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ABSTRACT: Studies from our laboratory indicate that n-3 (fish
oil, FO) lipids at 10% (w/w) in a nutritionally adequate, semi-
purified diet, and supplemented with equal levels of antioxi-
dants, extended the life span of lupus-prone (NZB/NZW)F,
(B/W) female mice as compared to n-6 (corn oil, CO) lipids. The
early rise of autoimmune disease in CO-fed mice was closely
linked to the loss of T-cell function. Both IL-2 production and
IL-2 receptor expression were reduced due to the loss of naive
T-cells and a rise in memory T-cells. Proliferative response to
both mitogens and superantigens (staphylococcal enterotoxins
A and B) was higher in FO-fed 6.5-mon-old mice. These
changes paralleled decreased PGE, production by splenic cells
from FO-fed mice.

Analysis of mRNA expression in different organs revealed
differential effects of dietary lipids. In FO-fed mice, transform-
ing growth factor B1 (TGF B1) expression was decreased in kid-
neys, but splenic tissues had higher expression of TGF § mRNA.
As TGF B promotes programmed cell death (PCD), we studied
the effects of CO and FO on PCD rates in lymphocytes. Both
propidium iodide staining and DNA fragmentation were ele-
vated in lymphocytes of FO-fed mice when compared to CO-
fed mice of similar age. Also, increased PCD correlated closely
with increased Fas gene expression. Thus, in addition to various
other antiinflammatory effects, dietary FO appears to increase
PCD and prevent accumulation of seif-reactive immune cells in
lymphoid organs. Further studies are required to dissect the pro-
and antiinflammatory mechanisms associated with dietary n-3
and n-6 lipids in modulating autoimmune disorders or malig-
nancy during aging.
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Fish oil (FO) supplementation has antiinflammatory effects
in both humans and experimental animals and delays onset of
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autoimmunity, cardiovascular disease, and cancer, particu-
larly when compared to diets relatively enriched in saturated
fats of animal origin (1,2). Because of adverse effects of ani-
mal fats, consumption of vegetable oils containing both mo-
nounsaturated n-9 and polyunsaturated fatty acids (rich in
18:2n-6) is rising significantly in the United States (1-3).
Though vegetable oils rich in n-6 fatty acids reduce the inci-
dence and the severity of cardiovascular disease, these lipids
(particularly hydrogenated fats) have been linked to proin-
flammatory effects and the rise of certain cancers, rheuma-
toid arthritis, and other autoimmune disorders during aging
(4). Though n-6 lipids reduce serum cholesterol levels, they
usually tend to elevate linoleic acid (18:2n-6) levels and
arachidonic acid (20:4n-6) levels in the tissue phosphoglyc-
erides. Corn oil (CO) is rich in linoleic acid, and its consump-
tion increases production of free radicals and cyclooxygenase
metabolites such as thromboxane A, and leukotriene B,
(LTB,). In contrast, FO contains highly polyunsaturated fatty
acids, eicosapentaenoic acid (20:5n-3) and docosahexaenoic
acid (22:6n-3), which act synergistically to inhibit
prostaglandin E, (PGE,) production and are thus antiinflam-
matory (5). Because of these beneficial effects, marine oils,
especially menhaden oil, are receiving increasing attention as
a source of C,; and C,, carbon n-3 fatty acids.

Animals and diet. We and others have reported that re-
duced calories and/or low-fat diets preserve T-cell functions,
decrease autoantibody production, and reduce immune com-
plex-mediated glomerulonephritis in (NZB/NZW)F, (B/W)
mice (6-8). B/W mice spontaneously develop a disease simi-
lar to human systemic lupus erythematosus (SLE), which has
been used as an animal model to elucidate the pathogenesis
of the disease (9,10). The majority of the immunological ab-
normalities associated with human SLE are also seen in B/W
mice, including hypergammaglobulinemia (a result of gener-
alized B-cell hyperactivity), production of autoantibodies
against a wide variety of endogenous antigens, formation of
immune complexes, and a variety of associated histopatho-
logical manifestations (e.g., glomerulonephritis) (9,10). Fe-
male B/W mice under normal feeding conditions die between
6—10 mon of age, while males die between 10-22 mon of age.
Death usually occurs as a result of renal failure. During the
past 25 years, we have utilized female B/W mice for dietary
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studies because of early onset of disease and short life span,
which we found responsive to dietary manipulations (11-15).

Though dietary supplementation with FO significantly ex-
tends life span and alleviates autoimmune symptoms in B/W
and MRL mice with lymphoroliferative (Ipr) gene (MRL/Ipr
mice) (11-18), molecular mechanisms associated with these
beneficial effects have not been fully explored. Therefore we
sought to determine effects of isocaloric CO- or FO-enriched
diets fed ad libitum on immunological and molecular para-
meters associated with onset and progression of disease in
B/W mice. We fed weanling B/W mice a nutritionally ade-
quate, semipurified diet supplemented with either CO or FO
(10% wt/wt) and equal levels of antioxidants (11). Both oils
were supplemented with 2.5 g tocopherol (o and y) and tert-
butylhydroquinone (TBHQ)/kg of oil to prevent peroxidation,
as recommended by the Fish Oil Test Material Program (Na-
tional Institute of Alcohol Abuse and Alcoholism). Each diet
therefore contained ~215 mg vitamin E/kg (vitamin E from
oil and from vitamin mixture) (11).

Immunological studies. We observed that B/W mice be-
come more susceptible to autoimmune disease when fed a
CO-supplemented diet (vs. FO) and expressed significantly
higher levels of serum anti-dsDNA antibody levels, a para-
meter known to serve as a highly prognostic marker for onset
and severity of renal disease (17). When splenocytes were
stimulated with optimal concentrations of mitogens and su-
perantigens, a significantly higher proliferative response was
noted in FO-fed mice (vs. CO). When spleen cells were cul-
tured in the presence of Con A for 48 h, and interleukin-2 (IL-
2) levels were determined by a bioassay utilizing cytotoxic T-
lymphocyte line 2 (CTLL-2) cell line, IL-2 levels (u/mL)
were significantly lower (P < 0.05) in FO-fed mice (vs. CO)
(17). Though the percentage of CD4" and CD8" cells in
splenocytes from both CO- and FO-fed mice (FACS analysis)
did not differ, a significant decrease in Ig* cells (P < 0.05)
was noted in FO fed group (vs. CO) (17). Also, IL-2 receptor
expression fluorescense activated cell sorting (FACS) was
significantly increased in FO-fed mice (data not shown), indi-
cating a delay in shift from naive to memory cells in a T-cell
subpopulation. In fact, spleens from FO-fed mice had higher
naive and lower memory T-cells (17).

We next sought to determine whether FO supplementation
alters gene expression in various organs associated with onset
and progression of autoimmune disease in B/W mice. We
studied expression of both mRNA and protein levels for the
oncogenes-c-myc and c-ras- in spleens, transforming growth
factor B (TGF ) in both spleen and kidneys and antioxidant
enzymes (catalase, CAT; glutathione peroxidase, GSH-Px;
and superoxide dismutase, SOD) in livers (enzyme activity
and mRNA) and kidneys (mRNA expression).

Densitometric analysis of total RNA from spleens by
Northern analysis (to compensate for any loading differences,
values are expressed in ratios + SEM of c-myc, c-ras or TGF
B to GAPDH) revealed lower expression of c-myc and c-ras
mRNA in FO-fed (vs. CO) mice, while TGF 8 mRNA was
significantly higher (Fig. 1). Furthermore, in FO-fed mice,
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protein products (Western blotting) of both oncogenes
was significantly lower, and for TGF f it was significantly
higher (17).

TGF B was initially characterized on the basis of its ability
to induce a transformed phenotype in normal rat kidney fi-
broblasts in culture (19). TGF § are now recognized as multi-
functional, regulatory factors influencing a remarkable array
of physiological processes, including embryogenesis,
hematopoiesis, angiogenesis, immune function, inflamma-
tion, myogenesis, osteogenesis, tissue repair, and remodeling
(20). Hence, TGF B impacts virtually every organ system, and
it may not be surprising that aberrant expression or regulation
of these molecules has been implicated in numerous patho-
logical conditions, including autoimmune disorders, glomeru-
lonephritis, diabetic nephropathy, tumorigenesis, and im-
munosuppression associated with acquired immunodefi-
ciency syndrome and malignancies (19-21).

TGF B not only affects a plethora of physiological
processes, but also elicits diverse cellular responses and may
have both inhibitory or stimulatory effects on the same cell,
depending on cell type, state of differentiation, and context of
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FIG. 1. Inhibition of c-myc and c-ras, and upregulation of transform-
ing growth factor B (TGF B) mRNA expression by dietary fish oil sup-
plementation (10% w/w) in spleens of 6.5-mon-old B/W mice (18). For
Northern blot analysis, 20 pg of total RNA/lane was denatured, elec-
trophoresed through 2.2 M formaldehyde/0.8% agarose gel, and elec-
troblotted onto nitrocellulose. Blots were prehybridized, hybridized,
washed, and autoradiographed as described (18). Autoradiographic
exposure time was 36 h to 5 d. Blots were reprobed after stripping off
previous labeling. GAPDH was used as an internal control and indi-
cates equal levels of RNA loading in all lanes of the gel. Each lane rep-
resents an RNA sample from one animal.

other factors or signals in the cellular environment. In FO-fed
mice, significantly elevated TGF B expression was observed
at both mRNA and protein levels. Also, significantly lower
oncogene-c-myc and c-ras- expression was noted, indicating
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that FO supplementation is immunosuppressive by increasing
or by maintaining higher levels of the immunoregulatory mol-
ecule TGF [ in splenic lymphoid cells (17). As Ig* cells and
the serum anti-dsDNA antibody levels were significantly
lower in FO-fed mice, this in turn may be due to higher levels
of TGF . Though it is a significant contribution to the field
of nutrition that the source of dietary lipids can modulate TGF
B expression, it has been shown previously in various in vitro
studies that TGF B has immunosuppressive effects on im-
mune cells, particularly on B-cell proliferation and im-
munoglobulin production (17).

TGF P and lupus nephritis. In contrast to its beneficial im-
munosuppressive properties, expression of TGF P has been
reported to play a pathological role in various models of
glomerulonephritis (22). Its role in either the initiation or pro-
gression of lupus nephritis is not known, however. Cellular
proliferation is an important pathological element in the de-
velopment of lupus nephritis. In an inflammatory process,
local generation of TGF B may promote resolution of inflam-
mation, but persistent production of TGF [, possibly in com-
bination with cytokines, may promote accumulation of extra-
cellular matrix (23). In CO-fed mice, a significantly higher
histological score (vs. FO-fed mice, 1-fold lower, P < 0.05)
and a higher frequency of perivascular infiltration of mononu-
clear cells was observed (12). Northern and Western blot
analyses revealed significantly higher TGF B expression in
kidneys from CO-fed mice as compared to FO-fed mice (12).
Also, expression of fibronectin, one of the components of
ECM, is significantly elevated in kidneys of CO-fed (vs. FO-
) mice (12). Intercellular adhesion molecule-1 (ICAM-1),
which is normally expressed on endothelial cells of glomeruli
in kidneys and whose expression is increased by several fold
in inflammatory conditions (24), was also significantly ele-
vated in CO-fed mice (12). IL-1 and TNF o alter endothelial
cell morphology and induce expression of adhesion mole-
cules, including ICAM-1 (24). In kidneys from CO-fed mice
(vs. FO) significantly lower IL-1, IL-6, and TNF oo mRNA
and protein levels were observed (14), indicating that higher
levels of TGF B in kidneys might have modulated expression
of these inflammatory cytokines. Taken together, these results
indicate the dual nature of TGF B, behaving as a (beneficial)
immunosuppressant in the spleen, but as a pathological agent
in kidneys.

Autoimmunity and apoptosis. Within the immune network,
TGF P mediates a negative feedback circuit inhibiting activa-
tion, proliferation, and effector functions. TGF B decreases
c-myc oncogene expression in lymphokine-stimulated T-cells
and CD4" cells are affected more than are CD8" T-cells. Since
TGF B modulates proliferation or function of every immune
cell type, it is not surprising that its absence has devastating
consequences as seen in TGF 3 knock-out mice (25,26). Ac-
cumulation of autoreactive B- and T-cells and severity of in-
flammation observed in some tissues of these mice raises the
question of whether this pathology is somehow associated
with aberrant cell death as a result of lower apoptosis or pro-
grammed cell death (PCD) in the immune system. Excess ac-
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cumulation of cells can be due to either increased prolifera-
tion or decreased apoptotic cell death. In fact, TGF B expres-
sion has been associated with negative regulation of growth.
It inhibits DNA synthesis in liver, mammary gland, and uter-
ine endometrium (27). Enhanced expression of TGF B was
found in castration-induced regression of prostate and in re-
gressing tumors, suggesting its involvement in PCD (27). In
primary cultures of uterine endometrial cells and of hepato-
cytes, TGF B induced cell death (28). In our dietary studies in
B/W mice, spleens from FO-fed mice (vs. CO) expressed sig-
nificantly higher levels of TGF [ and lower levels of c-myc.
Hence we studied the degree of apoptosis in the splenocytes
from both CO- and FO-fed mice.

Reliable methods to assess apoptosis include endonucle-
ase-mediated DNA fragmentation (ladder formation; exten-
sive degradation of chromosomal DNA into oligomers of
about 180 b.p.) and propidium iodide (PI) uptake and flow cy-
tometric analysis of PI-stained apoptotic cells. Splenocytes
from young FO-fed mice (vs. CO) did not show differences
in PI staining, but old mice at 8—10 mon of age showed higher
PlI-positive cells (Fig. 2). Also in older mice, splenocytes ex-
hibited higher DNA fragmentation (cultured for 18 h in the
presence or absence of dexamethasone at 1077 M; data not
shown). Although differences in PCD appear to be small,
in vivo physiological PCD may play a role in modulating au-
toimmune disease. Encouraged by these results, we have
studied the effects of dietary CO and FO on expression of Fas,
one of the positive modulators of apoptosis, in splenocytes.

The Fas antigen belongs to a receptor supergene family
that includes TNFR, B-cell antigen CD40, NGFR, and T-cell
Ag OX40 (29). Fas is broadly expressed on myeloid and lym-
phoid cells, on fibroblasts, liver cells, heart muscle, and in the
ovarian follicle (29). The cytoplasmic domain of Fas proba-
bly interacts with signal transduction molecules such as G-
proteins, kinases, and/or phospholipases since it has no ap-
parent intrinsic enzymatic activity. Its importance is further
emphasized by the fact that the Fas gene was found to be de-
fective in mice carrying the lymphoproliferation (Ipr) muta-
tion, closely resembling human SLE (29). This defect in Fas
expression leads to excessive numbers of self-reactive T-cells
escaping from negative selection in the thymus, resulting in
autoimmune disease. FO supplementation significantly in-
creased or maintained higher levels of Fas gene expression in
spleens from B/W mice (30). Also, Western blot analysis
complemented gene expression, and significantly higher Fas
protein levels were observed in the spleens of FO-fed (vs.
CO-) mice (data not shown; 30). Thus, increased survival of
B/W mice on FO may be due to higher apoptosis of autoreac-
tive T-cells and elimination of self-reactive cells in the pe-
riphery. Further, higher PCD was also noted in lymphoid cells
from both spleen and thymic tissues from MRL/Ipr mice on
calorie restriction (31).

Autoimmunity and antioxidant enzyme activity and gene
expression. Since autoimmune diseases have multifactorial
etiologies including genetic, hormonal, viral, and immuno-
logical factors, inability of the antioxidant defense system to
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cope with oxidative stress has also been reported to contribute
to disease progression (32,33). Unsaturated fatty acids can
undergo free radical-initiated chain reactions. GSH-Px acts to
protect cellular components such as unsaturated fatty acids
from free radical oxidation by converting hydrogen peroxide,
a potent endogenous free radical generator, to water. Though
CAT plays a similar role as that of GSH-Px, GSH-Px is re-
ported to be more important than CAT in hydroperoxide ca-
tabolism. Conversely, SOD detoxifies superoxide radicals,
and all three enzymes play an important role in the host’s an-
tioxidant defense mechanism. Vitamin E, a lipophilic free
radical scavenger, protects unsaturated fatty acids by termi-
nating chain reactions involving faity acid peroxyradicals. In-

Old
(10 mon)

Young

(4 mon)
E2 Media
|2 Dex.

[u—y
(—4
(—]

Ils (4%)

-positive ce

PI

CoO FO
FIG. 2. Effects of dietary corn oil (CO) and fish oil (FO) (10% w/w) on
programmed cell death {PCD) in splenocytes from young and old B/W
mice as assessed by propidium iodide staining. PCD was lower in old
mice on both diets as compared to that in young. Dexamethasone-in-
duced PCD was higher in FO-fed mice (vs. CO) in both young and old
mice. Pl, propidium iodide.

adequate levels of vitamin E in the presence of low selenium
uptake may also result in higher frequency of tumor develop-
ment. We have demonstrated the importance of supplement-
ing FO-containing diets with vitamin E. Both increased mem-
brane vitamin E and decreased thiobarbituric acid-reactive
substances (TBARS) generation was found by supplementing
500 IU of vitamin E with FO-containing diets (34). We have
also studied the effects of dietary supplementation of CO and
FO on free radical generation and the status of antioxidant de-
fenses in livers and kidneys of B/W mice. TBARS in liver cy-
tosolic fractions were significantly higher in CO-fed mice, in-
dicating higher free radical generation (11). Hence we be-
came interested in testing whether or not the degree of
peroxidation in subcellular membrane lipids in autoimmune
mice was due to defects in the antioxidant defense system.
For this purpose, we analyzed enzyme activity for CAT, SOD,
and GSH-Px in the liver cytosolic fraction, and mRNA ex-
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TABLE 1

Effect of 10% (w/w) Corn Qil-Krill Oil-or Fish Oil-Based Diets
on Activities of Hepatic Cytosolic Antioxidant Enzymes

in B/W Mice (11)

Enzyme Corn oil Krill oil Fish oil
Catalase® 59.1 + 4.4° 529.9 +27.5°  472.0 + 55.8°
GSH-Px? 255 +2.0° 98.7 £ 5.9° 106.0  3.4°
SOD¢ 7.2 +£0.32 9x04b 10.2 + 0.2°

abvalues are mean = SEM of 5 mice/group. Values with different superscript
letters (a,b) in the same row are significantly different at P < 0.05 level as
analyzed by Student’s t-test with Bonferroni adjustment.

“Catalase activity is expressed as pmoles H,O, reduced/mg protein/min.
9Glutathione peroxidase (GSH-Px} activity expressed as pmoles NADPH
oxidized/g protein/min.

eSuperoxide dismutase (SOD) activity is expressed in units/mg protein.

pression for these enzymes in livers from CO- and FO-fed
mice. Both enzyme activity (Table 1) and mRNA expression
of these key antioxidant enzymes were significantly lower in
the livers (Fig. 3) and kidneys (Fig. 4) of CO-fed mice (vs.
FO) (11,12), indicating weaker antioxidant defense mecha-
nisms in various organs in B/W mice fed a CO diet. As de-
scribed earlier (11), the diets as well as the oils (CO and FO)
were supplemented with equal levels of antioxidants, so that
our results could not have been compromised because of dif-
ferences in dietary antioxidant levels.

In summary, the use of highly refined FO with adequate
antioxidant supplementation appears to delay onset of au-
toimmune disease when compared to n-6 (CO)-containing
diets. FO also modulates PCD and enhances antioxidant en-
zyme mRNA levels and decreases free radical-induced tissue
damage in vivo. Further studies at the molecular level are
needed to dissect the protective mechanisms of FO.
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FIG. 3. Higher hepatic antioxidant enzyme gene expression (Northern
blot) in 6.5-mon-old B/W mice fed a diet supplemented with CO or FO
(10% w/w) (12). Autoradiographic exposure time was 8 d for the en-
zymes and 36 h for GAPDH. Similar to fish oil, krill oil is a source of n-
3 lipids, and krill oil also increased (vs. CO) enzyme gene expression
significantly. Each lane represents an RNA sample from one animal.
Abbreviations as in Figure 2.
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FIG. 4. Northern blot analysis of total RNA isolated from kidneys of 6.5-
mon-old B/W mice fed a diet supplemented with CO or FO (10% w/w)
(15). Autoradiographic exposure time was 4 d for the enzymes and 36 h
for GAPDH. Each lane represents an RNA sample from one animal. Ab-
breviations as in Figure 2.
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