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Abstract

We previously identified Fragile X-related protein 1 (FXR1) as an RNA-binding protein involved in the post-transcriptional
control of TNF and other cytokines in macrophages. Macrophages derived from FXR1-KO mice overexpress several
inflammatory cytokines including TNF. Recently, we showed that fenretinide (4HPR) is able to inhibit several inflammatory
cytokines in the lungs of cystic fibrosis mice, which also have abnormal immune responses. Therefore, we hypothesized that
4HPR might also be able to downregulate excessive inflammation even in macrophages with ablated FXR1. Indeed, our
results demonstrate that 4HPR inhibited the excessive production of inflammatory mediators, including TNF, IL-6, CCL2 and
CCL-5 in LPS-stimulated FXR1-KO macrophages, by selectively inhibiting phosphorylation of ERK1/2, which is naturally more
phosphorylated in FXR1-KO cells. We also found that LPS stimulation of FXR1-KO macrophages led to significantly higher
ratio of arachidonic acid/docosahexaenoic acid than observed in FXR1-WT macrophages. Interestingly, treatment with 4HPR
was associated with the normalization of arachidonic acid/docosahexaenoic acid ratio in macrophages, which we found to
impact phosphorylation of ERK1/2. Overall, this study shows for the first time that 4HPR modulates inflammatory cytokine
expression in macrophages by correcting a phospholipid-bound fatty acid imbalance that impacts the phosphorylation of
ERK1/2.
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Introduction

Activated macrophages play important roles in the regulation of

inflammatory responses by releasing inflammatory cytokines and

chemokines, which in turn stimulate and attract other cells of the

immune system [1]. The release of inflammatory cytokines and

chemokines is tightly controlled both spatially and temporally.

Post-transcriptional regulation of cytokines and chemokines

represents an important mechanism to effectively and rapidly

regulate gene expression and hence immune responses [2].

Structures such as the AU-rich elements (AREs), which are

present in the 39-untranslated region of many mRNAs, enable the

regulation of mRNA turnover and translation rate through their

interactions with ARE-RNA binding proteins (RBPs). ARE-RBPs

such as tristetraprolin (TTP) [3] and ARE/poly-(U)-binding/

degradation factor 1 (AUF1) [4] have been found to destabilize

mRNAs such as tumor necrosis factor (TNF) mRNA. Conversely,

HuR is an ARE-RBP that has been described as a positive

regulator of mRNA stability [5,6]. The T-cell internal antigen-1

(TIA-1) and TIA-1-related protein (TIAR) are closely related

proteins that have been found to inhibit the translation of TNF

mRNA in macrophages [7]. We previously showed that Fragile X-

related protein 1 (FXR1) is also capable of binding to the AREs of

TNF mRNA, downregulating its expression at the post-transcrip-

tional level [8].

AREs and RBPs regulate mRNA stability and/or translational

processing in response to stress stimuli such as lipopolysaccharide

(LPS). The mechanisms involved in this regulation are dependent

on mitogen-activated protein kinases (MAPKs). For instance, it is

well established that the p38 MAPK pathway is involved in the

regulation of cyclooxygenase-2 (Cox-2) mRNA stability [9,10].

MAPKs are well-conserved, signaling proteins which are activated

in response to stress and stimulation with various bacterial

products [11]. Two members of the MAPK family, p38 MAPK

and extracellular signal-regulated kinase (ERK), are particularly

important in the regulation of cytokine gene expression in

macrophages [12,13]. Interactions between ERK1/2, p38 MAPK

and ARE-RBPs have been documented but are not fully

understood. For example, the p38 signal transduction pathway
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can control the expression and post-translational modification of

TTP, which is implicated in destabilizing TNF mRNA [14].

Subsequently, it was demonstrated that the activities of both ERK

and p38 MAPK are required for inhibition of TTP function and

stabilization of TNF mRNA [15].

Interestingly, Lo and colleagues reported that LPS-stimulated

macrophages grown in the presence of eicosapentaenoic acid had

reduced ERK1/2 phosphorylation [16]. It was also shown that

production of TNF by macrophages can be modified by oxidized 1-

palmitoyl-2-arachidonoyl-sn-glycero-3-phosphorylcholine (PAPC)

and that oxidized PAPC alters the p38 MAPK phosphorylation

pathway [17]. Thus, fatty acids can exert a certain level of control

on gene expression via MAPK pathways. Recently, our studies

showed that treatment with fenretinide (N-(4-hydroxyphenyl)

retinamide (4HPR)), a vitamin A derivative, is able to both

downregulate the production of arachidonic acid (AA), a pro-

inflammatory omega-6 polyunsaturated fatty acid, and to increase

levels of omega-3 polyunsaturated docosahexaenoic acid (DHA),

which has an anti-inflammatory effect [18,19]. We also showed that

treatment with 4HPR is able to inhibit certain inflammatory

cytokines in the lungs of cystic fibrosis transmembrane conductance

regulator (Cftr)-knockout mice with chronic inflammatory lung

disease [20]. Therefore, we postulated that 4HPR might also be able

to normalize the excessive production of inflammatory cytokines

caused by the deletion of the Fxr1 gene. In this study, we assessed the

effect of 4HPR treatment on gene expression, regulation of signaling

molecule activation, and phospholipid-bound fatty acid composi-

tion in macrophages. Our findings shed new light on the possible

molecular mechanism responsible for the excessive production of

inflammatory cytokines by Fxr1-knockout (FXR1-KO) macrophag-

es and identify pharmacological targets for the selective inhibition of

several AU-rich genes regulated post-transcriptionally by FXR1.

Materials and Methods

Reagents
Ultra-pure LPS from Escherichia coli 0111:B4 was obtained from

Invivogen (San Diego, CA). The ERK1/2 inhibitors UO126 and

PD98059 were purchased from Calbiochem (Gibbstown, NJ).

Phospho-p44/p42 MAP Kinase (Thr202/Tyr204), p44/p42 MAP

Kinase, phospho-p38 MAP Kinase (Thr180/Tyr182), and p38

MAP Kinase antibodies were purchased from Cell Signaling

(Danvers, MA). Monoclonal anti-mouse TNF antibody and

recombinant murine TNF were obtained from R&D (Minneap-

olis, MN). Arachidonic acid (AA), docosahexaenoic acid (DHA),

and butylated hydroxyanisole (BHA) were purchased from Sigma-

Aldrich (St-Louis, MO). The synthetic retinoid, 4HPR powder [N-

(4-hydroxyphenyl) retinamide] was generously provided by Dr. R.

Smith (NIH) and resuspended in 95% ethanol at an initial

concentration of 2 mg/ml. Following reconstitution, it was

protected from light and kept at 220uC before its addition to

cell culture medium.

Cell Culture
FXR1-KO and FXR1-wildtype (FXR1-WT) macrophage cell

lines were derived from the bone marrow of caesarean section-

delivered Fxr12/2 and Fxr1+/+ mice, as previously described [8].

Cells were grown in Dulbecco’s modified Eagle’s medium

(Invitrogen, Burlington, Ontario, Canada) supplemented with

6% heat-inactivated fetal bovine serum (Wisent, Saint-Bruno,

Québec, Canada), 100 U/ml penicillin (Invitrogen), and 100 mg/

ml streptomycin (Invitrogen) and incubated at 37uC and 5% CO2.

Cells were plated in 6-well or 24-well plates at a concentration

of 2.56105 cells/ml for 2 h, and thereafter medium was removed

and replaced with fresh medium containing either 0.625 mM of

4HPR, 100 nM of AA, or 100 nM of DHA. Cells were allowed to

grow for 21 h and then medium was replaced with fresh medium

containing the same initial concentration of previously added

4HPR, AA, or DHA, and 5 mM of ERK1/2 inhibitors were added

for 1 h where appropriate. Cells were then stimulated with 50 ng/

ml of LPS for 3 h in all experiments, except in assays evaluating

the activation of MAPK signaling pathways where the stimulation

time was 30 min. All experiments included untreated and/or

unstimulated negative control wells.

Cell Treatment with Fatty Acids
The 100 mM stock solutions of AA or DHA solutions were

prepared in ethanol. The stock solutions of AA or DHA were then

complexed with BSA at a molar ratio of 2.5:1. The AA- and DHA-

BSA mixtures were then diluted in media (1000 times) to a final

concentration of 100 nM of the fatty acids and added to a cell

suspension in 24-well Costar plates. Control cells were incubated

with the same amount of vehicle and the same about of BSA as the

treated cells. Neither DHA-BSA, AA-BSA nor vehicle control

containing equivalent amounts of BSA had any effect on cell

viability.

Analysis of Phospholipid-Esterified Fatty Acids from
FXR1-WT and KO Macrophage Cell Lines

A total of 56107 FXR1-WT or KO cells were seeded in two

175 cm2 flasks (Sarstedt, Montreal, Qc, Canada) and were treated

as indicated in the previous section. Macrophages were stimulated

with 50 ng/ml of LPS for 3 h or left unstimulated. Cells were

subsequently harvested and centrifuged at 3006g for 5 min. The

cell pellet was washed once with phosphate buffered saline (PBS)

(Invitrogen) and then resuspended immediately with 1 ml of BHA

solution (1 mM BHA: 2 vol. chloroform: 1 vol. methanol) to

extract lipids from the macrophages and to prevent lipid

oxidation. Samples were stored at 280uC until analysis.

Lipids were extracted according to the Folch method [21].

Briefly, one volume of cold water is added to the mixture and

samples are mixed for 90 min at 4uC. The organic phase is

collected to which diethyl ether is added to remove any leftover

protein contamination. The fraction is dried and resuspended in

100 ml of chloroform. Fatty acids were identified by thin layer

chromatography extraction performed as described previously

[19,20,22]. Briefly, diazomethane was used to esterify the released

fatty acids [23] and the esters were identified by GC/MS (Hewlett

Packard 5880A, WCOT capillary column (Supelco-10,

35 m60.5 mm, 1 mM thick)) using commercial standards (Sig-

ma-Aldrich). Protein concentrations were assessed using the

bicinchoninic acid assay (Pierce Biotechnology, Rockford, IL).

Lipid Peroxidation Analysis
Lipid peroxidation was measured fluorometrically using 2-

thiobarbituric acid-reactive substances (TBARS) as surrogate for

malonyldealdehyde, the end product of lipid peroxidation [24,25].

Briefly, plasma samples were mixed with 8.1% sodium dodecyl

sulfate, 20% acetic acid and 0.8% 2-thiobarbituric acid. After

vortexing, samples were incubated for 1 h at 95uC after which

butanol-pyridine at 15:1 (v/v) ratio was added. The mixture was

shaken for 10 min and then centrifuged. The butanol-pyridine

layer was measured fluorometrically at 552 nm after excitation at

515 nm (Shimadzu, Japan). The results are expressed in nmole

TBARS/mg of protein which reflects the levels of malonyldealde-

hyde in the samples as well as any other thiobarbituric acid
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reactive substances, if any should have arisen during the assay

[26].

Nitrotyrosine Analysis
The total amount of 3-nitrotyrosine was determined by ELISA

as previously described by Montes de Oca et al [27] using

previously characterized antibodies [28]. Antibodies (mouse IgG

monoclonal, polyclonal against nitrotyrosine and polyclonal goat

anti-rabbit IgG-peroxidase) were from Upstate Biotechnology

(Lake Placid, NY). The quantification of nitrotyrosine was

performed using a standard curve with known concentrations of

nitrotyrosine from chemically modified bovine serum albumin.

The sensitivity of the assay was 50 pg/ml.

TNF ELISA
The amount of secreted TNF in supernatants of stimulated

macrophages was determined using a sandwich TNF ELISA

assay. Following treatment, cell culture supernatants were

harvested and centrifuged at 1006g to remove floating cells and

debris. Plates (96-well, Nalge Nunc, Rochester, NY) were coated

overnight at 4uC with a hamster anti-TNF monoclonal antibody,

blocked for 1 h at room temp with 1% bovine serum albumin

fraction V (Sigma-Aldrich) in PBS and 0.1% Tween 20 (Fisher,

Ottawa, Ontario, Canada), followed by 1 h incubation with the

cell culture supernatants or the recombinant murine TNF as the

standard. Plates were then incubated for 1 h with a polyclonal

rabbit anti-murine TNF antibody followed by 1 h incubation with

a horseradish peroxidase-conjugated antibody against rabbit IgG

(Bio-Rad, Mississauga, Ontario, Canada). After addition of ABTS

reagent mixture (Roche, Laval, Qc, Canada), plates were read at

405 nm. TNF concentrations were calculated based on the

standard curve and dilution factor.

Analysis of Cytokine Protein Expression Using the
Luminex 100 LS Platform Assay

The levels of cytokines and chemokines were measured in the

supernatants collected from FXR1-KO and FXR1-WT macro-

phage cell lines stimulated with either 4HPR, AA, DHA, and/or

MAPK inhibitors followed by 3 h stimulation with 50 ng/ml of

LPS or medium using the Luminex 100 LS platform assay. A

multiple cytokine analysis kit (Millipore, Billerica, MA) containing

multiplex beads specific for TNF, IL-6, CCL2/MCP-1, and

CCL5/RANTES was used. Data were collected using the

Luminex-100 LS system with software version 2.3 (Luminex

Corporation, Austin, TX) and analyzed using Beadview multiplex

data analysis software (Version 1.04; Upstate).

Analysis of Gene Expression by Real-Time RT-PCR
Following treatment of FXR1-WT and KO macrophage cell

lines, culture medium was removed and cells were washed twice

with PBS. Total cellular RNA was extracted using Trizol reagent

(Invitrogen) according to manufacturer’s instructions. Next, 1 mg

of total RNA was reverse-transcribed with QuantiTect reverse

transcription kit (Qiagen, Mississauga, Ontario, Canada). The

amplification program for the detection of TNF cDNA consisted

of an enzyme activation step for 10 min at 95uC, followed by 40

cycles of a denaturing step for 30 s at 95uC, an annealing step for

30 s at 56uC and an extension step for 30 s at 72uC. GAPDH was

used as the normalizing gene to compensate for potential

differences in the total amount of cDNA. The FXR1-WT

unstimulated group was used as reference in steady state level

analysis. The primers used for amplification of TNF (forward 59-

AGA CCC TCA CAC TCA GAT CAT CTT C-39 and reverse

59-CCT CCA CTT GGT GGT TTG CT-39) and GAPDH

(forward 59-ATG TGT CCG TCG TGG ATC TGA-39 and

reverse 59-TTG AAG TCG CAG GAG ACA ACC T-39) were all

tested previously to achieve amplification efficiency between 90

and 100%. The primers sequences were all designed from NCBI

GenBank mRNA sequence using the web based software

Primerquest from Integrated DNA technologies (http://www.

idtdna.com/Scitools/Applications/Primerquest/). The Stratagene

MX-4000 sequence detector (Stratagene, La Jolla, CA) was used

for amplification of target cDNA of TNF and cDNA of GAPDH

for normalization. Quantitation of TNF mRNA expression was

calculated using the 2-DDCt method [29] where DDCt = (CT,Target -

CT,GADPH)sample - (CT,Target - CT,GADPH)calibrator; the target

represents the gene of interest and the calibrator is represented

by FXR1-WT untreated (medium) sample.

Western Blot Analysis
Total cell extracts were prepared from macrophages (16106

cells) plated in 6-well plates (Corning). After treatments with either

4HPR, AA, DHA, and/or MAPK inhibitors followed by a 30 min

stimulation with 50 ng/ml of LPS, medium was removed and cells

were washed twice with PBS before lysis with LDS sample buffer

(Invitrogen) containing 2.5% 2-mercaptoethanol (Fisher). Next,

the samples (10 mg of protein per lane) were separated on

NuPAGE 4–12% Bis-Tris gel (Invitrogen). Proteins separated on

gels were transferred onto Immobilon-P membranes (Millipore,

Mississauga, Ontario, Canada) at 150 mA for 50 min using a

semi-dry technique. The membranes were thereafter blocked for

1 h at room temp with a milk solution consisting of 5% PBS/0.1%

Tween 20 and stained with a primary antibody overnight at 4uC,

followed by an incubation with a secondary horseradish peroxi-

dase-conjugated goat anti-rabbit IgG (Cell Signaling) for 1 h at

room temp and Western LightningTM Chemiluminescence

Reagent Plus (Perkin Elmer, Boston, MA) for 1 min. Results were

scanned into Photoshop CS2 (Adobe, San Jose, CA) and the

intensity of the bands for the corresponding antibodies were

analyzed using Imagequant 5.0 (GE healthcare, Piscataway, NJ).

The results are expressed as fold induction compared with

untreated (medium) FXR1-WT macrophages.

Figure 1. TNF secretion is inhibited by 4HPR in FXR1-WT and
KO macrophages following stimulation with the TLR4 ligand
LPS. FXR1-WT (&) and FXR1-KO (%) macrophage cell lines (2.56105

cells) were untreated or treated with 4HPR (0.625 mM) for 21 h, followed
by 3 h stimulation with LPS (50 ng/ml) or Medium alone. Supernatants
were harvested and evaluated for TNF protein levels using sandwich
ELISA. Results are presented as mean 6 SEM of four independent
experiments. Differences were analyzed using an unpaired t-test and
were considered to be significant at p#0.05. * indicates p,0.05.
doi:10.1371/journal.pone.0074875.g001
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Statistical Analysis
All data are expressed as mean 6 SEM. Unpaired t-test or one

way ANOVA followed by a Student-Newman-Keuls secondary

analysis were used to compare group mean of normally distributed

and equal variance data. If these conditions were not met, a non-

parametric ANOVA on ranks statistical test was applied. These

statistical tests were performed using Sigmaplot software Version

11 (Systat Software, San Jose, CA). Values of p#0.05 indicate

significant differences.

Results

Fenretinide Treatment Modulates the Expression of the
Inflammatory Cytokine TNF

We previously identified FXR1 as an RNA-binding protein

involved in the translational repression of TNF as well as several

other cytokines such as IL-1a, IL-1b, IL-6, and GM-CSF

expressed by lipopolysaccharide-activated macrophages [8,30].

We hypothesized that the treatment of macrophages with 4HPR

might also be able to diminish excessive production of inflamma-

tory cytokines caused by the ablation of FXR1, an important

regulatory RNA-binding protein. To determine whether 4HPR

can downregulate LPS-induced TNF secretion by FXR1-KO and

FXR1-WT macrophages, cells were pre-treated with 4HPR

(0.625 mM) for 21 h and then stimulated with LPS (50 ng/ml)

for 3 h. As shown in Fig. 1, in response to LPS stimulation,

FXR1-KO macrophages secreted more TNF than did FXR1-WT

macrophages. Treatment with 4HPR significantly decreased the

amount of TNF protein secreted by both FXR1-WT (p = 0.005)

and FXR1-KO (p = 0.004) macrophages compared with the

amount of TNF produced by LPS-stimulated macrophages not

treated with 4HPR (mock treated).

Fenretinide Treatment has no Effect on TNF mRNA
Steady State Level

To better understand the mechanism(s) by which 4HPR

treatment reduced LPS-induced TNF production, we assessed

the effect of 4HPR on TNF mRNA steady state level. We found

no significant differences in TNF mRNA steady state levels

between untreated and 4HPR treated FXR1-WT and KO

macrophages, as shown in Table 1A. Although FXR1- KO

macrophages showed several-fold higher TNF protein secretion

compared with WT cells following 4HPR treatment and LPS

stimulation (Fig. 1), there were no differences in TNF mRNA

steady state levels between FXR1-WT and KO macrophages, as

shown in Table 1B. These results demonstrate that 4HPR

inhibits secretion of TNF protein in macrophages without affecting

their TNF mRNA levels, suggesting that 4HPR modulates TNF

gene expression in macrophages by another mean.

Excessive Phosphorylation of ERK1/2 in FXR1-KO
Macrophages

The involvement of MAP kinases in the regulation of signal

transduction pathways leading to the induction of TNF production

has been extensively studied [13,31–34]. Previously, we found no

significant differences in phospho-p38 MAPK activity between

FXR1-WT and FXR1-KO macrophages [8]. In this study, we

assessed the phosphorylation of another member of the MAPK

family, ERK1/2. As shown in Fig. 2A, the level of phospho-

ERK1/2 was approximately 4-fold higher in LPS-stimulated

FXR1-KO macrophages than in FXR1-WT macrophages

(p = 0.027). Moreover, basal level of phospho-ERK1/2 was

significantly higher in unstimulated FXR1-KO compared with

FXR1-WT macrophages (p = 0.029). To exclude the possibility

that this signaling pathway was activated by macrophage-secreted

cytokines, representing a positive feedback loop in culture,

macrophages were seeded in 6-well plates and medium was

changed every hour for 6 h. Under these conditions, we continued

to observe higher phosphorylation of ERK1/2 in non-activated

FXR1-KO macrophages than in WT cells (data not shown). This

excessive activation of ERK1/2 seems to be selective for this

particular MAPK since no significant differences were observed in

phospho-p38 kinase regulation between the two macrophage cell

lines under unstimulated or LPS-stimulated conditions (p = 0.325

and 0.393 respectively) (Fig. 2B). These results demonstrate for

the first time that the ablation of FXR1 leads to constitutively

higher level of phosphorylated ERK1/2, suggesting that this

signaling molecule might be directly involved in the FXR1 -

dependent regulation of pro-inflammatory gene expression in

macrophages.

Fenretinide Treatment Inhibits Excessive Phosphorylation
of ERK1/2 in LPS-Stimulated FXR1-KO Macrophages

Next, we evaluated the effect of 4HPR treatment on the

phosphorylation of ERK1/2 in LPS-stimulated macrophages. As

shown in Fig. 2A, FXR1-WT macrophages treated with 4HPR

and then stimulated with LPS for 30 min had significantly

less ERK1/2 phosphorylation compared with untreated

Table 1. TNF mRNA steady state levels in unstimulated or LPS-stimulated FXR1-WT and KO macrophages untreated or treated
with 4HPR.

A Medium 4HPR p valuesa

FXR1-WT 1.0060.35 0.8460.51 0.999

FXR1-KO 2.1360.34 1.5060.44 0.976

p valuesb 0.159 0.566

B LPS LPS & 4HPR p valuesa

FXR1-WT 171.00637.19 98.98634.05 0.597

FXR1-KO 199.75672.78 156.00639.66 0.999

p valuesb 1.000 0.819

Results are expressed as mean 6 SEM of TNF mRNA relative expression level using FXR1-WT medium as calibrator. The p values were calculated using unpaired t-test.
ap values refer to Medium versus 4HPR or LPS versus LPS & 4HPR group.
bp values refer to FXR1-KO versus FXR1-WT macrophages.
doi:10.1371/journal.pone.0074875.t001
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LPS-stimulated macrophages (p = 0.006). Similar results were

observed for FXR1-KO macrophages (p = 0.015). Interestingly,

the treatment of both FXR1-WT and KO macrophages with

4HPR restored ERK1/2 phosphorylation to levels observed in

cultured in medium alone (Fig. 2A). However, the treatment

with 4HPR did not eliminate the initial difference in ERK1/2

phosphorylation observed between the two macrophage types,

whether they were stimulated with LPS (p = 0.028; Fig 2A) or

unstimulated (p = 0.013; data not shown). Nonetheless, the

decrease in ERK1/2 phosphorylation in response to fenretinide

treatment was more pronounced in FXR1-KO than WT

macrophages (2-fold versus 0.5 fold inhibition respectively).

We also investigated the effect of 4HPR on p38 phosphorylation

(Fig. 2B) and we demonstrated that 4HPR did not significantly

affect p38 phosphorylation in LPS-stimulated FXR1-WT or KO

macrophages (p = 0.40 and 0.568 respectively). Taken together,

these results indicate that 4HPR mediates inhibition of TNF gene

expression via the modulation of the ERK MAPK pathway but

not the p38 MAPK pathway.

Fenretinide Treatment Modulates Expression of Other
Inflammatory Proteins in Macrophages

Previously, we showed that FXR1-KO macrophages secreted

higher levels of several inflammatory cytokines and chemokines

than do FXR1-WT macrophages [30]. Therefore, using the

Luminex 100 LS platform assay with cytokine- and chemokine-

specific beads, we evaluated the effect of 4HPR on LPS-induced

secretion of IL-6, CCL2/MCP-1, and CCL5/Rantes by FXR1-

WT and KO macrophages. As shown in Table 2B, FXR1-KO

macrophages produced higher cytokine/chemokine levels (IL-6,

CCL2, and CCL5) than FXR1-WT cells following LPS stimula-

tion, as expected. 4HPR treatment significantly inhibited LPS-

induced IL-6 secretion by both FXR1-WT and KO macrophages

in comparison to cells stimulated with LPS alone (p,0.001 for

both cell lines; Table 2B). The 4HPR drug treatment reduced

CCL2 levels in LPS-stimulated FXR1-WT cells (p,0.001).

Interestingly, basal secretion of CCL2 was detectable and the

4HPR treatment was able to decrease basal secretion of CCL2 in

WT macrophages (p,0.001; Table 2A). No significant effects of

4HPR were observed on basal secretion of CCL2 in FXR1-KO

macrophages. Conversely, 4HPR treatment significantly de-

creased LPS-induced CCL5 production by both FXR1-WT

(p = 0.001) and FXR1-KO (p = 0.002) macrophages.

Next, we wanted to test the biological importance of ERK1/2

phosphorylation in these two cell lines. We have chosen to test

CCL2 because basal levels of this chemokine are detectable, thus

activation of ERK1/2 by external stimuli, such as LPS, would not

be a factor in assessing its biological relevance. Furthermore, as

shown in Table 2A, FXR1-KO cells, which have more

phosphorylation of ERK1/2, express approximately 3 times

higher levels of CCL2 (p,0.01) without stimulation by LPS when

compared with WT macrophages. Therefore, we assessed whether

inhibiting the phosphorylation of ERK1/2 could reduce CCL2

expression and whether the difference in its expression between

KO and WT macrophages would be affected.

As we had observed with fenretinide, the UO126 ERK1/2

inhibitor was able to diminish the expression of CCL2 in WT cells

(p = 0.002; Table 2A) but not in KO cells thus the difference

between KO and WT macrophages in CCL2 secretion remained.

FXR1-dependent modulation of CCL2 by both fenretinide and

ERK1/2 inhibitors suggest that FXR1 protein might be partic-

ularly important in the posttranscriptional regulation of this

particular chemokine.

We also tested the effects of UO126 ERK1/2 inhibitor on LPS-

induced IL-6, CCL2, and CCL5 gene expression. The treatment

of both LPS-stimulated FXR1-WT and KO macrophages with the

ERK1/2 inhibitor resulted in a reduction of IL-6 protein

(p = 0.034 and p = 0.006 respectively; Table 2B), and CCL5

protein (p = 0.011 and p = 0.009 respectively; Table 2B). CCL2

protein levels were reduced in FXR1-WT macrophages treated

with the ERK1/2 inhibitor UO126 (p = 0.004) but not in KO

macrophages (p = 0.965, Table 2B). The difference in IL-6,

CCL2, and CCL5 protein expression was still present between

LPS-stimulated FXR1-WT and KO macrophages treated with

UO126 (p,0.001 for all three proteins). The inflammatory

cytokine expression patterns in macrophages treated with the

Figure 2. 4HPR reduces excessive phosphorylation of MAP
kinase ERK1/2 in FXR1-KO macrophages. FXR1-WT (&) and FXR1-
KO (%) macrophage cell lines (16106 cells) were unstimulated
(medium) or stimulated for 30 min with LPS (50 ng/ml). Both
macrophage cell lines were also treated with 4HPR (0.62 mM) under
LPS stimulation conditions. Cells were harvested and kinase phosphor-
ylation levels were analyzed by Western Blot; Total corresponding
protein levels (ERK1/2 or p38) were used to normalize differences in
loading. (A) Levels of phospho-ERK1/2 and total ERK1/2 MAPK in FXR1-
WT and KO cells. (B) Levels of phospho-p38 and total p38 MAPK. Results
are presented as mean 6 SEM of four independent experiments.
Differences were analyzed using an unpaired t-test and were
considered to be significant at p#0.05. * indicates p,0.05.
doi:10.1371/journal.pone.0074875.g002
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ERK1/2 inhibitor were very similar to the patterns observed

between WT and KO macrophages treated with 4HPR.

Therefore, it seems that fenretinide and ERK1/2 inhibitor share

similar effects on the phosphorylation of ERK1/2 and on their

ability to inhibit the expression of inflammatory proteins.

Fatty Acid Profiles in FXR1-KO and WT Macrophages
In the next series of experiments, we investigated the role of the

two specific polyunsaturated omega-3 and omega-6 fatty acids in

the excessive phosphorylation of ERK1/2 protein observed in

FXR1-KO macrophages. Specifically, we measured the levels of

two important phospholipid-esterified fatty acids, the pro-inflam-

matory arachidonic acid (AA) and the anti-inflammatory doc-

osahexaenoic acid (DHA) in lysates prepared from unstimulated

and LPS-stimulated FXR1-WT and FXR1-KO macrophages.

The AA/DHA ratios derived from absolute AA and DHA levels

were also calculated. The levels of nitrotyrosine and malonyldeal-

dehyde, two oxidative stress indicators, were quantified as well.

We found significantly higher AA levels in LPS-stimulated

FXR1-WT (p,0.001; Fig. 3A) and FXR1-KO macrophages

(p,0.001; Fig. 3B) compared with unstimulated cells (medium).

Also after LPS stimulation, DHA levels were significantly lower in

FXR1-KO macrophages (p = 0.044; Fig. 3D) but not in FXR1-

WT macrophages (p = 0.163; Fig. 3C) versus unstimulated cells.

Increased AA/DHA ratios associated with LPS stimulation was

observed in both FXR1-WT (p = 0.038; Fig. 3E) and FXR1-KO

macrophages (p,0.001; Fig. 3F). A tendency was observed in

LPS-stimulated FXR1-KO macrophages to have higher levels of

AA than WT macrophages but a statistically significant difference

was not reached. However, a significant reduction of DHA was

observed in lipopolysaccharide-stimulated FXR1-KO macrophag-

es when compared with WT cells (p = 0.041). Consequently, the

AA/DHA ratio was significantly higher in FXR1-KO cells

compared with FXR1-WT cells stimulated with LPS (p,0.001).

Fenretinide Treatment Restores AA/DHA Balance in LPS-
Stimulated FXR1-KO and WT Macrophages

Previous studies in our laboratory demonstrated that cystic

fibrosis mice with a chronic inflammatory lung disorder have

higher levels of AA and lower levels of DHA. Moreover, we

recently reported that treatment with 4HPR in vivo was able to

correct this systemic defect in the CF mice [19,20]. Therefore, we

decided to investigate if treatment with 4HPR in vitro can also

correct the low levels of DHA and high levels of AA observed in

LPS-stimulated macrophages to the levels seen in unstimulated

cells. 4HPR treatment completely reverted the LPS-induced

increases in AA levels in both FXR1-WT (p,0.003) and FXR1-

KO (p,0.001) macrophages (Fig. 3A–B). 4HPR treatment did

not significantly modulate DHA levels in LPS-stimulated macro-

phages (Fig. 3C–D). However, 4HPR treatment significantly

decreased AA/DHA ratios in LPS-stimulated FXR1-WT

(p = 0.019) and FXR1-KO (p = 0.001) macrophages compared

with LPS-stimulated cells (Fig. 3E–F). We also analyzed the effect

of 4HPR treatment prior to stimulation with LPS on phospho-

lipid-bound fatty acid levels. As shown in Fig. 3C–D, 4HPR

treatment increased DHA levels in both FXR1-WT and KO

macrophages compared with untreated macrophages (Medium),

but no significant effects on AA levels were observed. These results

demonstrate that the balance between phospholipid-bound AA

and DHA might play an important role in the regulation of

inflammatory AU-rich genes modulated by FXR1 RNA-binding

protein.

It is well documented that activating macrophages with LPS

induces several oxidative processes [35]. Therefore, it was

important to test if there were any differences in the lipid

oxidation state that might account for the divergent AA/DHA

ratios between FXR1-KO and WT macrophages. Our results

suggest that the defects observed in phospholipid-bound fatty acid

levels in FXR1-KO macrophages as compared to WT macro-

phages cannot be explained by aberrant oxidation in FXR1-KO

cells. We did not find significant differences in the levels of

Table 2. Effect of 4HPR or ERK inhibitor (UO126) treatment on cytokine secretion in FXR1-WT & KO macrophage cell lines.

A Medium 4HPR p valuea UO126b p valuea

n = 8 n = 8 (4HPR vs Medium) n = 4 (UO126 vs Medium)

IL-6 (pg/ml) FXR1-WT 0.060.0 0.060.0 = 0.721 0.060.0 = 0.808

FXR1-KO 0.060.0 0.060.0 = 0.721 0.060.0 = 0.808

CCL2 (pg/ml) FXR1-WT 64.965.2 32.664.5 ,0.001 24.568.4 = 0.002

FXR1-KO 214.3624.5 170.6619.8 = 0.187 194.5629.3 = 0.637

CCL5 (pg/ml) FXR1-WT 1.060.7 4.861.0 = 0.136 2.561.4 = 0.808

FXR1-KO 6.561.9 8.061.4 = 0.521 2.561.4 = 0.203

B LPS LPS & 4HPR p valuea LPS & UO126b p valuea

n = 12 n = 12 (LPS & 4HPR vs LPS) n = 4 (LPS & UO126 vs LPS)

IL-6 (pg/ml) FXR1-WT 225.5629.0 36.565.6 ,0.001 85.0610.6 = 0.034

FXR1-KO 1877.86177.8 931.4696.2 ,0.001 758.0652.2 = 0.006

CCL2 (pg/ml) FXR1-WT 482.3652.6 106.469.8 ,0.001 193.566.5 = 0.004

FXR1-KO 2409.66180.6 2011.06228.6 = 0.185 2394.86176.5 = 0.965

CCL5 (pg/ml) FXR1-WT 221.7618.9 136.1613.4 = 0.001 128.8613.5 = 0.011

FXR1-KO 732.8655.8 402.9645.1 = 0.002 500.8629.4 = 0.009

aThe p values were calculated using unpaired t-test.
bERK inhibitor UO126 used at 5 mM.
doi:10.1371/journal.pone.0074875.t002
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nitrotyrosine and malonyldealdehyde between these two macro-

phage cell lines under unstimulated or LPS-stimulated conditions

(Fig. 4A–B). As expected, activation of macrophages with LPS

induced levels of both markers of oxidation in both FXR1-WT

and KO macrophages. Interestingly, 4HPR treatment was able to

reduce the effect of LPS on the levels of these two markers,

leveraging them to pre-activated state levels (Fig. 4A–B). This test

was done to exclude the possibility that differences in the lipid

oxidation state might account for the divergent AA/DHA ratios

between FXR1-KO and WT macrophages. No such differences

were found. These results therefore exclude the oxidation of lipids

as a possible mechanism responsible for the aberrant AA/DHA

ratio in FXR1-KO compared to FXR1-WT macrophages.

However, an effect of nitrotyrosine on activation of ERK1/2

cannot be excluded but since no differences between FXR1-KO

and WT were found, differences on AA/DHA ratios are unlikely

caused by lipid oxidation.

Next, we tested the addition of exogenous AA or DHA on

macrophages in order to verify their impact on endogenous AA

and DHA phospholipid-bound levels. As shown in Fig. 5A,

treatment of macrophages with AA increased endogenous AA and

reduced DHA levels in macrophages. Inversely, the treatment of

macrophages with DHA reduced AA and increased DHA,

resulting in an important decrease of the AA/DHA ratio when

compared to untreated macrophages (p,0.001; Fig. 5C). These

data demonstrate the importance of the relative levels of AA versus

DHA on the overall metabolism of these two phospholipid-

esterified fatty acids and on their ratio in macrophages.

AA and DHA Modulate Phosphorylation of ERK1/2 in
Both FXR1-WT and KO Macrophages

Since FXR1-KO macrophages had higher AA/DHA ratios

compared to FXR1-WT macrophages and also displayed higher

phosphorylation of ERK1/2 than FXR1-WT macrophages, we

then tested if the addition of exogenous AA and DHA might

directly affect the phosphorylation of ERK1/2.

As shown in Fig. 6, AA-treated FXR1-WT (Fig. 6A) and

FXR1-KO macrophages (Fig. 6B) had statistically significant

Figure 3. 4HPR treatment of LPS-stimulated FXR1-KO macrophage restores phospholipid-esterified fatty acids level to basal level.
FXR1-WT (&) and FXR1-KO (%) macrophages (506106 cells) were untreated or pre-treated with 4HPR (0.625 mM) for 21 h and then unstimulated or
stimulated for 3 h with LPS (50 ng/ml). Cells were harvested and resuspended in BHA solution. (A) and (B) AA levels in FXR1-WT and KO macrophages
respectively; (C) and (D) DHA levels; (E) and (F) AA:DHA ratios. Results are presented as mean 6 SEM of four independent experiments. Differences
were analyzed by one way ANOVA followed by a Student-Newman-Keuls secondary analysis, and were considered to be significant at p#0.05. *
indicates p,0.05.
doi:10.1371/journal.pone.0074875.g003
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higher levels of ERK1/2 phosphorylation when compared to

corresponding untreated cells. The addition of either U0126

ERK1/2 inhibitor or PD98059 ERK1/2 inhibitor to FXR1-WT

or FXR1-KO macrophages treated with AA resulted in a dramatic

reduction of ERK1/2 phosphorylation.

The effect of treatment using exogenous DHA on the

phosphorylation of ERK1/2 in both FXR1-KO and FXR1-WT

macrophages was also analyzed. As shown in Fig. 6, DHA

treatment resulted in a reduction of ERK1/2 phosphorylation in

both FXR1-WT (Fig. 6C) and FXR1-KO (Fig. 6D) macrophag-

es compared to the ERK1/2 phosphorylation levels detected in

untreated macrophages. Moreover, addition of either UO126 or

PD98059 ERK1/2 inhibitors to DHA-treated macrophages

resulted in even further reduction of ERK1/2 phosphorylation.

We have also tested if the DHA treatment was able to prevent

the LPS induced ERK1/2 phosphorylation in both macrophage

cell lines. Indeed, when either FXR1-WT or FXR1-KO

macrophages were treated with LPS in the presence of DHA, no

induction by LPS of ERK1/2 phosphorylation was observed

(Fig. 6C, 6D). The DHA treatment was able to bring the levels of

ERK1/2 phosphorylation to the levels observed in untreated

macrophages. The treatment of macrophages with either UO126

ERK inhibitor or PD98059 ERK1/2 inhibitor led to further

inhibition of ERK1/2 phosphorylation in LPS treated FXR-WT

and FXR1-KO macrophages.

Next, we verified if the modulation of ERK1/2 phosphoryla-

tion by AA or DHA had a biological relevance. The elevated

phosphorylation of ERK1/2 is associated with augmented

expression of inflammatory cytokine and chemokine genes [36].

The treatment of both FXR1-WT and KO macrophages with

AA lead to a statistically significant increase of IL-6, CCL2,

CCL5 (Fig. 7), and TNF (Fig. 8) secretion when compared to

untreated macrophages. Inversely, the reduction of ERK1/2

Figure 4. Oxidative stress analysis of FXR1-WT and KO
macrophage cell lines stimulated with the TLR4-ligand LPS.
FXR1-WT (&) and FXR1-KO (%) macrophages (506106 cells) were
untreated or pre-treated with 4HPR (0.625 mM) for 21 h and then
unstimulated or stimulated for 3 h with LPS (50 ng/ml). Cells were
harvested and resuspended in BHA solution. (A) Nitrotyrosine levels and
(B) Malonyldealdehyde levels in FXR1-WT and KO macrophages; Results
are presented as mean 6 SEM of four independent experiments.
Differences were analyzed by one way ANOVA followed by a Student-
Newman-Keuls secondary analysis, and were considered to be
significant at p#0.05. * indicates p,0.05.
doi:10.1371/journal.pone.0074875.g004

Figure 5. Interactions between AA and DHA in macrophage cell
lines stimulated with exogenous AA or DHA. FXR1-WT (&)
macrophages (506106 cells) were treated with either arachidonic acid
(100 nM) or docosahexaenoic acid (100 nM) for 21 h. Cell were
harvested and resuspended in BHA solution. (A) AA levels in FXR1-WT
macrophages; (B) DHA levels; (C) AA:DHA ratios. Results are presented
as mean 6 SEM of four independent experiments. Differences were
analyzed by one way ANOVA followed by a Student-Newman-Keuls
secondary analysis, and were considered to be significant at p#0.05. *
indicates p,0.05.
doi:10.1371/journal.pone.0074875.g005
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phosphorylation by DHA resulted in the reduction of IL-6,

CCL2, CCL5 (Fig. 7), and TNF (Fig. 8) secretion in LPS-

stimulated macrophages. Furthermore, treatment of AA-stimu-

lated macrophages with UO126 ERK1/2 inhibitor (5 mM)

reduced TNF to almost basal levels in both FXR1-WT and

KO macrophages, as shown in Fig. 8.

Overall, our results demonstrate the importance of the balance

in fatty acids in the regulation of expression of inflammatory genes.

They show the powerful normalizing effect of 4HPR on the

deregulated inflammation observed in macrophages with ablated

Fxr1 gene encoding an important AU-rich binding protein which

regulates translational repression of inflammatory genes.

Discussion

Our previous studies demonstrated that FXR1 is able to

negatively regulate TNF gene expression at the post-transcrip-

tional level [8]. We also showed that FXR1 ablation triggers

elevated expression of other inflammatory cytokines and chemo-

kines in macrophage cell lines following stimulation with LPS [30].

RNA-binding proteins play a key role in the post-transcriptional

regulation of inflammatory cytokines by regulating mRNA

translation, mRNA stability, and mRNA nuclear export [14,37–

41]. In turn, the activity of many RNA binding proteins is

regulated by several kinases, including MAP kinases.

MAP kinases are expressed constitutively but must undergo

activation before they can exert their functional activity. Upon

Figure 6. AA and DHA modulate phosphorylation of ERK1/2 in both FXR1-WT and KO macrophages. FXR1-WT (A and C) and FXR1-KO (B
and D) macrophage cell lines (16106 cells) were untreated (Medium) or treated with AA (100 nM) or DHA (100 nM) for 21 h. ERK1/2 inhibitors (UO126
or PD98059) (5 mM) were added 60 min prior to harvesting where indicated and LPS (50 ng/mL) was added for 30 min where indicated. Cells were
harvested and levels of phospho-ERK1/2 and total ERK1/2 MAPK in FXR1-WT and KO cells were analyzed by Western Blot. Total corresponding protein
levels (ERK1/2) were used to normalize differences in loading. (A) and (B) AA increased ERK 1/2 phosphorylation in both FXR1-WT (A) and FXR1-KO (B)
macrophages. (C) and (D) DHA decreased ERK 1/2 phosphorylation in both FXR1-WT (C) and FXR1-KO (D) macrophages. DHA also decreased
phosphorylation after LPS stimulation in both cell types. As expected, ERK1/2 inhibitors resulted in the inhibition of ERK1/2 phosphorylation in both
FXR1-WT and FXR1-KO macrophages. Results are presented as mean 6 SEM of four independent experiments. Differences were analyzed by one way
ANOVA followed by a Student-Newman-Keuls secondary analysis, and were considered to be significant at p#0.05. * indicates p,0.05.
doi:10.1371/journal.pone.0074875.g006
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ligation of TLRs by ligands such as LPS, MAP kinases become

activated and subsequently transmit intracellular signals that result

in macrophage activation and cytokine gene expression. Both

ERK1/2 and p38 MAPK signaling pathways have been

implicated in the regulation of cytokine gene expression by

modulating both transcriptional and post-transcriptional processes

[13,40]. The post-transcriptional regulation of cytokines such as

TNF may involve multiple RNA binding proteins, including TTP,

HuR, TIA-1, TIAR, and FXR1 protein [6–8,30]. p38 MAPK,

acting through the downstream kinase MK2, can modulate the

expression of TTP at the transcriptional and post-translational

level. These events in turn will destabilize TNF mRNA in an

ARE-dependent manner [14]. Our results presented here show

that ERK1/2 MAP kinase but not p38 MAP kinase is over-

activated in unstimulated and LPS-stimulated FXR1-KO macro-

phage cell lines compared with FXR1-WT macrophages. ERK1/

2 is also able to phosphorylate TTP and is involved in TTP-

mediated regulation of TNF mRNA stability [42].

Recent data show that TTP regulation requires the combined

action of both ERK and p38 MAPK pathways [15,43]. With

ablation of FXR1, cells exhibit over-activation of ERK1/2 and

much higher gene expression of TNF and other proinflammatory

cytokines and chemokines. We previously showed that TNF

mRNA stability and steady state levels are not affected by the

absence of FXR1 [8,30]. As TTP is known for its role in

destabilizing TNF mRNA, the effect of over-activated ERK1/2 on

increased TNF gene expression in LPS-stimulated FXR1-KO

macrophages likely cannot be explained by the effect of FXR1

ablation on the regulatory activity of TTP. Therefore, it is more

likely that many other downstream proteins phosphorylated by

ERK1/2 are involved. One possible candidate is ribosomal

protein S6 kinase, which can activate eukaryotic translation

initiation factor 4B [44]. This would lead to enhanced translat-

ability of TNF mRNA and consequently higher gene expression of

this inflammatory cytokine. As a result, FXR1 might exert strong

repressive activity via two possible mechanisms: one as a

translational repressor of TNF mRNA [8] and the other by

controlling the activity of ERK1/2.

Lo and colleagues demonstrated that MAP kinases can be

regulated by alterations in phospholipid-bound fatty acid metab-

olism [16]. In this study, we performed a detailed analysis of

phospholipid-bound fatty acid levels in unstimulated and LPS-

stimulated FXR1-WT and KO macrophage cell lines. Our results

showed that the ablation of FXR1 resulted in augmented ratios of

AA/DHA in LPS-stimulated macrophages. More specifically,

after LPS stimulation, FXR1-KO macrophages had diminished

DHA levels and higher AA/DHA ratios compared with FXR1-

WT macrophages. These altered lipid profiles were associated

with enhanced phosphorylation of ERK1/2. This association was

Figure 7. Biological effect of the modulation of ERK1/2
phosphorylation by AA or DHA on cytokines and chemokines
gene expression. FXR1-WT (&) and FXR1-KO (%) macrophage cell
lines (2.56105 cells) were untreated (Medium) or treated with AA
(100 nM) or DHA (100 nM) for 21 h. Cells were also stimulated with
50 ng/ml of LPS for 3 h. Cell supernatants were harvested and levels of
IL-6 (A), CCL2 (B), and CCL5 (C) were analyzed by Luminex platform
assay. Results are presented as mean 6 SEM of three independent
experiments. Differences were analyzed using an unpaired t-test and
were considered to be significant at p#0.05. * indicates p,0.05.
doi:10.1371/journal.pone.0074875.g007

Figure 8. Biological effect of the modulation of ERK1/2
phosphorylation by AA or DHA on TNF gene expression.
FXR1-WT (&) and FXR1-KO (%) macrophage cell lines (2.56105 cells)
were untreated (Medium) or treated with AA (100 nM) or DHA (100 nM)
for 21 h. Cells were also treated with the ERK1/2 inhibitor UO126 (5 mM)
concurrently with the AA treatment or stimulated with 50 ng/ml of LPS
for 3 h where indicated. Cell supernatants were harvested and levels of
TNF were analyzed by ELISA. Results are presented as mean 6 SEM of
three independent experiments. Differences were analyzed using an
unpaired t-test and were considered to be significant at p#0.05. *
indicates p,0.05.
doi:10.1371/journal.pone.0074875.g008
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confirmed by the increase of ERK1/2 phosphorylation in

macrophages following their treatment with AA while the

treatment with DHA resulted in a reduction in ERK1/2

phosphorylation. This is in accordance with recent reports which

show that DHA is able to downmodulate ERK1/2 activation

[45,46].

Unstimulated FXR1-KO macrophages can secrete higher levels

of the chemokine CCL2 at baseline than their WT counterparts.

However, the overall concentration of this mediator is fairly low,

most likely too low to impair phospholipid homeostasis in these

cells. Indeed, the AA/DHA ratio is not significantly different

between non-activated WT and KO macrophages. Once the

macrophages are stimulated with LPS, the concentration of

inflammatory cytokines and oxidative stress markers becomes

dramatically higher in FXR1-KO than WT macrophages,

resulting in the degradation of more sensitive species of

phospholipids such as DHA in FXR1-KO cells. This decrease in

DHA levels in FXR1-KO macrophages might have reduced their

control of further inflammatory cascades in response to LPS since

DHA has anti-inflammatory properties [47,48]. Furthermore, we

demonstrated that DHA and AA relative levels are closely related

and a decrease in DHA leads to an increase of AA levels.

Therefore, the outcome of this increased AA/DHA ratio results in

Figure 9. Fenretinide – a key player in reducing the expression of inflammatory genes. (A) In non-activated macrophages treatment with
fenretinide can reduce constitutive expression of AU-rich genes such as CCL2 by augmenting the DHA levels in non-activated macrophages. This
results in a lowering of ERK1/2 phosphorylation leading to a diminution in the expression of certain constitutively inflammatory genes. (B) In LPS-
activated macrophages, treatment with fenretinide exerts its anti-inflammatory role by reducing the AA/DHA ratio that is increased by activation of
macrophages with various stimuli, including LPS, a TLR4 ligand. This lowers ERK1/2 phosphorylation, which results in a reduction of the expression of
several inflammatory genes.
doi:10.1371/journal.pone.0074875.g009
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a higher phosphorylation of ERK1/2, which has a direct effect on

the increased expression of inflammatory mediators.

We previously reported lower levels of several cytokines in

4HPR-treated animals [20]. Similarly, Vilela and colleagues

showed that mutant Cftr human tracheal epithelial cells produce

much less IL-8 after stimulation with TNF when these cells are

pre-treated with 4HPR [49]. The results of the present study

demonstrate that the treatment of macrophages with 4HPR

induces anti-inflammatory effects. 4HPR was able to lower the

expression of TNF as well as other cytokines (IL-6) and

chemokines (CCL2 and CCL5). It has been previously demon-

strated that 4HPR-induced apoptosis of neuroblastoma [50] and

head and neck squamous carcinoma cells involves activation of

both p38 MAPK and ERK1/2 MAPK [51,52]. Therefore, we

also assessed the phosphorylation of these two important kinases.

Our results showed that ERK1/2 MAPK was over-phosphorylat-

ed in FXR1-KO macrophages while p38 MAPK phosphorylation

did not vary between FXR1-KO and WT macrophages.

Moreover, treatment with 4HPR reduced the phosphorylation of

ERK1/2 MAPK without modifying p38 MAPK phosphorylation

status in both FXR1-KO and WT macrophages. However, the

restoration of LPS-induced ERK1/2 MAPK phosphorylation to

basal levels by 4HPR was associated with a downregulation

(without complete elimination) of the expression of TNF protein

and other inflammatory cytokines and chemokines.

Based on our results, we do not see an effect of FXR deletions

on the levels of PUFA at baseline. It is unlikely that there is a direct

link between FXR and the regulation of PUFA. However, the

ablation of FXR creates a greater inflammatory response to LPS

stimulation which can be normalized with 4HPR, through

increases in DHA. In fact, DHA was shown to act as an inhibitor

of various TLRs and TLR mediated signaling pathways, including

ERK1/2 [46]. Thus, 4HPR affecting DHA levels may explain

why we observe the downregulation of ERK1/2 activation,

ultimately resulting in the downregulation of TNF expression.

These results indicate that other signaling pathways remained

active in 4HPR-treated macrophages, suggesting that 4HPR

selectively affects specific regulatory pathways without a general-

ized shutdown of signaling mechanisms in LPS-activated macro-

phages. This regulatory effect of 4HPR on macrophages secretion

of inflammatory cytokines might be one reason why this agent has

been used successfully as adjuvant therapy in cancer and recently

also in inflammatory diseases.

Our proposed model of action of 4HPR in modulating the

expression of inflammatory mediators that are deregulated in

FXR1-ablated macrophages is shown in Fig. 9A and 9B. The

initial augmentation of gene expression in LPS-activated FXR1-

KO macrophages is much higher than observed in WT

macrophages. 4HPR inhibition of inflammatory gene expression

in FXR1-KO macrophages is less efficient than in FXR1-WT

macrophages due to ablation of this important regulatory gene.

FXR1 is an RNA-binding protein that negatively regulates

inflammatory genes in a post-transcriptional manner [8,30].

Non-activated macrophages that have the Fxr1 gene ablated have

an increase of ERK1/2 phosphorylation and an increase in the

expression of some AU-rich genes such as CCL2. Treatment of

these macrophages with 4HPR raises the level of DHA, which we

showed to diminish the phosphorylation of ERK1/2. Therefore, a

subsequent reduction of the expression of certain AU-rich genes

such as CCL2 occurs, as observed. LPS stimulation activates these

macrophages by triggering MAPK pathways, including ERK1/2

MAPK. The augmentation of ERK1/2 phosphorylation results in

an increase of the expression of many inflammatory mediators

such as TNF, IL-6, CCL2, and CCL5. The higher expression of

these inflammatory mediators in FXR1-KO than WT macro-

phages is accompanied by a significant reduction in DHA and a

slight increase in AA that leads to a higher AA/DHA ratio

imbalance in FXR1-KO macrophages. We showed that an

increase in the levels of AA is able to further increase the

phosphorylation of ERK1/2, which results in a positive feedback

loop for the production of more inflammatory mediators.

Fenretinide is able to keep the generation of inflammatory

mediators under control by modifying the lipid imbalance,

directing it towards an anti-inflammatory state by diminishing

the AA/DHA ratio. This results in a reduction in the phosphor-

ylation of ERK1/2 leading to a diminution of inflammatory

cytokine genes expression, which we observed in this study.

Overall, our results provide insight into the possible mechanisms

underlying the model of action of 4HPR and demonstrate an

important molecular link between the regulation of inflammatory

cytokine/chemokine expression and fatty acid composition in

macrophages following activation by endotoxins.

Author Contributions

Conceived and designed the experiments: CL CG JBDS DR. Performed

the experiments: CL TAAS JBDS. Analyzed the data: CL TAAS.

Contributed reagents/materials/analysis tools: JBDS DR. Wrote the

paper: CL GW DR.

References

1. Barreau C, Paillard L, Osborne HB (2006) AU-rich elements and associated

factors: are there unifying principles? Nucleic Acids Res 33: 7138–7150.

2. Katsanou V, Dimitriou M, Kontoyiannis DL (2006) Post-transcriptional

regulators in inflammation: exploring new avenues in biological therapeutics.

Ernst Schering Found Symp Proc 4: 37–57.

3. Blackshear PJ (2002) Tristetraprolin and other CCCH tandem zinc-finger

proteins in the regulation of mRNA turnover. Biochem Soc Trans 30: 945–952.

4. Dean JL, Sully G, Wait R, Rawlinson L, Clark AR, et al. (2002) Identification of

a novel AU-rich-element-binding protein which is related to AUF1. Biochem J

366: 709–719.

5. Dean JL, Wait R, Mahtani KR, Sully G, Clark AR, et al. (2001) The 39

untranslated region of tumor necrosis factor alpha mRNA is a target of the

mRNA-stabilizing factor HuR. Mol Cell Biol 21: 721–730.

6. Di Marco S, Hel Z, Lachance C, Furneaux H, Radzioch D (2001)

Polymorphism in the 39-untranslated region of TNFalpha mRNA impairs

binding of the post-transcriptional regulatory protein HuR to TNFalpha

mRNA. Nucleic Acids Res 29: 863–871.

7. Piecyk M, Wax S, Beck AR, Kedersha N, Gupta M, et al. (2000) TIA-1 is a

translational silencer that selectively regulates the expression of TNF-alpha.

EMBO J 19: 4154–4163.

8. Garnon J, Lachance C, Di Marco S, Hel Z, Marion D, et al. (2005) Fragile X-

related protein FXR1P regulates proinflammatory cytokine tumor necrosis
factor expression at the post-transcriptional level. J Biol Chem 280: 5750–5763.

9. Lasa M, Mahtani KR, Finch A, Brewer G, Saklatvala J, et al. (2000) Regulation

of cyclooxygenase 2 mRNA stability by the mitogen-activated protein kinase p38
signaling cascade. Mol Cell Biol 20: 4265–4274.

10. Jang BC, Sanchez T, Schaefers HJ, Trifan OC, Liu CH, et al. (2000) Serum
withdrawal-induced post-transcriptional stabilization of cyclooxygenase-2

mRNA in MDA-MB-231 mammary carcinoma cells requires the activity of

the p38 stress-activated protein kinase. J Biol Chem 275: 39507–39515.
11. Kyriakis JM, Avruch J (2001) Mammalian mitogen-activated protein kinase

signal transduction pathways activated by stress and inflammation. Physiol Rev
81: 807–869.

12. Barton GM, Medzhitov R (2002) Toll-like receptors and their ligands. Curr Top
Microbiol Immunol 270: 81–92.

13. Carter AB, Monick MM, Hunninghake GW (1999) Both Erk and p38 kinases

are necessary for cytokine gene transcription. Am J Respir Cell Mol Biol 20:
751–758.

14. Mahtani KR, Brook M, Dean JL, Sully G, Saklatvala J, et al. (2001) Mitogen-
activated protein kinase p38 controls the expression and posttranslational

modification of tristetraprolin, a regulator of tumor necrosis factor alpha mRNA

stability. Mol Cell Biol 21: 6461–6469.

4HPR Hinders ERK Affecting Inflammatory Cytokines

PLOS ONE | www.plosone.org 12 September 2013 | Volume 8 | Issue 9 | e74875



15. Deleault KM, Skinner SJ, Brooks SA (2008) Tristetraprolin regulates TNF TNF-

alpha mRNA stability via a proteasome dependent mechanism involving the
combined action of the ERK and p38 pathways. Mol Immunol 45: 13–24.

16. Lo CJ, Chiu KC, Fu M, Chu A, Helton S (2000) Fish oil modulates macrophage

P44/P42 mitogen-activated protein kinase activity induced by lipopolysaccha-
ride. JPEN J Parenter Enteral Nutr 24: 159–163.

17. Ma Z, Li J, Yang L, Mu Y, Xie W, et al. (2004) Inhibition of LPS- and CpG
DNA-induced TNF-alpha response by oxidized phospholipids. Am J Physiol

Lung Cell Mol Physiol 286: L808–816.

18. Guilbault C, Wojewodka G, Saeed Z, Hajduch M, Matouk E, et al. (2009)
Cystic fibrosis fatty acid imbalance is linked to ceramide deficiency and

corrected by fenretinide. Am J Respir Cell Mol Biol 41: 100–106.
19. Saeed Z, Guilbault C, De Sanctis JB, Henri J, Marion D, et al. (2008)

Fenretinide prevents the development of osteoporosis in Cftr-KO mice. J Cyst
Fibros 7: 222–230.

20. Guilbault C, De Sanctis JB, Wojewodka G, Saeed Z, Lachance C, et al. (2008)

Fenretinide corrects newly found ceramide deficiency in cystic fibrosis.
Am J Respir Cell Mol Biol 38: 47–56.

21. Folch J, Lees M, Sloane Stanley GH (1957) A simple method for the isolation
and purification of total lipides from animal tissues. J Biol Chem 226: 497–509.

22. Lopez-Vales R, Redensek A, Skinner TA, Rathore KI, Ghasemlou N, et al.

(2010) Fenretinide promotes functional recovery and tissue protection after
spinal cord contusion injury in mice. J Neurosci 30: 3220–3226.

23. Schlenk H, Gellerman JL (1960) Esterification of Fatty Acids with Diazomethane
on a Small Scale. Anal Chem 32: 1412–1414.

24. Niehaus WG Jr, Samuelsson B (1968) Formation of malonaldehyde from
phospholipid arachidonate during microsomal lipid peroxidation. Eur J Biochem

6: 126–130.

25. Ohkawa H, Ohishi N, Yagi K (1979) Assay for lipid peroxides in animal tissues
by thiobarbituric acid reaction. Anal Biochem 95: 351–358.

26. Lykkesfeldt J (2007) Malondialdehyde as biomarker of oxidative damage to lipids
caused by smoking. Clin Chim Acta 380: 50–58.

27. Montes de Oca M, Loeb E, Torres SH, De Sanctis J, Hernandez N, et al. (2008)

Peripheral muscle alterations in non-COPD smokers. Chest 133: 13–18.
28. Ye YZ, Strong M, Huang ZQ, Beckman JS (1996) Antibodies that recognize

nitrotyrosine. Methods Enzymol 269: 201–209.
29. Livak KJ, Schmittgen TD (2001) Analysis of relative gene expression data using

real-time quantitative PCR and the 2(-Delta Delta C(T)) Method. Methods 25:
402–408.

30. Lachance C, Thuraisingam T, Garnon J, Roter E, Radzioch D (2007)

Posttranscriptional gene expression regulation in CpG-activated macrophages
depends on FXR1P RNA-binding protein. FEMS Immunol Med Microbiol 51:

422–430.
31. Brook M, Sully G, Clark AR, Saklatvala J (2000) Regulation of tumour necrosis

factor alpha mRNA stability by the mitogen-activated protein kinase p38

signalling cascade. FEBS Lett 483: 57–61.
32. Geppert TD, Whitehurst CE, Thompson P, Beutler B (1994) Lipopolysaccha-

ride signals activation of tumor necrosis factor biosynthesis through the ras/raf-
1/MEK/MAPK pathway. Mol Med 1: 93–103.

33. Hambleton J, McMahon M, DeFranco AL (1995) Activation of Raf-1 and
mitogen-activated protein kinase in murine macrophages partially mimics

lipopolysaccharide-induced signaling events. J Exp Med 182: 147–154.

34. Lee JC, Laydon JT, McDonnell PC, Gallagher TF, Kumar S, et al. (1994) A
protein kinase involved in the regulation of inflammatory cytokine biosynthesis.

Nature 372: 739–746.
35. Pfeiffer S, Lass A, Schmidt K, Mayer B (2001) Protein tyrosine nitration in

cytokine-activated murine macrophages. Involvement of a peroxidase/nitrite

pathway rather than peroxynitrite. J Biol Chem 276: 34051–34058.
36. Koj A (1996) Initiation of acute phase response and synthesis of cytokines.

Biochim Biophys Acta 1317: 84–94.

37. Hitti E, Iakovleva T, Brook M, Deppenmeier S, Gruber AD, et al. (2006)

Mitogen-activated protein kinase-activated protein kinase 2 regulates tumor

necrosis factor mRNA stability and translation mainly by altering tristetraprolin

expression, stability, and binding to adenine/uridine-rich element. Mol Cell Biol

26: 2399–2407.

38. Kontoyiannis D, Pasparakis M, Pizarro TT, Cominelli F, Kollias G (1999)

Impaired on/off regulation of TNF biosynthesis in mice lacking TNF AU-rich

elements: implications for joint and gut-associated immunopathologies. Immu-

nity 10: 387–398.

39. Kotlyarov A, Neininger A, Schubert C, Eckert R, Birchmeier C, et al. (1999)

MAPKAP kinase 2 is essential for LPS-induced TNF-alpha biosynthesis. Nat

Cell Biol 1: 94–97.

40. Rutault K, Hazzalin CA, Mahadevan LC (2001) Combinations of ERK and p38

MAPK inhibitors ablate tumor necrosis factor-alpha (TNF-alpha) mRNA

induction. Evidence for selective destabilization of TNF-alpha transcripts. J Biol

Chem 276: 6666–6674.

41. Stoecklin G, Stubbs T, Kedersha N, Wax S, Rigby WF, et al. (2004) MK2-

induced tristetraprolin:14-3-3 complexes prevent stress granule association and

ARE-mRNA decay. EMBO J 23: 1313–1324.

42. Taylor GA, Thompson MJ, Lai WS, Blackshear PJ (1995) Phosphorylation of

tristetraprolin, a potential zinc finger transcription factor, by mitogen stimulation

in intact cells and by mitogen-activated protein kinase in vitro. J Biol Chem 270:

13341–13347.

43. Brook M, Tchen CR, Santalucia T, McIlrath J, Arthur JS, et al. (2006)

Posttranslational regulation of tristetraprolin subcellular localization and protein

stability by p38 mitogen-activated protein kinase and extracellular signal-

regulated kinase pathways. Mol Cell Biol 26: 2408–2418.

44. Shahbazian D, Roux PP, Mieulet V, Cohen MS, Raught B, et al. (2006) The

mTOR/PI3K and MAPK pathways converge on eIF4B to control its

phosphorylation and activity. EMBO J 25: 2781–2791.

45. Sun H, Hu Y, Gu Z, Owens RT, Chen YQ, et al. (2011) Omega-3 fatty acids

induce apoptosis in human breast cancer cells and mouse mammary tissue

through syndecan-1 inhibition of the MEK-Erk pathway. Carcinogenesis 32:

1518–1524.

46. Huang S, Rutkowsky JM, Snodgrass RG, Ono-Moore KD, Schneider DA, et al.

(2012) Saturated fatty acids activate TLR-mediated proinflammatory signaling

pathways. J Lipid Res 53: 2002–2013.

47. Serhan CN, Hong S, Gronert K, Colgan SP, Devchand PR, et al. (2002)

Resolvins: a family of bioactive products of omega-3 fatty acid transformation

circuits initiated by aspirin treatment that counter proinflammation signals. J Exp

Med 196: 1025–1037.

48. Weldon SM, Mullen AC, Loscher CE, Hurley LA, Roche HM (2007)

Docosahexaenoic acid induces an anti-inflammatory profile in lipopolysaccha-

ride-stimulated human THP-1 macrophages more effectively than eicosapen-

taenoic acid. J Nutr Biochem 18: 250–258.

49. Vilela RM, Lands LC, Meehan B, Kubow S (2006) Inhibition of IL-8 release

from CFTR-deficient lung epithelial cells following pre-treatment with

fenretinide. Int Immunopharmacol 6: 1651–1664.

50. Maurer BJ, Metelitsa LS, Seeger RC, Cabot MC, Reynolds CP (1999) Increase

of ceramide and induction of mixed apoptosis/necrosis by N-(4-hydroxyphenyl)-

retinamide in neuroblastoma cell lines. J Natl Cancer Inst 91: 1138–1146.

51. Kim JY, Moon SM, Ryu HJ, Kim JJ, Kim HT, et al. (2005) Identification of

regulatory polymorphisms in the TNF-TNF receptor superfamily. Immunoge-

netics 57: 297–303.

52. Osone S, Hosoi H, Kuwahara Y, Matsumoto Y, Iehara T, et al. (2004)

Fenretinide induces sustained-activation of JNK/p38 MAPK and apoptosis in a

reactive oxygen species-dependent manner in neuroblastoma cells. Int J Cancer

112: 219–224.

4HPR Hinders ERK Affecting Inflammatory Cytokines

PLOS ONE | www.plosone.org 13 September 2013 | Volume 8 | Issue 9 | e74875


