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Abstract This study was conducted on human Jurkat T cell
lines to elucidate the role of EPA and DHA, n-3 PUFA, in
the modulation of two mitogen-activated protein (MAP) ki-
nases, that is, extracellular signal-regulated kinases 1 and 2
(ERKI1 and ERK2). The n-3 PUFA alone failed to induce
phosphorylation of ERK1/ERK2. We stimulated the MAP
kinase pathway with anti-CD3 antibodies and phorbol 12-
myristate 13-acetate (PMA), which act upstream of the MAP
kinase (MAPK)/ERK kinase (MEK) as U0126, an MEK in-
hibitor, abolished the actions of these two agents on MAP
kinase activation. EPA and DHA diminished the PMA- and
anti-CD3-induced phosphorylation of ERK1/ERK2 in Jur-
kat T cells. In the present study, PMA acts mainly via pro-
tein kinase C (PKC) whereas anti-CD3 antibodies act via
PKC-dependent and -independent mechanisms. Further-
more, DHA and EPA inhibited PMA-stimulated PKC en-
zyme activity. EPA and DHA also significantly curtailed
PMA- and ionomycin-stimulated T cell blastogenesis.HR To-
gether these results suggest that EPA and DHA modulate
ERKI1/ERK2 activation upstream of MEK via PKC-dependent
and -independent pathways and that these actions may be
implicated in n-3 PUFA-induced immunosuppression.—
Denys, A., A. Hichami, and N. A. Khan. Eicosapentaenoic
acid and docosahexaenoic acid modulate MAP Kkinase
(ERK1/ERK?2) signaling in human T cells. J. Lipid Res. 2001.
42: 2015-2020.
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T cells are activated via aggregation of T cell receptor
(TCR) by an antigenic peptide bound within a major histo-
compatibility molecule expressed on antigen-presenting
cells (1). This event triggers a number of intracellular bio-
chemical events that assure T cell cycle progression. One
of the foremost proximal events is the engagement of
TCR/CD3 in the phosphorylation and activation of sev-
eral Src family protein tyrosine kinases (PTK), which are
associated with the activation of downstream signaling
molecules (2). Lck, Fyn, and Yes are the three Src family
PTK generally expressed in most T cells. Hence, the role
of Lck (known as p56%*) in T cell activation is well docu-

mented (2, 3). Activation of p56%* requires dephosphory-
lation of Tyr-505 and phosphorylation of Tyr-394 residues
(4). In fact, CD3{ is tyrosine phosphorylated by activated
p56%k, followed by the association of Zap70/Syk family
PTK with phosphorylated CD3( (5). These events, in asso-
ciation with Zap70, are responsible for the tyrosine phos-
phorylation of phospholipase Cyl (PLCyl) (6). PLCyl
catalyzes the hydrolysis of phosphatidylinositol into inosi-
tol trisphosphate and diacylglycerol, which, respectively,
induce increases in free intracellular calcium concentra-
tion ([Ca®*];) and activation of protein kinase C (PKC)
(7). The increase in [Ca2*]; is one of the earliest events
implicated in T cell activation (8, 9). The PKC, once acti-
vated via PLCyl, may further activate phospholipase D,
which assures the completion of the T cell cycle (10). It is
noteworthy that tyrosine phosphorylation in these bio-
chemical events is controlled by the coordinated action of
PTK and protein tyrosine phosphatases (PTP) such as
CD45, Src homology 2 domain-containing PTP 1 (SHP1),
and SHP2 (11).

Another important event triggered by TCR/CD3 aggre-
gation is the formation of GTP-bound Ras, which is stimu-
lated as a result of PKC-activated inhibition of Ras GTPase-
activating proteins (12), and by an additional stimulatory
signal, independently of PKC, involving the PTK whose ac-
tivation results in the formation of complexes of adapter
proteins such as Shc/Grb2/Ras/Sos, p36/Grb2/Sos,
Grb2/Cbl, and Crk/C3G (13, 14). These adapter com-
plexes link the TCR/CD3 complex to the downstream Ras/
mitogen-activated protein (MAP) kinase pathway (15). In
the GTP-bound position Ras stimulates the MAP kinase
pathway, consisting of extracellular signal-regulated ki-

Abbreviations: ERK, extracellular signal-regulated kinase; MAPK,
mitogen-activated protein kinase; MEK1/2, MAPK/ERK kinase 1/2;
n-3 PUFA, polyunsaturated fatty acids of the n-3 family; PKC, protein
kinase C; PMA, phorbol 12-myristate 13-acetate; PTK, protein tyrosine
kinase; TCR, T cell receptor.
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nases 1 and 2 (ERKI and ERK2) (16). Hence, active GTP-
bound Ras directly binds and promotes the activation of
protein kinase Raf-1, a Ser/Thr kinase (17). Active Raf-1,
by phosphorylating at two serine residues, activates the
dual-specificity protein kinase MEK1/2 [MAP kinase
(MAPK) /ERK kinase 1/2], which, in turn, phosphorylates
and activates ERK1/ERK2 (18). In human T cells, the
Ras/Raf-1/MEK1/2/MAP kinase pathway plays a major
role in the transmission of signals toward the nucleus in
order to regulate the transcription of genes involved in T
cell cycle progression (19). In human Jurkat T cells, the
translocation of NF-kB, involved in the transcription of
the interleukin 2 gene, into the nucleus is also dependent
on the Ras/Raf-1/MEKI1/2 pathway (20).

PUFA modulate T cell functions (21). PUFA of the n-6
family (n-6 PUFA), such as arachidonic acid (20:4n-6),
have been considered as immunostimulators whereas
those of the n-3 family, such as EPA (20:5n-3) and DHA
(22:6n-3), have been reported to be potent immunosup-
pressors (22). PUFA of the n-3 family (n-3 PUFA), abun-
dantly present in diets containing fish oil, exert curative
effects in autoimmune diseases such as rheumatoid arthri-
tis (23) and multiple sclerosis (24). The precursor of n-3
PUFA is linolenic acid (18:3n-3), which is metabolized to
DHA, the most unsaturated fatty acid, in microsomes via a
number of reactions involving the desaturases and chain
elongation steps (25). EPA is not only an intermediate
fatty acid during the metabolism of DHA but also a paral-
lel product if compared with the metabolism of arachi-
donic acid. The mechanism of action of n-3 PUFA, impli-
cated in T cell activation, is not well understood. It is
possible that these fatty acids may modulate T cell func-
tions by interfering with the second-messenger cascades.
We have shown that DHA exerts immunosuppressive ef-
fects by modulating calcium signaling in human Jurkat T
cells (26). Hence, DHA induces increases in [Ca®*]; by re-
cruiting calcium from intracellular pool and by opening
of calcium release-activated calcium channels in these
cells (26). It is also possible that the n-3 PUFA may modu-
late the phosphorylation of MAP kinases activated during
an antigenic challenge. As far as DHA and EPA are con-
cerned, to our knowledge, no study is available, except
one report by Yang et al. (27), in which EPA has been
found to inhibit MAP kinase activation in carotid artery
endothelial cells. As far as T cells are concerned, the role of
n-3 fatty acids in the modulation of the MAP kinase path-
way has not yet been studied. Therefore, it was thought
worthwhile to elucidate the effects of two n-3 PUFA (EPA
and DHA), potent immunosuppressors, on the activation
of MAP kinases in human Jurkat T cells.

MATERIALS AND METHODS

Chemicals

Anti-phosphorylated MAP kinase (ERK1/ERK2) antibodies
were obtained from New England BioLabs (Beverly, MA).
[®*H]thymidine (specific activity, 20 Ci/mmol) and [y-*?P]ATP
(specific activity, 4,000 Ci/mmol) were purchased from Amer-
sham (Arlington Heights, IL). GF109203X was obtained from
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Calbiochem (La Jolla, CA). Anti-CD3 antibodies were obtained
from Dako (Carpinteria, CA). The PKC detection kit SignalTeck
was purchased from Promega (Madison, WI). All other chemi-
cals including phorbol 12-myristate 13-acetate (PMA), DHA
(22:6n-3), and EPA (20:5n-3) were procured from Sigma (St.
Louis, MO). U0126 was a generous gift from Promega.

Cell culture and preparation of extracts

The Jurkat T cells were routinely cultured in RPMI 1640 me-
dium supplemented with 1-glutamine and 10% fetal calf serum
at 37°C in a humidified chamber containing 95% air and 5%
COq. Cell viability was assessed by trypan blue exclusion test. Cell
numbers were determined with a hemocytometer.

n-3 PUFA, dissolved in ethanol at a concentration of 0.01%
(v/v), were kept under nitrogen in order to minimize their oxi-
dation in accordance with several investigators (27-29). Before
determining MAP kinase activation, cells were incubated for 6 h
in RPMI 1640 medium without serum. Control cells received ve-
hicles that did not affect MAP kinase activity. Before stimulation
with PMA, Jurkat T cells (5 X 10%/ml) were incubated for 5 min
in the presence of n-3 PUFA and then with PMA (200 nM) for 30
min, essentially according to Nel et al. (30). The time of incuba-
tion for PUFA is indicated in the figure legends. After incuba-
tion at 37°C, cells were lysed with 50 wl of buffer containing the
following: HEPES, 20 mM, pH 7.3; EDTA, 1 mM; EGTA, 1 mM;
NaCl, 0.15 mM; Triton X-100, 1%; glycerol, 10%; phenylmethyl-
sulfonyl fluoride, 1 mM; sodium orthovanadate, 2 mM; antipro-
tease cocktail, 2 pl in 1 ml of buffer. After centrifugation (2,500 g
for 1 min), cell lysates were used immediately, or stored at —80°C,
for Western blot detection of phosphorylation. The protein con-
tents were determined with a Sigma Bradford reagent kit.

Western blot detection of phosphorylated MAP kinases

Denatured proteins (20 pg) were separated by SDS-PAGE
(10%) and transferred to polyvinylidine difluoride membranes,
and immunodetection was performed by using anti-phosphory-
lated anti-rat ERK1/ERK2 antibodies (2 pg/ml). After treating
the membranes with peroxidase-conjugated goat anti-rat second-
ary antibodies, peroxidase activity was detected with ECL re-
agents (Amersham).

PKC assays

After the incubation of Jurkat T cells with n-3 PUFA and/or
other agents (see the figure legends), the cells were washed
twice with phosphate-buffered saline, pH 7.4, and the reaction
was stopped by addition of extraction buffer: Tris-HCI, 25 mM;
EGTA, 0.5 mM; EDTA, 0.5 mM; 2-mercaptoethanol, 10 mM; phen-
ylmethylsulfonyl fluoride, 10 mM; leupeptin, 10 pg/ml; pH 7.5.
The cells were sonicated by two cycles at 4°C and the enzyme ac-
tivity was determined by incorporation of 3P, according to the
instructions furnished with the kit.

T cell blastogenesis

Jurkat T cells (10 X 10%) were cultured in 96-well flat-bottom
tissue culture plates (Nunc, Roskilde, Denmark) in the presence
of PMA (10 nM) plus ionomycin (500 nM). Cells were distrib-
uted in quadruplicate as follows: 140 pl, cell suspension; 20 ul,
mitogen or medium; and 20 pl, DHA or EPA (as indicated in the
figure legends). Plates were incubated at 37 * 2°C (90% humid-
ity). After 36 h, 20 pl of [*H]thymidine (20 Ci/mmol, 0.8 pnCi/
well) was added and, 12 h later, the cells were harvested with a
cell harvester [Dynatech (Acterna), Burlington, MA], trapping
their DNA onto glass filtermats. Dried filter circles were placed
in plastic minivials (Packard, Downers Grove, IL), 3.5 ml of Opti-
fluor-O (Packard) was added, and the radioactivity was recorded
in a scintillation counter (Beckman, Fullerton, CA). The index
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Fig. 1. Effects of anti-CD3 antibodies and PMA on ERK1/ERK2
phosphorylation in Jurkat T cells. Jurkat T cells (5 X 106 cells/ml),
before determination of MAP kinase phosphorylation, were incu-
bated for 6 h in RPMI 1640 medium without serum, and treated or
not (control) with anti-CD3 antibodies (10 pg/ml) or PMA (200
nM) for 5 and 30 min, respectively, at 37°C (A). In (B), the cells,
after serum starvation, were treated or not (control) with
GF109203X (500 nM) and U0126 (1 wM) for 5 min. Later on, these
cells were treated or not treated with anti-CD3 antibodies (10 pg/
ml) and PMA (200 nM), respectively, for 5 and 30 min, at 37°C.
Cells were lysed and the detection of phosphorylated MAP kinases
was performed as described in Materials and Methods.

of T cell stimulation (IS) was calculated as counts per minute in
the presence of mitogens divided by counts per minute of un-
stimulated cultures.

Statistical analysis
Results are shown as means = SD for quadruplicate assay sam-

ples, reproduced independently at least three times. Statistical
analysis of data was carried out with Statistica (version 4.1; Stat-

soft, Paris, France). The significance of the differences between
mean values was determined by one-way analysis of variance, fol-
lowed by a least significant difference test.

RESULTS

Anti-CD3 antibodies and PMA induce
ERKI1/ERK2 phosphorylation

Figure 1 shows that anti-CD3 antibodies and PMA in-
duce the phosphorylation of ERK1/ERK?2 in Jurkat T
cells. Anti-CD3 antibody-induced MAP kinase phosphory-
lation was transient, as it was marked at 5 min as com-
pared with that at 30 min of incubation. On the other
hand, the PMA-induced state of phosphorylation was
higher at 30 min as compared with that at 5 min of incu-
bation (Fig. 1A). GF109203X, a PKC inhibitor, abolished
the PMA-induced phosphorylation of MAP kinases (Fig.
1B). The degree of inhibition of MAP kinase phosphoryla-
tion by this agent was less in anti-CD3 antibody-treated
cells as compared with PMA-treated cells (Fig. 1B). How-
ever, U0126, an MEKI1/2 inhibitor, abolished the MAP
kinase phosphorylation, induced both by PMA and anti-
CD3 antibodies in Jurkat T cells (Fig. 1B).

EPA and DHA diminish PMA-induced
ERKI1/ERK2 activation

We used PMA to activate MAP kinases via activation of
PKC. Figure 2A shows that EPA and DHA alone failed to
induce phosphorylation of MAP kinases in Jurkat T cells.
However, both the fatty acids curtailed the degree of phos-
phorylation, induced by PMA. DHA inhibited MAP kinase
phosphorylation at all concentrations (from 5 to 60 wM)
whereas EPA exerted its inhibitory effects only at 20, 40,
and 60 pM (Fig. 2A). These fatty acids also diminished
anti-CD3 antibody-induced MAP kinase phosphorylation
(Fig. 2B).

EPA and DHA curtail PMA-stimulated PKC activation

Figure 3 shows that DHA and EPA alone did not induce
the activation of PKC. However, these fatty acids curtailed

44 Fig. 2. Effects of n-3 PUFA on anti-CD3 antibodies
842 and PMA-stimulated ERK1/ERK2 phosphorylation
in Jurkat T cells. Jurkat T cells (5 X 10° cells/ml),
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before determining MAP kinase phosphorylation,
were incubated for 6 h in RPMI 1640 medium with-
out serum, and treated or not (control) with increas-
ing concentrations (0 to 60 pM) of n-3 PUFA (A).
After 5 min of incubation, cells were stimulated with
PMA (200 nM) for another 30 min at 37°C. As a con-
trol, cells were also incubated with n-3 PUFA (DHA
and EPA at 60 pM). In (B), the cells, after serum
starvation, were treated or not (control) with n-3
PUFA (DHA and EPA at 20 pM) for 5 min. Later on,
cells were treated or not (C, control) with anti-CD3
antibodies (10 pg/ml) for 5 min. After incubation at
37°C, cells were lysed and phosphorylations were de-
termined as described in Materials and Methods.
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Fig. 3. Effects of n-3 PUFA on PMA-stimulated PKC enzyme activ-
ity in Jurkat T cells. Jurkat T cells (5 X 106 cells/ml), before the de-
termination of PKC enzyme activity, were incubated for 6 h in RPMI
1640 medium without serum, and were treated or not (control)
with n-3 PUFA (DHA and EPA at 20 wM) for 5 min. Later on, these
cells were treated or not treated with PMA (200 nM) for 30 min.
After incubation at 37°C, cells were lysed and PKC kinase enzyme
activity was assayed as described in Materials and Methods. Data are
significantly different as compared with control (* P < 0.001) and
with PMA-stimulated enzyme activity (** P < 0.001).

significantly the PMA-stimulated PKC activity in Jurkat T
cells (Fig. 3).

EPA and DHA inhibit Jurkat T cell blastogenesis

To shed light on the physiological importance of n-3
PUFA-induced inhibition of MAP kinase signaling, we
stimulated Jurkat T cells with PMA plus ionomycin in the
presence or absence of exogenous DHA or EPA. We ob-
served that the two n-3 PUFA significantly curtailed Jurkat
T cell proliferation. U0126 also inhibited T cell blastogen-
esis (Fig. 4).

DISCUSSION

It has been established that n-3 PUFA, particularly DHA
and EPA, exert immunosuppressive effects (21). One of
the mechanisms of action of n-3 PUFA is the replacement
of arachidonic acid at the sn-2 position of plasma mem-
brane phospholipids and, therefore, these agents will in-
fluence signal transduction mechanisms, particularly at
the level of diacylglycerol production and PKC activation.
Another plausible mechanism of action of n-3 PUFA is
their interference with MAP kinase signaling.

Most of the studies conducted hitherto have dealt with
the role of arachidonic acid, and this fatty acid has been
found to enhance MAP kinase phosphorylation in a number
of cell types (28-32). Surprisingly, in the present study, we
observed that DHA and EPA alone failed to induce the ac-
tivation of MAP kinases (ERK1/ERK2) in human Jurkat T
cells. Our results partly corroborate the findings of Yang
et al. (27), who have observed that EPA alone failed to
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Fig. 4. Effects of n-3 PUFA on PMA plus ionomycin-stimulated pro-
liferation of Jurkat T cells. Human (Jurkat) T cells (10 X 10%) were
cultured in 96-well flat-bottom tissue culture plates in the presence of
PMA (10 nM) plus ionomycin (iono, 500 nM), containing or not
containing n-3 PUFA (DHA or EPA, at 20 uM) with or without
U0126 (10 wM) as described in Materials and Methods. Shown are
the results of an identical experiment, reproduced independently
three times with triplicate values. Data are significantly different as
compared with PMA and ionomycin-stimulated cells (* P < 0.001).

stimulate basal MAP kinase enzyme activity in bovine ca-
rotid artery cells.

To stimulate MAP kinase phosphorylation in Jurkat T
cells, we used anti-CD3 antibodies and PMA. We observed
that anti-CD3 antibodies induced a transient MAP kinase
activation, seen after 5 min of incubation, whereas that in-
duced by PMA was maximum after 30 min of incubation.
Furthermore, PMA seems to act via PKC activation as
GF109203X, a PKC inhibitor, completely abolished the ac-
tion of PMA on MAP kinase phosphorylation. These re-
sults are in close agreement with the observations of Nel
et al. (30), who have shown that MAP kinase activation by
PMA was a PKC-dependent mechanism in human T cells.
During activation of T cells via TCR/CD3, PKC also seems
to be a component implicated in MAP kinase activation as
GF109203X diminished, but did not completely abolish,
the action of anti-CD3 antibodies on ERK1/ERK2 phos-
phorylation. These results agree well with the findings of
several authors (20, 33) who have shown that TCR ligation
regulates MAP kinase signaling via both PKC-dependent
and PKC-independent, but PTK-dependent, pathways in
human T cells. The present study further demonstrates
that PMA and anti-CD3 antibodies activate MAP kinase
signaling upstream of MEK as U0126 completely abol-
ished their effects on ERK1/ERK2 activation in human
Jurkat T cells.

We have observed that DHA and EPA, without influenc-
ing the basal activity, diminished MAP kinase activation
stimulated by both anti-CD3 antibodies and PMA. DHA
exerted inhibitory effects from 5 uM onward, whereas
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EPA, without exerting any effect at 5 and 10 wM, inhibited
PMA-induced MAP kinase phosphorylation only from 20
M onward in Jurkat T cells. The inhibitory effects of n-3
PUFA at high concentrations were not due to their cyto-
toxic effects, as we checked cell viability by trypan blue ex-
clusion test during these assays.

We were tempted to ascertain whether DHA and EPA
modulate PMA-induced MAP kinase activation via their
inhibitory effects on PKC. To test this notion, we assessed
the effects of PUFA on PMA-stimulated PKC activity in Jur-
kat T cells. We observed that DHA and EPA alone did not
influence basal PKC enzyme activity; rather, they signifi-
cantly diminished PMA-stimulated PKC activation in Jur-
kat T cells. These results suggest that n-3 PUFA may exert
their inhibitory action on ERKI1/ERK2 activation by inhib-
iting PKC activity in PMA-stimulated cells. Jurkat T cells
have been shown to possess different isoforms of PKC,
such as a, B, 9, &, and { (34). The a, B, and & isoforms of
PKC are translocated toward plasma membrane in re-
sponse to PMA in these cells (34). Studies have demon-
strated that PKCa and PKCe are the upstream regulators
of the MAP kinase cascade (35, 36). It is possible that
DHA and EPA inhibit the activation of these isoforms of
PKC either indirectly via the production of diacylglycerol-
containing exogenous n-3 PUFA (37) or directly by inter-
calation with the binding site for phosphatidylserine (38).
Which PKC isoform is directly influenced by these n-3
PUFA remains to be ascertained in future; however, our
results corroborate the findings of May et al. (39), who
have noticed that the culture of rat lymphocytes in the
presence of EPA and DHA resulted in the reduction of
PKC activity in these cells. However, these two fatty acids
do act on a PKC-independent pathway as they inhibited
the MAP kinase phosphorylation induced by anti-CD3
antibodies that act via PKC-dependent and -independent
manner (see above).

In the present study, the involvement of lipoxygenase
and cyclooxygenase metabolites is unlikely, as Jurkat T
cells do not possess the enzymes for these two pathways,
and, therefore, these cells cannot metabolize n-3 PUFA
(40, 41). Even though we used nordihydroguaiaretic acid
and indomethacin, the respective inhibitors of the two
pathways, as expected, the two agents did not reverse the
inhibitory actions of EPA and DHA on MAP kinase phos-
phorylation (results not shown).

To understand the physiological relevance of the inhibi-
tion of MAP kinase activation by n-3 PUFA, we stimulated
Jurkat T cells with PMA and ionomycin in the presence of
DHA and EPA. We observed that these fatty acids signifi-
cantly curtailed PMA-induced T cell blastogenesis. Inter-
estingly, U0126 also inhibited T cell proliferation but
failed to exert additive effects on n-3 PUFA-induced inhi-
bition of T cell blastogenesis, suggesting that n-3 PUFA
exert their effects upstream of MEK.

The results of the present study demonstrate that unest-
erified DHA and EPA inhibit MAP kinase activation via
PKC-dependent and -independent pathways. Because
anti-CD2 antibodies also stimulate phospholipase Ay and
the release of PUFA in human T cells (42), we can specu-

late that unesterified n-3 PUFA, released during T cell ac-
tivation, possess the potential to regulate the activation of
MAP kinase during an antigenic challenge and, hence,
may modulate the progression of autoimmune diseases. il
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