact, palmitate pretreatment even re-
duces the LPS-induced activation of STAT1 and STAT3. This
differential signaling ability of palmitate and LPS correlates with
their distinct effect on the expression of IFN-regulated genes such

as IDO1 and strongly suggests that the palmitate-initiated intra-
cellular signaling originates from TLR4 and additional PAMP/
damage-associated molecular pattern receptors.
Especially relevant is the fact that palmitate and LPS differ-

entially regulate the expression of CCL19 and TRIB3. Contrary to
the effect of LPS, which greatly enhances CCL19 mRNA (V.D.
Cuevas et al., unpublished observations), palmitate significantly
downregulates CCL19 at the mRNA and protein level (Fig. 2) and
even abrogates the LPS-induced upregulation of CCL19 produc-
tion (Fig. 6). Together with CCL21, the chemokine CCL19 is a

FIGURE 4. Palmitate exposure modu-

lates LPS-initiated intracellular signaling

in human macrophages. (A and B) De-

termination of the phosphorylation state

of (A) IKKa/b, IkBa, NF-kB p65, ERK1/

2, JNK, p38 MAPK, STAT3, STAT1, and

IRF3 in M-MØ exposed to BSA (2) or

palmitate (C16:0) for 24 h and then

stimulated with LPS (10 ng/ml) for 15–30

min (A) or 120 min (B). The total levels of

IKKa/b, ERK1/2, STAT3, STAT1, and

IRF3 were determined in parallel. The

levels of vinculin were determined as a

protein loading control. The levels of each

protein were also determined in untreated

cells (Ctrl). In all cases, four independent

experiments were performed, and one of

them is shown. Right panels show the

mean 6 SEM of the densitometric anal-

ysis of the four experiments. *p , 0.05,

**p , 0.01.
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ligand of CCR7, whose expression critically determines lymph
node homing of T cells and dendritic cells (56). Interestingly,
CCL19, but not CCL21, promotes CCR7 phosphorylation, inter-
nalization, and desensitization toward CCL21 (56). Therefore, the
ability of 200 mM palmitate to ablate the basal and LPS-mediated

CCL19 expression implies that stronger CCR7-dependent re-
sponses (dendritic cell homing and maturation, and Ag presenta-
tion) (57) must take place in the presence of the palmitate
concentrations found in obese individuals. This prediction would
be in line with the ability of palmitate to foster the acquisition of

FIGURE 5. Palmitate pretreatment alters the LPS-induced transcriptomic response in human macrophages. (A) Heat map representation of the mRNA

expression of the LPS-regulated genes whose expression is significantly different (p, 0.05) in M-MØ exposed to either BSA or 200 mM palmitate (C16:0)

(24 h) before stimulation with LPS (10 ng/ml) for 4 h. The effect of LPS on the expression of the analyzed genes is shown. (B) Relative mRNA expression

of the indicated genes in M-MØ exposed to either BSA or 200 mM palmitate (C16:0) (24 h) before stimulation with LPS (10 ng/ml) for 4 h, as determined

by quantitative RT-PCR using TBP as a reference. Shown is the mean 6 SEM of three independent experiments. *p , 0.05.
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the cytokine and transcriptional profile of proinflammatory (and
immunogenic) macrophages that we now report.
Regarding the palmitate-mediated upregulation of TRIB3 gene

expression, our results agree with the ability of palmitate to induce

TRIB3 expression in human liver cells (58) and podocytes (59).
TRIB3 is a pseudokinase that modulates many signaling cascades
associated with endoplasmic reticulum stress, nutrient deficiency,
and insulin resistance (60), and it that acts as a negative regulator

FIGURE 6. Effect of palmitate treatment on the LPS-induced cytokine profile in human macrophages. (A) Schematic representation of the experimental

procedure. (B) Levels of the indicated cytokines in the culture supernatants of macrophages (M-MØ) exposed to 200 mM palmitate (C16:0) or BSA (2) for

24 h before stimulation with 10 ng/ml LPS for 8 h. Shown is the mean 6 SEM of eight independent experiments. (C) Schematic representation of the

experimental procedure. (D) Levels of IL-10 and CCL2 in the culture media of macrophages (M-MØ) not treated or treated with SP600125 (SP600), and

then exposed to 200 mM palmitate (C16:0) or BSA (2) (24 h) before stimulation with 10 ng/ml LPS (8 h). Shown is the mean 6 SEM of four independent

experiments. *p , 0.05, **p , 0.01, ***p , 0.001.
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of NF-kB–dependent transcription (61). Because TRIB3 nega-
tively regulates CCL2 expression in podocytes (59), it is tempting
to speculate that palmitate-induce TRIB3 upregulation might un-
derlie the negative effect that palmitate has on the basal and LPS-
induced expression of CCL2 in human macrophages.
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