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Abstract
Fatty acids (FAs) are known to participate in body inflammatory responses. In particular, saturated FAs such as palmitic acid (PA)
induce inflammatory signals in macrophages, whereas polyunsaturated FAs, including docosahexaenoic acid (DHA), have been
related to anti-inflammatory effects. Several studies have suggested a role of fatty acids on DNA methylation, epigenetically
regulating gene expression in inflammation processes. Therefore, this study investigated the effect of PA and DHA on the
inflammation-related genes on humanmacrophages. In addition, a second aimwas to study the epigenetic mechanism underlying
the effect of FAs on the inflammatory response. For these purposes, human acute monocytic leukaemia cells (THP-1) were
differentiated into macrophages with 12-O-tetradecanoylphorbol-13-acetate (TPA), followed by an incubation with PA or DHA.
At the end of the experiment, mRNA expression, protein secretion, and CpG methylation of the following inflammatory genes
were analysed: interleukin 1 beta (IL1B), tumour necrosis factor (TNF), plasminogen activator inhibitor-1 (SERPINE1) and
interleukin 18 (IL18). The results showed that the treatment with PA increased IL-18 and TNF-α production. Contrariwise, the
supplementation with DHA reduced IL-18, TNF-α and PAI-1 secretion by macrophages. However, the incubation with these
fatty acids did not apparently modify the DNA methylation status of the investigated genes in the screened CpG sites. This
research reveals that PA induces important pro-inflammatory markers in human macrophages, whereas DHA decreases the
inflammatory response. Apparently, DNA methylation is not directly involved in the fatty acid-mediated regulation of the
expression of these inflammation-related genes.
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Introduction

Fatty acids (FAs) are involved in a variety of functions
such as energy metabolism, components of cell mem-
branes and regulators of gene transcription [17].
Circulating and tissue abnormal FA levels have long
been recognised to participate in human diseases includ-
ing inflammation [43]. The excessive amounts of some
FAs can be detected by innate recognition receptors,
resulting in the activation of inflammatory signalling
pathways, and defined as metabolic inflammation [19].
For instance, saturated fatty acids (SFAs), such as lauric
and palmitic acid (PA), are able to stimulate inflamma-
tion by the activation of toll-like receptor (TLR) signal-
ling pathway [43]. Conversely, diverse monounsaturated
(MUFAs) and polyunsaturated fatty acids (PUFAs) may
have beneficial effects on inflammation by generating
eicosanoids and molecules involved in the resolution
of inflammation and healing [26, 27, 43, 48].
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Inflammatory process requires a sophisticated regulatory
mechanism to carry out functions at signal- and gene-specific
levels, where monocytes and macrophages are the main cells
involved in the inflammatory response [46]. In general, circu-
lating monocytes migrate to inflamed region and differentiate
into monocyte-derived macrophages [28]. Cells must be able to
phenotypically adapt continuously their response by the expres-
sion, production and secretion of different inflammatory medi-
ators, to an environmental change, such as diet [47]. In this
sense, important steps of inflammation as macrophage migra-
tion and cytokine secretion are regulated by epigenetic mecha-
nisms. For example, genes coding for interleukins or interferons
have been described to be differently methylated in inflamma-
tory disorders [12].

DNA methylation is an extensively studied epigenetic
mark in the mammalian genome in relation to aberrant gene
expression in disease pathogenesis [41]. Thus, investigations
have evidenced that DNA methylation profiles might also be
modified by environmental factors including the restriction or
supplementation with different nutrients [32, 35]. In this
sense, it is understandable that FAs are between those factors
that modify cells’methylome, being DNA methylation one of
the mechanisms that link FAs and the modification of inflam-
matory response [30].

To our knowledge, there are scarce studies about the impact
of different SFAs and PUFAs on the inflammatory response of
human macrophages, neither the role of DNA methylation.
Therefore, the present work aimed to investigate the effect of
PA and docosahexaenoic acid (DHA) on the expression of in-
flammatory markers and the possible epigenetic mechanisms
underlying the fatty acids’ effect on pro-inflammatory genes.

Material and methods

Cell culture, differentiation, and treatments

Human acute monocyte cells (THP-1) were purchased from
American Type Cell Culture (ATCC® TIB-202™, VA, USA)
and maintained at 37 °C and 5% CO2 in RPMI-1460 medium
(Gibco) supplemented with 2 mML-glutamine, 1 mM sodium
pyruvate, 1500 mg/l sodium bicarbonate, 4500 mg/l glucose,
10% fetal bovine serum (Gibco) and 100 U/ml penicillin,
100 μg/ml streptomycin.

Cells were grown at a density of 6 × 105 cells/ml in a 24-
well plate. For THP-1 monocyte differentiation into macro-
phages, 25 ng/ml of phorbol 12-myristate 13-acetate (PMA)
was added to the medium, and the monocytes were incubated
for 48 h at 37 °C in a 5% CO2 incubator. After the differenti-
ation, THP-1 macrophages were treated with palmitic and
docosahexaenoic (DHA) acids at a concentration of 80 μM
during 30 h at 37 °C based on previous studies [2, 3]. Palmitic
acid and DHA were dissolved in ethanol and both of them

were then mixed with bovine serum albumin (BSA) in a 1:2
ratio (BSA/fatty acid) such was previously described [15].
Finally, RNA, DNA and culture supernatants were collected
for further analysis.

Gene expression

RNA from THP-1 cells was extracted using TRIzol reagent
(Life Technologies, CA, USA), following the manufacturer’s
instructions. RNA concentration was quantified through
Nanodrop ND-1000 spectrophotometer (NanoDrop
Technologies, DE, USA). cDNAwas obtained from approxi-
mately 1 μg of total RNA using MultiScribe™ Reverse
Transcriptase Kit according to manufacturer’s protocol
(Thermo Fisher Scientific, MA, USA). In quantitative real-
time PCR analyses, the relative expression of genes was quan-
tified using Taqman primers, Taqman Universal Master Mix
(Applied Biosystems, CA, USA) and ABI Prism 7900HT
Sequence Detection System. The amplification was conduct-
ed in duplicate in 10 μl with the following steps: 50 °C 2 min,
95 °C 10 min, and 40 cycles of 95 °C 15 s and 60 °C 1 min.
The references of the specific predesigned Taqman primers
and probes were the following: IL1B (Hs01555410_m1),
TNF (Hs00174128_m1), IL18 (Hs01038788_m1) and
SERPINE1 (Hs01126606_m1). Gene expression was calcu-
lated by using the comparative 2−ΔΔCt method and with
GAPDH (Hs02758991_g1) as a housekeeping gene.
According to this method, the relative gene expression is set
to 1 for reference gene expression becauseΔΔCt is equal to 0
as 20 is 1 [40]. The intra-assay CVwas 1.28% for IL1B, 0.61%
for TNF, 0.38% for IL18 and 0.47% for SERPINE1.

Cytokine detection analysis

Cytokine secretion in cell medium was determined by com-
mercially available enzyme-linked immunosorbent assay
(ELISA) kits for human TNF-α (DTA00C, R&D Systems,
MN, USA), PAI1 (DTSE100, R&D Systems, MN, USA)
and IL-18 (#7620, MBL International Corporation, MA,
USA). The samples were run in duplicate, and the intra-/in-
ter-assay CV were 4.9/7.6% for TNF-α, 5.7/8.4% for PAI1
and 7.2/7.5% for IL-18. Absorbance was quantified at 450 nm
using a microplate reader (Multiskan Spectrum, Thermo
Electron Corporation, Finland).

DNA methylation assay

DNA isolation from THP-1 macrophages was performed with
MasterPure™ DNA Purification Kit (Epicentre, WI, USA)
following the manufacturer’s guidelines. Genomic DNAwas
sodium bisulfite-converted using the EpiTect Bisulfite Kit
(Qiagen, CA, USA). The following DNA methylation quan-
tification was performed by MassARRAY EpiTYPER
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technology (Sequenom Inc., CA, USA), that is a tool for the
quantitative analysis of DNA methylation, consisting on a
combination of matrix-assisted laser desorption ionisation
time-of-flight (MALDI-TOF) mass spectrometry and base-
specific cleavage [10]. Four amplicons corresponding to
IL18, IL1B, SERPINE1 and TNF genes covering 26 CpG sites
were selected. These sequences were selected based on (i) the
sequences had been previously studied by our group or by
other groups; (ii) the sequences presented a high number of
CpG in the promoter region; (iii) we were able to design
primers for amplifying the sequence. The designed primers
and the complete amplicon sequences are reported previously
[44]. The primers were designed by EpiDesigner software
(Sequenom Inc.; http://www.epidesigner.com/start3.html) for
the amplicons of interest: IL18 (chr11: 112,163,853-
112,164,105), IL1B (chr2: 112,837,566-112,837,895),
SERPINE1 (chr7: 101,127,068-101,127,400), and TNF
(chr6: 31,575,209-31,575,481). The mean percentage of
DNA methylation across each amplicon was measured for
each duplicate of CpG sites for each sample.

Transcription factor-binding site analysis

In order to identify the putative transcription factor binding
sites in the studied regions of the IL18 and TNF genes, a
bioinformatic analysis was performed through LASAGNA-
Search 2.0 using TRANSFAC matrices and aligned models,
as described elsewhere [24], TFBIND (tfbind.hgc.jp),
ALGGEN (alggen.lsi.upc.es) and TRANSFAC® databases.

Statistical analysis

Differences between groups were calculated using Student’s t
test for the direct comparisons between two groups and one-
way ANOVA test followed by Dunnett’s test for multiple
comparisons. Data are presented as mean ± SEM. p values
less than 0.05 were accepted as statistically significant.
Statistical analyses and graphics were performed using
GraphPad Prism 5.0 (GraphPad Software, CA, USA).

Results

Treatment with fatty acids altered
inflammatory-related gene expression

In the present study, we have tested whether the treatment with
FA had any influence on inflammation-related genes in THP-1
macrophages. Specifically, we studied the effect of one satu-
rated fatty acid, PA and one polyunsaturated fatty acid, DHA,
on the expression of genes associated with the inflammatory
response, such as IL18, TNF, IL1B and SERPINE1.
Macrophages treated with 80 μM PA increased TNF

(p < 0.01) mRNA levels in comparison with the control
(Fig. 1). Moreover, when the macrophages were incubated
with 80 μM DHA, the expression of IL18 (p < 0.05) and
TNF (p < 0.05) was lower than the control condition, while
the expression of SERPINE1 (p < 0.001) was higher. No sta-
tistical changes were observed in the mRNA levels of IL1B
after the incubation with palmitic acid and DHA.

Effects of fatty acids on cytokine secretion

In order to evaluate the effect of these fatty acids on the in-
flammatory response, the levels of pro-inflammatory cyto-
kines IL-18, TNF-α and PAI-1 in the medium of THP-1 mac-
rophages were determined. The results evidenced that PA
stimulation significantly increased the levels of IL-18
(p < 0.01) and TNF-α (p < 0.05) in the supernatants of mac-
rophages, when compared with the control group (Fig. 2). Of
note, incubation with DHA significantly decreased IL-18
(p < 0.01), TNF-α (p < 0.01) and PAI-1 (p < 0.01) secretion.

Effects of fatty acids on the DNA methylation status
of inflammation-related genes

Regarding gene promoter methylation analysis after the incu-
bation with PA, as shown in Fig. 3, only three of the 26 CpG
sites analysed, CpG_6 (p < 0.001) of IL18, CpG_1 (p < 0.001)
and CpG_7 (p < 0.001) of SERPINE1 genes, showed statisti-
cal differences in DNA methylation levels between treated
and control groups. When the cells were incubated with
DHA, the methylation levels of CpG_6 (p < 0.01) of IL18,
CpG_1 (p < 0.001) and CpG_8 (p < 0.05) of SERPINE1 and
CpG_4.5.6 (p < 0.01) of TNFwere statisticallymodified when
compared with the methylation percentage of the non-treated
macrophages. No changes in methylation were noted in the
analysed region of IL1B after the treatments.

Discussion

This study was designed to elucidate the hypothesis that the
regulation of the inflammatory process of macrophages by
FAs is mediated by epigenetic mechanisms (particularly,
DNA methylation). The origin of this rationale derives from
previous experimental observations [29]. First, some FAs,
generally SFAs and trans FAs, are associated with a pro-
inflammatory phenotype in several diseases [16, 49], while
other FAs, commonly MUFAs and PUFAs, may present ben-
eficial effects on the inflammatory response [48].
Nevertheless, a critical question is the mode that FAs conduct
the inflammation-related cells to this particular phenotype
contributing to the regulation of inflammation. Second, there
are increasing inflammation-related pathogenic situations,
such as obesity or metabolic syndrome, in which an abnormal
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epigenetic pattern has been observed [18, 29]. DNA methyl-
ation may modulate mediators of inflammation including im-
mune cells and inflammatory molecules [13, 39] affecting the
balance toward a pro- or anti-inflammatory milieu. Third, re-
cent investigations evidence that PA and DHA supplementa-
tion in animals, or other FAs treatment in vitro, is able to
modify the methylation profile of cells [4, 38]. However,
whether in vitro incubation with PA and DHA leads to regu-
late the inflammatory response through DNA methylation
mechanisms is yet unknown.

The results of the present study indicate that the tran-
scriptional profile induced by PA in THP-1 macrophages
is markedly pro-inflammatory compared to DHA, in ac-
cordance with published data obtained with these FAs in
animal and human models [21, 34]. PA is the most abun-
dant dietary and plasma FA [34], whereas DHA together
with eicosapentaenoic acid (EPA) are the main omega-3
FAs [51], but PA and DHA contribute differently to in-
flammation. The incubation of adipocytes with PA stimu-
lates specific inflammatory and metabolic pathways. PA

IL
-1
8

m
RN

A
re

la
tiv

e
ex

pr
es

si
on

Control Palmitic acid DHA
0.0

0.5

1.0

1.5

*

SE
R
PI
N
E1

m
RN

A
re

la
tiv

e
ex

pr
es

si
on

Control Palmitic acid DHA
0.0

0.5

1.0

1.5

2.0 **

TN
F

m
RN

A
re

la
tiv

e
ex

pr
es

si
on

Control Palmitic acid DHA
0.0

0.5

1.0

1.5

2.0

2.5
**

*

IL
1B

m
RN

A
re

la
tiv

e
ex

pr
es

si
on

Control Palmitic acid DHA
0.0

0.5

1.0

1.5

Fig. 1 Effects of palmitic acid and docosahexaenoic acid on the
expression of inflammatory genes in THP-1 cells treated with TPA.
Results are expressed as means ± SEM (n = 8). Differences between

groups were analysed by one-way ANOVA followed by Dunnett test.
*p value < 0.05, **p value < 0.01 vs control

IL
18

pr
ot

ei
n

co
nc

en
tra

tio
n

(p
g/

m
l)

Control Palmitic acid DHA
0

100

200

300 **

**

TN
F-

pr
ot

ei
n

co
nc

en
tr

at
io

n
(p

g/
m

l)

Control Palmitic acid DHA
0

100

200

300

400

500
*

**

PA
I-1

pr
ot

ei
n

co
nc

en
tra

tio
n

(p
g/

m
l)

Control Palmitic acid DHA
0.0

0.1

0.2

0.3

0.4

0.5

**

α

Fig. 2 Effects of palmitic acid and docosahexaenoic acid on the secretion
of inflammatory cytokines in THP-1 cells treated with TPA. Results are
expressed as means ± SEM (n = 7–8). Differences between groups were

analysed by one-way ANOVA followed by Dunnett test. *p value < 0.05;
**p value < 0.01

344 Samblas et al.



binds TLR family, which activates gene transcription of
inflammatory mediators, resulting in a production of pro-
inflammatory molecules such as TNF-α and IL-1β [23].
This role for PA on inflammation can also partly explain
the increased risk for metabolic syndrome commonly as-
sociated with Western diet consumption [42], which is
rich in this SFA [20]. On the other hand, DHA is consid-
ered an anti-inflammatory nutrient due to its ability to
reduce nuclear factor-κB (NF-κB) activation and the ex-
pression of TNF-α in macrophages [33], and also to aug-
ment the concentration of the anti-inflammatory cytokine
IL-10 [6]. Previous investigations have demonstrated that
DHA reduces the production of the classic pro-
inflammatory cytokines TNF-α, IL-1β and IL-6 [7].

Regarding these beneficial effects, nutritional strategies
usually include supplementation with this omega-3 FA
for the prevention and treatment of cardiovascular dis-
eases, obesity or metabolic syndrome [25], which are dis-
eases with an inflammatory component. However, the ef-
fects of this FA on inflammatory markers are unclear,
perhaps due to differences between study designs, the in-
flammatory mediators studied or the doses and the dura-
tion of the experiments [25], chiefly in healthy human
beings [36]. Our results demonstrated that the in vitro
supplementation with 80 μM of PA or DHA during 30 h
affected the production of the cytokines TNF-α and IL-1β
in human macrophages, intensifying or attenuating the
inflammatory state of macrophages, respectively.
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Consistent with the present results, previous studies ob-
served changes in the expression of inflammation-related
genes at similar concentrations and duration of the current
experiment, and in the same THP-1 cell model [2, 3, 50].
It is important to underline the fact that the present re-
search investigated the effect of PA and DHA on the in-
flammatory molecules, in cells under baseline inflamma-
tory conditions, and without induction of inflammation
with different strategies (lipopolysaccharide, TNF…). In
the majority of in vitro experimental designs, inflamma-
tion in cells was stimulated to evaluate the effects of FA
[31]. In that condition, the changes in gene expression are
thus more important [1]. This feature might be a reason
explaining that the effects of FAs are not so clear in the
present study as in other studies with stimulated inflam-
mation models [1]. The effects of PA and DHA on the
inflammatory response are in part controlled by a combi-
nation between the activation of signalling pathways and
molecule production in cells. However, the mechanisms
of gene expression regulation by FAs remain to be eluci-
dated. To acquire a comprehensive overview of the epige-
netic processes modulated by FAs, previous association
studies have been carried out between whole genome
DNA methylome in human blood cells and SFA and
PUFA intake [5, 11]. These investigations evidenced a
modulation of DNA methylat ion levels by FAs.
Therefore, one of the aims of this research was to inves-
tigate the impact of PA and DHA supplementation on the
DNA methylation levels of inflammation-related genes in
THP-1 macrophages. Unexpectedly, our results suggested
that the addition of 80 μM of PA and DHA did barely
induce differences on the DNA methylation levels of the
selected genes. We also found that both PA and DHA
modified methylation of the CpG sites in the same sense.
FA-treated THP-1 cells exhibited significantly higher
methylated cytosine levels in IL18 and TNF genes and
lower methylated levels in SERPINE1 gene, as compared
to the control ones. Recent studies investigating the DNA
methylation modifications by FAs in THP-1 cells indicat-
ed that FA supplementation induced distinct DNA meth-
ylat ion modificat ions uncovering pro- and anti-
inflammatory profiles [11, 49]. However, there not appar-
ently exists in the literature any work studying the specif-
ic DNA methylation modification of these genes by FAs
in THP-1 cells. However, a study of the effect of DHA in
DNA methylation of apoptotic genes in a human colon
cancer cell line used a dose of 50 μM. This study dem-
onstrated DNA methylation changes after the treatment of
DHA at 50 μM and during 12 h [8]. In addition, the
treatment of PUFAs at 100 μM also demonstrated changes
in DNA methylation patterns in colorectal cancer cell
lines but after 6 days of incubation [45]. Regarding time
and doses similar to those used in the present study, in

3T3-L1 cells, palmitic acid treatment at 100 μM and 24 h
regulated TNF expression levels through changes in TNF
promoter DNA methylation levels [14]. The present trial
demonstrates for the first time that PA and DHA hardly
induce modifications in the DNA methylation status of
the classic inflammatory genes. Concerning previous
studies, it is possible that the weak changes in DNA meth-
ylation levels of gene promoter may be caused by (i) the
short-term treatment at this dose, (ii) we have not studied
all the CpG sites of the promoter and (iii) palmitic acid
and DHA have weak effect on the DNA methylation of
genes studied in the present work. In addition, the higher
mRNA expression and lower protein secretion of PAI-1
after DHA treatment may suggest a different post-
transcriptional epigenetic regulation of the molecules by
this FA. For example, there exists post-transcriptional reg-
ulation mediated by miRNAs in which an incomplete
complementarity between miRNA and mRNA results in
the inhibition of gene translation after DHA treatment [37,
53, 54]. Moreover, in the offspring of rats fed a high-fat
diet, the acetylation and dimethylation of H3K9 histone
were associated with lower adiponectin and with higher
leptin expression [5]. Treatment of M17 neuroblastoma
cells with DHA induced increased global acetylation of
H3K9 and decreased histone deacetylases 1, 2 and 3. In
addition, DHA also decreased global levels of dimethyl H3K4,
dimethyl H3K9, dimethyl H3K27, dimethyl H3K36 and di-
methyl H3K79. Overall, DHA treatment induces histone
changes and modifies gene expression [5]. PA can also affect
the covalent modification of histones in pro-inflammatory
mechanisms. For example, in murine macrophages, PA mod-
ifies histone deacetylase inhibitor resulting in the increase of
adipocyte fatty acid binding protein [9].

The present work has shown that CpG_6 of IL18 and
CpG_4.5.6 of TNF gene have higher methylation levels
comparing with the control one. In order to understand the
importance of these CpG sites in the regulation of tran-
scription, four different online databases (TFBIND,
ALGGEN, LASAGNA 2.0 and TRANSFAC®) have been
used to study putative transcription factor (TF) binding
sites in these regions. The bioinformatics analysis of
CpG_4.5.6 of TNF, and after the combination of the re-
sults from the four databases, identified E2F, EGR1,
GATA1, MZF1 and Sp1 TFs. In addition, the analysis of
CpG_6 of IL18 determined E2F and HNF3 family
(Supplementary Fig. 1). The TNF promoter region located
between − 170 and − 155 from TSS has been identified as
a target for the transcription factors EGR1 and Sp1 and
included a major TPA-responsive domain [22]. In vitro
studies performed in human and murine cell lines showed
that both Egr family and Sp1 bound to the GC-rich motif
of the TNF promoter [22, 52]. E2F, GATA family and
MZF1 TFs are able to interact with methylated CpG sites
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and regulate gene expression [55], but no experimental
evidence has been found for the binding to TNF. E2F
and HFN3 family are also putative TFs for IL18 promoter
due to its ability to bind CpG sites, but there is no in vitro
or in vivo evidence for this union.

In conclusion, results of the present study strengthen the
understanding of the mechanisms by which PA and DHA
cause their effect on inflammation of macrophages. The ex-
posure of THP-1 macrophages to 80 μMof either PA or DHA
induces changes in gene expression and cytokine secretion
that may affect the inflammatory environment of the macro-
phages, increasing or decreasing inflammatory response, re-
spectively. However, apparently DNA methylation is not di-
rectly involved in the fatty acid-mediated regulation of these
genes. Further studies in the field, involving epigenetic study
of molecules that participate in inflammatory signalling path-
ways, are required to better understand the mechanisms
whereby these FAs influence inflammation.
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