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Abstract Despite their beneficial anti-inflammatory prop-
erties, eicosapentaenoic acid (EPA) and docosahexaenoic
acid (DHA) may increase the infection risk at high doses,
likely by generating an immune-depressed state. To assess
the contribution of different immune cell populations to the
immunomodulatory fatty acid effect, we comparatively in-
vestigated several aspects of inflammation in human T-helper
(Th) cells and monocytes. Both fatty acids, but DHA to a lesser
extent compared with EPA, selectively and dose-dependently
reduced the percentage of cytokine-expressing Th cells in
a peroxisome proliferator-activated receptor (PPAR)Yy-
dependent fashion, whereas the expression of the cell sur-
face marker CD69 was unaltered on activated T cells. In
monocytes, both EPA and DHA increased interleukin (IL)-10
without affecting tumor necrosis factor (TNF)-a and IL-6.
Cellular incorporation of EPA and DHA occurred mainly at
the expense of arachidonic acid. Concomitantly, thrombox-
ane B (TXB)2 and leukotriene B (LTB)4 in supernatants
decreased, while levels of TXB3 and LTB5 increased. This
increase was independent of activation and in accordance
with cyclooxygenase expression patterns in monocytes.
Moreover, EPA and DHA gave rise to a variety of mono- and
trihydroxy derivatives of highly anti-inflammatory potential,
such as resolvins and their precursors.Hli Our results suggest
that EPA and DHA do not generally affect immune cell func-
tions in an inhibitory manner but rather promote pro-resolv-
ing responses.—Jaudszus, A., M. Gruen, B. Watzl, C. Ness,
A. Roth, A. Lochner, D. Barz, H. Gabriel, M. Rothe, and
G. Jahreis. Evaluation of suppressive and pro-resolving effects
of EPA and DHA in human primary monocytes and T-helper
cells. J. Lipid Res. 2013. 54: 923-935.
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Long-chain polyunsaturated fatty acids of the omega-3
series (n-3 LC-PUFA), such as eicosapentaenoic acid (EPA,
C20:57-3) and docosahexaenoic acid (DHA, C22:67-3),
are unanimously considered to be health promoting due
to their anti-inflammatory potential (reviewed in Ref. 1).
Primarily, they are claimed to reduce the incidence and
mortality of cardiovascular and angiopathy disorders (re-
viewed in Refs. 2, 3). In addition, a substantial number of
studies have demonstrated their supportive efficacy to al-
leviate disease-specific symptoms in chronic immune-asso-
ciated disorders, such as bronchial asthma (4, 5), psoriasis
(6), rheumatoid arthritis (7), and inflammatory bowel dis-
ease (reviewed in Ref. 8). Moreover, EPA and DHA sup-
plementation was shown to reduce episodes and duration
ofillnesses in children and might therefore be valuable for
maintaining health (9).

On the other hand, a growing body of literature sug-
gests that excessive dietary supplementation with EPA
and DHA can be deleterious in certain immunocompro-
mised disease states. Likely by generating a hyporespon-
sive host environment, high-dose fish oil consumption
was shown to facilitate viral infections, to impair bac-
terial resistance, to delay pathogen clearance, to aggra-
vate acute tissue injury (10-13), and even to be implicated
in the development of pathogen-associated colitis and
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gastrointestinal cancer in rodents (14). Though evidence-
based data for such an impairment of immunity in humans
is limited, controversial, and still not conclusive (15, 16),
the German Federal Research Institute for Risk Assess-
ment recommended the setting of maximum levels for the
fortification of foods with n-3 LC-PUFA to 1.5 g/day (17).

Investigating the mechanisms that underlie the fish oil de-
pendent immunomodulation, most of the work has focused
on the effects of orally administered EPA and DHA on im-
mune markers reflected by ex vivo mitogen-induced lympho-
cyte proliferation, natural killer (NK) cell activity and cytokine
production of T cells or monocytes. However, with respect to
study population and design, methods of measurements and
outcomes, available data are highly inconsistent and at times
contradictory (thoroughly reviewed in Ref. 18). Moreover,
studies on the effect of EPA and/or DHA on separate T-cell
subsets, such as T-helper (Th) cells, are rare.

Therefore, the aim of the present study was to compara-
tively investigate several aspects of inflammation of pure
EPA or DHA in primary human Th cells and monocytes in
order to examine the contribution of these two immune
cell populations, crucially involved in adaptive and innate
immunity, to the immunomodulatory effect of n-3 LC-
PUFA. For this purpose, we intended to match a largely
realistic ex vivo representation on the one hand and highly
standardized in vitro research on the other.

MATERIALS AND METHODS

Chemicals

EPA and DHA in free fatty acid form (both Larodan, Malma,
Sweden) were dissolved in sterile dimethylsulfoxide (DMSO)
to produce a 100 mM stock solution and stored in aliquots at
—20°C. Further, lyophilized 2-chloro-5-nitro-N-4-pyridinylben-
zamide (T0070907), phorbol 12-myristate 13-acetate (PMA),
ionomycin, brefeldin A (all Enzo, Lorrach, Germany), lipopoly-
saccharide (LPS from E.coli, Serotype 0111:B4, Sigma-Aldrich,
Taufkirchen, Germany), and concanavalin A (ConA, Sigma-
Aldrich) were solubilized in DMSO, aliquoted, and stored at
—20°C.

Purification of PBMC

Peripheral blood mononuclear cells (PBMC) were isolated
from buffy coats obtained from peripheral blood of healthy do-
nors who gave their written consent. Buffy-coated blood was di-
luted with PBS (PAA, Colbe, Germany) at a ratio of 1:1, layered
onto lymphocyte separation medium (LSM) 1077 (1.077 g/ml;
PAA; ratio 1:1) and centrifuged at 700 g for 20 min at 20°C. The
PBMC interphase was collected, washed three times with PBS,
and resuspended in Roswell Park Memorial Institute (RPMI)
1640 medium supplemented with 10% endotoxin-free heat-inac-
tivated fetal bovine serum (PAA).

PBMC viability

To assess the impact of high-dose EPA and DHA, respectively,
on cell viability, PBMC (1 x lOG/ml) were incubated without or
with 25, 50, 100, 150, or 200 pM of EPA or DHA for 24 hin a 5%
CO, humidified atmosphere at 37°C. Control cultures contained
0.2% DMSO vehicle, according to the maximal volume in the
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treatments. Cell viability was analyzed by annexin-V (Immuno-
tech, Marseille, France) and propidium iodide (PI; Sigma-Al-
drich) exclusion double staining. In brief, cells were washed with
PBS, incubated in binding buffer and annexin-V or PI for 15 min
at room temperature in the dark, and analyzed flow-cytometri-
cally using an EPICS XL flow cytometer (Beckman Coulter,
Krefeld, Germany).

Cell culture

For Th-cell assays, PBMC (1 x 10%/ ml) were incubated without
or with increasing concentrations of EPA or DHA (25, 50, 100 pM)
for 19 h. Subsequently, cells were alloreactively stimulated with
PMA (2.5 ng/ml; induces cytokine production by activation of
protein kinase C) and ionomycin (0.5 pg/ml; potentiates activa-
tion as calcium ionophore) in the presence of brefeldin A (5 pg/ml;
increases sensitivity of intracellular cytokine detection by inter-
fering with the function of the Golgi apparatus) for another 5 h.
Supernatants were frozen at —80°C until lipid mediator analysis.
For some experiments, cells were preincubated for 30 min with
different concentrations of the selective peroxisome proliferator-
activated receptor (PPAR)y inhibitor T0070907 (0.4 or 2 pM)
before 100 pM EPA or DHA and the stimulation cocktail were
added as described above. For measurement of T-cell activation
(expression of the cell surface marker CD69), PBMC were pre-
treated without or with increasing concentrations of EPA or DHA
(25, 50, 100 pM) for 19 h and subsequently incubated with either
2.5 ng/ml PMA and 0.5 pg/ml ionomycin or 10 pg/ml ConA for
further 5 h. For monocyte assays, PBMC were treated with fatty
acids as indicated for 20 h before addition of 1 pg/ml LPS and
5 pg/ml brefeldin A for further 4 h. Control cultures contained
maximum 0.2% DMSO. All experiments were performed under
standard cell culture conditions.

Intracellular cytokine and cyclooxygenase detection

Both unstimulated and stimulated cells were stained either
with anti-human CD3 monoclonal antibody (mAb; PE-Dy647,
clone MEM-57, Immunotools, Friesoythe, Germany) and anti-
human CD4 mAb (FITC, clone MEM-241, Immunotools) for
detection of Th cells or with anti-human CD14 mAb (PE-Dy647,
clone MEM-15, Immunotools) for identification of monocytes
before cells were fixed with 2% formaldehyde (Histofix, Roth,
Karlsruhe, Germany). For intracellular cytokine quantification,
cells were permeabilized by washing with PBS/0.1% BSA/0.1%
saponine, stained with anti-human tumor necrosis factor
(TNF)-a mAb (PE, clone MAbl1, eBioscience, Frankfurt/
Main, Germany), anti-human interleukin (IL)-2 mAb (PE, clone
MQI-17H12, eBioscience), anti-human IL-4 mAb (PE, clone
8D4-8, eBioscience), anti-human interferon (IFN)-y mAb (PE,
clone 4S.B3, eBioscience), anti-human IL-6 mAb (PE, clone
MQ2-13A5, eBioscience), or anti-human IL-10 mAb (PE, clone
JES3-9D7) and analyzed by means of flow cytometry. Intracel-
lular levels of cyclooxygenase (COX)-1 and COX-2 in CD14"
cells were determined with multicolor anti-human COX-1-
FITC/anti-human COX-2-PE mAb (clones AS70/AS57, Becton
Dickinson, Heidelberg, Germany). To assess T-cell activation,
cells were stained with anti-human CD3 mAb and anti-human
CD69 mAb (PE, clone FN50, Biolegend/Biozol, Eching, Ger-
many). When necessary, probes were analyzed in reference
to FMO (fluorescence minus one)-PE controls. Nonspecific
fluorescence was controlled by incubation with isotype-matched
antibodies. Data were assessed and illustrated by WinMDI
version 2.8 software (J. Trotter, Scripps Research Institute),
except for COX-2 in stimulated monocytes that was measured
in a FACSCalibur flow cytometer (Becton Dickinson, Heidelberg
Germany) and analyzed using CELLQUEST software (BD).



Fatty acid profiles

PBMC (1 x 106/m1) were cultured in the presence of increas-
ing concentrations (25, 50, 100 pM) of EPA and DHA, respec-
tively, or DMSO vehicle for 24 h, as indicated above. Cells were
harvested and washed twice with PBS, and then total lipids were
extracted using a methanol/chloroform mixture according to
Ref. 19. For fatty acid analysis, a base-catalyzed transesterification
method was performed by incubating samples with 0.5 N sodium
methylate at 100°C for 10 min followed by methanolic boron tri-
fluoride (10% w/w, Supelco, Bellefonte, PA) treatment at 100°C
for 5 min. Afterwards, fatty acid methyl esters (FAME) were ex-
tracted with n-hexan, separated in a gas chromatograph (GC 17a
V3, Shimadzu, Kyoto, Japan) using a fused-silica capillary column
with medium polarity (DB 225 MS, 60 m x 0.25 mm id, 0.25 pm
film thickness, Agilent Technologies, Santa Clara, CA) and down-
stream detected by flame ionization (FID). GC conditions were
as previously described (20). Peak area integration was accom-
plished using GC Solution software version 2.3 in comparison to
previously measured reference standards (BR2, BR4, and Menha-
den from Larodan/CPS-Chemie, Aachen, Germany; 463 and 674
from Nu-Chek-Prep, Elysian, MN).

Lipid mediator profiles

PBMC (1 x 10°/ml) were cultured in the presence of 100 pM
EPA or DHA for 19 h and subsequently activated for another 5 h
with the stimulation mixture as described above. Corresponding
control cultures contained the same volume of DMSO. After-
wards, 1 ml supernatant was added to 1 ml methanol containing
BHT (0.1%) and spiked with an internal standard consisting of 15-
HETE-dg, PGE2-d,, and leukotriene B (LTB)4-d, (each 1 pg/ml).
After addition of 2 ml 0.1 mM sodium acetate buffer to adjust the
pH at 6 and centrifugation, the upper phase was subjected to a
solid-phase extraction using anion exchange columns (Varian
Bond Elute Certify II, Agilent), which were preconditioned with
3 ml methanol, followed by 3 ml 0.01 M sodium acetate buffer
containing 5% methanol (v/v, pH 6). The columns were then
washed twice with 3 ml methanol/water (1/1, v/v) each. For elu-
tion, 2 ml of an ethyl acetate:n-hexane extraction mixture (1/1,
v/v) was added. The eluate was evaporated in Ny at 40°C, and
the solid residues were dissolved in 50 pl acetonitrile. For HPLC
analysis, an Agilent 1200SL system equipped with a Phenomenex
Kinentex column and coupled with an Agilent 6460 Triplequad
mass spectrometer with electrospray ionization source was used.
The solvent system consisted of acetonitrile and aqueous formic
acid (0.1%). The elution gradient was started with 5% ace-
tonitrile for 30 s, which was increased within 10 min to 90%
and held for 8 min. The injection volume was 7.5 pl, and the flow
rate was set at 0.4 ml/min. Lipid mediator analysis was per-
formed with dynamic multiple reaction monitoring (MRM) in
negative mode. For the preparation of standards and peak calcu-
lation, including detailed MRM characterization of all measured
compounds, see Ref. 21. Peak integration and signal-to-noise cal-
culation was accomplished using Agilent MassHunter Worksta-
tion software.

Statistics

For the statistical analysis of the data concerning concentra-
tion-dependent fatty acid effects, including cellular fatty acid pro-
files, Th-cell cytokines in the absence or presence of T0070907,
and lipid mediator profiles, linear mixed models were used
with the concentration of the corresponding fatty acid/cytokine
being the dependent variable, while the treatment (DHA versus
EPA) and the concentration (of DHA/EPA or T0070907) were
entered as independent variables (fixed effects). For the lipid
mediator profiles, treatment and stimulation condition were used

as independent variables. For all models, a random intercept per
donor was integrated to control for interindividual differences.
Visual inspection of QQ-plots of the residuals and plots of the
residuals versus fitted response values allowed us to justify the as-
sumptions of the linear mixed models, namely homoscedasticity
and normal distribution of the residuals. In cases where the as-
sumption of variance homogeneity could not be met, we ex-
tended the variance structure of the models by including a
treatment-specific variance structure. We tested better model fit
of the extended model by means of a likelihood ratio test (LRT).
If the LRT was significant on the 0.05 level, the model with
adapted variance structure was preferred. Statistical analysis was
carried out using SAS software 9.2 and R 2.15.0 (R Foundation
for Statistical Computing, Vienna, Austria). All other data were
compared by means of 2-tailed Student ttest using SPSS software
version 19.0 (SPSS Inc., Chicago, IL). All data are reported as
means + SEM (or SD as indicated) from at least five independent
experiments (unless indicated otherwise). Significance of differ-
ence was set at P< 0.05.

RESULTS

Neither EPA nor DHA affect viability of human
leukocytes

First we tested whether incubation with EPA or DHA at
high concentration has an impact on the viability of pri-
mary lymphocytes and monocytes over a period of 24 h.
Compared with the DMSO control, neither EPA nor DHA
showed any cytotoxic effect at 100 pM (Fig. 1). A drop in
viability was observed only at concentrations higher than
150 pM (data not shown). Based on these data, a maxi-
mum fatty acid concentration of 100 pM was used in all
subsequent experiments.

EPA reduces intracellular IL-2, TNF-a, and IL-4, but not
IFN-y, more strongly than does DHA in Th cells

The expression kinetics of IL-2 and TNF-a and their
stable presence in relatively high proportions within
Th cells following short-term stimulation enable compa-
rable and reliable measurements in vitro (22). In acti-
vated cell cultures, 18.7 + 1.7% of the T cells (CD3")
were identified as Th cells (CD3'CD4") positive for IL-2
and 25.6 + 2.2% were positive for TNF-a; Fig. 2A, B).
After 24 h incubation with EPA, the percentage of IL-2-
positive and TNF-a-positive Th cells dose-dependently
decreased by up to 81% and 73% to 2.7 + 0.5% and 4.2 +
0.9%, respectively (P< 0.001). Simultaneously, the mean
fluorescence intensity (MFI) reflecting the cytokine lev-
els on a per-cell basis dose-dependently decreased. DHA
also significantly reduced the intracellular content of
IL-2 and TNF-«a in activated Th cells by 61% and 71% to
7.3 £1.2% and 7.5 + 1.2%, respectively (P< 0.001). The re-
duction in cytokine levels caused by DHA treatment
was significantly weaker than that ascertained for EPA (P =
0.005 for IL-2 and P = 0.032 for TNF-a) at all concentra-
tions tested. Correlation analysis revealed a stronger neg-
ative association between the cellular uptake of EPA in
PBMC and the reduction in the IL-2- and TNF-a-positive
Th-cell population, respectively, than of DHA (Fig. 2C).
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Fig. 1.

EPA and DHA do not affect cell viability. Cell viability was flow-cytometrically assessed by annexin-V and propidium iodide ex-

clusion double staining. (A) Forward scatter (FS) against side scatter (SS) dot plot of human PBMC after alloreactive stimulation. Data
acquisition was set to lymphocytes (L) and monocytes (M) within the scatter gate R1 of 50,000 total counts. (B) Representative histo-
grams of fluorescence intensities of PBMC treated without or with 100 pM fatty acid for 24 h. Relative to the control (ctrl), annexin-V-
positive and PI-negative cells were defined as early apoptotic cells; annexin-V-positive and Pl-positive cells were defined as late apoptotic

and necrotic cells.

Regarding the Th-cell population positive for 1L-4, a
signature cytokine produced by Th2-type T cells (23),
also a significant fatty acid-mediated and concentration-
dependent decrease was found (P= 0.002). However, the
reduction observed after incubation with EPA tended to
be more pronounced than in the presence of DHA (P =
0.087; Fig. 2A). The fatty acid-mediated inhibition of cy-
tokine production in Th cells was not general, as nei-
ther EPA nor DHA affected the level of IFN-y, classically
characterizing the Thl lineage (23), at any tested con-
centration (Fig. 2A).

Both EPA- and DHA-mediated cytokine
effects involve PPARYy

To investigate whether the fatty acids exert cytokine ex-
pression reducing effects via a PPARvy ligand-like action,
cells were pretreated with the selective PPARy antagonist
T0070907 in different concentrations before 100 pM EPA
or DHA and the alloreactive stimulation mixture were
added. In the example of IL-2 and TNF-a, in both EPA-
and DHA-treated cultures, the reduced cytokine-positive
Th-cell population dose-dependently reexpanded in the
presence of T0070907 (P< 0.001 for both IL-2 and TNF-o;
Fig. 3). These results clearly imply that PPARy was involved
as a mediator of the anti-inflammatory fatty acid effect.
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Neither EPA nor DHA affect the expression of the
T-cell activation marker CD69

Mitogen activation of PBMC resulted in a significant
increase in the expression of the activation marker CD69
on T cells. In the presence of PMA/ionomycin, the per-
centage of CD69" rapidly increased from less than 1% to
greater than 95% of CD3" lymphocytes (data not shown).
Neither EPA nor DHA altered this percentage at any
tested concentration. Likewise, the corresponding MFI
remained unaltered (data not shown). To evaluate whether
any fatty acid effect might have been overlaid by the
strong stimulation effect, we gradually reduced the PMA
concentration to one tenth of the initially used 2.5 ng/ml.
However, the percentage of CD3'CD69" constantly re-
mained greater than 95% (data not shown). Thus, to
ensure that the lacking effect of EPA and DHA on CD69
expression on T cells was true and not due to nonoptimal
stimulation conditions for displaying any fatty acid effect,
we repeated this experimental part with ConA as the mi-
togen stimulant. Upon ConA stimulation, the percentage
of CD69" increased to 35.4 + 10.2% of CD3" lympho-
cytes and remained unaltered in the presence of either
EPA or DHA at any tested concentration (Fig. 4). Like-
wise, no changes in the corresponding MFI were ob-
served (Fig. 4).



Both EPA and DHA increase anti-inflammatory
IL-10 in monocytes

IL-10 is known to have immunoregulatory and sup-
pressive function on T cells and to be important for the
generation of regulatory T cells (T,.,) (24). The sponta-
neous expression of IL-10 in monocytes was low but de-
tectable: 6.2 + 0.4% of the CD14" cell population was
determined to be IL-10 positive, and LPS activation of
the cells did not alter this percentage (5.8 + 0.1%; Fig. 5).
However, the population of IL-10-positive monocytes
significantly increased in the presence of EPA (9.3 £ 0.5%,
P < 0.05 compared with the activated control) as well as
DHA (10.5 + 0.6%, P< 0.01).

Neither EPA nor DHA affects TNF-a and IL-6
production in monocytes

We next measured the levels of TNF-a and IL-6, as these
cytokines are the most important produced by monocytes
and macrophages. Their overexpression is implicated in
several inflammatory conditions, e.g., in the context of the
acute phase response (25). Upon activation by LPS, 71.8 +
7.5% of the CD14" cell population were found to be TNF-a
positive and 19.5 + 6.0% expressed IL-6 (Fig. 6). Since
both EPA and DHA exerted a strong inhibition on the ex-
pression of pro-inflammatory cytokines, such as TNF-a, in
Th cells, it was surprising that the percentages of TNF-a—
and IL-6-positive monocytes remained completely unaf-
fected in the presence of EPA and DHA at 100 pmol/I1
(Fig. 6) or less (data not shown), respectively.

Cellular incorporation of both EPA and DHA is
negatively associated with arachidonic acid

Since the strong reduction in TNF-a was clearly asso-
ciated with the cellular incorporation of EPA and DHA
(Fig. 2C), but only present in the T-cell population, we
took a closer look at effects other than cytokine. We deter-
mined the impact of EPA and DHA on the metabolism of
arachidonic acid whose derivatives are crucially involved
in inflammation and known to frequently counteract those
derived from EPA and DHA (26).

The base levels of EPA and DHA in native primary PBMC
were comparatively low (0.3 + 0.1% and 2.1 + 0.2% of total
FAME, respectively). Stearic acid (C18:0) was identified as
main fatty acid (29.5 + 0.7% of total FAME), followed by
palmitic acid (C16:0; 15.3 + 0.8%) and arachidonic acid
(C20:47-6;10.4 + 1.2%). The increase in the proportion of
EPA within the cellular lipid fraction, which almost exclu-
sively consists of phospholipids (supplementary Fig. I), en-
tailed a dose-dependent reduction in the percentage of
C20:4n-6 (P < 0.001), whereas the main fatty acid C18:0
(31.3+1.6% at 100 pM EPA) did not quantitatively change
(Fig. 7). Interestingly, the reduction of n-6 PUFA in sum
(from 24.2 + 1.6% to 18.9 + 0.6% at 100 pM EPA, P< 0.05,
2-tailed Student #test) was solely due to the decrease in
(C20:4n-6, as the percentages of C18:2n-6, C18:3n-6, C22:2n-6,
and C22:4n-6 remained unaltered (data not shown).
DHA likewise dose-dependently caused a drop in the pro-
portion of C20:4n-6 (Fig. 7). This DHA-caused effect
tended to be less pronounced than that seen for EPA
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Fig. 2. Effect of EPA and DHA on cytokine production of Th

cells (CD3'CD4"). (A) PBMC from buffy coats were incubated
without or with increasing concentrations of EPA or DHA for
19 h and activated by PMA and ionomycin for subsequent 5 h. Th
cells were identified by staining for CD3 and CD4. Expression of
IL-2, TNF-a, IL-4, and IFN-y was analyzed by means of flow cy-
tometry. Right scales denote mean fluorescence intensity (MFI)
depicted as dots. (B) Representative dot plots of lymphocytes
stained for CD3, CD4, and TNF-a. (C) Levels of IL-2 (left) and
TNF-a (right) are negatively associated with cellular incorpora-
tion of EPA and DHA as determined by gas chromatographic
analysis. Nonlinear curve-fitting was performed, and P values
were calculated with regression analysis.

(P =0.087). However, the cellular enrichment of DHA in
response to the supplementation was disproportionately
higher compared with EPA (17.5 +2.3% versus 7.4 + 1.7%
at 100 pM; Fig. 7), mainly at the expense of saturated fatty
acid (in sum, 46.3 + 2.2% at 100 pM DHA, P < 0.01 versus
both ctrl: 55.5 + 2.6% and 100 pM EPA: 56.8 + 3.7%,
2-tailed Student ttest), in particular of C18:0 (P = 0.003
versus EPA; Fig. 7A). For C18:0, an interaction effect be-
tween fatty acid treatment and concentration was found
(P =0.008). However, as DHA usually is in the sn-2 posi-
tion, whereas C18:0 is positioned at sn-1, it is likely that
DHA replaced C18:0 in neutral lipids rather than the
phospholipids.

EPA inhibits COX-2 expression in monocytes and
formation of arachidonic acid oxygenation products
more strongly than does DHA

As the drop in C20:4n-6 was likely not due to its in-
creased catabolism (percentages of shorter chain 7-6 fatty
acids remained unaltered), we next examined whether an
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Fig. 2. Continued.

increased metabolism (e.g., via cyclo- or lipoxygenation)
took place.

Upon stimulation, the formation of bioactive lipid me-
diators deriving from C20:47-6, such as PGE2, throm-
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causally involved in pathophysiological processes (27),
increased (Fig. 8A). At 100 pM, EPA, more clearly than
DHA, prevented this increase (significant for TXB2:
P=10.021 versus ctrl, and LTB4: P=0.017 versus ctrl; Fig. 8A).
In accordance, COX-2 abundance in stimulated mono-
cytes decreased in the presence of EPA (Fig. 8B, C). How-
ever, this reduction was only by trend (P = 0.1, 2-tailed
Student #test).

Increase in both EPA- and DHA-derived lipid metabolite
formations is independent of stimulation

In contrast to the arachidonic acid derived cyclo- and
lipoxygenation products, the corresponding EPA prod-
ucts, namely TXB3 (COX-2) and LTB5 (5-LO), augmented
significantly (Fig. 9A). Interestingly, the increase in EPA
metabolite formation was independent of stimulation.
Thus, we supposed that the presence of EPA sufficed to
activate the oxygenation pathway. Indeed, here we show
that COX-2 expression was induced by 100 pM EPA, but
not DHA, in monocytes, even in the absence of any stim-
ulant (P=0.012; Fig. 9B).

COX-1 expression in monocytes was low (0.2-0.8% of
CD14") and unaffected by either fatty acid treatment or
stimulation (data not shown).

Moreover, we detected a variety of monohydroxy deriva-
tives in the supernatants of unstimulated and stimulated
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cultures after 24 h incubation with the fatty acids. Of the
numerous HEPE generated from EPA, 18-HEPE, which can
be further metabolized to the inflammation-dampening re-
solvins of the E-series (28), was predominant with 171.5 +
7.5 ng/ml (Fig. 9C). Monohydroxy products from DHA
were likewise abundantly detectable. Beside 4-, 20-, 17-, 8-, 7-,
and 11-HDHA (quantitatively in descending order; Fig. 9D),
10-, 13-, and 16-HDHA were found in relevant quantities
(data not shown), accounting for a total HDHA amount of
936.2 + 326.6 ng/ml. Moreover, DHA gave rise to resolvin
D1 (RvDI; Fig. 9D), a lipoxygenated trihydroxy position iso-
mer with high anti-inflammatory potential (29). Likewise,
alloreactive stimulation of PBMC did not further increase
hydroxy product formation (Fig. 9C, D). Analysis of the me-
dium supplemented with EPA or DHA in increasing con-
centrations but without PBMC revealed that HEPE as well as
HDHA and subsequent RvD1 formation occurs nonenzy-
matically (supplementary Fig. IT).
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DISCUSSION

Th cells and monocytes are intrinsically involved in
adaptive and innate immune responses. The present study
aimed at distinctively elucidating the contribution of these
two key mediators of cellular immunity to the immuno-
modulatory effect of EPA and DHA. For this purpose, we
focused on the early production of cytokines and lipid me-
diators, since these strategies belong to the first being pur-
sued in the acute state of defense.

Herein, we show that both EPA and DHA, but DHA to a
lesser extent than EPA, dose-dependently decreased the
intracellular amounts of immunostimulatory cytokines
in Th cells. The extent of cytokine reduction was cytokine
specific, affecting some (IL-2, TNF-, IL-4), but not others
(IFNvy) (Fig. 2). This finding corroborates previous reports
on an EPA-mediated strong suppression of IL-2, whereas
other cytokines, such as IFN+y, remained unaltered (30). In-
duction of IL-2 production in Th cells by alloreactive stim-
ulation mimics the sophisticated response to T-cell receptor
(TCR) engagement (31) and reflects the convergence of
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Fig. 5. EPA and DHA increase IL-10 production in monocytes. Intracellular levels of IL-10 were flow-cytometrically analyzed in LPS-
stimulated compared with unstimulated monocytes. (A) Data are expressed as means + SEM, a versus b: P< 0.05, 2-tailed Student’s #test.
(B) Representative histograms of monocytes stained for CD14 and IL-10. Marker was set in reference to the isotype control.
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multiple signal transduction pathways on at least four unre-
lated families of transcription factors, such as nuclear factor
of activated T cells (NFAT) and nuclear factor kB (NF-kB)
(32). IL-2 itself is stimulus for further cytokines. Its signals
are transduced by heterodimerized IL-2 receptors (IL-2R)
via activation of phosphatidylinositol 3-kinase (PI 3-K) /AKT,
Ras/mitogen-activated protein kinase (MAPK), and Janus ki-
nase (JAK)/signal transducer and activator of transcription
(STAT) pathways (33), and finally result in a specific cellular
response (e.g., augmented cytokine production, including
TNF-a but likely not IFNvy) (34). Therefore, the reduction in
TNF-a herein likely depends on the reduction in IL-2.

PPARy (NRIC3) is predominately expressed in Th
cells (35), and the expression of its splice variant y1 is
therein inducible by agonist ligation (36). Since PPAR'y
activation by ligand binding antagonizes the pro-inflam-
matory capability of several transcription factors, such
as NF-kB, STATs (37, 38), and NFAT, to control the ex-
pression of, e.g., IL-2 (39) and IL-4 (40) on the one hand,
and pretreatment of the cultures with the selective PPARy
antagonist T0070907 (41) largely reverted the effect EPA
and DHA on the other (Fig. 3), it is plausible that the
fatty acids acted at least in part through PPAR<y. Moreover,
our results are in line with previous data on anti-inflam-
matory effects exerted by EPA and DHA via activation of
PPARY (42). However, it has also been shown that »-3 LC-
PUFA PPARy independently decrease activation of NF-
kB in immune-competent cells (43).

A second mechanism underlying an altered T-cell func-
tion is that n-3 LC-PUFA induce biophysical and biochemi-
cal changes within the cell membrane, affecting both
detergent-insoluble and nonraft membrane domains (44).
For instance, the reorganization of these domains results
in displacement of signal proteins, such as IL-2R, and/or
impairment of relocalization of integrins, such as lympho-
cyte function-associated antigen-1 (LFA-1). Interference
with the formation of the immunological synapse has sub-
stantial consequences for Ca%-dependent cytoskeletal
rearrangement, transcriptional regulation, and cytokine
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secretion (45-49). Moreover, it has been shown that EPA
and DHA inhibit PMA-induced membrane recruitment of
protein kinases C (PKC)-a and PKC-¢, which downstream
leads to a decrease in nuclear translocation of NF-kB, re-
sulting in an inhibition of IL-2 gene expression and cell
proliferation (50). Although EPA and DHA treatment
herein caused significant changes regarding the cellular
fatty acid profiles (Fig. 7), we did not observe any fatty ac-
id-mediated effect on the surface expression of CD25, the
ligand-specific a-chain of the IL-2R, on activated T cells
(unpublished findings). However, others showed a reduc-
tion in CD25 expression following DHA but not EPA treat-
ment at 25 pM (51). In accordance with our findings,
Zeyda et al. (30) and Kew et al. (52) observed no signifi-
cant effect of EPA or DHA on the mitogen-induced ex-
pression of the early T-cell activation marker CD69, when
expressed as percentage of CD69-positive cells (Fig. 4). In
the latter study, however, confined to the MFI, which is
related to the number of CD69 molecules expressed per T
cell, a DHA-dependent inhibitory effect was shown, which
we did not observe. Nevertheless, although the experi-
mental design (mode of application, composition of sup-
plemented fatty acids, concentration of EPA and DHA)
substantially differed between that study and ours, the data
concerning the percentage of CD69" T cells obtained fol-
lowing ConA stimulation are largely comparable to one
another.

Interestingly, with regard to cytokine production, a cell-
type-specific fatty acid effect also existed, since neither EPA
nor DHA reduced TNF-a or IL-6 (Fig. 6) and they even
stimulated the expression of the immunoregulatory IL-10
(Fig. 5) in monocytes. The latter outcome might be of sub-
stantial significance as it indicates that EPA and DHA do not
primarily act as immunosuppressives; rather, they promote
resolution by selectively stimulating the production of pro-
resolving cytokines. For instance, IL-10 induces the expres-
sion of the suppressor of cytokine signaling-3 (SOCS3),
which inhibits JAK by acting as a pseudo-substrate and ap-
pears, therefore, to be responsible for the termination of
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IL-10 effects (reviewed in Ref. 24). Moreover, I1-10 has been
suggested to directly and indirectly interfere with the NF-«xB
pathway primarily mediated by the activation of STAT3 (re-
viewed in Ref. 31). However, why IL-10 induces anti-inflam-
matory effects, whereas other cytokines, such as IL-6, which
also signal through STAT3 do not, remains elusive (31). Itis
conceivable that EPA and DHA herein indirectly affect the
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monocyte response by maintaining IFNvy in Th cells (Fig.
2): IFNy-polarized monocytes have been shown to prefera-
bly produce TNF-« and IL-6 in the presence of LPS (53).
One group reported a negative association between the
LPS-stimulated production of TNF-a and IL-6 by PBMC and
n-3 PUFA intake, which, however, appeared to be charac-
terized by a “U-shaped” dose-response relationship with
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maximum inhibitory effects noted at comparably low doses
(54). This could be another explanation for the lacking
effect of EPA and DHA herein on TNF-« and IL-6 in pri-
mary monocytes at high doses, as are generally used in vitro.
However, since EPA and DHA in the aforementioned study
were orally given as capsuled formula and no distinction has
been made regarding different immune cell populations or
subsets, the limitation for data comparison resides again in
the differences between the approaches. In general, avail-
able data on the effects of EPA or DHA exerted on mono-
cyte cytokine production are highly inconsistent. The
majority of the studies have employed heterogeneous
blends of EPA and DHA, which preclude examination of
the individual effects.

Monocytes not only contribute to the immune response
via the secretion of cytokines but also are a main population
of immune cells with respect to COX-2-catalyzed eicosanoid
formation. A rapid increase in the expression of COX-2, clas-
sically inducible by LPS in monocytes, has also been shown in
T cells following PMA /ionomycin stimulation (55). The fact
that EPA and DHA were not very effective in reducing COX-2
expression in monocytes (Fig. 8B, C) may, in some respect,
be considered positive, as they were allowed to maintain their
function to suppress T-cell immune responses and to govern
the conversion of resting Th cells into such with a suppressive
phenotype (56). Interestingly, the presence of substrate, here
EPA, sufficed to increase the percentage of COX-2-positive
cells (Fig. 9B), albeit to a much lesser extent than did the
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stimulation procedure. It has previously been shown that
EPA induces COX-2, even in the absence of any stimulant,
and that this induction is PPARy-mediated (57).

Moreover, we show that EPA and DHA gave rise to a
bunch of monohydroxylated derivatives (Fig. 9C, D) that
can be further metabolized to highly bioactive compounds.
Polyhydroxylated and conjugated di-, tri,- or tetraene de-
rivatives of EPA and DHA are subjects of a new concept of
resolution-phase mediators that elicit their anti-inflamma-
tory and protective properties at concentrations in the
nano- and picomolar range. The mechanisms underlying
the action of such specialized pro-resolving mediators, col-
lectively referred to as resolvins (resolution-phase inter-
action products, Rv), protectins (PD), and, most recently,
maresins (macrophage mediators in resolving inflamma-
tion, MaR), are being systematically elucidated (58).

By means of gene array analyses, the body of data that
contributes to the understanding of the molecular mecha-
nisms leading to the effects of EPA and DHA has grown
rapidly. A substantial number of genes have been revealed
to be altered in human PBMC following middle- to long-
term ingestion of EPA+DHA, of which many are involved
in inflammatory processes, including several NF-«B target
genes, pro-inflammatory cytokines, and genes crucial for
eicosanoid synthesis (59, 60). However, we can conclude
from our data that it is mandatory to distinguish between
subpopulations of PBMC, since EPA and DHA differently
influenced Th cells and monocytes and did not generally
affect immune responses in a suppressive fashion. More-
over, our findings indicate that differences exist in the ex-
tent of the fatty acid-mediated effects. The conclusion to be
drawn from our data, however, cannot be generally trans-
ferred to courses of inflammation, since the model system
used here does not allow discriminating between acute and
chronic states. This appears to be crucial, as available data
show that, with respect to infections, 7-3 LC-PUFA even im-
prove host response under chronic conditions (61).

Altogether, our data may contribute to understanding
of the regulatory action of EPA and DHA in immune cells
and, therefore, to increasing knowledge in terms of fatty
acid assessment from an immunological point of view.
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