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ABSTRACT Elucidation of the mechanism(s) by which dietary fish oil, enriched in eicosapentaenoic acid [EPA,
20:5(n-3)] and docosahexaenoic acid [DHA, 22:6(n-3)], suppresses the inflammatory process is essential in max-
imizing this potentially therapeutic effect. Murine T-lymphocyte function and signal transduction were examined
in response to a low fat, short term diet enriched in highly purified EPA or DHA ethyl esters. For 10 d, mice were
fed comparable diets containing either 3% safflower oil ethyl esters (SAF), 2% SAF / 1% arachidonic acid
triglyceride (AA), 2% SAF / 1% EPA, or 2% SAF / 1% DHA. Concanavalin A-induced T-lymphocyte proliferation
in splenocyte cultures was significantly suppressed by dietary EPA and DHA while AA had no effect relative to
the SAF control. The suppressed proliferative response in EPA- and DHA-fed mice was preceded temporally by
a significant reduction in IL-2 secretion. Kinetics of mitogen-induced diacyl-sn-glycerol (DAG) and ceramide pro-
duction did not differ significantly between SAF and AA diet groups. In contrast, DAG production was significantly
suppressed in EP- and DHA-fed mice relative to the SAF and AA groups. The reduced DAG mass was paralleled
by reduced ceramide mass following EPA and DHA feeding compared to the SAF and AA groups. Thus, low dose,
short term dietary exposure to highly purified EPA or DHA appears to suppress mitogen-induced T-lymphocyte
proliferation by inhibiting IL-2 secretion, and these events are accompanied by reductions in the production of
essential lipid second messengers, DAG and ceramide. J. Nutr. 127: 37–43, 1997.
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Decreased incidence of inflammatory diseases in Greenland moral and cell-mediated immunity via proliferation and subse-
quent secretion of a plethora of lymphokines, including in-Eskimos and Japanese people (Simopoulos 1991) has been
terleukin-2 (IL-2), IL-4, IL-5, IL-6, etc. Dietary fish oil supple-attributed to their larger consumption of cold-water marine
mentation suppresses the T-lymphocyte proliferative responsefish, enriched in eicosapentaenoic acid [EPA5 20:5(n-3)] and
in vitro of cells from healthy humans, associated with de-docosahexaenoic acid [DHA, 22:6(n-3)], relative to the West-
creased production of IL-2, a potent autocrine and paracrineern diet. Clinical trials involving rheumatoid arthritis (RA)
T-lymphocyte growth factor (Endres et al. 1993). Most of thepatients have shown that dietary fish oil supplementation has
supplementation studies have employed large amounts of fisha therapeutic, anti-inflammatory effect (Endres et al. 1995,
oil taken daily in fish oil capsules. However, another humanKremer 1991). Experiments in rodent models of RA have also
study has shown that the incorporation of fish in the dietdemonstrated the beneficial effects of fish oil supplementation
suppresses the delayed-type hypersensitivity (DTH) response,(Morrow et al. 1993).
a T-lymphocyte dependent phenomenon, and T-lymphocyteThe T-lymphocyte is responsible for propagating both hu-
proliferative response in vitro (Meydani et al. 1993). That
study demonstrated that the anti-inflammatory properties of
fish oil can be realized directly by increased fish consumption.1 Selected data in this paper were partially reported in the Graduate Student
Suppressed mitogen-induced T-lymphocyte proliferation wasResearch Award Abstract Competition by C. A. Jolly, Experimental Biology ’95

Meeting, Atlanta, GA. C. A. Jolly, D. N. McMurray and R. S. Chapkin. Dietary also observed in fish oil-fed rats (Vallette et al. 1991) and
n-3 fatty acid down-regulation of lymphocyte proliferation is preceded by increase mice (Shapiro et al. 1994).in ceramide mass. FASEB J. 9:A733, 1995.

It is essential that the mechanism(s) by which dietary fish2 This work was funded in part by USDA Hatch Funds (H-6983), Texas Agricul-
tural Experiment Station, Texas A&M University. oil suppresses the immune response be elucidated in order to

3 The costs of publication of this article were defrayed in part by the payment maximize the potential therapeutic anti-inflammatory effects
of page charges. This article must therefore be hereby marked ‘‘advertisement’’ without compromising important antimicrobial or antitumorin accordance with 18 USC section 1734 solely to indicate this fact.

immune system functions. One possible mechanism is that di-4 To whom correspondence should be addressed.
5 Abbreviations used: AA, arachidonic acid; Con A, concanavalin A; DAG, etary fish oil suppresses prostaglandin (PG) formation. Dietary

diacyl-sn-glycerol; DHA, docosahexaenoic acid; DTH, delayed-type hypersensi- EPA and DHA suppress arachidonic acid- [AA, 20:4(n-6)]
tivity; EPA, eicosapentaenoic acid; IL, interleukin; PC, phosphatidylcholine; PG, derived PGE2 production (Surette et al. 1995). However, PGE2prostaglandin; PI, phosphatidylinositol; PIP2, phosphatidylinositol-4,5-bisphos-
phate; RA, rheumatoid arthritis; SAF, safflower oil ethyl esters; SM, sphingomyelin. is itself an anti-proliferative agent for T-lymphocytes (Hwang

0022-3166/97 $3.00 q 1997 American Society for Nutritional Sciences.
Manuscript received 24 June 1996. Initial review completed 21 August 1996. Revision accepted 26 September 1996.

37

/ 4w11$$0028 12-16-96 17:01:04 nutra LP: J Nut

D
ow

nloaded from
 https://academ

ic.oup.com
/jn/article/127/1/37/4728743 by guest on 21 August 2022



38 JOLLY ET AL.

10 g/kg EPA, and 20 g/kg SAF / 10 g/kg DHA. The AA diet served1989); therefore, this putative mechanism is not consistent
as an additional control to determine whether (n-3) fatty acid effectswith the suppressed T-lymphocyte proliferation observed with
were due to EPA and/or DHA substitution or to reduced dietaryincreased dietary EPA and DHA. Another possible explanation
linoleic acid [18:2(n-6)] content. The SAF, EPA and DHA wereis that EPA and DHA influence the generation of intracellular
obtained in ethyl ester form, and the AA was provided in triglyceridelipid second messengers. Diacylglycerol (DAG), the physiologi-
form. All ethyl esters were obtained from the National Institutes ofcal activator of protein kinase C, and ceramide, a novel intra- Health Test Materials Program (Charleston, SC), and the AA wascellular second messenger, appear to promote T-lymphocyte from Martek (Columbia, MD). The EPA was 99% 20:5(n-3), the

proliferation (Mathias et al. 1993, Szamel and Resch 1995). DHA was 97% 22:6(n-3), the SAF was 84% 18:2(n-6), and the AA
DAG is produced by the receptor-mediated hydrolysis of phos- was 51.4% 20:4(n-6).
phatidylinositol-4,5-bisphosphate (PIP2) and phosphatidylcho- Isolation and preparation of splenic lymphocytes. Mice were
line (PC) while ceramide is derived from sphingomyelin (SM). killed by CO2 asphyxiation, and each spleen was placed in 3 mL
We have previously demonstrated that DAG is produced in a of complete medium [RPMI 1640 with 25 mmol/L HEPES (Irvine

Scientific, Santa Ana, CA) supplemented with 10% fetal bovinemultiphasic fashion, and that ceramide exhibits a single, tran-
serum (FBS) (Irvine Scientific), 1 1 105 U/L penicillin and 100 mg/sient, prolonged peak in murine T-lymphocytes stimulated with
L streptomycin (Irvine Scientific), 2 mmol/L L-glutamine, and 10concanavalin A (Con A) (Jolly et al. 1996), indicating that
mmol/L 2-mercaptoethanol]. Spleens were dispersed using glass ho-both DAG and ceramide play important roles in T-lymphocyte
mogenizers, passed through a wire mesh filter to obtain a single cellproliferation in our model system. Dietary cod liver oil, en-
suspension that was washed twice with complete medium. The num-riched in EPA and DHA, modifies the fatty acid composition ber of viable cells was determined by trypan blue exclusion in aof phosphatidylinositol (PI), PC and SM (Ahmed and Holub hemocytometer (Hosack-Fowler et al. 1993b).

1984). This could affect DAG and ceramide function by alter- T-lymphocyte proliferation assay. Splenic lymphocytes were cul-
ing the hydrolysis of PI, PC and/or SM, yielding lower intracel- tured in the presence of 5 mg/L of the T cell mitogenic lectin Con
lular DAG and/or ceramide mass and/or influencing effector A (Sigma, St. Louis, MO) at 2 1 105 cells per well in 96-well flat
functions. Alternatively, dietary polyunsaturated fatty acids bottomed microtiter plates (Falcon; Becton Dickenson, Lincoln Park,

NJ), with triplicate wells for each diet treatment. Cells were incubatedcould modify lymphocyte membrane fluidity resulting in altered
for 96 h at 377C in a 5% CO2 in air atmosphere. For the final 6 h,receptor function that could influence the generation of intra-
cells were incubated in the presence of 37 kBq [3H]-thymidine/wellcellular second messengers (Hagve 1988). Furthermore, dietary
(New England Nuclear, North Bellerica, MA). Cells were harvestedfish oil could modify the relative proportion of CD4/ or CD8/
onto glass fiber filter paper discs (Whatman, Maidstone, England)T-cells. While fish oil has been shown to alter total spleen cell
using a multiple automated sample harvester unit (MASH II; MAyield in mice (Fritsche and Johnston 1990), feeding purified
Bioproducts, Walkersville, MD). Cellular uptake of thymidine wasEPA (DHA was not tested) to humans resulted in no difference quantified in a liquid scintillation counter (LS 8000, Beckman Instru-in helper or suppressor T-cells (Payan et al. 1986). The later ments, Irvine, CA). Results are expressed as the mean net Bq (stimu-

observation is in agreement with the study showing no change lated minus control) of triplicate cultures (Hosack-Fowler et al.
in blood leucocytes in rats fed fish oil (Yaqoob et al. 1995). 1993b).

We have already shown that both dietary EPA and DHA Interleukin-2 quantitation. Splenic lymphocytes were isolated,
enhance the (n-3) fatty acid composition of cellular DAG in cultured and stimulated as described above. At 48 h post Con A-

addition, 100-mL aliquots of culture supernatant were harvested andmurine splenocytes (Hosack-Fowler et al. 1993a). Our data
stored at 0807C. In preliminary experiments, a 48 h incubationclearly demonstrated that both EPA and DHA suppress the
yielded maximal IL-2 secretion relative to the 96 h culture time usedDTH response (Hosack-Fowler et al. 1993b) paralleling obser-
for proliferation measurements (data not shown). Culture supernatantvations in human studies (Meydani et al. 1993). Furthermore,
was thawed, gently vortexed, and centrifuged for 1 min at 100 1 g.both EPA and DHA were incorporated into purified splenic
An aliquot (50 mL) of the culture supernatant was analyzed quantita-T-lymphocyte cellular lipids (Hosack-Fowler et al. 1993b) sug-
tively for IL-2 using a commercially available ELISA kit (Genzyme,gesting that these fatty acids can modulate T-lymphocyte func- Cambridge, MA). The results are expressed as the mean { SEM (ntion in our murine model. In this study we extend these obser- Å 5) in pg/200,000 cells from two independent diet studies.

vations by demonstrating that dietary EPA and DHA signifi- T-lymphocyte CD4/ and CD8/ analysis. Splenic lymphocytes
cantly reduce Con A-induced T-lymphocyte proliferation, in were isolated as described above. The cells were resuspended in 2
part by affecting IL-2 production, and that T-cell suppression mL of ACK lysis buffer (0.15 mol/L NH4Cl, 1 mmol/L KHCO3 ,
is accompanied by significant reductions in T-cell DAG and 0.1 mmol/L Na2EDTA in ddH2O, pH 7.4) and incubated on ice

for 5 min to remove red blood cells. The cells were washed once,ceramide mass.
and cell viability was determined by trypan blue exclusion. Cells
(1 1 106) were incubated for 10 min on ice with 1 mL blockingMATERIALS AND METHODS solution (Hank’s PBS with 10% heat-inactivated horse serum). A
2 mL aliquot of staining buffer (Hank’s PBS with 10% FBS andDiets and animals. All experimental procedures using laboratory
0.1 g/L NaN3 ) was used to wash the cells three times. Pelleted cellsanimals were approved by the Institutional Animal Care Committee
were resuspended in 300 mL of staining buffer to which 50 mL (1of Texas A&M University. Pathogen-free, female, 6-wk-old C57Bl/
mg) of either mAb CD4 Quantum Red conjugated or mAb CD86 mice (Charles River Facility, Raleigh, NC) were assigned randomly
Quantum Red conjugated (Sigma Immuno Chemicals) was added.to one of four diets following an acclimation period of one week.
Antibody concentrations were titrated in preliminary experimentsMice were housed five per cage in polycarbonate microisolator cages,
to obtain maximal fluorescence in our cell system (data not shown).with free access to autoclaved water. The mice were maintained at
The antibody/cell mixtures were wrapped in aluminum foil on aa room temperature of approximately 257C with a 12-h light:dark
table top shaker and incubated for 1 h on ice. The T cells werecycle. Mice were given free access to semi-purified diets in powdered
washed three times with 2 mL of staining buffer, resuspended in 1form for 10 d. The purified diets met the National Research Council
mL staining buffer, and analyzed by FACScan (Coulter Corp., Hia-nutrition requirements and varied only in lipid composition. The
leah, FL). Results are expressed as the mean { SEM (nÅ 4) percent-basic composition of each diet, expressed in g/kg, was 200 g casein,
age of total splenocytes.3 g DL-methionine, 440 g sucrose, 219.8 g corn starch, 60 g cellulose,

Diacylglycerol and ceramide quantitation. Splenic lymphocytes35 g AIN-76 mineral mix, 10 g AIN-76 vitamin mix, 2 g choline
were resuspended at 5 1 109 cells/L in prewarmed (377C) completebitartrate, 0.2 g tertiary butyl hydroquinone antioxidant, and 30 g
medium to which Con A was added at a final concentration of 10lipid. After each diet was mixed, it was analyzed by gas chromatogra-
mg/L. The cells were vortexed gently and incubated in a 377C waterphy and stored at 0807C. The four diet groups varied by lipid source:

30 g/kg SAF (control), 20 g/kg SAF / 10 g/kg AA, 20 g/kg SAF / bath. At 2, 5, 20, 45, 60, 120 and 180 min, the cell suspension was
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39EPA AND DHA SUPPRESS T-CELL PROLIFERATION

gently vortexed, and 1-mL aliquots of cells were transferred to a 2.0-
mL microcentrifuge tube. The cell aliquot for the time 0 value was
obtained immediately prior to Con A addition. Lymphocyte cellular
lipids were extracted, and DAG and ceramide were quantitated using
the DAG kinase assay as previously described (Jolly et al. 1996).

Statistical analysis. The data were analyzed by one-way analysis
of variance at each time point using SAS (SAS 1995). Also, within
each diet group, the effect of time was evaluated using one-way analysis
of variance. Differences between means were tested using Duncan’s
multiple range test. Differences were considered significant at Põ 0.05.

RESULTS

Effect of dietary lipid on mitogen-induced T-lymphocyte
function. Mice were fed diets enriched in either SAF, AA,
EPA or DHA for 10 d. There was no significant dietary effect
on body weight at the end of the study (data not shown).
Figure 1 illustrates the effects of these diets on the murine
splenic T-lymphocyte proliferative response to Con A. Mice
fed AA did not show a significant difference (P ú 0.05) in
proliferation relative to the SAF (control) diet. In contrast,

FIGURE 1 Dietary eicosapentaenoic acid and docosahexaenoicboth EPA- and DHA-fed mice showed a significant (Põ 0.05)
acid suppress concanavalin A (Con A)-induced lymphoproliferation inreduction in the T-lymphocyte proliferative response relative
murine splenocytes. Mice were fed diets enriched in safflower oil esterto AA and SAF feeding.
esters (SAF, containing linoleic acid), arachidonic acid triglyceride (AA),IL-2 is a potent autocrine and paracrine polyclonal T-lym-
eicosapentaenoic acid ethyl ester (EPA) or docosahexaenoic acid ethylphocyte growth factor. To determine whether alterations in ester (DHA) for 10 d. Splenic lymphocytes were isolated and stimulated

mitogen-induced T-lymphocyte IL-2 production might be re- with 5 mg/L Con A as described in Materials and Methods. Values (n
sponsible for the suppressive effects of dietary EPA and DHA Å 7 mice) represent the mean { SEM of net thymidine uptake from two
on T-lymphocyte proliferation, IL-2 secretion in the culture independent diet studies. Different letters denote significant differences
supernatants was measured (Fig. 2). The effects of dietary lipid (P õ 0.05).
on IL-2 secretion paralleled those seen on the proliferative
response. AA feeding had no effect (P ú 0.05) on IL-2 secre-
tion relative to SAF-fed mice. However, both EPA and DHA which point DAG mass was significantly (P õ 0.05) lower

relative to SAF-fed mice. In sharp contrast, Con A-inducedfeeding significantly (Põ 0.05) suppressed IL-2 secretion com-
pared to both AA- and SAF-fed mice. DAG mass was significantly (P õ 0.05) suppressed at all the

time points in DHA-fed mice compared to AA-fed mice. EPADiet effects on splenic T-lymphocyte subpopulations. Die-
tary EPA and DHA could affect Con A-induced T-lymphocyte feeding also resulted in a significant (P õ 0.05) reduction in

DAG mass at 2, 5, 20, 45, 120 and 180 min relative to AAIL-2 secretion and subsequent proliferation by altering the
balance of T-lymphocyte subpopulations in the spleen. Table feeding. Mitogen-induced DAG mass was significantly (P õ

0.05) reduced at all time points in DHA-fed mice compared1 illustrates the effects of dietary lipid on the proportions of
CD4/ and CD8/ T-lymphocytes in the murine spleen. There to SAF feeding, except at 5 min. Furthermore, EPA feeding

significantly (P õ 0.05) suppressed DAG mass at 2, 20, 45was no significant (P ú 0.05) difference between the propor-
tions of CD4/ T-lymphocytes in either the SAF, AA, EPA or and 180 min relative to SAF feeding. EPA and DHA-fed mice

did not differ significantly (P ú 0.05) from each other in ConDHA-fed mice as determined by flow cytometry. Furthermore,
there were no significant (Pú 0.05) differences in the percent- A-induced DAG mass at any of the time points measured.

Effect of diet on splenocyte ceramide kinetics in responseage of CD8/ T-lymphocytes in response to SAF, AA or EPA
feeding. However, DHA feeding significantly (P õ 0.05) re- to Con A. Ceramide is a novel intracellular lipid second mes-

senger that plays a positive role in the T-lymphocyte prolifera-duced the percentage of CD8/ T-lymphocytes compared to
SAF- and EPA-fed mice. tive response (Chan and Ochi 1995). Con A-activated murine

splenic lymphocytes produced ceramide in a single prolongedEffect of diet on splenocyte DAG kinetics in response to
Con A. DAG is an important intracellular lipid second mes- transient peak (Jolly et al. 1996). Figure 3B illustrates the

effects of dietary lipid on Con A-induced ceramide productionsenger in T-lymphocyte proliferation (Asaoka et al. 1991) and
is produced in a multiphasic fashion in Con A-activated mu- in splenic lymphocyte cultures. Basal (t Å 0) ceramide mass

was not significantly (Pú 0.05) different among the four diets.rine splenic lymphocytes (Jolly et al. 1996). Figure 3A shows
the effects of dietary lipid on Con A-induced DAG kinetics. The AA-fed mice showed a significant increase (P õ 0.05) in

ceramide mass at 2 min (23.4 pmol/106 cells) compared toThere was no significant difference in basal DAG mass (t Å
0) between the four diet groups. Con A induced a significant basal levels (11.4 pmol/106 cells) which remained significantly

elevated for 180 min. A similar kinetic pattern was observed(P õ 0.05) increase in DAG mass at 2, 60, 120 and 180 min
(33, 34.6, 29.4 and 29.2 pmol/106 cells, respectively) compared with SAF feeding in that Con A induced a significant (P õ

0.05) increase in ceramide mass at 2 min (22.3 pmol/106 cells)to basal levels (22.4 pmol/106 cells at t Å 0) in SAF-fed mice.
A slightly different kinetic pattern was observed in AA-fed relative to basal (15.0 pmol/106 cells), and remained signifi-

cantly elevated through the end of the 180 min experiment.mice in that Con A stimulation induced a significant (P õ
0.05) increase in DAG mass at 2, 5, 20, 60, 120 and 180 min Ceramide mass did not significantly (Pú 0.05) differ between

SAF- and AA-fed mice or between EPA- and DHA-fed mice(31.5, 27.8, 32.5, 28.8, 34.5 and 35.5 pmol/106 cells, respec-
tively) compared to basal levels (17.7 pmol/106 cells). There at any of the time points measured. In contrast, Con A did

not induce an increase in ceramide mass in EPA- or DHA-was no significant (P ú 0.05) difference in mitogen-induced
DAG mass between AA and SAF feeding except at 5 min, at fed mice. Both EPA and DHA feeding were associated with

/ 4w11$$0028 12-16-96 17:01:04 nutra LP: J Nut

D
ow

nloaded from
 https://academ

ic.oup.com
/jn/article/127/1/37/4728743 by guest on 21 August 2022



40 JOLLY ET AL.

essential fatty acid deficiency because sufficient quantities of
linoleic acid (in the form of SAF) were present in all the
experimental diets.

We report here that highly purified EPA and DHA, when
fed separately, suppress T-lymphocyte proliferation (Fig. 1).
To our knowledge, only one other study has examined the
separate effects of dietary EPA and DHA. In that study, inves-
tigators showed that 2% supplementation with either DHA
or EPA ethyl ester for 6 wk significantly increased survival
following malaria infection in mice (Fujikawa et al. 1993).
Furthermore, our data show that the intake of a low fat (3%
of total energy intake), EPA or DHA enriched diet consumed
for only 10 d can have a profound effect on T-lymphocyte
proliferation. This novel demonstration of the sensitivity of
lymphocyte function to even modest dietary intervention has
important implications for the therapeutic application of EPA
and DHA. The dietary AA effect did not significantly differ
from SAF fed mice, showing that the suppressed proliferative
response was due to EPA and DHA substitution, and not the
reduction in linoleic acid content in the diet.

The suppressed T-lymphocyte proliferative response in
EPA- and DHA-fed mice is consistent with the results of other
investigators using fish oil. Dietary fish oil has reduced the T-FIGURE 2 Down-regulation of mitogen-induced murine spleno-
lymphocyte proliferative response to mitogenic stimulation incyte interleukin-2 secretion in vitro by dietary eicosapentaenoic acid
healthy humans when eaten for up to 3 months at 1.5% energyand docosahexaenoic acid. Mice were fed for 10 d and splenic lympho-

cytes were stimulated as described in Figure 1. IL-2 in the culture in a diet deriving 35-40% of total energy from fat (Meydani
supernatant was quantitated by ELISA as described in Materials and et al. 1991). That observation has been extended by showing
Methods. Values (n Å 5 mice) represent the mean { SEM in pg/200,000 that a low fat (approximately 25% of energy), fish [(n-3) fatty
cells from two independent diet studies. Different letters denote signifi- acid] enriched diet consumed by human subjects for 24 wk led
cant (P õ 0.05) differences. SAF Å safflower oil ethyl esters, AA Å to reduced Con A-induced T-lymphocyte proliferation as well
arachidonic acid triglyceride, EPA Å eicosapentaenoic acid ethyl ester, as a suppressed DTH response in vivo (Meydani et al. 1993).DHA Å docosahexaenoic acid ethyl ester.

However, the patterns of T-lymphocyte proliferation were dif-
ferent from our previously published observations (Hosack-
Fowler et al. 1993b). This may be due to the overall differencesignificant (Põ 0.05) reductions in mitogen-induced ceramide
in the magnitude of activation as reflected by major differencesmass at all the time points measured relative to AA- and SAF-
in the control (SAF) group proliferative responses in the twofed mice.
studies.

Interleukin-2 is a potent polyclonal autocrine and paracrineDISCUSSION T-lymphocyte growth factor. Interference with IL-2 produc-
tion or IL-2 receptor-mediated signal transduction would beWe have previously shown that low dose (10 g/kg), short
expected to have a major suppressive effect on T-cell prolifera-term (10 d) feeding of highly purified EPA and DHA to mice
tion (Mills et al. 1993, Minami and Taniguchi 1995). There-suppresses the DTH reponse to vaccination with M. bovis BCG
fore, we examined the effect of dietary fatty acids on Con A-in vivo (Hosack-Fowler et al. 1993b). Furthermore, EPA and
induced IL-2 secretion into the culture medium. Both EPADHA were significantly incorporated into the cellular lipids

of T-lymphocytes, key immune cells in propagating the DTH
response (Hosack-Fowler et al. 1993b). To extend these obser- TABLE 1
vations, we report here the effect of dietary EPA and DHA
on T-lymphocyte function in vitro. Both EPA and DHA sig- Effect of dietary lipid on the distribution of splenic CD4/ and
nificantly suppressed IL-2 production (Fig. 2) and the subse- CD8/ T-lymphocytes in mice1
quent proliferative response (Fig. 1). This effect was apparently
not due to major alterations in the proportions of CD4/ or T-lymphocytes
CD8/ T-lymphocyte subsets since there was no significant

Diet CD4/ CD8/dietary effect on the distribution of these two phenotypes in
the spleen (Table 1). Therefore, the data indicate that dietary

% nucleated cellsEPA and DHA affect the process of T-lymphocyte activation.
This is corroborated by the observation that dietary EPA and

SAF 24.0 { 1.2a 16.0 { 1.8b
DHA blunted mitogen-induced DAG (Fig. 3A) and ceramide AA 22.7 { 2.5a 13.8 { 2.2b,c
(Fig. 3B) production within T-cells, strongly suggesting that EPA 24.0 { 2.9a 14.5 { 2.6b
lymphocyte function was altered by dietary influences on cell DHA 23.8 { 1.0a 11.3 { 0.5c

signalling pathways. The effect of low doses (10 g/kg) of dietary
1 Mice were fed SAF (containing primarily linoleic acid), arachidonicEPA and DHA on T-cell functions most likely is not due to

acid (AA), eicosapentaenoic acid (EPA) or docasahexaenoic acid (DHA)alterations in membrane fluidity because cells can alter their
enriched diets for 10 days. Splenic lymphocytes were isolated and themembrane lipid composition to maintain a relatively constant percentage of CD4/ and CD8/ T-lymphocytes determined by flow

fluidity in response to at least moderate levels of dietary lipid cytometry as described in Materials and Methods. Values (n Å 4) are
manipulation (Hagve 1988). In addition, the observed effects expressed as a percent of total nucleated cells and represent the mean

{ SEM. Different letters denote significant (P õ 0.05) differences.are likely the result of EPA and DHA substitution and not
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41EPA AND DHA SUPPRESS T-CELL PROLIFERATION

FIGURE 3 Con A-induced ceramide and diacylglycerol kinetics are blunted in response to dietary (n-3) polyunsaturated fatty acids. Mice were
fed and splenic lymphocytes stimulated with 10 mg/L Con A. Cellular lipids were extracted at 2, 5, 20, 45, 60, 120 and 180 min after Con A addition,
and DAG (A ) and ceramide (B ) mass were quantitated using the DAG kinase assay as described in Materials and Methods. Values (n Å 4-5) represent
the mean in pmol/106 cells from two independent diet studies. A No significant difference (P ú 0.05) in basal DAG mass (t Å 0). Con A induced a
significant (P õ 0.05) increase in DAG mass at 2, 60, 120 and 180 min compared to basal levels at t Å 0 in SAF-fed mice. AA, Con A induced a
significant (P õ 0.05) increase in DAG mass at 2, 5, 20, 60, 120 and 180 min compared to basal levels. AA vs. SAF, no significant (P ú 0.05)
difference in mitogen-induced DAG mass except at 5 min. AA vs. DHA, Con A-induced DAG mass was significantly (P õ 0.05) suppressed at all
the time points in DHA. AA vs. EPA, EPA feeding significantly (P õ 0.05) reduced DAG mass at 2, 5, 20, 45, 120 and 180 min. DHA vs. SAF, DAG
mass was significantly (P õ 0.05) reduced at all time points in DHA-fed mice, except at 5 min. EPA vs. SAF, EPA feeding significantly (P õ 0.05)
suppressed DAG mass at 2, 20, 45 and 180 min. EPA vs. DHA, not significantly (P ú 0.05) different. B Basal (t Å 0) ceramide mass was not
significantly (P ú 0.05) different. AA, significant increase (P õ 0.05) in ceramide mass at 2 min compared to basal levels which remained significantly
elevated for 180 min. SAF, Con A-induced a significant (P õ 0.05) increase in ceramide mass at 2 min relative to basal and remained significantly
elevated for 180 min. AA vs. SAF, no significant (P ú 0.05) difference. EPA vs. DHA, no significant (P ú 0.05) difference. Con A did not induce an
increase in ceramide mass in EPA- and DHA-fed mice. EPA and DHA vs. AA and SAF, significant (Põ 0.05) reductions in mitogen-induced ceramide
mass at all time points.

and DHA feeding reduced IL-2 secretion (Fig. 2) suggesting the proportions of CD4/ T-cells was observed, and the magni-
tude of the CD8 effect was only about 30%. Our observationsthat the suppressed lymphoproliferation we observed is due,

at least in part, to a reduction in IL-2. Fish oil feeding has parallel those of others who reported that a 200 g/kg fish oil
diet did not affect leucocyte populations in the blood of ratspreviously been shown to reduce IL-2 production in humans,

in association with suppressed T-lymphocyte proliferation (En- (Yaqoob 1995), and that EPA feeding to humans did not affect
T-helper or -suppressor cell numbers (Payan et al. 1986).dres et al. 1993, Meydani et al. 1991). Our results extend these

observations by showing that both highly purified EPA and To further elucidate the mechanism(s) by which dietary
EPA and DHA suppress T-lymphocyte IL-2 secretion and sub-DHA can attenuate IL-2 production.

It was not unreasonable to propose that diets containing sequent proliferation, we examined the kinetics of DAG and
ceramide production in mitogen-stimulated splenocytes.EPA and DHA might have affected the response of the spleno-

cyte population by altering the relative proportions of T lym- DAG, the physiologic activator of protein kinase C, is an
important intracellular lipid second messenger involved in IL-phocyte subsets in the spleen. However, our results clearly

demonstrate this is not the case (Table 1). Although there was 2 gene transcription in T-lymphocytes (Szamel and Resch
1995). We have previously shown that DAG is produced ina modest, statistically significant decrease in the proportion of

CD8/ T-lymphocytes in DHA-fed mice relative to the EPA a multiphasic fashion in Con A-stimulated murine splenocytes
(Jolly et al. 1996). In this study, both EPA and DHA feedingand SAF groups (but not to the AA group), this alone cannot

explain the suppressed proliferation and IL-2 production in practically abolished mitogen-induced DAG production while
AA had no effect relative to the SAF-fed mice (Fig. 3A).both EPA- and DHA-fed mice. In fact, no dietary effect on
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While the multiphasic nature of DAG formation in SAF and to further elucidate the mechanisms of immunomodulation by
dietary fish oil to optimize its potential beneficial effects.AA-fed mice is similar to our previous observations (Jolly et

al. 1996) the magnitude of the response is different. This most
likely is due to the use of mice fed nonpurified diet in our ACKNOWLEDGMENTS
initial study, rather than the semi-purified control (SAF and
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