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Our studies with lupus-prone (NZBxNZW)F , (BiW) female mice have indicated that dietary w-3 lipids (menhaden
o0il) significantly extend the life span and delay the onset of autoimmune disease, while w-6 lipids (corn oil)
shorten the life span by accelerating the onset and progression of autoimmune disease, probably by altering the
cell and subcellular membrane farry acid composition. To understand the mechanisms through which w-6
(linoleic acid, 18:2, and arachidonic acid, 20:4) and w-3 (eicosapentanoic acid, 20:5, and docosahexanoic acid,
22:6) lipids exert their differential effects, we have studied the effects of these famy acids in vitro on cell
proliferation, peroxidation, interleukin-2 (IL-2) production, IL-2 mRNA levels, and surface IL-2 receptor (IL-2R)
expression in an IL-2 producing mouse lymphoma cell line (EL-4 IL-2; EL-4). When EL-4 cells were cultured in
the presence of individual w-6 and w-3 fatty acids (at a final concentration of 10 p.g/ml), the respective fatry acid
was found to incorporate into the cells at a significant level, and no adverse effects were noted either on the
viability of the cells or on the de novo DNA syathesis. In addition. lipid peroxidation, as measured by the
generation of thiobarbituric acid-reactive substances, was significantly higher (P < 0.05) in cells incubated with
20:4w-6 as compared with control cells (to which no fatty acid was added). Also, 20:4w-6 significantly inhibited
(P < 0.05) IL-2 production when compared with other faity acids. Northern blot analysis revealed that this
inhibition in IL-2 production by 20:4w-6 was at the gene level, as seen by an inhibition in phorbol-12-myristate-
13-acetate induced IL-2 mRNA levels by 20:4w-6. Compared with saturated fatty acids, both »-6 and w-3 lipids
induced higher IL-2R surface expression, as seen by flow cviometry. These studies suggest that dietary w-3 lipids
lower membrane lipid peroxidation. and thereby may preserve narmal immunological functions that may delay
the course of autoimmune disease in B/W mice. (I. Nutr. Biochem. 6:467-473, 1995.)
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Dietary w-3 lipids, as compared with w-6 lipids, delay the
onset of autoimmune disease and prolong the survival of
autoimmune lupus-prone NZW and (NZBxNZW)F, (B/W)
mice by maintaining an improved immune surveillance.'™
Splenocytes from B/W mice fed w-3 lipids exhibit a higher
proliferative response to antigens and superantigens, have
altered cytokine expression, and express certain oncogenes

0955-2863/95/$10.00
SSDI 0955-2863(95)00078-E



Research Communications

at a lower level as compared with mice fed an w-6 lipid-rich
diet.*® The spleen cells of 6.5-month-old B/W mice receiv-
ing a diet enriched with ®-3 lipids (fish oil; FO) exhibited
significantly higher proliferative response and produced
higher levels of interleukin-2 (IL-2) when compared with
mice fed similar levels of w-6 lipids (corn oil; CO).

Omega-3 and w-6 fatty acids mediate specific effects on
immune functions in vivo as well as in an in vitro system by
modulating membrane fatty acid composition and thereby
further altering the lipid turnover, membrane fluidity, per-
meability, cell surface receptor-ligand interactions,*'* and
activity of several membrane-bound and cytosolic en-
zymes.''™"* Fatty acids also serve as precursors of such
biologically active substances as prostaglandins and leuko-
trienes, which in turn influence cellular metabolism and
function'*'®. Some of these fatty acids may enhance sus-
ceptibility of subcellular membranes to oxidative stress in
an immune-compromised host and may lead to several
pathological conditions.'”'®

Omega-3 lipids are generally known to decrease the lev-
els of proinflammatory cytokines (IL-1, [L-6, tumor necro-
sis factor @ [TNFa], etc.) and increase anti-inflammatory
cytokines (e.g., IL-2) in mice.* In an earlier communica-
tion, we had reported the effects of w-6 and w-3 fatty acids
on the proliferation, IL-2 production, and thiobarbituric
acid reaction products (TBARS) generation of EL-4 cells."”
Since T-cell functions are regulated mainly by IL-2 and
IL-2R levels,'? and cytokine imbalance is one of the con-
tributing factors in autoimmune diseases and cancers, we
have investigated the effects of individual w-6 and w-3 fatty
acids on fatty acid composition, lipid peroxidation, and
functional characteristics, such as proliferative response.
IL-2 production, I1L.-2 mRNA expression, and IL-2 receptor
levels in a mouse lymphoma cell line (EL-4.1L.-2).

Methods and materials
Cell lines

EL-4.1L-2 (EL-4) and IL-2 dependent cytotoxic T-cells (CTLL-2)
were obtained from American Type Culture Collection (ATCC.
Rockville, MD USA). The EL-4 cell line is derived from C57BL/6
mice and is a subline of EL-4 (ATCC TIB 39) cells. EL-4 cells
produce IL-2 when stimulated with phorbol-12-myristate-13-
acetate (PMA) (20 ng/mL) and the IL-2 is biologically indistin-
guishable from normal spleen cell derived [L-2.2°

Reagents

Dulbecco’s modified Eagle’s medium (DMEM) was obtained
from GibcoBRL (Grand Island. NY USA). Fatty acid esters.
borontrifluoride-methanol, PMA. and MTT (3-(4.5-dimethyl-
thiozol-2-yl}-2,5-diphenyl-tetrazolium bromide) were obtained
from Sigma Chemical C. (St. Louis, MO USA). Thymidine.
{methyl-*H] ({*H}-TdR: 6.7 Ci/mmol) was obtained from New
England Nuclear (Wilmington, DE USA), [a-**P}dCTP (3000 Ci.
mmol) from Amersham (Arlington Heights, IL USA). and recom-
binant mouse IL-2 (rmlIL-2) from Pharmingen (San Diego, CA
USA).

Culturing conditions

EL-4 cells were grown in DMEM supplemented with glucose (4.5
g/L), penicillin, streptomycin. and heat-1nactivated horse serum at
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10%, in 25 cm? tissue culture flasks in 5% CO,:95% air in a
humidified atmosphere. Fatty acid esters were dissolved in ethanol
and stored at — 80°C, with working dilutions prepared in medium
just before use. Cells were seeded at 1 X 10° cells/mL, individual
fatty acid (30 to 34 pM) and 20 ng/mL, of PMA, and the cells
were then grown in DMEM with 1% serum.

Lipid extraction and fatty acid analyses

Cultured cells were washed twice with cold PBS, the cell pellet
was resuspended in 1 mL of PBS and transferred to glass tubes
with Teflon lined screw caps; lipids were extracted with 5 mL of
chloroform-methanol (2:1, vol/vol). The lower phase was re-
moved, washed once with water, dried under a stream of nitrogen,
and resuspended in | mL of hexane. Fatty acid methyl esters were
obtained by transesterification with 1.5 mL of borontrifluoride-
methanol reagent (90°C, 2 hr). One milliliter of water was then
added. the mixture was vortexed, and the top clear layer contain-
ing methyl esters was removed.?' After solvent evaporation by a
stream of nitrogen, the lipids were resuspended in a small volume
of hexane and analyzed on a Perkin Elmer-8420 gas chromato-
graph employing a fused silica capillary column (DB-225: 30 m X
0.25 mm; ] & W Scientific, Folsom, CA USA), as described.*?
Chromatographic conditions were: column oven temperature,
205°C; injection port temperature, 250°C; flame ionization detec-
tor, 250°C; and carrier gas helium at 0.9 mL/min. A fatty acid
ester standard (Nu-Check-Prep; Elysian, MN USA) was utilized
for peak identification.

Proliferation assay

EL-4 cells were cultured at 1 X 10* cells/0.2 mL of DMEM with
5% serum. The cells were grown either in the presence or absence
(control) of individual fatty acids (10 pg/mL) for 24, 48, and 72
hr. The wells were pulse labeled with 0.5 pCi of [*H]TdR for the
last 4 hr and harvested onto filter paper. (*H]TdR incorporation
was determined in a beta scintillation counter,>®> and the results
from triplicate wells were expressed as mean = SEM.

TBARS generation

In order to assess the extent of lipid peroxidation, generation of
TBARS was carried out by the thiobarbituric acid (TBA) assay**
with slight modification. After incubation with selected fatty acid,
the cells were washed twice with PBS and resuspended in 1 mL of
PBS. One milliliter of 0.67% thiobarbituric acid reagent and 0.1
mL of 100% trichloroacetic acid were added to the cell suspension
in screw-capped glass tubes. The tubes were heated for 20 min in
a boiling water bath then cooled by immersion in ice. After cen-
trifugation for 15 min at 1,200 rpm, the absorbance of the super-
natant containing MDA-thiobarbituric complexes was measured at
535 nm. Malondialdehyde tetramethyl acetal (Aldrich Chemical
Company Inc., Milwaukee, W1 USA) was used as a reference
standard.

IL-2 production

EL-4 cells were grown in the presence of individual fatty acids.
Culture supernatants were harvested 24 hr later. These superna-
tants were frozen, thawed, titrated by serial dilutions, and assayed
for the presence of IL-2 by their ability to support the proliferation
of an IL-2 dependent murine cell line, CTLL-2.%* CTLL-2 cells (S
% 10® CTLL cells/well) were seeded in triplicate, with or without
diluting the supernatant. Cell proliferation was determined color-
imetrically utilizing MTT.?® Results were expressed as U/mL and
were determined by comparison with a standard curve generated
with rmIL-2.
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RNA isolation and Northern blot analysis

Total RNA was extracted from the EL-4 cells by the acid guani-
dinium isothiocyanate-phenol-chloroform extraction procedure.”’
Twenty micrograms of total RNA was separated by horizontal
electrophoresis in an 0.8% agarose/2.2 M formaldehyde gel, elec-
troblotted onto nitrocellulose (Schleicher & Schuell, Keene, NH
USA), and fixed to the membrane by cross-linking using a Strat-
agene UV crosslinker-1800 (Stratagene, La Jolla, CA USA). The
blots were prehybridized. hybridized. and washed as described”®
then incubated with Kodak XAR-5 film with Dupont intensifying
screens at — 80°C for autoradiography. The human IL-2 cDNA®®
used in this study cross-hybridizes with mouse IL-2 mRNA (0.70
kb, Pst I fragment, Oncor. Gaithersburg, MD USA). Glyceralde-
hyde 3-phosphate dehydrogenase (GAPDH)? (1.0 kb BamHI-Pst |
fragment, ATCC) was used as an internal control. The cDNA
probes were labeled with [a*?P}dCTP by random primer labeling
kit (Boehringer Mannheim, Indianapolis, IN USA) to a specific
activity of ~0.8 to 1.2 X 10° cpmvpg. The intensity of autorad-
iographic bands was quantified by videoimage analysis using NIH
Image 1.4 program, and the values were expressed in fold change
as a ratio of the densitometric value of IL.-2 to that of the GAPDH.

Immunofluorescent staining and flow cvtometry

To determine the expression of I1L-2R. EL-4 cells cultured with
and without w-6 and -3 fatty acids was examined by flow cy-
tometry®' using an anti-mouse FITC-conjugated IL-2R mAb
(PharMingen, San Diego, CA USA). Cells were washed two times
with 4 mL of phosphate-buffered saline (PBS) with 3% FBS. One
million cells in 100 pL of PBS with 2.5% FBS (PBS-FBS) were
incubated with 1 g of antibody at 4°C for 45 min. The cells were
then washed twice with PBS-FBS and the cell pellet was resus-
pended in 200 L of PBS-FCS. fixed in 1% formaldehyde. Data
analyses were performed by using the FACStar Plus flow cytom-
eter (Beckton Dickinson, Mountain View. CA USA) using FAC-
Scan software. Dead cells, if any. were excluded by forward and
side scattering.

Statistical analysis

The values are expressed as means = SEM. Statistical analyses of
the data were carried out using Statview 4.0/Super ANOVA pack-
age software (Abacus Concepts. Berkeley, CA USA). Fatty acids
data and data on proliferative response were analyzed using one-
way ANOVA, and the data on IL-2R expression were analyzed by
two-way ANOVA. Where a significant F ratio was found (P <
0.05), Fisher’s PLSD (protected least significant difference) test
was used to describe differences in the means between group. Data
on TBARS and IL-2 production were analyzed using Student’s
t-test with Bonferroni adjustment, and P < 0.05 was considered
significant.?

Results

Fatry acid composition of EL-4 cells cultured with
individual »-3 and w-6 farry acids

The major fatty acids detected in control EL-4 cells were
18:0, 18:1, and 16:0 with lesser amounts of 18:2w-6, 16:1.
20:4w-6, and 14:0 with trace amounts of 14:1 and 18:3w-3
and 24:0 (data not shown). When EL-4 cells were cultured
with individual fatty acids for 48 hr respective fatty acids
were found to be incorporated into the cells. Culturing the
EL-4 cells with either 18:2w-6 or 20:4w-6 resulted in a
significant increase in the 18:2w-6 level in the cells as com-

pared with control and other groups, while culturing with
20:40-6 significantly increased the level of 20:4w-6 com-
pared with other treatments. Culturing the cells in the pres-
ence of 20:5w-3 resulted in a significant increase in 20:5w-3
and 22:6w-3 levels when compared with other groups. With
22:6w-3 supplementation, the level of 20:5w-3 was in-
creased while the 22:6w-3 level was not elevated.

Viability and proliferative response

Since higher concentrations of fatty acids (20 wg/mL) were
found to be toxic in vitro (especially in case of 20:4w-6;
data not shown), the present study was carried out at 10
pg/mL. When EL-4 cells were cultured with individual
fatty acids there was no significant effect on the viability of
EL-4 cells as determined by trypan blue dye exclusion (95
to 110% as compared with control}. However, a significant
decrease in proliferative response, as assessed by [PH]TdR
incorporation, was observed at 24, 48, and 72 hr in cells
cultured with 20:4w-6 compared with the other groups (Fig-
ure 1). At 24 and 48 hr, EL-4 cells cultured with 18:2w-6
and 20:5w-3 did not exhibit any decrease in proliferative
response when compared with the control group, while 22:
6w-3 significantly decreased proliferation compared with
control. 18:2w-6, and 20:5w-3 groups at 48 and 72 hr.

TBARS generation

TBARS generation was measured in order to determine if
changes in viability or proliferative response of EL-4 cells
to indicated fatty acids is due to alteration in lipid peroxi-
dation (TBARS generation in control: 8.52 + 2.5; 18:20-6:
10.20 + 3.0; 20:4w-6: 17.97 = 3.2; 20:5w-3: 3.84 = 2.5;
and 22:6w-3: 5.94 = 3.1 nmol/1 X 10° cells). When cells
were cultured with 20:4w-6, TBARS generation was sig-
nificantly higher in this group compared with control, 20:
Sw-3. and 22:6w-3 groups.

IL-2 production

EL-4 cells were cultured in the presence of individual fatty
acids and IL-2 levels were measured in cell-free superna-
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Figure 1 Time course showing the effect of individual w-6 or w-3
fatty acids (10 wg/mL) on the proliferative response of EL-4 cells.
Values are mean = SEM. The data were analyzed by one-way
ANOVA and means with different superscripts are significantly dif-
ferent (at P < 0.05) for one time of incubation as revealed by Fish-
er's PLSD test.
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tants. A bioassay utilizing an 1L-2 responsive CTLL-2 cell
line was employed. Cuituring with 20:4w-6 inhibited sig-
nificantly IL-2 production, while 22:6w-3 significantly in-
creased IL-2 production as compared with the other groups
(Figure 2). Culturing cells in the presence of PMA and fatty
acids increased IL-2 production, but the increase was only
in the case of PMA + 20:4w-6 group compared with 20:
4w-6 group (P < 0.001). The data also revealed that EL-4
cells, being an IL-2 producing cell line, can produce IL-2
with or without PMA stimulation.

IL-2 mRNA levels

Because 20:4 w-6 significantly inhibited 1L-2 production by
EL-4 cells, we sought to examine whether the inhibitory
effect is at the IL-2 gene level. Figure 3 demonstrates the
effects of 20:4w-6 on steady-state IL-2 mRNA levels as
assessed by Northern blot analysis after stimulation with
PMA for various time periods. Densitometric analysis of
the autoradiographic bands is presented at the bottom of
Figure 3. In control EL-4 cells, IL.-2 mRNA levels were
detected at a low level and remained low even after 48 hr of
culture. Addition of 20:4w-6 to the culture neither stimu-
lated nor inhibited IL-2 mRNA, and the levels remained
similar to those of control (Figure 3). However, PMA sig-
nificantly elevated IL-2 mRNA expression at 30 hr (IL-2/
GAPDH ratio, PMA: 1.69 = 0.036; control, 0.91 = 0.039;
n = 2), and the level remained high even at 48 hr of
incubation (IL-2/GAPDH ratio 1.88 + 0.078 for PMA;
control, 0.89 * 0.016). When 20:4w-6 was added in the
presence of PMA, significant inhibition was noted at 30 hr
(PMA: 1.69 * 0.036; PMA + 20:4w-6, 0.096 + 0.056)
and 48 hr (PMA — 1.88 * 0.078; PMA + 20:4w-6, 0.99
* 0.017), and the levels were similar to those seen in un-
stimulated control cells.

Effect of 20:4w-6, with and without PMA on the
fatry acid composition of EL-4 cells cultured for
24 hr.

As the results from our previous experiments suggested that
20:4w-6 exerted inhibitory effect on proliferation, IL-2 pro-
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Figure 2 Effect of w-6 and w-3 fatty acids and PMA on IL-2 pro-
duction by EL-4 cells after 24 hr of cuituring. Values represent the
mean * SEM of three independent observations. Means with differ-
ent superscripts are significantly different (at P < 0.05) as revealed
by Student's t-test with Bonferroni adjustment
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Figure 3 Effects of 20:4w-6 and/or PMA on IL-2 mRNA in EL-4
cells by Northern blot analysis (a representative autoradiogram was
shown). Twenty micrograms of total RNA per lane was electropho-
resed, electroblotted onto nitrocellulose, and fixed by UV irradiation.
The blot was probed with [a->?P]dCTP-labeled IL-2 cDNA, stripped,
and reprobed with [«->?P]-labeled GAPDH cDNA. mRNA size was
determined in comparison to the relative mability of 285 and 18S
rRNA and to that of the mRNA ladder (0.24 to 9.5 kb, GibcoBRL).
Densitometric analysis (mean * SEM) of autoradiographic bands
from two independent experiments was shown in the bottom. Values
shown are the ratio of the numbers obtained for IL-2 divided by
those for GAPDH

duction, IL-2 mRNA expression, we analyzed the effect of
culturing EL-4 cells with 20:4w-6, with and without PMA,
on the level of 20:4w-6 in the cells after 24 hr of culturing.
The effect of 24 hr culturing of EL-4 cells with PMA and
20:4w-6 as main effectors on the fatty acid composition is
presented in Table I. Analysis by two-way ANOVA (20:
4w-6 and PMA as main effectors) revealed significant dif-
ferences (P < 0.01 to < 0.0001) in all the fatty acids when
EL-4 cells were cultured with 20:4w-6, while 18:2w-6 and
20:4w-6 fatty acids showed significant differences in the
presence of PMA alone. Where a significant F ratio (P <
0.05) was found, Fisher’'s PLSD was used to describe the
differences in the means between the groups. PMA and
20:4w-6 did not alter the levels of 14:0 and 14:1. Culturing
the cells in the presence of 20:4w-6 or 20:4w-6 + PMA
significantly increased the level of 16:0, 20:4w-6, and 22:
6w-3 levels and significantly decreased the levels of 16:1,
18:1, 18:2w-6, and 18:3 as compared with control and PMA
groups.

IL-2R levels by flow cytometry

The EL-4 cells were cultured for 24 hr in the presence of
individual fatty acids, without and with PMA, to determine
their effects on IL-2R expression. FACS analysis revealed
that the percentage of IL-2R positive cells was very low
(2%) when the cells were grown in the presence of saturated
(16:0 and 18:0) fatty acids (Figure 4). When analyzed by
two-way ANOVA, significant main effects were found with
fatty acids and PMA (P < 0.0001). Where a significant (P
< 0.05) F ratio was found, Fisher’s PLSD was used to
describe the differences in the means between the groups.
Culturing with 18:2w-6 caused a marginal but significant
increase in the number of IL-2R positive cells while cell
cultured with 20:40-6, 20:5w-3, and 22:6w-3 resulted in a
highly significant increase in IL-2R positive cells. Addition
of PMA alone increased significantly the number of IL-2R
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Table 1 Effect of 20:4w-6 supplementation (with or without PMA) on fatty acid composition of EL-4 cells cultured for 24 hr

Level of
significance
Fatty acid or PMA added to cell cuiture (Main effects)
Fatty acids Control 2040-6 PMA PMA + 20:40-6 20:4w-6 PMA
(Fatty acid composition of cells. percent of total)
14:0 2.45 x (0.44° 279 =007 252 +001® 297 +0.15% T NS
141 193 + 0199 157 = 0377 192 + .32 137 £ 0.01° 1 NS
16:0 16.8 = 0 45 238 = 0.2% 16 47 1249 2231 +0861° I NS
16:1 378 + 0 10P° 189 =017 393 * 050°° 2.24 = 0.07° T NS
18:0 23.55 = 043 2332 = 0.092 2457 = 0.07¢ 2256 = 0.17° 1 NS
18:1 3397 = 1.00° 1919 = 0.89° 3159 = 097¢ 19.85 = 0.05% 1 NS
18:2w-6 154 = 046 1313 = 0.58° 16 79 = 0 24 13.28 = 0.4° ¥ T
18:3 066 x(013° 046 = 001° 065 +001° 051 0018 by NS
20:40-6 146 0 18°° 10 32 = 0567 156 +013°%¢ 11.44 = 0.25° b +
22:6w-3 ND® 356 x070° NDP 3.48 = 0.09° 1 NS

EL-4 cells were cultured for 24 hr at 37°C in the presence of 20:4w-6 (at a final concentration of 10 wg/mL), with or without PMA (20 ng/mL).
Values are the mean = SEM of three independent experiments Data were analyzed by two-way ANOVA with 20:4w-6 and PMA as main
effectors with significance at tP < 0 01 and $P < 0 001. Means with two different superscripts in the same row are significantly different at P

< (.05 as revealed by Fisher's PLSD test

positive cells, and with the exception of 20:4w-6, all the
other unsaturated fatty acids tested acted in synergy with
PMA in inducing IL-2R expression (Figure 4). However,
saturated fatty acids did not synergize with PMA in induc-
ing IL-2R expression (Figure 4).

Discussion

Specific dietary lipid interventions delay autoimmune dis-
eases and the incidence and severity of certain types of
cancers.>>** We and others have indicated earlier that w-3
lipid-rich FO dramatically extends the life span and delays
the onset of autoimmune disease in B/W mice, while w-6
lipid-rich CO shortens the life span and accelerates the dis-
ease.>*® We have previously reported that dietary lipids
alter IL-2 and PGE, production by spleen cells.'”-"? In an
attempt to understand further the mechanisms of action of
-3 lipids on immune functions, we investigated the effects
of individual w-6 and -3 fatty acids in an in vitro system
utilizing IL-2 secreting EL-4 cell line.

Culturing EL-4 cells in the presence of individual fatty
acids significantly increased the respective level of fatty
acid in the cells with the exception of 20:6w-3; this indi-
cated that it is possible to alter the fatty acid composition of
EL-4 cells by adding specific fatty acid to the culture me-
dium. Since higher concentrations of certain fatty acids had
toxic effects on the cells (data not presented), all experi-
ments reported in the present study were carried out at a
concentration of 10 pg/mL. At this concentration, the cells
appeared healthy and their viability was similar to that of
control cells (>95% by trypan blue dye exclusion). When
EL-4 cells were cultured for 48 hr, 18:2w-6 increased
[*H)TdR incorporation, and 20:4w-6 and 22:6w-3 decreased
[*H]TdR incorporation into the cells as compared with the
control, indicating the differential effects of polyunsatu-
rated fatty acids on cell proliferation. It has been suggested
that fatty acid metabolism, intracellular lipid second mes-

sengers (including eicosanoids), and antioxidant status con-
tribute to the regulation of cell proliferation.®’

Addition of 20:4w-6 to EL-4 cells significantly de-
creased IL-2 production as compared with control. Peroxi-
dation, as measured by TBARS generation, was signifi-
cantly higher in cells cultured with 20:4w-6 as compared
with the other fatty acids, suggesting that lipid peroxidation
may modulate IL-2 production. 20:4w-6 was reported ear-
lier to inhibit IL-2 production in a dose-dependent manner,
and incubation of cells with fatty acids not associated with
PG precursors did not affect mitogen-induced IL-2 produc-
tion by peripheral mononuclear cells.*® Omega-6 fatty acids
may also inhibit IL-2 production through secondary medi-
ators such as lipoxygenase pathway products. IL-2 produc-
tion can be reduced markedly by small changes in cellular
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Figure 4 Effects of w-6 and -3 fatty acids, with and without PMA,
on IL-2 receptor expression in EL-4 cells, as determined by flow
cytometry Values are mean = SEM of three independent experi-
ments. Analysis by two-way ANOVA revealed significant main ef-
fects with fatty acids and PMA (P < 0.0001). The superscripts indi-
cate the effects of fatty acids on IL-2 receptors and means with
different superscripts are significantly different at P < 0.05 as re-
vealed by Fisher's PLSD test.
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fatty acids, suggesting that minimal alteration of dietary
essential fatty acids may have marked effects on immune
responses.” Another very interesting observation emerging
from the present study is the indication that the surface
expression of IL-2R was higher in EL-4 cells treated with
w-6 and w-3 fatty acids compared with cells treated with
saturated fatty acids. This may be another possible way
through which certain fatty acids may be able to exert their
specific action on the immune functions. Although 20:4w-6
was able to inhibit IL.-2 protein levels and mRNA expres-
sion, IL-2R expression was considerably higher, as com-
pared with control.

The immunoregulatory role of fatty acids and PGs can be
very crucial in the pathogenesis of diseases associated with
persistent T-cell activation, such as autoimmune or inflam-
matory disorders. For instance, PGE, produced by macro-
phages can activate PGE, receptor positive lymphocytes to
stimulate suppressor T cells*® and can promote the secretion
of soluble suppressor factors that are known to cause im-
mune suppression.*' Similar mechanisms might alter the
ability of the fatty acids to influence a normal T-cell func-
tion in producing IL-2.

In addition to lowering proinflammatory cytokines, w-3
lipids may also exert a protective action by preventing ex-
cess production and utilization of IL-2 in immune cells and
may decrease TBARS generation.” Although results from in
vitro studies need to be interpreted cautiously, it may be
possible to conclude from the present studies on EL-4 cells
that excess 20:4w-6 incorporation in the absence of w-3
lipids has deleterious effects on autoimmune disease as a
result of increasing susceptibility to lipid peroxidation,
thereby lowering the IL-2 production, 1L-2 mRNA. and
IL-2R expression. This finding is compatible with results
from our laboratory and others which indicate that w-6 fatty
acids solely derived from vegetable oils accelerate autoim-
mune renal disease*”™** and increase the incidence of breast
cancer®” and sepsis in experimental animal models.*®

The results of the present study suggest that one of the
mechanisms of protective action of w-3 lipids in autoim-
mune diseases may be exerted through preserving IL-2 pro-
duction. IL-2 mRNA levels and IL-2R density, and by low-
ering TBARS generation by immune cells. Because ei-
cosanoids, cytokines, and free radicals are known to
participate in the pathogenesis of inflammation, w-3 fatty
acids may delay the onset of inflammation by preserving
and maintaining the delicate balance between the pro- and
anti-inflammatory cytokine and lipid mediators. Because
the data collected in the present study were from EL-4 cells,
a thymoma cell line, the findings need to be interpreted with
caution when applying to normal cells. However, our ear-
lier in vivo studies in B/W mice fed w-6 and w-3 lipids
indicated that spleen cells of mice fed w-3 lipids exhibit
higher proliferative response and produce more IL-2 com-
pared with the group fed w-6 lipids.® Further work is nec-
essary to understand the mechanisms by which w-3/w-6
lipids influence cytokine interactions, cytokine receptor
functions, and lipid mediators both in normal cells as well
as in nonautoimmune disease-prone mice and humans, so
that potential fatty acid-based therapeutic strategies can be
formulated for the treatment of various autoimmune dis-
eases and cancer.

472 J. Nutr. Biochem., 1995, vol. 6. September

Acknowledgment

The authors wish to thank Dr. Carl McGee at State Univer-
sity of New York at Buffalo, for his advice in the statistical
analysis of the data. This work was supported by NIH
grants ROl AG-03417 and AG-10531.

References

1 Prickett, J.D., Robinson, D.R., and Steinberg, A.D. (1981). Di-
etary enrichment with polyunsaturated fatty acid eicosapentanoic
acid prevents proteinuria and prolongs survival in NZBxNZW F1
mice. J. Clin. Invest. 68, 556-559

2 Venkatraman, J.T. and Fernandes, G. (1992). Mechanisms of de-
layed autoimmune disease in B/W mice by omega-3 lipids and food
restriction. In Nutrition and Immunologv, (R K. Chandra, ed.), p.
309-323, ARTS Biomedical Publishers, St. John’s, Newfoundland,
Canada

3 Shapiro, A.C., Wu, D., Hayek, M.G., Meydani, M., and Meydani,
S.N. (1994). Role of eicosanoids and vitamin E in fish oil-induced
changes of splenocyte proliferation to T cell mitogens in mice. Nu-
trition Res. 14, 1339-1354

4 Chandrasekar, B. and Fernandes, G. (1994). Decreased pro-
inflammatory cytokines and increased antioxidant enzyme gene ex-
pression by w-3 lipids in murine lupus nephritis. Biochem. Biophys.
Res. Commun. 200, 893-898

5  Fernandes. G., Bysani, C., Venkatraman, J.T., Tomar, V., and
Zhao, W. (1994). Increased TGFf and decreased oncogene expres-
sion by w-3 lipids in the spleen delays autoimmune disease in B/W
mice. J. Immunol. 1582, 5979-5987

6 Das. UN., Begin. M.E., Ells, G., Huang, Y.S., and Horrobin,
D.F. (1987). PUFA augment free radical generation in tumor cells in
vitro. Biochem. Biophvs. Acta 145, 15-24

7  Rose. D.P. and Connolly, J. M. (1991). Effects of fatty acids and
eicosanoid synthesis inhibitors on the growth of two human prostate
cells. Prostate 18, 243-253

8  Johnston, P.V. (19853). Dietary fats, eicosanoids, and immunity.
Adv. Lipid Res. 21, 103-141

9  Chow, S.C., Sisfontes, L., Bjorkhem, I.. and Jondal, M. (1989).
Suppression of growth in a leukemic T cell line by n-3 and n-6
polyunsaturated fatty acids. Lipids 24, 700-704

10 Fowler, K.H., Chapkin, R.S.. and McMurray, D.N. (1993). Effects
of purified dietary n-3 ethyl esters on murine T lymphocyte function.
J. Immunol. 151, 5186-5197

11 Morisaki, N., Sprecher. H., Milo, G.E., and Comnwell, D.G.
(1982). Fatty acid specificity in the inhibition of cell proliferation
and its relationship to lipid peroxidation and prostaglandin biosyn-
thesis. Lipids 17, 893-899

12 Alexander. N.J., Smythe, N.L., and Jokinen, M.P. (1987). The
type of dietary fat affects the severity of autoimmune disease in
NZB/NZW mice. Am. J. Pathol. 127, 106-121

13 Meydani, S.N.. Lichtenstein, A.H., Cornwall, S., Meydani, M.,
Goldin, B.R.. Rasmussen, H.. Dinarello. C.A., and Schaefer, E.J.
11993). Immunologic effects of Nationa! Cholesterol education
Panel step-2 diets with and without fish-derived n-3 fatty acid en-
richment. J. Clin. Invest. 93, 105-113

14 Huang. C.-J. and Fwu, M.-L. (1993). Degree of protein deficiency
affects the extent of the depression of the antioxidative enzyme
activities and the enhancement of tissue lipid peroxidation in rats. J.
Nutrr. 123, 803-810

15 Clandinin, M.T., Hargreaves, K., Venkatraman, J.T., Garg, M.L.,
Sebakova. E.. and Thomson, A.B.R. (1990). Alteration of struc-
tural lipid composition and the biological activity of subcellular
membranes by dietary fat. In Biomembranes in Nutrition. (C.L.
Leger. G. Bereziat, and G. Colloque, eds.), p. 163-171, INSERM,
Paris, France

16  Fernandes, G. and Venkatraman, J.T. (1993). Effect of food restric-
tion on immunoregulation and aging. In Handbook of Nutrition in
Aged. Vol. 2, (R.A. Wartson, ed.), p. 331-353, CRC Press, Boca
Raton, FL. USA

17 Ames, B.N., Shigenaga, M K., and Hagen. T.M. (1993). Oxidants,



20

21

22

23

24

25

26

27

28

29

30

31

Regulation of IL-2 protein and mRNA levels by w-6 and w-3 lipids: Venkatraman et al.

antioxidants, and the degenerative diseases of aging. Proc Narl
Acad. Sci. USA 90, 7915-7922

Endres, S., Ghorbani, R., Kelley. V.E.. Georgilis. K .. Lonnemann.
G., van der Meer, . W.M._, Cannon. J.G.. Rogers. T.S., Klempner,
M.S., and Weber, P.C. (1989). The effect of dietary supplementa-
tion with n-3 polyunsaturated fatty acids on the synthesis of inter-
leukin-1 and tumor necrosis factor by mononuclear cells. New Engl.
J. Med. 320, 265-271

Venkatraman, J.T. and Fernandes. G. (1993). Differential effects of
fatty acids on proliferative response and IL-2 production by EL-4
cells. FASEB J. 7, 320A

Farrar, I.J., Fuller-Farrar, J.. Simon. P.L.. Hilfiker. M.L, Stadler.
B.M., and Farrar, W.L. (1980). Thymoma production of T cell
growth factor (interleukin-2). J. Immunol. 128, 2555-2558
Venkatraman, J.T. and Clandinin. M. T. (1988). Ribonucleic acid
efflux from isolated mouse liver nuclei is altered by diet and geno-
typically determined change in nuclear envelope composition. Bio-
chim. Biophys. Acta 940, 3342

Venkatraman, J.T., Chandrasekar. B.. Kim, J.-D., and Fernandes.
G. (1994). Genotype effects on the antioxidant enzymes activity and
mRNA expression in liver and kidney tissues of autoimmune-prone
MRL/Mpl-iprilpr mice. Biochim. Biophys. Acta 1213, 167-175
Iwai, H. and Fernandes. G. (1989). Immunological functions in
food-restricted rats; enhanced expression of high-affinity IL-2 recep-
tors on splenic T cells. Immunol. Lent. 23, 125-132

Laganiere. S. and Yu, B.P. (1987). Anti-lipoperoxidation action of

food restriction. Biochem. Biophys. Res. Comm. 145, 1185-1191
Gillis, S., Ferm, M.M., Ou. W., and Smith, K.A. (1978). T cell
growth factor: Parameters of production and a quantitative microas-
say for actwvity. J. Immunol. 120, 2027-2032

Mosmann. T. (1983). Rapid colorimetric assay for cellular growth
and survival: Application to proliferation and cytotoxicity assays. J
Immunol. Meth. 65, 55-63

Chomczynski, P. and Sacchi. N. (1987). Single-step method ot
RNA isolation by acid-guanidinium thiocyanate-phenol-chloroform
extraction. Anal. Chem. 162, 156-159

Korc, M., Chandrasekar, B.. Yamanaka. Y., Friess. H., Buchler.
M., and Berger, H.G. (1992). Overexpression of the epidermal
growth factor receptor in human pancreatic cancer is associated with
concomitant increases in the levels of epidermal growth factor and
transforming growth factor alpha. J. Clin. Imvest 90, 1352-1360
Taniguchi, T., Matsui, H., Fujita. T.. Takaoka. C.. Kashima. N..
Yoshimoto, R., and Hamuro, J. (1983). Structure and expression ot
a cloned cDNA for human interleukin-2. Nature 302, 305-310
Tso, J.-Y., Sun, X.-H., Kao, T -H., Reece, K.S., and Wu. R
(1985). Isolation and characterization of rat and human glyceralde-
hyde-3-phosphate dehydrogenase ¢DNAs: Genomic complexities
and molecular evolution of the gene. Nucl. Acids Res. 13, 2485
2502

Sharrow, S.0. (1991). Analysis of flow cvtometry data. In Currens

33

34

36

37

39

40

41

43

44

46

Protocols in Immunology (1.E. Coligan, A.M. Kruisbeek, D.H.
Margulies. E.M. Shevach, and W. Strober, eds.), p. 52-63, Green
Publishing Associates, Wiley-Interscience, New York, NY USA
Keppel. G. (1982). Correction for multiple comparisons, In Design
and Analvsis of a Researcher’s Handbook (G. Keppel, ed.), p. 146
150, Prentice-Hall Inc., Engelwood Cliffs, NJ USA

Femandes. G. and Venkatraman, J.T. (1993). Role of omega-3 fatty
acids in health and disease. Nutr. Res. 13, §19-545

Kelley, V.E. and Izui, S. (1983). Enriched lipid diet accelerates
lupus nephritis in NZBxW mice. Synergistic action of immune com-
plexes and lipid in glomerular injury. Am. J. Pathol. 111, 288-297
Simopoulos, A P. (1991). Omega-3 fatty acids in health and disease
and in growth and development. Am. J. Clin. Nutr. 54, 438-463
Leslie, C_A., Gonnerman, W.A., Ullman, M.D., Hayes, K.C.,
Franzblau, C., and Cathcart, E.S. (1985). Dietary fish oil modulates
macrophage fatty acids and decreases arthritis susceptibility in mice.
J. Exp. Med. 162, 1336-1349

Bettger, W.J. and Ham, R.G. (1981). Effect of non-steroidal anti-
inflammatory agents and antioxidants on the clonal growth of human
diploid fibroblasts. Prog. Lipid Res. 20, 265-268

Rappaport. R.S. and Dodge, G.R. (1982). Prostaglandin E inhibit
production of human interleukin-2. J. Exp. Med. 155, 943-948
Szamel, M., Rehermann, B., Krebs, B., Kurrle, R., and Resch, K.
(1989). Incorporation of polyunsaturated fatty acids into plasma
membrane phospholipids regulates 1L.-2 synthesis via sustained ac-
tivation of proteinkinase c. J. Immunol. 143, 2806-2812
Goodwin, J.S., Mesner, R.P., and Peake, G.T. (1974). Prostaglan-
din suppression of mitogen-stimulated leukocytes in culture. J. Clin.
Invest. 54, 378-386

Lokesh, B.R., Hsieh, H.L., and Kinsella, J.E. (1986). Peritoneal
macrophages from mice fed dietary (n-3) polyunsaturated fatty acids
secrete low levels of prostaglandins. J. Nutr. 116, 2547-2552
Chandrasekar, B., Troyer, D.A., Venkatraman, J.T., and
Fernandes. G. (1995). Dietary w-3 lipids delay the onset and pro-
gression of autoimmune lupus nephritis by inhibiting transforming
growth factor-B and protein expression. J. Autoimmun. 8, 381-393
Fernandes. G. (1994). Dietary lipids and risk of autoimmune dis-
eases. Clin. Immunol. Immunopatho!. 72, 193-197

Robinson. D.R.. Prickett, J.D., Polisson, R., Steinberg, A.D., and
Levin, L. (1985). The protective effect of dietary fish oil on murine
lupus. Prostaglandins 30, 51-75

Fernandes, G. and Venkatraman, J.T. (1992). Possible mechanisms
through which dietary lipids and calorie restriction modulate the
growth of breast cancer. In Exercise, Calories, Fat and Cancer,
(M. M. Jacobs. ed.), p. 185-201, Plenum Press, Washington, DC
USA

Peck, M.D., Ogle. C.K.. and Alexander, J.W. (1991). Composition
of fat in enteral diets can influence outcome in experimental perito-
nitis. Ann. Surg. 214, 74-82

J. Nutr. Biochem., 1995, vol. 6, September 473



