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Abstract
The aim of the present study was to investigate the mechanisms involved in the modulation of human lymphocyte 

proliferation by different fatty acids. We evaluated the effects of palmitic (PA), stearic (SA), oleic (OA), linoleic (LA), 
docosahexaenoic (DHA), and eicosapentaenoic (EPA) acids on IL-2 signaling pathways in addition to the involvement 
of the de novo ceramide synthesis and PI3K pathway. PA, SA, DHA, and EPA decreased the JAK1/JAK3/STAT5 
pathway and IL-2-induced Akt phosphorylation. OA and LA had no effect. The inhibitory effect of DHA and EPA 
on lymphocyte proliferation was abolished by fumonisin B1 (FB1, an inhibitor of the de novo ceramide synthesis), 
whereas the effect of the other fatty acids remained unchanged. ERK1/2 phosphorylation was increased by OA and 
LA but markedly decreased by the other fatty acids. PKC-ζ phosphorylation was increased by OA and LA only. These 
effects were abolished in the presence of wortmannin, a PI3K inhibitor. In conclusion, the findings reported herein 
contribute for understanding the mechanisms by which different fatty acids modulate lymphocyte proliferation. The 
inhibitory effect of PA, SA, DHA and EPA on lymphocyte proliferation was associated with a reduction in the IL-2-
mediated activation of the JAK/STAT, ERK, and Akt pathways. Decreased lymphocyte proliferation promoted by DHA 
and EPA also involved de novo ceramide synthesis. The stimulatory effect of OA and LA on lymphocyte proliferation 
was associated with improved activity of the MAP kinase and PI3K pathways, as demonstrated by increased ERK1/2 
and PKC-ζ phosphorylation.
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Introduction
The regulation of lymphocyte function is essential for maintaining 

immune system homeostasis under various physiological and 
pathological conditions. Disturbances in the lymphocyte proliferation 
has been associated to several autoimmune diseases, including type 
1 diabetes mellitus, rheumatoid arthritis, lupus erythematosus, and 
Crohn’s disease [1,2]. The lymphocyte activation begins with the 
antigen interaction, but the cell proliferation is mediated by the 
interaction between IL2 and its receptor (IL-2R) [3-8]. The high-affinity 
IL-2 receptor consists of three subunits: the α, β, and γ chains. IL-2 
shares a common cytokine receptor γ chain with IL-4, IL-7, IL-9, IL-15, 
and IL-21 [9]. After mitogenic activation, human T cells show increased 
IL-2Rα expression resulting in high-affinity IL-2R formation [10]. IL-2 
induces heterodimerization of the β and γ chains, resulting in the 
intermolecular transphosphorylation of their corresponding receptor-
associated kinases, Janus kinase 1 (JAK1) and JAK3 [4,6]. JAK3 activates 
JAK1, which is then able to phosphorylate specific tyrosine residues in 
STAT5 molecules docked with the β subunit of the IL-2R. Therefore, 
STAT5 activation occurs when JAK1 and JAK3 are phosphorylated [4-
6]. IL-2-induced STAT5 tyrosine phosphorylation allows Src homology 
2 domain-mediated homodimerization or heterodimerization, 
leading to the induction of nuclear migration and sequence-specific 

DNA binding by STATs [7]. IL-2 also stimulates STAT5 serine 
phosphorylation that is required for the transcriptional activity of this 
factor [11]. Ras is activated through the binding of the adaptor Shc 
to the tyrosine-phosphorylated IL2R, which recruits the Grb2-Sos 
complex and activates the Raf-MEK-ERK pathway. The non-catalytic 
region of tyrosine kinase-1 (Nck-1) is also important for activation of 
this pathway. In fact, knockdown of this gene in Jurkat T cells decreased 
the ERK1/2 phosphorylation and T-cell activation [12]. IL-2 signal 
transduction also involves activation of other signaling pathways, such 
as phosphatidylinositol 3-kinase (PI3K)-Akt pathway. Activation of this 
pathway potentiates the proliferation associated with STAT5 [13]. PI3K 
may activate transcription factors that mediate downstream events of 
the G1 cell cycle checkpoint. Akt, a downstream protein of the PI3K 
pathway, phosphorylates several substrates including transcription 
factors and proteins directly involved in the regulation of gene 
transcription [14] and of T lymphocyte metabolism [15]. Activation 
of all these pathways is necessary for lymphocyte proliferative and 
regulatory function since IL2R activation is also related to generation 
and activity of regulatory T cells (Treg) [16]. Therefore, alterations on 
IL-2 pathways can modulate lymphocyte differentiation and activation.
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Fatty acids differently control lymphocyte proliferation, survival 
and death by various mechanisms [17-19]. N-3 polyunsaturated fatty 
acids (n-3 PUFAs) are demonstrated to have beneficial and protective 
effects on human health because of their immunosuppressive actions 
in some autoimmune and inflammatory diseases [20-22]. The n-3 
PUFAs, eicosapentaenoic acid (EPA; 20:5 n-3) and docosahexaenoic 
acid (DHA; 22:6 n-3), lead to a marked decrease in proliferation of 
lymphocytes from fish oil-fed mice in a Th1 model stimulated with 
ovalbumin in the footpad, and inhibition of IL-2-induced cell cycle 
progression in human lymphocytes cultured in vitro [17,23]. The 
saturated FAs palmitic acid (PA; 16:0) and stearic acid (SA; 18:0) also 
decrease human peripheral lymphocyte [17] and mouse T lymphocytes 
[24] proliferation. In contrast, n-6 PUFAs exhibit proinflammatory 
properties that increase intercellular adhesion molecule-1 expression 
[25], natural killer cell activity [26], and IgE production [27]. Linoleic 
acid (LA; C18:2 n-6) also potentiates the stimulatory effects of IL-2 on 
lymphocyte proliferation at a low concentration (25 µM) [17]. 

The effects of FAs on lymphocyte function have been extensively 
studied; however, not all mechanisms involved have been identified. 
EPA and DHA have been shown to inhibit the MAPK pathway in 
Jurkat T-cells during an antigenic challenge. Denys et al. [28-30] 
demonstrated that EPA and DHA decrease the phosphorylation 
of extracellular signal-regulated kinases 1 and 2 (ERK1/2) that is 
induced by phorbol myristate acetate (PMA) and anti-CD3 antibodies 
in Jurkat T-cells. PMA is known to activate MAPKs via the protein 
kinase C (PKC) pathway [31]. DHA also attenuates ERK1/2 and Akt 
phosphorylation in regulatory T-cells that are activated by anti-CD3 
and anti-CD28 antibodies [32]. In breast cancer cells, DHA impairs 
the ERK1/2 pathway and increases syndecan 1 expression, resulting 
in decreased proliferation and increased apoptosis, respectively [33]. 
These results suggest that these FAs may exert their inhibitory action 
on ERK1/2 activation by reducing PKC activity. Denys et al. [31] 
demonstrated that DHA and EPA inhibit the recruitment of PKC-α and 
PKC-ε to the membrane. These PKC isoforms are coupled to MAPK 
activation upstream of ERK1/2, which leads to a decrease in the nuclear 
translocation of nuclear factor κB (NF-κB), resulting in an inhibition 
of IL-2 gene expression and cell proliferation. Zeyda et al. [34] studied 
the effects of EPA on MAPK phosphorylation and the transcriptional 
activity of AP-1, NF-AT, and NF-κB in Jurkat and primary T-cells after 
2 days of treatment and found that EPA promotes the highly selective 
inhibition of c-jun N-terminal kinase phosphorylation and activation 
but leaves the phosphorylation of other MAPKs, such as p38 MAPK, 
essentially unaltered. These studies suggest that PUFAs have a selective 
action on some intracellular proteins involved in T-cell activation and 
proliferation.

Some effects of DHA and EPA are associated with generation of 
specific lipid mediators. For example, DHA and EPA are precursors of 
resolvins, lipid mediators that were first identified by Serhan et al. [35]. 
DHA decreases M1 macrophage and increases M2 in adipose tissue 
through resolvin D1 generation. These effects are related to Th1 response 
attenuation [36]. Other mediators may be involved in the effects of n-3 
fatty acids. Opreanu et al. [37] observed that DHA downregulates basal 
and cytokine-induced acid and neutral sphingomyelinase expression in 
endothelial cells from human retina. Inhibition of sphingomyelinases 
in endothelial cells prevents cytokine-induced inflammatory response. 
Ceramides play an essential role in sphingolipid synthesis pathways. 
These signaling molecules regulate several cell functions, including 
apoptosis, cell growth, differentiation, and inflammation [38,39]. In 
fact, ceramide-enriched microdomains appear to be a prerequisite 
for inflammatory cytokine signaling and apoptosis induction [37]. 

However, there are no studies about the involvement of ceramides in 
the effect of fatty acids on lymphocyte proliferation. Some studies have 
shown that the inhibitory effects of PA on lymphocytes are related to 
induction of apoptosis through de novo ceramide synthesis activation 
[19,40]. However, there are no studies investigating the effects of this 
fatty acid on proliferative pathways.

The effects of FAs on signaling pathways activated by T-cell receptor 
stimulation have been extensively studied [30,31,34,41]. However, the 
effect of FAs on cytokine signaling pathways, such as IL-2 signaling, 
remains unclear. Downstream proteins related to activation of the IL-2 
receptor may be modulated by FAs, which potentially could explain 
some of their immunomodulatory effects. We have previously shown 
that DHA, EPA, palmitic acid (PA), and stearic acid (SA) decrease 
the stimulatory effects of IL-2 on lymphocyte proliferation, thereby 
increasing the percentage of cells in the G1 phase and decreasing the 
proportion of cells in the S and G2/M phases after 48 h of treatment; 
conversely, LA and oleic acid (OA) at a low concentration (25 µM) 
acted synergistically with IL-2, increasing cell proliferation [17].

 In this study, we investigated the effects of administering 25 µM 
OA (C18:1 n-9) and LA (C18:2 n-6) and 50 µM PA (C16:0), SA (C18:0), 
DHA (C22:6 n-3), and EPA (C20:5 n-3) on the IL-2 signaling pathways 
in human lymphocytes. The mechanisms involved were evaluated by 
investigating the involvement of the de novo ceramide synthesis and 
PI3K pathway. The fatty acid concentrations used in this study were 
chosen based on a previous study, in which we observed that these FAs 
modulate lymphocyte proliferation without promoting cell death [17]. 
In addition, the fatty acids tested are abundant in occidental diet and in 
the lipid composition of clinical nutrition preparations. 

Materials and Methods
Chemicals and antibodies

RPMI-1640 medium, HEPES, fetal bovine serum, penicillin, 
and streptomycin were obtained from Invitrogen (Carlsbad, CA). 
Fatty acids, concanavalin A (ConA), Histopaque-1077, glutamine, 
DHA, EPA, PA, SA, OA, LA, Fumonisin B1 (FB1), wortmannin and 
recombinant IL-2 were purchased from Sigma Chemical Co. (St. Louis, 
MO). Anti-phospho-JAK1 (Tyr 1022/1023), anti-phospho-JAK3 (Tyr 
980), anti-phospho-STAT5 (Tyr 694), anti-phospho-STAT5 (Ser 726), 
anti-phospho-ERK1/2 (Tyr 204), anti-phospho-Akt (Ser 473), anti-
JAK1, anti-JAK3, anti-STAT5, anti-ERK1/2, anti-rabbit and anti-mouse 
anti-bodies were obtained from Santa Cruz Biotechnology (Santa Cruz, 
CA). Anti-phospho-PKC-ζ, anti-PKC-ζ, and anti-CD25 were obtained 
from Cell Signaling Technology (Beverly, MA). Anti-Akt was obtained 
from Invitrogen (Carlsbad, CA). The FITC-conjugated anti-CD25 
antibody was purchased from Pharmingen-BD Biosciences (San Diego, 
CA). Salts used for buffer preparation were obtained from Labsynth 
(Diadema, Brazil).

Study design

This study was approved by the Ethical Committees of the Institute 
of Biomedical Sciences - University of Sao Paulo (ICB-USP), and of 
the Cruzeiro do Sul University. For the experiments preformed in the 
ICB-USP, the human blood for lymphocyte isolation was obtained from 
the Blood Bank of the Federal University of São Paulo. The blood was 
considered healthy after a routine laboratory analysis. Experiments were 
also carried out in the Institute of Physical Activity and Sports Science 
(ICAFE) of the Cruzeiro do Sul University using human blood obtained 
from healthy male volunteers that declared that they had no pathologies 
and took no medications or supplements during the experimental 
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timeframe. A statement of informed consent was obtained from all 
volunteers. The procedure used for blood collection was approved by 
the Ethical Committee of the Cruzeiro do Sul University.

Isolation of peripheral blood lymphocytes

Peripheral blood lymphocytes were isolated as previously described 
[17]. Blood was diluted in PBS (1:1) and the resulting suspension was 
layered onto Histopaque-1077 and centrifuged for 30 min at 400 g at 
room temperature. Peripheral blood mononuclear cells (a mixture of 
monocytes and lymphocytes) were collected from the interphase, and 
erythrocytes were lysed with 150 mM NH4Cl, 10 mM NaHCO3, and 0.1 
mM EDTA, pH 7.4, and washed once with PBS.

Peripheral blood mononuclear cells were maintained in RPMI-
1640 medium to allow the monocytes to adhere to the plates in order to 
obtain a pure lymphocyte suspension (>98%).

Culture conditions

Cells were grown in culture flasks containing RPMI-1640 medium 
with 10% fetal bovine serum. This medium was supplemented with 
glutamine (2 mM), HEPES (20 mM), streptomycin (10 mg/mL), 
penicillin (10,000 IU/mL), and sodium bicarbonate (24 mM). The cells 
were grown in 25 mL flasks containing 1×106 cells/mL and maintained 
in a humidified atmosphere at 37°C containing 5% CO2.

Fatty acid treatment

Assays used to evaluate the effects of FAs on IL-2-activated 
intracellular signaling were performed by incubating lymphocytes with 
5 µg/mL ConA for 24 h to stimulate the expression of the α subunit of 
IL-2R (CD25). Afterward, the lymphocytes were washed with PBS and 
cultured with various FAs in the presence and absence of IL-2 (30 ng/
mL) for 1 h to promote a maximal lymphocyte proliferation response.

The FAs used had been previously diluted in ethanol. The final 
concentration of ethanol in the experiment was 0.5% and was not toxic 
to the cells (data not shown), as also reported by Siddiqui et al. [42]. The 
concentrations of the FAs used (50 µM for EPA, DHA, PA, and SA and 
25 µM for OA and LA) were not toxic but caused significant effects on 
the proliferation of human lymphocytes [17].

Western blotting

After the end of the incubation period, IL-2 stimulation was 
terminated by adding ice-cold PBS and the cells were pelleted by a short 
centrifugal run. Lymphocytes (1×107 cells) were homogenized in 120 
µL of extraction buffer (100 mM Trizma, pH 7.5, 10 mM EDTA, 10% 
sodium dodecyl sulfate, 100 mM NaF, 10 mM sodium pyrophosphate, 
and 10 mM sodium orthovanadate) and immediately sonicated at 4°C 
for 60 s. The samples were boiled for 5 min and centrifuged at 13,000 g 
for 40 min at 4°C. Aliquots of the supernatants were used to measure 
the total protein content as described by Bradford [43]. Samples 
containing equal amounts of proteins (40 µg) were diluted in Laemmli 
buffer containing DL-dithiothreitol (1 M), heated in a boiling water 
bath for 3 min, and resolved in a 12% SDS-polyacrylamide gel [44]. 
Western blotting was performed according to the method described 
by Towbin, Staehelin, and Gordon [45]. The proteins in the gel were 
transferred to a nitrocellulose membrane at 120 V for 1 h. Nonspecific 
bonds were blocked by incubating the membranes with 5% non-fat 
milk in basal solution (10 mM Trizma, pH 7.5, 150 mM NaCl, and 
0.05% Tween 20) at room temperature for 2 h. Membranes were washed 
three times for 10 min each time in basal solution and then incubated 
in basal solution containing 3% defatted milk at room temperature 

for 3 h with the following antibodies: anti-phospho-JAK1 (1:1,000 
dilution, Tyr 1022/1023), anti-JAK1 (1:1,000), anti-phospho-JAK3 
(1:1,000, Tyr 980), anti-JAK3 (1:1,000), anti-phospho-STAT5 (1:500, 
Tyr 694), anti-phospho-STAT5 (1:400, Ser 726), anti-STAT5 (1:1,000), 
anti-phospho-ERK1/2 (1:500, Tyr 204), anti-phospho-Akt (1:500, Ser 
473), anti-phospho-PKC-ζ (1:1,000), and anti-PKC-ζ (1:1,000) or 
anti-CD25 (1:1,000). Membranes were washed again (three times for 
10 min each time) and incubated with the corresponding secondary 
antibody (1:10,000 dilution) linked to horseradish peroxidase in basal 
solution containing 1% defatted milk at room temperature for 1 h. After 
washing, the membranes were incubated with peroxidase substrate and 
chemiluminescence enhancer (ECL Western Blotting System Kit) for 1 
min and immediately exposed to X-ray film. The resulting films were 
then developed in the conventional manner [45,46]. The blots were 
quantitatively analyzed using Image J software (NIH, USA).

Flow cytometric analysis

After treatment with FAs and IL-2 for 1 h, the lymphocytes (1×106 
cells) were resuspended in PBS, labeled with FITC-conjugated anti-
CD25 antibody (1:50) (Pharmingen-BD Biosciences), and incubated 
for 1 h at 4°C in the dark. Negative control cells were incubated with 
an isotype-matched nonreactive IgG1 antibody. After incubation, 
the cells were washed with PBS and analyzed using a FACSCalibur 
flow cytometer (Becton Dickinson, San Juan, CA). Fluorescence was 
measured using the FL1-H channel (green fluorescence, 530/30 nm). 
Ten thousand events were analyzed per experiment. Cells exhibiting 
FITC fluorescence were evaluated using Cell Quest software (Becton 
Dickinson).

Effect of fatty acids in the presence of the inhibitors fumonisin 
B1 (FB1) and wortmannin Lymphocyte proliferation

To investigate the possible mechanisms involved with the effect 
of fatty acids on IL2 signaling pathways, we evaluated proliferation 
of lymphocytes treated with the different fatty acids in the presence 
or absence of fumonisin B1 (FB1), an inhibitor of ceramide de novo 
synthesis, or wortmannin (an inhibitor of PI3K). 

Proliferation of lymphocytes was determined by the uptake of 
[2-14C]-thymidine. Cells were cultured at a density of 2.5×105 cells per 
well in 96 well plates (200 µL). Cells were treated with 30 ng/mL IL2 and 
50 µM of DHA, EPA, PA, SA and 25 µM of OA and LA in the presence 
and absence of 10 µM fumonisin or 100 nM of wortmannin. After 30 
h, [2-14C]-thymidine (1 mCi per mL) was added to the medium and 
the cells were incubated for a further period of 18 h. The radioactivity 
was analysed using a scintillation counter (Packard TRI-CARB 2100 
TR counters; Downers Grove, IL, USA).

PKC-ζ phosphorylation

Studies already showed that PKC-ζ phosphorylation is activated 
by PI3K [47]. The involvement of PKC-ζ phosphorylation with the 
stimulatory effects of OA and LA on lymphocyte proliferation was 
confirmed by treating cells with the fatty acids in the presence of 
wortmannin (a PI3K inhibitor). Therefore, lymphocytes were treated 
with 30 ng/mL IL2 and 25 µM of OA and LA in the presence and absence 
of 100 nM of wortmannin for 60 minutes. PKC-ζ phosphorylation was 
determined by western blotting as described before.

Statistical analysis

Results are presented as mean ± SEM. Differences were assessed by 
Two-Way ANOVA and Bonferroni post-test using the GraphPad Prism 
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software (Graph Pad Software, Inc, San Diego, CA). The significance 
level was set for p<0.05.

Results
JAK1, JAK3, and STAT5 phosphorylation

The effects of IL-2 on JAK1 and JAK3 phosphorylation in human 
lymphocytes were evaluated for incubation periods of up to 90 min. 
The highest level of JAK1 and JAK3 phosphorylation promoted by 
IL-2 was observed at 60 min. DHA, EPA, SA, and PA (50 µM) caused 
marked decreases (49, 32, 54 and 56% respectively) in the level of JAK1 
(Figure 1) and JAK3 phosphorylation (Figure 2) induced by IL-2. In 
contrast, 25 µM OA and LA did not affect the level of JAK1 and JAK3 
phosphorylation. The total expression of the JAK1 and JAK3 proteins 
was unaltered by the tested fatty acids.

DHA, EPA, PA, and SA caused decreases (44, 32, 61 and 32%) in 
the level of STAT5 tyrosine residue phosphorylation induced by IL-2 
(Figure 3). Serine phosphorylation was also decreased by treatment 
with EPA, DHA, PA, and SA (decrease of 64, 65, 57 and 52%) (Figure 3). 
Tyrosine and serine residues must both be phosphorylated to achieve 
the highest level of IL-2-induced STAT5 transcriptional activity [11].

ERK1/2 phosphorylation

IL-2 induced ERK1/2 phosphorylation was decreased by treatment 
with DHA and EPA (decrease of 65 and 78%, respectively) (Figure 4). 
DHA also caused a reduction in cells that had not been stimulated 
with IL-2. PA and SA also promoted decreases in the phosphorylation 

of these proteins (decrease of 39 and 46%) (Figure 4). Total ERK1/2 
content was unchanged by these FAs. In contrast, OA and LA caused 
an increase of 34 and 51% in the levels of ERK1/2 phosphorylation 
induced by IL-2 (Figure 4).

Akt phosphorylation

DHA and EPA exerted inhibitory effects on IL-2-induced Akt 
phosphorylation (decreases of 60 and 69%, respectively) (Figure 5). 
PA and SA also reduced Akt phosphorylation in IL-2 stimulated cells 
(decreases of 64 and 50%, respectively). OA and LA did not alter Akt 
phosphorylation after 1 h of treatment (Figure 5). This observation 
suggests that these FAs most likely exert their stimulatory effects 
through the Ras/ERK1/2 pathway.

PKC-zeta phosphorylation

OA and LA stimulated PKC-ζ phosphorylation in the presence of 
IL-2 (increase of 19 and 40%, respectively). However, these FAs did not 
alter the total expression of this protein. PA, SA, DHA, and EPA did not 
alter PKC-ζ phosphorylation (Figure 6).

IL-2R α-chain expression

The IL-2R α-chain (CD25) assembles with β and γ subunits to form 
high-affinity IL-2R (27). Induction of CD25 expression is required for 
IL-2-induced signaling events. The histograms presented in Figure 7 
show the fluorescence that corresponds to FITC emission. Inhibition 
of CD25 expression at the cell surface decreases the fluorescence signal. 
Only 7.5% of cells were CD25-positive prior to ConA stimulation. 

Figure 1: Effects of 50 µM docosahexaenoic (DHA), eicosapentaenoic (EPA), stearic (SA), and palmitic (PA) acids or 25 µM oleic (OA) and linoleic (LA) acids on 
IL-2-induced JAK1 phosphorylation. Lymphocytes were incubated with 5 µg/mL ConA for 24 h. Afterwards, lymphocytes were washed with PBS and cultured with 
the different fatty acids in the presence or absence of IL-2 (30 ng/mL) for 1 h. Total proteins were extracted from lymphocytes for western-blotting analysis. Blots 
were analyzed by densitometry and the results normalized to their respective controls, which were set to 100% in each experiment. The values are presented 
as the means ± SEM. #p<0.05 and ##p<0.01 for comparison with the control in the absence IL-2; **p<0.01 and ***p<0.001 for comparison with the control treated 
with IL-2.
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Figure 2: Effects of 50 µM DHA, EPA, SA, and PA or 25 µM OA and LA on IL-2-induced JAK3 phosphorylation. Lymphocytes were incubated with 5 µg/mL 
ConA for 24 h. Afterwards, lymphocytes were washed with PBS and cultured with the different fatty acids in the presence or absence of IL-2 (30 ng/mL) for 1 h. 
Total proteins were extracted from lymphocytes for western-blotting analysis. Blots were analyzed by densitometry and the results normalized to their respective 
controls, which were set to a value of 100% for each experiment. The values are presented as the means ± SEM. ##p<0.01 and ###p<0.001 for comparison with 
the control in the absence IL-2; **p<0.01 and p<0.001 for comparison the control treated with IL-2.

Figure 3: Effects of 50 µM DHA, EPA, SA, and PA on IL-2-induced signal transducer and activator of transcription (STAT) 5 tyrosine 694 and serine 726 
phosphorylation. Lymphocytes were incubated with 5 µg/mL ConA for 24 h. Afterwards, lymphocytes were washed with PBS and cultured with the different fatty 
acids in the presence or absence of IL-2 (30 ng/mL) for 1 h. Total proteins were extracted from lymphocytes for western-blotting analysis. Blots were analyzed 
by densitometry and the results normalized to their respective controls, which were set to a value of 100% for each experiment. The values are presented as 
the means ± SEM. ###p<0.001 for comparison with the control in the absence of IL-2); **p<0.01 and ***p<0.001 for comparison with the control treated with IL-2.
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Figure 4: Effects of 50 µM DHA, EPA, SA, and PA or 25 µM OA and LA on IL-2-induced extracellular signal-regulated kinase (ERK) 1/2 phosphorylation. 
Lymphocytes were incubated with 5 µg/mL ConA for 24 h. Afterwards, lymphocytes were washed with PBS and cultured with the different fatty acids in the 
presence or absence of IL-2 (30 ng/mL) for 1 h. Total proteins were extracted from lymphocytes for western-blotting analysis. Blots were analyzed by densitometry 
and the results normalized to their respective controls, which were set to a value of 100% for each experiment. The values are presented as the means ± SEM. 
###p<0.001 for comparison with the control in the absence IL-2); *p<0.05, **p<0.01, and ***p<0.001 for comparison with the control treated with IL-2.

Figure 5: Effects of 50 µM DHA, EPA, SA, and PA or 25 µM OA and LA on IL-2-induced Akt phosphorylation. Lymphocytes were incubated with 5 µg/mL ConA 
for 24 h. Afterwards, lymphocytes were washed with PBS and cultured with the different fatty acids in the presence or absence of IL-2 (30 ng/mL) for 1 h. Total 
proteins were extracted from lymphocytes for western-blotting analysis. Blots were analyzed by densitometry and the results normalized to their respective 
controls, which were set to a value of 100% for each experiment. The values are presented as the means ± SEM. ##p<0.01 and ###p<0.001 for comparison with 
the control in the absence IL-2; ***p<0.001 for comparison with the control treated with IL-2.
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Figure 6: Effects of 50 µM DHA, EPA, SA, and PA or 25 µM OA and LA on IL-2-induced protein kinase C (PKC)-ζ phosphorylation. Lymphocytes were incubated 
with 5 µg/mL ConA for 24 h. Afterwards, lymphocytes were washed with PBS and cultured with the different fatty acids in the presence or absence of IL-2 (30 
ng/mL) for 1 h. Total proteins were extracted from lymphocytes for western-blotting analysis. Blots were analyzed by densitometry and the results normalized to 
their respective controls, which were set to a value of 100% for each experiment. The values are presented as the means ± SEM. **p<0.01 and ***p<0.001 for 
comparison with the control treated with IL-2.

ConA-induced CD25 surface expression was unaltered by IL-2 
treatment. A significant percentage of cells expressing CD25 was 
reduced by treatment with DHA, PA, and SA compared with the control 
(Figure 7) in the presence or absence of IL-2. The percentage of cells 
that were CD25-positive decreased from 36.5 ± 5.4% in cells treated 
with IL-2 to 12.6 ± 0.9%, 12.4 ± 1.6%, and 11.8 ± 1.1% (expressed as the 
mean ± SEM) in cells treated with DHA, SA, and PA, respectively. EPA, 
OA, and LA did not significantly affect CD25 surface expression after 1 
h of treatment (Figure 7).

Effect of wortmannin on IL2-induced lymphocyte 
proliferation and PKCζ phosphorylation in the presence of 
oleic and linoleic acids

Wortmannin reduced the stimulatory effect of OA and LA on 
IL2-induced lymphocyte proliferation (decrease of 74% and 73%, in 
relation to IL2 plus OA or LA treatment, respectively, in the absence 
of wortmannin) (Figure 8). The PKCζ phosphorylation induced by OA 
and LA was also diminished in the presence of wortmannin (decrease 
of 58% and 63% in comparison with IL2 plus OA or LA treatment, 
respectively).

Effect of the fumonisin B1 on IL2-induced lymphocyte 
proliferation in the presence of DHA and EPA

The treatment with FB1 abolished the inhibition induced by DHA 
and EPA on proliferation of lymphocytes in the presence of IL-2. 
FB1 did not affect the inhibitory effects of PA or SA on IL2 induced 
lymphocyte proliferation neither the stimulatory effects of OA and LA 
(Figure 9). 

Discussion
In this study, we demonstrated that some FAs acutely inhibit 

signaling pathways that are activated by IL-2 in human lymphocytes. 
We demonstrated that DHA, EPA, PA, and SA decrease IL-2-stimulated 
JAK1 and JAK3 phosphorylation, suggesting an important mechanism 
for the inhibition of lymphocyte proliferation induced by these 
FAs. The total JAK1 and 3 contents were unaltered by FA treatment, 
indicating that these FAs inhibit lymphocyte proliferation by altering 
the phosphorylated proteins. IL-2 is particularly important for the 
development, expansion, and survival of T-cells, and the inhibition 
of related signaling pathways results in severe immunodeficiency 
[48]. Thus, the inhibition of IL-2 production [49] and IL-2 action in 
lymphocytes markedly contributes to the potent suppressive effects of 
DHA and EPA on the function of these cells, as reported in previous 
studies [20,21,34,50].

Accordingly, the inhibition of JAK1 and 3 phosphorylation by 
treatment with PA, SA, EPA, and DHA was accompanied by a reduction 
in the level of STAT5 phosphorylation, suggesting that downregulation 
promoted by these fatty acids of JAK-STAT signaling by IL-2 is 
critically important for immune and inflammatory responses and T-cell 
differentiation and expansion. Li et al. [41] also demonstrated that DHA 
reduces IL-2 induced STAT5 activation in Jurkat T-cells. Inhibition of 
the signaling of this cytokine, as occurs in cases of genetic deficiency 
involving the γ subunit of JAK3, results in severe immunodeficiency. 
However, STAT5 is not the only protein involved in this process. In fact, 
deletion and mutation experiments that affect STAT5 DNA-binding 
activity or the prevention of STAT5 activation do not block IL-2R 
mitogenic signaling [48,51]. Although STAT5 does not appear to be 
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essential for mitogenesis, it participates in the induction of some genes 
involved in cell proliferation and survival [52,53].

Simultaneously, EPA and DHA promoted a decrease in the level 
of ERK1/2 phosphorylation stimulated by IL-2. This inhibitory effect 
was associated with a reduction in the levels of JAK1 and JAK3 
phosphorylation that is promoted by these FAs, possibly leading to a 
decrease in ERK1/2 (or p42/p44 MAPK) activity. Activated ERK1/2 
phosphorylates various substrates in cell compartments, playing an 
important role in cell growth and providing an integrative response, 
including increased nucleotide synthesis, transcriptional activation 
of various genes via transcription factors (e.g., Elk-1, Fos, AP-1, NF-
AT, and c-myc), chromatin phosphorylation, stimulation of protein 
synthesis, and facilitation of the formation of an active cyclin D-CDK4 
complex, which is a rate-limiting step for cell growth [54,55]. Khan 
et al. [56] also demonstrated that DHA arrests progression from the 
late G1 to S phase in the FM3A mouse mammary cancer cell cycle by 
decreasing ERK1/2 phosphorylation.

The inhibition of ERK1 and 2 activation by n-3 PUFAs has been 
demonstrated in previous studies using various cell lines [50] including 
Jurkat T-cells [28,29], T regulatory cells [32], macrophages [57], 
fibroblasts [30,58], endothelial cells [59], renal cells [60], and smooth 
muscle cells [61]. Furthermore, Denys et al. [29,30] demonstrated that 
EPA and DHA inhibit ERK1/2 phosphorylation by decreasing PKC-β 
activation in PMA-stimulated Jurkat cells. In our study, n-3 PUFAs also 
decreased the phosphorylation of JAK1 and JAK3, which are members 
of a signaling pathway that is stimulated by IL-2 and also results in 
ERK1/2 activation. 

Several authors have investigated the effects of n-6 PUFAs on 
lymphocyte proliferation. Cury-Boaventura et al. [62] observed a 
decrease in the proliferation of lymphocytes from volunteers who 
received a LA-rich lipid emulsion. The authors concluded that this 
effect was related to LA toxicity, increasing cell death through apoptosis 
and necrosis. However, Thanasak et al. [63] demonstrated that the 
treatment of bovine lymphocytes with low concentrations of LA (<25 

Figure 7: Effects of 50 µM DHA, EPA, SA, and PA or 25 µM OA and LA on CD25-alpha lymphocyte surface expression. Lymphocytes were stimulated with 
5 µg/mL ConA for 24 h, washed, and incubated with 30 ng/mL IL-2 for 1 h. Cells were pelleted and labeled with an FITC-conjugated anti-CD25 antibody and 
analyzed using flow cytometry. Negative control cells were incubated with a labeled nonreactive control antibody. Histograms from 10,000 events were analyzed. 
Fluorescence was measured using the FL1-H channel (green fluorescence, 530/30 nm). A) Representative histograms obtained using flow cytometry. B) 
Percentage of cells expressing CD25. The values are presented as the means ± SEM of three determinations from four experiments. *p<0.05 for comparison 
between fatty acid treatments vs. the control (in the absence of FAs and IL-2); ●p<0.05 for comparison between fatty acid treatments vs. the control treated with 
IL-2.
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µM) increased lymphocyte proliferation, whereas higher concentrations 
of this fatty acid decreased it. Taken together, these results suggest 
that LA acts as a proinflammatory agent at low concentrations and 
stimulates lymphocyte proliferation. PKC activation is a key signaling 
event for cell growth and proliferation in response to several mitogens. 
Cis-unsaturated fatty acids (e.g., OA) can activate PKC and, in turn, 
ERKs as previously reported [64]. OA activates more potently and 
completely Ca2+-independent and atypical PKC isoforms [65,66] in 
platelets. PKC-ζ has been shown to activate ERK and is associated 
with mitogenesis in various cell lines [67]. Other cis-fatty acids, such 
as LA, also fully activate PKC in the same manner [65]. Arachidonic 
acid, another n-6 PUFA, also has stimulatory effects on MAP kinases 
in various cell lines including hepatic cells [68], smooth muscle cells 
[69], monocytes [70], and renal epithelial cells [71]. In contrast, PKC-α, 
a Ca2+-dependent isoform, is less potently stimulated by OA [66] and 
has been associated with the differentiation rather than proliferation of 
vascular smooth muscle cells [72]. Accordingly, in our study, OA and 
LA enhanced the effects of IL-2 on ERK1/2 phosphorylation, suggesting 
that this pathway may be involved in the stimulation of lymphocyte 
proliferation that is promoted by these FAs. This effect was associated 
with increased PKC-ζ phosphorylation after one hour of treatment. 
Because OA and LA did not alter JAK/STAT phosphorylation, the 
activation of novel and/or atypical PKC isoforms may explain, at least 

in part, the stimulatory effect of OA on IL-2-induced lymphocyte 
proliferation. However, these stimulatory effects were abolished in the 
presence of wortmannin. PI3K modulates atypical PKC activity such 
as PKC-ζ [47]. Studies have shown that PKC-ζ phosphorylation is 
decreased by the saturated palmitic acid in isolated islets as a result of 
PI3K activity inhibition [73]. On the other hand, in the present study, 
PA did not alter PKC-ζ phosphorylation in lymphocytes. However, we 
observed that only OA and LA stimulated PKC-ζ phosphorylation and 
that this effect was abolished in the presence of a PI3K inhibitor. 

Akt phosphorylation was decreased by DHA, EPA, PA, and SA. 
The effect of DHA was more pronounced than that of the other FAs 
tested, whereas OA and LA did not affect Akt protein phosphorylation. 
Mammalian target of rapamycin (mTOR) has been suggested as a key 
regulatory protein involved in T cell differentiation and proliferation 
induced by several factors, including IL-2. This cytokine activates 
mTOR through a PI3-K/Akt pathway, leading to important metabolic 
changes required for lymphocyte growth and proliferation mediated 
by T regulatory cells [74]. These latter cells play an important role in 
leukocyte activation [75]. Thus, it is possible that the inhibitory effect 
on Akt, JAK-STAT, and ERK1/2 pathways induced by DHA, EPA, PA, 
and SA is responsible for decreased lymphocyte proliferation [17].

Saturated fatty acids, particularly PA, interfere with various signaling 
pathways in several cell lines. PA decreases insulin-stimulated MAPK 
activity and phosphorylation in rat-1 fibroblasts [76] and rat skeletal 
muscle [46], and Akt phosphorylation and/or activity in perfused rat 
hearts and cardiac muscles, HL-1 cells [77], pmi28 myotubes [78], rat 
soleus muscles [46,79], C2C12 cells [80,81], and L6 muscle cells [82]. 
In these cells, insulin signaling pathway impairment by saturated fatty 
acids has been associated with the development of insulin resistance 
[83-85]. Herein, we demonstrated that PA and SA also decrease IL-
2-stimulated ERK1/2 and Akt phosphorylation in human blood 
lymphocytes associated with decreased IL-2-induced lymphocyte 
proliferation. Thus, saturated fatty acids have anti-proliferative on 
human lymphocytes and impairing effects on insulin-sensitizing cells. 
On the other hand, n-3 PUFAs exhibit immunosuppressive effects 
but have been associated with improvement in insulin sensitivity by 
mechanisms that are currently under investigation such as increased 
insulin-stimulated p38 MAP kinase phosphorylation and activation of 
GPR120, PPAR-α and AMPK [86-91].

The α subunit of IL-2R (CD25-α) is undetectable in resting T-cells. 
The expression of this protein is triggered by antigens [92] that can be 
mimicked by lectins including ConA [93]. If a decrease in CD25-α 
externalization occurs, IL-2R-stimulated pathways are suppressed and 
lymphocyte proliferation is inhibited. DHA, PA, and SA decreased the 
CD25-α content on the plasma membrane surface in lymphocytes after 
one hour of treatment. CD25 membrane surface expression is necessary 
to form the high-affinity form of IL-2R that actually activates the 
intracellular signaling pathways (JAK-STAT, Ras-ERK1/2, and PI3K-
Akt) leading to lymphocyte proliferation. It is likely that the inhibition of 
JAK1 and JAK3, ERK1/2, and Akt phosphorylation promoted by DHA, 
PA, and SA can be attributed to the decrease in CD25-α expression and 
content in the plasma membrane. Other authors have demonstrated that 
PUFAs alter IL-2 and epidermal growth factor receptors localization on 
the cell surface after 24 h of treatment [41,94]. However, a change in the 
content of this receptor subunit in the plasma membrane does not fully 
explain the effect of all FAs on IL-2 signaling. It is worth noting that 
both OA and LA stimulated ERK1/2 phosphorylation but did not alter 
CD25 expression. Measurements using a red fluorescent Alexa Fluor 
594 conjugate of the cholera toxin subunit B demonstrated that, with 

Figure 8: Effects of 25 µM OA and LA on IL2-induced lymphocyte proliferation 
(A) and PKC-ζ phosphorylation (B) in the presence of wortmannin (W). (A) 
Lymphocytes were stimulated with ConA for 24 h, washed, and incubated 
with 100 nM of wortmannin, 30 ng/mL IL2 and 25 µM OA and LA for 30 h and 
after [2-14C]-thymidine (1 µCi per mL) was added and cells incubated for 18 
h. Data are expressed as counts per minute (cpm) and presented as mean 
± S.E.M. of three determinations from three experiments. (B) Lymphocytes 
were stimulated with ConA for 24 h, washed, and incubated with 100 nM of 
wortmannin, 30 ng/mL IL-2 and 25 µM OA and LA for 60 minutes. Afterwards, 
protein kinase C (PKC)-ζ phosphorylation was evaluated by western-blotting. 
After densitometry analysis, the data were normalized to their respective 
controls, which were set to a value of 100% for each experiment. #p<0.05 
for comparison between fatty acid treatments vs. the control (in the absence 
of FAs and IL-2); **p<0.05 for comparison between fatty acid treatments 
vs. the control treated with IL-2; ♦p<0.05 for comparison between fatty acid 
treatments in the presence of wortmannin vs. fatty acid treatments in the 
presence of IL-2.
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the exception of DHA, none of the FAs tested caused marked changes in 
lipid raft distribution under the conditions used in this study (data not 
shown). Therefore, acute treatment with EPA, PA, SA, OA and LA did 
not affect intracellular signaling through changes in lipid rafts. 

The immunosuppressive and anti-inflammatory effects of n-3 PUFAs 
have been extensively studied and reported by several groups [20,21]. 
However, the precise mechanisms involved have not been completely 
described yet. In the present study, we observed that the inhibitory 
effect of DHA and EPA on lymphocyte proliferation is abolished in the 
presence of FB1, a de novo ceramide synthesis inhibitor. In fact, several 
studies have demonstrated that a decrease in intracellular ceramide 
content is related to uncontrolled cell proliferation [95] and an increase 
can lead to a cell cycle progression discontinuation [96]. Previous 
studies have demonstrated that ceramides and other sphingolipids 
modulate various processes, including inflammation, apoptosis, and 
cell proliferation [97]. Alpha-galactosylceramide (C20:2) a derivative 
of ceramide metabolism, enhances anti-inflammatory and Treg cell 
response in a model of type 1 diabetes mellitus [98]. C-2 ceramide 
exerts anti-inflammatory effects by inhibiting PI3K/Akt and JAK1/
STAT1 pathways and promotes upregulation of protein kinase A in 
microglial cells [99]. In macrophages, the generation of ceramides via 
acid sphingomyelinase activation is a key step for regulating apoptosis, 
cytokine production, phagocytosis, reactive oxygen species generation, 
and cell survival and differentiation [100]. Chen et al. [101] also showed 
that the apoptotic effects of ceramides are related to p38 MAPK and 
JNK activation in a mouse T hybridome cell line. Some of these effects 
can be related to the presence of a linking site for ceramides in proteins, 

like atypical PKCs [102] or due to protein anchoring membrane 
microdomains such as lipid rafts [103]. The present study showed that 
a blockage of the ceramide synthesis pathway abolishes the effects of 
DHA and EPA on human lymphocyte proliferation. On the other hand, 
McMurray et al. [104] showed that dietary EPA and DHA decrease 
the production of intracellular ceramide in stimulated T lymphocytes. 
Further studies are necessary to clarify the full mechanisms involved in 
the synthesis of sphingolipids as well as the differences between DHA 
and EPA on cellular signaling pathways. The effects of PA, SA, OA and 
LA on lymphocyte proliferation were not affected by FB1, suggesting 
that ceramide synthesis is not involved in the effects of these fatty acids. 

In conclusion, the findings reported herein contribute for 
understanding the mechanisms by which various FAs modulate 
lymphocyte proliferation. The inhibitory effects of PA, SA, DHA and 
EPA on lymphocyte proliferation are associated with a reduction in the 
IL-2-mediated activation of the JAK/STAT, ERK, and Akt pathways. The 
decrease in lymphocyte proliferation promoted by DHA and EPA also 
involves de novo ceramide synthesis. The stimulatory effects of OA and 
LA on lymphocyte proliferation are associated with improved activity 
of the MAP kinase and PI3K pathways, as demonstrated by increased 
ERK1/2 and PKC-ζ phosphorylation.
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