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24 48 72 96 120 144
Hours after infection with K.pneumoniae

FIGURE 1 Survival of Swiss mice after Klebsiella pneu-
moniae infection. Fish oil-fed animals survived significantly
longer than control animals fed palm oil, corn oil or nonpuri-
fied diet (P < 0.05). Reproduced with permission from Blok
et al. (1992).

that are dependent on specific cytokines for growth.
Such bioassays can detect cytokines at low concentra
tions, but their specificity is poor. More recently, the
availability of specific monoclonal and polyclonal anti
bodies against various cytokines has enabled the devel
opment of immunological detection methods such as
ELISA and RIA. In body fluids, cytokines may be bound
to specific proteins such as soluble receptors for TNF
or to nonspecific ligands such as al macroglobulin and
uromodulin. Such molecules may interfere with both
bioassays and immunoassays. Receptor blocking mole
cules such as the naturally occurring protein desig
nated IL-1 receptor antagonist interfere with bioassays

only (Dinarello 1991). On the other hand, with ELISA
and RIA one might be measuring biologically non-ac
tive proteins. In general, the reproducibility and valid
ity of immunoassays are superior to those of bioassays.

Design of dietary trials. Several human studies
evaluating the influence of (n-3) fatty acids on cytokine
production have compared baseline values with post-
treatment values, without a concurrent control group.
The contribution of aspecific fluctuations in cytokine
production such as reduced stress through adaptation
to the study protocol cannot be appreciated in such a
before-and-after design. It also cannot be deduced from
such studies whether the observed effects are specific
for the type of polyunsaturated fatty acids employed.

On the other hand, in placebo-controlled studies the
type and amount of placebo fatty acids may be problem
atic. In human studies, the dietary fat supplementation
constitutes only a small percentage of the total energy
intake, but in animal studies the fat supplement may
account for 30% of total energy intake. When control
groups receive such an amount of corn oil or safflower
oil, both very rich in (n-6) fatty acids, this may well
influence the production of prostaglandins and leuko-
trienes and thus may have some bearing on the resul
tant cytokine production measured in these studies
(Kinsella et al. 1990). Ideally, in both human and ani

mal supplementation studies, control groups should re
ceive an isoenergetic quantity of fatty acids without
disturbing the ratio of (n-3) to (n-6) fatty acids that was
present in their diets before the start of the study.

The effects of (n-3) fatty acids on cytokine
production in humans

Table 6 presents an overview of human studies con
cerning the effects of (n-3) fatty acids on cytokine pro
duction. In several studies peripheral blood mononu-
clear cells were isolated and profound decreases in ex
vivo production of IL-1, TNF and IL-6 were noted (En-
dres et al. 1989, Meydani et al. 1991). Unfortunately,
these studies did not employ a placebo group taking an
isoenergetic amount of a fatty acid supplement low in
polyunsaturated fatty acids and a (n-6) to (n-3) ratio
similar to that in the subjects' normal diet. Meydani

et al. (1993) reported on cytokine production capacity
in 22 subjects before and after 24 wk of a low fat diet.
The diets were either low or high in (n-3) fatty acids,
which were provided as natural food components. Ex
vivo production of IL-1/3, TNF and IL-6 by isolated pe
ripheral blood mononuclear cells fell significantly in
the high (n-3) fatty acids group. In contrast, IL-1/3 and
TNF production increased in the low (n-3) fatty acids
group. The two groups were not studied simultane
ously, as the authors state, to avoid seasonal differ
ences. Molvig et al. (1991) studied ex vivo cytokine
production after low and high dose dietary fish oil sup
plementations in healthy young men and in subjects
with diabetes. Control subjects took an isoenergetic
amount of a triglycÃ©rideblend. After 7 wk of oil supple
mentation, concentrations of secreted IL-iÃŸand of se
creted and cell-associated TNF were not different be
tween groups. Only cell-associated IL-1/3 was decreased
in the fish oil group. This finding is surprising, because
it is IL-la that remains cell associated whereas IL-1/3
is mainly released into the culture medium (Lonnem-
ann et al. 1989). In contrast with the findings of Endres
et al. (1989) no differences in ex vivo cytokine produc
tion were noted between the groups 10 wk after cessa
tion of the diet. Even though the authors had an appro
priate control group, the conclusions from this study
should be viewed with caution. This is because the
authors do not present the values from the start of the
study. Such a design (i.e., repeated measures) would
have greatly strengthened this study, because it can
help control for inherent intrasubject variation. In
other words, it is the changes in cytokine production
that (n-3) fatty acids cause that is really most important
and not the absolute amount of cytokine made by each
subject. In a study of rheumatoid arthritis patients, IL-
1 fell over time in all groups, including the control
group taking olive oil (Kremer et al. 1990). Cooper et al.
(1993) studied young volunteers before and after dietary
supplementation with fish oil during 6 to 8 wk. A con
current control group did not alter their usual diets.
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Using a somewhat different method of cytokine mea
surement (whole blood culture), they found that ex
vivo production of IL-1 and IL-6 was suppressed after
fish oil supplementation. However, production of TNF
was not significantly altered. Interestingly, these inves
tigators found an attenuation of the inflammatory re
sponse to an intramuscular injection of typhoid vaccine
in the fish oil group. Recently, Cannon et al. (1995)
found no differences in ex vivo stimulated IL-IÃŸpro
duction in older subjects after 4 mo of dietary fish oil
supplementation compared with controls taking a pla
cebo of neutral fat composition. Again, in this study
no conclusions can be drawn about changes in cytokine
concentrations induced by fish oil, and possible effects
may be masked by intersubject variations. Espersen et
al. (1992) reported a reduction in plasma IL-1/3 concen
trations after fish oil supplementation in rheumatoid
arthritis patients that did not occur in the concurrent
control group.

In the Endres-Meydani (Endres et al. 1989, Meydani
et al. 1991 and 1993) peripheral blood mononuclear
cells were cultured in the presence of autologous serum
or plasma, whereas in Cannon's and Molvig's studies

(Cannon et al. 1995, Molvig et al. 1991 ), pooled normal
human serum was used. Theoretically, the fatty acids
present in the autologous serum could have influenced
the in vitro cytokine production. However, preincuba-
tion of human peripheral blood mononuclear cells with
eicosapentanoic acid resulted only in a marginal sup
pression of IL-1/0 synthesis, whereas TNF synthesis
was not affected at all (Sinha et al. 1991).

Whether (n-3) fatty acids reduce inflammation in cer
tain human disease states through inhibition of cytokine
production remains speculative, but most studies, con
trolled or not, report a decrease in one or more pro-in
flammatory cytokines after dietary (n-3) fatty acids.

(n-3) fatty acids and cytokine production in
animals

Animal studies concerning the production of cyto
kines after dietary (n-3) polyunsaturated fatty acid sup
plementation are summarized in Table 7.

Rats. Billiar et al. (1988) reported decreased bioac-
tivity of IL-1 and TNF produced in vitro by liver macro
phages of rats after 6 wk of dietary supplementation
with fish oil. Control animals were fed an equal
amount of corn oil. However, animals receiving saf-
flower oil, which is rich in (n-6) polyunsaturated fatty
acids, showed a decrease in IL-1 and TNF production
similar to that in animals fed fish oil. This latter find
ing is difficult to interpret, because in both corn oil
and safflower oil the predominant fatty acid is linoleic
acid. Grimm et al. (1994) also found decreased produc
tion of IL-6 and TNF in peripheral blood mononuclear
cells of rats fed (n-3) fatty acids for 4 d.

In contrast to these findings, Turek et al. (1991) re
ported increased TNF production capacity of resident

peritoneal macrophages in rats fed linseed oil for 30 d.
Linseed oil is rich in a-linolenic acid, an (n-3) fatty acid
and precursor of eicosapentanoic acid. Control animals
received com oil. Interestingly, when the peritoneal cells
were elicited by the in vivo administration of complete
Freund's adjuvant, the differences in TNF production in

the two dietary groups were no longer apparent.
Mice. There seems to be a contrast between the ef

fects of (n-3) fatty acids on cytokine production in mice
and in the other species studied. Watanabe et al. (1991)
studied the effects of feeding a-linolenic acid on TNF
production by murine peritoneal macrophages. Control
animals received safflower oil, rich in linoleic acid and
low in (n-3) fatty acids. Diets were given for 4 to 5 wk.
Endotoxin-stimulated TNF production by peritoneal
macrophages was significantly higher in the a-linole
nic acid group than in the control group. The authors
also reported a considerably higher serum TNF activity
in the a-linolenic acid group after in vivo injection of
endotoxin.

Lokesh et al. (1990) studied the synthesis of IL-1 and
TNF by mouse peritoneal macrophages after 4 wk of
dietary supplementation with fish oil, corn oil or olive
oil. An IL-1 bioassay was performed on the superna-
tants of cultured peritoneal macrophages stimulated
with endotoxin after lysis of the cells, and thus proba
bly reflected mainly IL-la. The TNF bioactivity was
measured in the supernatants of these macrophages.
Both IL-1 and TNF were markedly increased in the
mice fed fish oil compared with control animals. Simi
larly, Hardardottir and Kinsella (1992) found enhanced
in vitro stimulated TNF production by resident perito
neal macrophages in mice that had been fed an (n-3)
fatty acid-supplemented diet for 5 wk. Enlarging on

these observations, the same group studied the kinetics
of TNF release by in vitro-stimulated murine resident
peritoneal macrophages after 4 wk of fish oil or control
diet (Hardardottir et al. 1992). Although total TNF pro
duction was again increased, the kinetics of maximum
TNF production appeared not to be affected by the
diets. These findings were basically confirmed by Som-
ers and Erickson (1994).

Our group has studied ex vivo production of IL-1 and
TNF by peritoneal cells from mice fed fish oil, corn oil
or palm oil for 6 wk (Blok et al. 1992). Interleukin-la,
IL-IÃŸand TNF were measured by specific immunoas-
says. Interleukin-la and TNF production by peritoneal
cells were significantly higher in the fish oil-fed ani
mals than in controls (Fig. 2). Ertel et al. (1993) found
increased IL-1/? release by peritoneal macrophages of
mice following experimental hemorrhagic shock.

Thus, the effects of dietary (n-3) fatty acids on cyto
kine production in mice are opposite to those in hu
mans: in mice, several controlled studies have indepen
dently shown increased cytokine production after (n-
3) fatty acid supplementation, whereas in humans de
creased cytokine production was found. As can be seen
in Tables 6 and 7, human studies have exclusively used
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peripheral blood cells, whereas most animal studies
(rats and mice) used isolated tissue macrophages. Thus,
as pointed out before, differences in origin of the cell
types used to study cytokine production may account
for the paradoxical responses to (n-3) fatty acids in hu
mans and animals. This hypothesis is supported by the
only animal study using peripheral blood mononuclear
cells, which found decreased IL-6 and TNF production
(Grimm et al. 1994). To clarify this issue, studies are
needed to evaluate the influence of dietary (n-3) fatty
acids on cytokine production in isolated peripheral
blood mononuclear cells and tissue macrophages si
multaneously.

As in the human studies, there is no evidence that
the alleviation of inflammation by (n-3) fatty acids in
animal studies is mediated by alterations in cytokine
production. Studies employing (n-3) fatty acids simul
taneously with control measures such as agonists or
antagonists of cytokines have not been performed.

POSSIBLE MECHANISMS OF THE
MODULATION OF CYTOKINE

PRODUCTION BY DIETARY
(n-3) FATTY ACID INTAKE

At present, the mechanisms by which dietary (n-3)
fatty acids modulate cytokine production have not
been elucidated. Until recently, the alleviation of in
flammation after the ingestion of (n-3) fatty acids has
mainly been attributed to a reduced production by leu
kocytes of the eicosanoids prostaglandin E2 (PGE2) and
leukotriene B4(LTB4). Inflammatory agonists stimulate
eicosanoid synthesis by enhancing the release of ara-
chidonic acid from the intracellular phospholipid pool
through activation of phospholipases. Subsequently,
the free arachidonic acid is metabolized into prosta-
glandins and leukotrienes by the enzymes cyclooxy-
genase and lipoxygenase, respectively. Eicosapentanoic
acid, one of the (n-3) polyunsaturated fatty acids found
in high concentrations in fish oil, is rapidly incorpo
rated into cell membrane phospholipids, where it re
places arachidonic acid as a substrate and is converted
into the biologically less active prostaglandin E3 (PGE3 )
and leukotriene B5 (LTBS) (Lee et al. 1985). Moreover,
(n-3) fatty acids have been shown to be poorly metabo
lized by cyclooxygenase, thereby reducing the total pro
duction of eicosanoids (Lee et al. 1985).

Prostaglandins. Changes in the production of the
eicosanoids PGE2 and LTB4 have been postulated as
mechanisms of altered cytokine production after di
etary fatty acid supplementation. In vitro addition of
PGE2 to human peripheral blood mononuclear cells in
hibits TNF production, probably by increasing intracel
lular cyclic AMP (Endres et al. 1991, Renz et al. 1988).
Initially, the in vitro production of IL-1 has also been
reported to be under inhibitory control of PGE2, but
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FIGURE 2 Cytokine production capacity of murine peri
toneal cells. Swiss mice were fed fish oil, palm oil or corn
oil for 6 wk. Peritoneal cells were isolated and cultured with
(dark bars) or without endotoxin (light bars). Tumor necrosis
factor (TNF ) was measured in the culture medium; interleu-
kin-la (IL-la) was measured after lysis of the cells. Both TNF
and IL-la were significantly higher in the fish oil-fed mice
than in those fed corn oil or palm oil (P < 0.05). Reproduced
with permission from Blok et al. (1992). LPS = lipopolysac-
charide.

since the availability of specific IL-1 assays it has be
come clear that in vitro IL-1 secretion is not inhibited
by PGE2 (Endres et al. 1991, Scales et al. 1989). In vivo
inhibition of PGE2 production by administration of a
cyclooxygenase inhibitor has been reported to increase
circulating concentrations of IL-6 and TNF during
acute endotoxinemia in humans (Spinas et al. 1991).
Because PGE2 concentrations are decreased following
consumption of an (n-3) fatty acid-rich diet, it is un
likely that prostaglandins play an important role in
the decreased TNF production observed in humans and
some other species. In mice, however, decreased PGE2
production could account for the observed increases in
TNF after (n-3) fatty acids. Two groups reported that
the increase in TNF production by peritoneal macro
phages from mice fed fish oil or control diets could be
substantially reduced by treating these cells with PGE2
(Hardardottir and Kinsella 1991, Hubbard et al. 1991).
However, TNF production capacity was still elevated
in the mice fed (n-3) fatty acids compared with controls.
Hardardottir and Kinsella 1991) also showed that after
the abolition of PGE2 production in all dietary groups
by indomethacin, peritoneal macrophages of fish oil-
fed mice still produced significantly more TNF. This
indicates that in mice, reduced PGE2 production is not
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the only mechanism responsible for the increased TNF
production.

Leukotrienes. As suggested by Endres et al. (1989),
a fish oil-induced decrease in the synthesis of lipoxy-
genation products of arachidonic acid may account for
inhibition of cytokine production. However, studies on
the effect of leukotrienes on IL-1 production have
shown divergent results. Leukotriene B4 was reported
to enhance lipopolysaccharide-induced IL-1 production
by human monocytes in vitro (Rola-Pleszczynski and
Lemaire 1985), but specific leukotriene inhibitors
failed to reduce IL-1 production by human and mouse
mononuclear cells at concentrations that completely
inhibited leukotriene synthesis (Hoffman et al. 1991,
Parkar et al. 1990). In mice, treatment with lipoxygen-
ase inhibitors suppressed the circulating TNF concen
trations after endotoxin injection as well as the ex vivo
TNF production by peritoneal macrophages (Schade et
al. 1989). Endres et al. (1989) suggested that the pro
found decrease in IL-1 and TNF production at 10 wk
after cessation of the fish oil diet might have been due
to reduced production of LTB4. However, others re
ported complete restoration of LTB4 formation by neu-
trophils and peripheral blood mononuclear cells within
8 wk after cessation of a similar diet (Tulleken et al.
1989). These data suggest that reduced synthesis of leu
kotrienes is unlikely to cause the reduced cytokine pro
duction after (n-3) fatty acid administration.

Dual inhibition. Studies with agents that inhibit
both the lipoxygenase- and cyclooxygenase-mediated
metabolism of arachidonic acid are of interest, because
dietary (n-3) fatty acid supplementation results in a
similar reduction of both prostaglandins and leuko
trienes. One of these agents, tebufelone, enhanced IL-
1 and TNF synthesis by human peripheral blood mono-
nuclear cells at concentrations that suppressed leuko
triene formation (Sirko et al. 1991). Another dual
cyclooxygenase/lipoxygenase inhibitor, SK&F 86002,
protected mice from endotoxin-induced mortality and
reduced circulating TNF concentrations (Badger et al.
1989). Differences in species studied may account for
these divergent findings. However, because dual
cyclooxygenas/lipoxygenase inhibitors seem to in
crease cytokine production in human cells and de
crease cytokine production in mice, these observations
are opposite to the observed decrease in cytokine pro
duction in humans and the increased cytokine produc
tion in mice induced by (n-3) fatty acids. Thus, these
observations again argue against reduced eicosanoid
synthesis as an explanation for these effects.

Vitamin E and cytokine production. Fish oil con
centrates used in clinical and experimental studies are
enriched in vitamin E to prevent lipid peroxidation.
The effects of dietary fish oil supplementation on cyto
kine production could thus theoretically be due to the
vitamin E rather than to the (n-3) fatty acids.

Meydani et al. (1989) studied this issue in a group
of elderly human volunteers who consumed 800 iu of

all-rac-a-tocopheryl acetate daily for 30 d. Endotoxin-
stimulated IL-1 bioactivity was not affected by this vi
tamin E supplementation. Cannon et al. (1991) studied
male volunteers who supplemented their diets with
800 iu of all-rac-a-tocopherol daily for 48 d. After a
session of heavy exercise, IL-1/3 production capacity
rose in subjects receiving placebo but not in vitamin E-
supplemented subjects. The TNF production capacity
was not affected by vitamin E; IL-6 production capacity
was, however, significantly reduced in the vitamin E
group. These studies show that vitamin E supplemen
tation in itself may exert sortie influence on cytokine
production. However, the amount of vitamin E em
ployed in these studies is much higher than that in
gested in the fish oil studies (800 iu vs. approximately
20 lU/d). Therefore it remains questionable whether
vitamin E may account for the changes observed after
dietary fish oil supplementation.

Modulation of signal transduction. Some studies
have addressed the question whether (n-3) fatty acids
alter intracellular signal transduction pathways in
volved in the synthesis of cytokines. In mice, 10 d of
dietary supplementation with (n-3) fatty acids signifi
cantly increased the diacylglycerol concentration in
concanavalin A-stimulated splenocytes (Fowler et al.
1993). The (n-3) fatty acids seemed to modulate the
activities of protein kinase C and cAMP-dependent pro
tein kinases in a lymphoma cell line (Speizer et al.
1991). It is thus conceivable that (n-3 (fatty acids induce
changes in the concentrations or activities of intracel
lular factors involved in cytokine production. Clearly,
these data need to be confirmed and related to changes
in cytokine production.

CONCLUSIONS

Anti-inflammatory effects of dietary fish oil supple
mentation have been observed in clinical studies of
rheumatoid arthritis, psoriasis and ulcerative colitis.
The effects of (n-3) fatty acids seem to be stronger in
animal models of chronic inflammation than in the
clinical studies. This may relate to the early institution
of supplementation and the very high intake of (n-3)
fatty acids in the animal studies. In humans, the anti-
inflammatory potential of fish oil seems to be limited.
Studies in critically ill burn or postoperative cancer
patients yielded inconclusive results, but one study in
trauma patients is promising. It is unclear whether the
anti-inflammatory effects of fish oil in humans are me
diated through a reduction in cytokine production or
through other mechanisms such as reduced production
of lipid mediators; studies in humans have reported
impressive reductions in cytokine production capacity,
although not all studies were properly controlled. The
data from animal studies show the opposite: increased
IL-1 and TNF production capacity after (n-3) fatty acid
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supplementation. Differences in origin of cytokine-pro-
ducing cells may account for this paradoxical response
to (n-3) fatty acids in humans and mice.

Interference with the negative feedback of prosta-
glandins on TNF production partly accounts for the
increased TNF production after (n-3) fatty acid supple
mentation in mice. The mechanism of action of (n-3)
fatty acids on IL-1 production in mice and on cytokine
production in other species remains to be elucidated.

The issue whether dietary (n-3) fatty acids decrease
host resistance to infections is still unresolved. T cell
responses increased in certain patient groups after (n-
3) fatty acid consumption but decreased in healthy sub
jects. Baseline T cell activation may play a role here.
Some animal studies suggest a beneficial effect of (n-
3) fatty acids on outcome of infections, whereas others
report an adverse or no effect. Thus, at present there is
no firm scientific evidence that enterai feedings en
riched in (n-3)fatty acids are of benefit in the treatment
of critically ill patients. Future research in this field
may be directed in several ways. First, studies are
needed to relate the contributions of the various lipid
mediators and the intracellular signal transduction sys
tems to the observed effects of (n-3) fatty acids on in
flammation and on cytokine production. Second, differ
ent cytokine-producing cell types should be studied si
multaneously in one species to unravel the paradoxical
responses to dietary (n-3) fatty acids in humans and
mice. Third, in view of the preliminary studies already
performed and given the increasing number of immu-
nocompromised patients in our hospitals and intensive
care units, well-designed studies are needed to assess
the potential benefit of dietary (n-3) fatty acids in this
group of patients.

ACKNOWLEDGMENT

We thank Stefan Endres for valuable suggestions.

LITERATURE CITED

Arm, J. P., Horton, C. E., Mencia-Huerta, J. M., House, F., Eiser,
N. M., Clark, T. J. H., Spur, B. W. &. Lee, T. H. (1988) Effect
of dietary supplementation with fish oil lipids on mild asthma.
Thorax 43: 84-92.

Arm, J. P., Horton, C. E., Spur, B. W., Mencia-Huerta, ]. M. & Lee,
T. H. (1989) The effects of dietary supplementation with fish
oil lipids on the airway's response to inhaled allergen in bronchial

asthma. Am. Rev. Respir. Dis. 139: 1395-1400.
Asian, A. & Triadafilopoulos, G. (1992) Fish oil fatty acid supple

mentation in active ulcerative colitis: a double-blind, placebo-
controlled, crossover study. Am. J. Gastroenterol. 87: 432-437.

Badger, A. M., Olivera, D., Talmadge, J. E. & Hanna, N. (1989)
Protective effect of SK&F 86002, a novel dual inhibitor of arachi-
donic acid metabolism, in murine models of endotoxin shock:
inhibition of tumor necrosis factor as a possible mechanism of
action. Circ. Shock 27: 51-61.

Barton, R. G., Wells, C. L., Carlson, A., Singh, R., Sullivan, J. J. &
Cerra, F.B. (1991) Dietary omega-3 fatty acids decrease mortal
ity and Kupffer cell prostaglandin E2 production in a rat model
of chronic sepsis. J. Trauma 31: 7687-73.

Belch, J. f., Ansell, D., Madhok, R., O'Dowd, A. & Sturrock, R. D.

(1988) Effects of altering dietary essential fatty acids on require
ments for non-steroidal anti-inflammatory drugs in patients with
rheumatoid arthritis: a double blind placebo controlled study.
Ann. Rheum. Dis. 47: 96-104.

Berdanier, C. D., Johnson, B., Hartle, D. K. & Crowell, W. (1992)
Life span is shortened in BHE/cdb rats fed a diet containing 9%
menhaden oil and 1% corn oil. J. Nutr. 122: 1309-1317.

Berman, M. A., Sandborg, C. I., Calabia, B. S., Andrews, B. S. &.Friou,
G. J. (1987) Interleukin 1 inhibitor masks high interleukin 1
production in acquired immunodeficiency syndrome (AIDS).
Clin. Immunol. Immunopathol. 42: 133-140.

Billiar, T. R., Bankey, P. E., Svingen, B. A., Curran, R. D., West, M. A.,
Holman, R. T., Simmons, R. L. & Cerra, F. B. (1988) Fatty acid
intake and Kupffer cell function: fish oil alters eicosanoid and
monokine production to endotoxin stimulation. Surgery 104:
343-349.

Bittiner, S. B., Tucker, W. F., Cartwright, I. &.Bleehen, S. S. (1988)
A double-blind, randomised, placebo-controlled trial of fish oil in
psoriasis. Lancet 1: 378-380.

Bjorneboe, A., Klemeyer Smith, A., Bjomeboe, G. A., Thune, P. O. &
Drevon, C. A. (1988) Effect of dietary supplementation with
n-3 fatty acids on clinical manifestations of psoriasis. Br. J. Der-
matol. 118:77-83.

Bloch, K. J., Ho, B., Xu, L. L., Bloch, M. & Robinson, D. R. (1989)
Effect of fish-fat or beef-fat supplemented diet on immune com
plex-induced enteropathy in the rat. Prostaglandins 38:385-396.

BlÃ¶k,W. L., Vogels, M. T., Curfs, J. H., Eling, W. M., Buurman,
W. A. &. van der Meer, J.W.M. (1992) Dietary fish-oil supple
mentation in experimental gram-negative infection and in cere
bral malaria in mice. J. Infect. Dis. 165: 898-903.

Bougnoux, P., Koscielny, S., Chajes, V., Descamps, P., Couet, C. &
Calais, G. (1994) alpha-Linolenic acid content of adipose
breast tissue: a host determinant of the risk of early metastasis
in breast cancer. Br. J. Cancer 70: 330-334.

Calandra, T., Baumgartner, J. D., Grau, G. E., Wu, M. M., Lambert,
P.H.,Schellekens,J.,Verhoef,I.&.Glauser,M.P. (1990] Prognos
tic values of tumor necrosis factor/cachectin, interleukin-1, inter-
feron-alpha, and interferon-gamma in the serum of patients with
septic shock. Swiss-Dutch J5 Immunoglobulin Study Group. J.
Infect. Dis. 161: 982-987.

Calder, P. C., Sherrington, E. J., Askanazi, J. & Newsholme, E. A.
(1994) Inhibition of lymphocyte proliferation in vitro by two
lipid emulsions with different fatty acid compositions. Clin.
Nutr. (Edinb.) 13: 69-74.

Cannon, J. G., Meydani, S. N., Fielding, R. A., Fiatarone, M. A.,
Meydani, M., Farhangmehr, M., Orencole, S. F., Blumberg, ]. B. &
Evans, W. J. (1991) Acute phase response in exercise. H. Associ
ations between vitamin E, cytokines, and muscle proteolysis. Am.
J. Physiol. 260: R1235-R1240.

Cannon, J. G., Fiatarone, M. A., Meydani, M., Gong, J. H., Scott,
L., Blumberg, ]. B. & Evans, W. J. (1995) Aging and dietary
modulation of elastase and interleukin-1/9 secretion. Am. J. Phys
iol. 268: R208-213.

Cannon, J. G., Tompkins, R. G., Gelfand, J. A., Michie, H. R., Stan
ford, G. G., van der Meer, J.W.M., Endres, S., Lonnemann, G.,
Corsetti, f., Chernow, B. et al. (1990) Circulating interleukin-
1 and tumor necrosis factor in septic shock and experimental
endotoxin fever. J. Infect. Dis. 161: 79-84.

Carroll, K. K. & Braden, L. M. (1984) Dietary fat and mammary
carcinogenesis. Nutr. Cancer 6: 254-259.

Cathcart, E. S., Mortensen, R. F., Leslie, C. A., Conte, J. M. & Conner-
man, W. A. (1987) A fish oil diet inhibits amyloid P component
(AP| acute phase responses in arthritis susceptible mice. J. Immu
nol. 139: 89-91.

 by guest on January 12, 2011
jn.nutrition.org

D
ow

nloaded from
 

http://jn.nutrition.org/


1530 BLÃ–K ET AL.

Cerra, F. B., Holman, R. T., Bankey, P. E., Mazuski, J. E. & LiCari,
J. J. (1991a) OmÃ©ga3 polyunsaturated fatty acids as modulators
of cellular function in the critically ill. Pharmacotherapy. 11:71-
76.

Cerra, F. B., Lehmann, S., Konstantinides, N., Dzik, f., Fish, f., Kons-
tantinides, F., LiCari, I. J. & Holman, R. T. (1991b) Improve
ment in immune function in ICU patients by enterai nutrition
supplemented with arginine, RNA, and menhaden oil is indepen
dent of nitrogen balance. Nutrition 7: 193-199.

Chang, H. R., Dulloo, A. G., Vladoianu, I. R., Piguet, P. F., Arseni-
jevic, D., Girardier, L. & Pechere, J. C. 11992) Fish oil decreases
natural resistance of mice to infection with Salmonella typhimu-
rium. Metabolism 41: 1-2.

Clark, W. F., Parbtani, A., Huff, M. W., Reid, B., Holub, B. J. &
Falardeau, P. (1989) Omega-3 fatty acid dietary supplementa
tion in systemic lupus erythematosus. Kidney Int. 36: 653-660.

Cleland, L. G., French, J. K., Betts, W. H., Murphy, G. A. & Elliott,
M. J. (1988) Clinical and biochemical effects of dietary fish oil
supplements in rheumatoid arthritis. J. Rheumatol. 15: 1471-
1475.

Clouva-Molyvdas, P., Peck, M. D. & Alexander, ]. W. (1992) Short-
term dietary lipid manipulation does not affect survival in two
models of murine sepsis. J. Parenter. Enterai Nutr. 16: 343-347.

Cominelli, F., Nast, C. C., Clark, B. D., Schindler, R., Lierena, R.,
Eysselein, V. E., Thompson, R. C. & Dinarello, C. A. (1990)
Interleukin 1 (IL-1) gene expression, synthesis, and effect of spe
cific IL-1 receptor blockade in rabbit immune complex colitis. J.
Clin. Invest. 86: 972-980.

Cooper, A. L., Gibbons, L., Horan, M. A., Little, R. A. & Rothwell,
N.J. (1993) Effect of dietary fish oil supplementation on fever
and cytokine production in human volunteers. Clin. Nutr.
(Edinb.) 12:321-328.

Cooper, A. L. & Rothwell, N. J. (1993) Inhibition of the thermo-
gÃ©nieand pyrogenic responses to interleukin-1 beta in the rat by
dietary N-3 fatty acid supplementation. Prostaglandins Leuko-
trienes Essent. Fatty Acids 49: 615-626.

Curfs, J.H.A.J., Vogels, M.T.E., Eling, W.M.C. &.van der Meer, J.W.M.
(1992) IL-1 receptor antagonist prevents cerebral malaria in Plas-
modium berghei-iniected mice. In: Pathophysiology and Phar
macology of Cytokines (Ghezzi, P. & Mantovani, A., eds.), pp.
105-111. Biomedicai Press, Augusta, GA.

D'Ambola, J. B., Aeberhard, E. E., Trang, N., Gaffar, S., Barrett,
C. T. &. Sherman, M. P. (1991 ) Effect of dietary (n-3) and (n-6)

fatty acids on in vivo pulmonary bacterial clearance by neonatal
rabbits. J. Nutr. 121: 1262-1269.

Daly, J. M., Lieberman, M. D., Goldfine, f., Shou, f., Weintraub, F.,
Rosato, E. F. & Lavin, P. (1992) Enterai nutrition with supple
mental arginine, RNA, and omega-3 fatty acids in patients after
operation: immunologie, metabolic, and clinical outcome. Sur
gery 112:56-67.

Dinarello, C. A. (1991) Interleukin-1 and interleukin-1 antago
nism. Blood 77: 1627-1652.

Dinarello, C. A. (1992) Role of interleukin-1 and tumor necrosis
factor in systemic responses to infection and inflammation. In:
Inflammation: Basic Principles and Clinical Correlates (Gallin,
J. L, Goldstein, I. M. & Snyderman, R., eds.), pp. 211-231. Raven
Press, New York, NY.

Eastgate, J. A., Symons, J. A., Wood, N. C., Grinlinton, F. M., di-
Giovine, F. S. & Duff, G. W. (1988) Correlation of plasma in-

terleukin 1 levels with disease activity in rheumatoid arthritis.
Lancet 2: 706-709.

Empey, L. R., fewell, L. D., Garg, M. L., Thomson, A. B., Clandinin,
M. T. & Fedorak, R. N. (1991 ) Fish oil-enriched diet is muco-
sai protective against acetic acid-induced colitis in rats. Can. J.
Physiol. Pharmacol. 69: 480-487.

Endres, S., Ghorbani, R., Kelley, V. E., Georgilis, K., Lonnemann, G.,
van der Meer, J.W.M., Cannon, J. G., Rogers, T. S., Klempner,
M. S., Weber, P. C., Schaefer, E. J., Wolff, S. M. & Dinarello,
C. A. (1989) The effect of dietary supplementation with n-3

polyunsaturated fatty acids on the synthesis of interleukin-1 and
tumor necrosis factor by mononuclear cells. N. Engl. J. Med. 320:
265-271.

Endres, S., FÃ¼lle,H. J., Sinha, B., Stoll, D., Dinarello, C. A., Gerzer,
R. & Weber, P. C. (1991 ) Cyclic nucleotides differentially regu
late the synthesis of tumour necrosis factor-alpha and interleu
kin-1 beta by human mononuclear cells. Immunology 72: 56-60.

Ernst, E., Saradeth, T. & Achhammer, G. (1991) n-3 Fatty acids
and acute-phase proteins. Eur. J. Clin. Invest. 21: 77-82.

Ertel,W., Morrison, M.H.,Ayala, A. &Chaudry, I. H. (1993) Modu
lation of macrophage membrane phospholipids by n-3 polyunsat
urated fatty acids increases interleukin-1 release and prevents
suppression of cellular immunity following hemorrhagic shock.
Arch. Surg. 128: 15-21.

Espersen, G. T., Grunnet, N., Lervang, H. H., Nielsen, G. L., Thorn-
sen, B. S., Faarvang, K. L., Dyerberg, J. &. Ernst, E. (1992) De
creased interleukin-1 beta levels in plasma from rheumatoid ar
thritis patients after dietary supplementation with n-3 polyunsat
urated fatty acids. Clin. Rheumatol. 11: 393-395.

Fernandes, G., Tomar, V., Venkatraman, M. N. &.Venkatraman, J. T.
(1992) Potential of diet therapy on murine AIDS. J. Nutr. 122:
716-722.

Firestein, G. S. & Zvaifler, N. J. (1992) Rheumatoid arthritis. A
disease of disordered immunity. In: Inflammation: Basic Princi
ples and Clinical Correlates (Gallin, J. I., Goldstein, I. M. & Sny
derman, R., eds.), pp. 959-975. Raven Press, New York, NY.

Fowler, K. H., McMurray, D. N., Fan, Y. Y., Aukema, H. M. & Chap-
kin, R. S. (1993) Purified dietary n-3 polyunsaturated fatty
acids alter diacylglycerol mass and molecular species composition
in concanavalin A-stimulated murine splenocytes. Biochim. Bio-
phys. Acta 1210: 89-96.

Gottschlich, M. M., Jenkins, M., Warden, G. D., Baumer, T., Havens,
P., Snook, J. T. & Alexander, J. W. (1990) Differential effects
of three enterai dietary regimens on selected outcome variables
in burn patients. J. Parenter. Enterai Nutr. 14: 225-236.

Grau, G. E., Piguet, P. F., Vassalli, P. & Lambert, P. H. (1989) Tu
mor-necrosis factor and other cytokines in cerebral malaria: ex
perimental and clinical data. Immunol. Rev. 112: 49-70.

Grimm, H., Tibell, A., Norrlind, B., Blecher, C., Wilker, S. &
Schwemmle, K. (1994) Immunoregulation by parenteral lipids:
impact of the n-3 to n-6 fatty acid ratio. I Parenter. Enterai Nutr.
18: 417-421.

Grzybowski, S. & Dorken, E. (1983) Tuberculosis in Inuit. Ecol.
Dis. 2: 145-148.

Guarner, F., Vilaseca, J. & Malagelada, J. R. (1992) Dietary manip
ulation in experimental inflammatory bowel disease. Agents Ac
tions Spec. No. C10-C14.

Hardardottir, I. & Kinsella, J. E. (1991) Tumor necrosis factor pro
duction by murine resident peritoneal macrophages is enhanced
by dietary n-3 polyunsaturated fatty acids. Biochim. Biophys. Acta
1095: 187-195.

Hardardottir, I. & Kinsella, f. E. (1992) Increasing the dietary (n-3)
to (n-6) polyunsaturated fatty acid ratio increases tumor necrosis
factor production by murine resident peritoneal macrophages
without an effect on elicited peritoneal macrophages. J. Nutr. 122:
1942-1951.

Hardardottir, I., Whelan, f. & Kinsella, J. E. (1992) Kinetics of tu
mour necrosis factor and prostaglandin production by murine res
ident peritoneal macrophages as affected by dietary n-3 polyunsat
urated fatty acids. Immunology 76: 572-577.

Hellerstein, M. K., Meydani, S. N., Meydani, M., Wu, K. & Dinarello,
C. A. (1989) Interleukin-1-induced anorexia in the rat. Influ
ence of prostaglandins. J. Clin. Invest. 84: 228-235.

Hirschberg, Y., Pomposelli, J. J., Blackburn, G. L., Istfan, N. W., Ba-
bayan, V. & Bistrian, B. R. (1990) The effects of chronic fish
oil feeding in rats on protein catabolism induced by recombinant
mediators. Metabolism 39: 397-402.

Hoffman, T., Lee, Y. L., Lizzio, E. F., Tripathi, A. K., Jessop, J. J.,
Taplits, M., Abrahamsen, T. G., Carter, C. S. & Puri, J. (1991)

 by guest on January 12, 2011
jn.nutrition.org

D
ow

nloaded from
 

http://jn.nutrition.org/


CYTOKINES AND (n-3) FATTY ACIDS 1531

Absence of modulation of monokine production via endogenous
cyclooxygenase or 5-lipoxygenase metabolites: MK-886 (3-[l-(4-
chlorobenzyl)-3-t-butyl-thio-5-isopropylindol-2-yl]-2,2-
dimethylpropanoic acid), indomethacin, or arachidonate fail to
alter immunoreactive interleukin-1 beta, or TNF-alpha produc
tion by human monocytes in vitro. Clin. Immunol. Immunopa-
thol. 58: 399-408.

Hubbard,N.E.,Somers,S.D.&Erickson,K.L. (1991) Eicosapentae-
noic and docosahexaenoic acids alter murine macrophage TNFa
activity. Cytokine 3: 462 (abs.).

Kelley, D. S., Branch, L. B., Love, J. E., Taylor, P. C., Rivera, Y. M. &
lacono, J. M. (1991) Dietary alpha-linolenic acid and immuno-
competence in humans. Am. J. Clin. Nutr. 53: 40-46.

Kelley, V. E., Ferretti, A., Izui, S. & Strom, T. B. (1985) A fish oil
diet rich in eicosapentaenoic acid reduces cyclooxygenase metab
olites, and suppresses lupus in MRL-lpr mice. J. Immunol. 134:
1914-1919.

Kemen, M., Senkal, M., Homann, H-H., Mumme, A., Dauphin,
A-K., Baier, J., Windeler, ]., Neumann, H. & Zumtobel, V. (1995)
Early postoperative enterai nutrition with arginine-omega-3 fatty
acids and ribonucleic acid-supplemented diet versus placebo in
cancer patients: an immunologie evaluation of Impact. Crit. Care
Med. 23: 652-659.

Kinsella, J. E., Lokesh, B., Broughton, S. & Whelan, J. (1990) Di
etary polyunsaturated fatty acids and eicosanoids: potential ef
fects on the modulation of inflammatory and immune cells: an
overview. Nutrition 6: 24-44.

Kremer, J. M., Jubiz, W., Michalek, A., Rynes, R. I., Bartholomew,
L. E., Bigaouette, f., Timchalk, M., Beeler, D. & Lininger, L.
(1987| Fish-oil fatty acid supplementation in active rheumatoid
arthritis. A double-blinded, controlled, crossover study. Ann. In
tern. Med. 106: 497-503.

Kremer, J. M., Lawrence, D. A., Jubiz, W., DiGiacomo, R., Rynes, R.,
Bartholomew, L. E. & Sherman, M. (1990) Dietary fish oil and
olive oil supplementation in patients with rheumatoid arthritis.
Clinical and immunologie effects. Arthritis Rheum. 33: 810-820.

Kremer, J. M., Michalek, A. & Lininger, L. (1985) Effects of manip
ulation of dietary fatty acids on clinical manifestations of rheu
matoid arthritis. Lancet 1: 184-187.

Kromhout, D. (1990) The importance of N-6 and N-3 fatty acids
in carcinogenesis. Med. Oncol. Tumor Pharmacother. 7: 173-176.

Kumaratilake, L. M., Robinson, B. S., Ferrante, A. & Poulos, A.
(1992) Antimalarial properties of n-3 and n-6 polyunsaturated
fatty acids: in vitro effects on Plasmodium falcipamm and in
vivo effects on P. berghei. J. Clin. Invest. 89: 961-967.

Lahdevirta, I., Maury, C. P., Teppo, A. M. & Repo, H. (1988) Ele
vated levels of circulating cachectin/tumor necrosis factor in pa
tients with acquired immunodeficiency syndrome. Am. J. Med.
85: 289-291.

Lassus, A., Dahlgren, A. L., Halpern, M. J., Santalahti, ]. & Happonen,
H. P. (1990) Effects of dietary supplementation with polyun
saturated ethyl ester lipids (Angiosan) in patients with psoriasis
and psoriatic arthritis. J. Int. Med. Res. 18: 68-73.

Lee, T. H., Hoover, R. L., Williams, J. D., Sperling, R. I., Ravalese, J.
m, Spur, B. W., Robinson, D. R., Corey, E. J., Lewis, R. A. &
Austen, K. F. (1985) Effect of dietary enrichment with eicosa
pentaenoic and docosahexaenoic acids on in vitro neutrophil and
monocyte leukotriene generation and neutrophil function. N.
Engl. J. Med. 312: 1217-1224.

Lepe-Zuniga, J. L., Mansell, P. W. & Hersh, E. M. (1987) Idiopathic
production of interleukin-1 in acquired immune deficiency syn
drome. J. Clin. Microbiol. 25: 1695-1700.

Leslie, C. A., Gonnerman, W. A., Ullman, M. D., Hayes, K. C.,
Franzblau, C. & Cathcart, E. S. (1985) Dietary fish oil modu
lates macrophage fatty acids and decreases arthritis susceptibilily
in mice. J. Exp. Med. 162: 1336-1349.

Lokesh, B. R., Sayers, T. J. & Kinsella, J. E. (1990) Interleukin-1

and tumor necrosis factor synthesis by mouse peritoneal macro

phages is enhanced by dietary n-3 polyunsaturated fatty acids.
Immunol. Lett. 23: 281-285.

Lonnemann, G., Endres, S., van der Meer, J.W.M., Cannon, J. G.,
Koch, K. M. & Dinarello, C. A. (1989| Differences in the syn
thesis and kinetics of release of interleukin 1 alpha, interleukin
1 beta and tumor necrosis factor from human mononuclear cells.
Eur. J. Immunol. 19: 1531-1536.

Lorenz, R., Weber, P. C., Szimnau, P., Heldwein, W., Strasser, T. &
Loeschke, K. (1989) Supplementation with n-3 fatty acids from
fish oil in chronic inflammatory bowel diseaseâ€”a randomized,
placebo-controlled, double-blind cross-over trial, f. Intern. Med.
Suppl. 225: 225-232.

Mahida, Y. R., Wu, K. & Jewell, O.P. (1989) Enhanced production
of interleukin 1-beta by mononuclear cells isolated from mucosa
with active ulcerative colitis of Crohn's disease. Gut 30: 835-

838.
Mascioli, E. A., Iwasa, Y., Trimbo, S., Leader, L., Bistrian, B. R. &

Blackburn, G. L. (1989) Endotoxin challenge after menhaden
oil diet: effects on survival of guinea pigs. Am. J. Clin. Nutr. 49:
277-282.

Maurice, P. D., Allen, B. R., Barkley, A. S., Cockbill, S. R., Stammers,
J. & Bather, P. C. (1987) The effects of dietary supplementation
with fish oil in patients with psoriasis. Br. J. Dermatol. 117: 599-

606.
Mazlam, M. Z. & Hodgson, H. J. (1992) Peripheral blood mono

cyte cytokine production and acute phase response in inflamma
tory bowel disease. Gut 33: 773-778.

McCall, T. B., O'Leary, D., Bloomfield, J. & O'Morain, C. A. (1989)

Therapeutic potential of fish oil in the treatment of ulcerative
colitis. Aliment. Pharmacol. & Ther. 3: 415-424.

McCarthy, D. O., Kluger, M. f. & Vander, A. J. (1985) Suppression
of food intake during infections: is interleukin-1 involved? Am.
J. Clin. Nutr. 42: 1179-1182.

Meydani, S. N., Endres, S., Woods, M. M., Goldin, B. R., Soo, C.,
Morrill-Labrode, A., Dinarello, C. A. & Gorbach, S. L. (1991)
Oral (n-3) fatty acid supplementation suppresses cytokine produc
tion and lymphocyte proliferation: comparison between young
and older women. J. Nutr. 121: 547-555.

Meydani, S. N., Lichtenstein, A. H., Cornwall, S., Meydani, M., Gol-
din, B. R., Rasmussen, H., Dinarello, C. A. & Schaefer, E. J.
(1993) Immunologie effects of National Cholesterol Education
Panel step-2 diets with and without fish-derived n-3 fatty acid
enrichment. J. Clin. Invest. 92: 105-113.

Meydani, S. N., Meydani, M., Barklund, P. M., Liu, S., Miller, R. A.,
Cannon, J. G., Rocklin, R. & Blumberg, J. B. (1989) Effect of
vitamin E supplementation on immune responsiveness of the
aged. Ann. N.Y. Acad. Sci. 570: 283-290.

Moldawer, L. L., Anderson, C., Gelin, f. & Lundhold, K. G. (1988)
Regulation of food intake and hepatic protein synthesis by recom-
binant-derived cytokines. Am. J. Physiol. 254: G450-G456.

Molina, J. M., Scadden, D. T., Byrn, R., Dinarello, C. A. & Groopman,
J. E. (1989) Production of tumor necrosis factor alpha and in
terleukin 1 beta by monocytic cells infected with human immu
nodeficiency virus. J. Clin. Invest. 84: 733-737.

Molina, J. M., Schindler, R., Feniani, R., Sakaguchi, M., Vannier,
E., Dinarello, C. A. & Groopman, J. E. (1990) Production of
cytokines by peripheral blood monocytes/macrophages infected
with human immunodeficiency virus type 1 (HIV-1). J. Infect.
Dis. 161: 888-893.

Molvig, J., Pociot, F., Worsaae, H., Wogensen, L. D., Baek, L., Chris-
tensen, P., Mandrup-Poulsen, T., Andersen, K., Madsen, P., Dy-
erberg, J. & Nerup, J. (1991) Dietary supplementation with
omega-3-polyunsaturated fatty acids decreases mononuclear cell
proliferation and interleukin-1 beta content but not monokine
secretion in healthy and insulin-dependent diabetic individuals.
Scand. J. Immunol. 34: 399-410.

Moore, F. A., Moore, E. E., Kudsk, K. A., Brown, R. O., Bower, R. H.,
Koruda, M.J., Baker, C.C. &Barbul,A. (1994) Clinical benefits

 by guest on January 12, 2011
jn.nutrition.org

D
ow

nloaded from
 

http://jn.nutrition.org/


1532 BLÃ–K ET AL.

of an immune-enhancing diet for early postinjury enterai feeding.
J. Trauma 37: 607-615.

Moore, G. F., Yarboro, C. & Sebring, N. G. (1987) Eicosapentanoic
acid (EPA) in the treatment of systemic lupus erythematosus
(SLE). Arthritis Rheum. 30: S33 (abs.).

Morris, D. D., Henry, M. M., Moore, J. N. & Fischer, J. K. (1991]
Effect of dietary alpha-linolenic acid on endotoxin-induced pro

duction of tumor necrosis factor by peritoneal macrophages in
horses. Am. J. Vet. Res. 52: 528-532.

Needleman, P., Raz, A., Minkes, M. S., Ferrendelli, J. A. & Sprecher,
H. (1979) Triene prostaglandins: prostacyclin and ihrombox-
ane biosynthesis and unique biological properties. Proc. Nati.
Acad. Sci. U.S.A. 76: 944-948.

Ohlsson, K., Bjork, P., Bergenfeldt, M., Hageman, R. & Thompson,
R. C. (1990) Interleukin-1 receptor antagonist reduces mortal
ity from endotoxin shock. Nature (Lond.) 348: 550-552.

Okusawa, S., Gelfand, J. A., Ikejima, T., Connolly, R. J. & Dinarello,
C. A. (1988) Interleukin 1 induces a shock-like state in rabbits.
Synergism with tumor necrosis factor and the effect of cyclooxy-
genase inhibition. J. Clin. Invest. 81: 1162-1172.

Parkar, B. A., McCormick, M. E. & Foster, S. J. (1990) Leuko-
trienes do not regulate interleukin 1production by activated mac
rophages. Biochem. Biophys. Res. Commun. 169: 422-429.

Payan, D. G., Wong, M. Y., Chernov-Rogan, T., Valone, F. H., Pickett,
W. C., Blake, V. A., Gold, W. M. & Goetzl, E. J. (1986) AltÃ©r
ations in human leukocyte function induced by ingestion of eico-
sapentaenoic acid. J. Clin. Immunol. 6: 402-410.

Pomposelli, J. J., Flores, E., Hirschberg, Y., Teo, T. C., Blackburn,
G. L., Zeisel, S. H. &. Bistrian, B. R. (1990) Short-term TPN
containing n-3 fatty acids ameliorates lactic acidosis induced by
endotoxin in guinea pigs. Am. J. Clin. Nutr. 52: 548-552.

Pomposelli, J. J., Mascioli, E. A., Bistrian, B. R., Lopes, S. M. &.Black
burn, G. L. (1989) Attenuation of the febrile response in guinea
pigs by fish oil enriched diets. J. Parenter. Enterai Nutr. 13: 136-
140.

Prickelt, I. D., Robinson, D. R. & Steinberg, A. D. (1981) Dietary
enrichment with the polyunsaturated fatty acid eicosapentaenoic
prevents proteinuria and prolongs survival in NZB x NZW Fl
mice. J. Clin. Invest. 68: 556-559.

Prickelt, J. D., Robinson, D. R. & Steinberg, A. D. (1983) Effects
of dietary enrichment with eicosapentaenoic acid upon auloim-
mune nephritis in female NZB x NZW/F1 mice. Arthritis
Rheum. 26: 133-139.

Prickelt, f. D., Trentham, D. E. & Robinson, D. R. (1984) Dietary
fish oil augments the induction of arthritis in rats immunized
with type n collagen. J. Immunol. 132: 725-729.

Renz, H., Gong, J. H., Schmidt, A., Nain, M. & Gemsa, D. (1988)
Release of tumor necrosis factor-alpha from macrophages. En
hancement and suppression are dose-dependently regulaied by
prostaglandin E2 and cyclic nucleotides. J. Immunol. 141: 2388-
2393.

Robinson, D. R., Prickelt, I. D., Makoul, G. T., Steinberg, A. D. &
Colvin, R. B. (1986) Dietary fish oil reduces progression of es
tablished renal disease in (NZB x NZW)F1 mice and delays renal
disease in BXSB and MRL/1 strains. Arthritis Rheum. 29: 539-
546.

Rola-Pleszczynski, M. & Lemaire, I. (1985) Leukotrienes augment
interleukin 1 production by human monocytes. J. Immunol. 135:
3958-3961.

Rubin, R. H., Wilkinson, R. A., Xu, L. & Robinson, D. R. (1989)
Dietary marine lipid does noi alter susceptibilily of (NZB x
NZW)F1 mice lo pathogenic microorganisms. Prostaglandins 38:
251-262.

Salomon, P., Kornbluth, A. A. & Janowitz, H. D. (1990) Treatment
of ulcerative colitis with fish oil n-3-omega-fatty acid: an open
trial. I. Clin. Gastroenterol. 12: 157-161.

Scales, W. E., Chensue, S. W., Otlemess, I. & Kunkel, S. L. (1989)
Regulalion of monokine gene expression: prosiaglandin E2 sup
presses lumor necrosis factor but noi inlerleukin-1 alpha or beta-

mRNA and cell-associated bioactivily. J. Leukocyle Biol. 45:416-
421.

Schade, U. F., Ernst, M., Reinke, M. &.Woher, D. T. (1989) Lipoxy-
genase inhibilors suppress formalion of tumor necrosis factor in
vitro and in vivo. Biochem. Biophys. Res. Commun. 159: 748-
754.

Sinha, B., Stoll, D., Weber, P. C. & Endres, S. (1991) Polyunsatu-
raled fatty acids modulate synthesis of TNF-a and inierleukin-
1/9by human mnc in vilro. Cylokine 3: 457 (abs.).

Sirko, S. P., Schindler, R., Doyle, M. f., Weisman, S. M. & Dinarello,
C. A. (1991) Transcription, iranslaiion and secrelion of in
lerleukin 1 and tumor necrosis factor: effects of lebufelone, a dual
cyclooxygenase/5-lipoxygenase inhibilor. Eur. J. Immunol. 21:
243-250.

Somers, S. D. & Erickson, K. L. (1994) Alleralion of lumor necro
sis faclor-a produclion by macrophages from mice fed diels high
in eicosapenlaenoic and docosahexaenoic fally acids. Cell. Immu
nol. 153: 287-297.

Soyland, E., Lea, T., Sandstad, B. & Drevon, A. (1994) Dietary
supplementation wilh very long-chain n-3 fally acids in man de
creases expression of ihe inierleukin-2 recepior (CD25) on miio-
gen-slimulaled lymphocyles from palienls wilh inflammalory
skin diseases. Eur. J. Clin Invest. 24: 236-242.

Soyland, E., Nenseter, M. S., Braalhen, L. & Drevon, C. A. (1993)
Very long chain n-3 and n-6 polyunsalurated fatly acids inhibil
proliferation of human T-lymphocytes in vitro. Eur. J. Clin Invesl.
23: 112-121.

Speizer, L. A., Walson, M. f. & Brunlon, L. L. (1991) Differenlial
effecls of omega-3 fish oils on prolein kinase aclivilies in vilro.
Am. J. Physiol. 261: E109-E114.

Sperling, R. I., Weinblall, M., Robin, J. L., Ravalese, J., Hoover, R. L.,
House, F., Coblyn, J. S., Fraser, P. A., Spur, B. W., Robinson, D. R.,
Lewis, R. A. & Ausien, K. F. (1987) Effecls of dielary supple-
meniaiion wilh marine fish oil on leukocyle lipid mediaior gener-
alion and function in rheumatoid arthrilis. Arlhritis Rheum. 30:
988-997.

Spinas, G. A., Bloesch, D., Keller, U., Zimmerli, W. & Cammisuli, S.
(1991) Pretrealment with ibuprofen augments circulaling lumor
necrosis facior-alpha, inierleukin-6, and elasiase during acule
endotoxinemia. J. Infect. Dis. 163: 89-95.

Stenson, W. F., Con, D., Rodgers, J., Burakoff, R., DeSchryver-Kec-
skemeli, K., GrÃ¤mlich,T. L. & Becken, W. (1992) Dielary sup-
plemenlalion wilh fish oil in ulceralive colilis. Ann. Iniem. Med.
116: 609-614.

Teo, T. C., Selleck, K. M., Wan, J. M., Pomposelli, J. I., Babayan,
V. K., Blackburn, G. L. & Bisirian, B. R. 11991) Long-lerm feed
ing wilh slruclured lipid composed of medium-chain and N-3
fally acids amelioraies endoloxic shock in guinea pigs. Metabo
lism 40: 1152-1159.

Tracey, K. J., Fong, Y., Hesse, D. G., Manogue, K. R., Lee, A. T., Kuo,
G. C., Lowry, S. F. & Cerami, A. (1987) Anti-cacheciin/TNF
monoclonal anlibodies prevenl seplic shock during lelhal baclera-
emia. Nalure (Lond.) 330: 662-664.

Tracey, K. J., Wei, H., Manogue, K. B., Kuo, G., Lowry, S. F. & Cerami,
A. (1988) Weighl loss, cachexia and inflammation in rats
irealed wilh recombinanl cacheclin. J. Exp. Med. 167: 1211-1227.

Tulleken, I. E., Limburg, P. C. & van Rijswijk, M. H. (1989)
Omega-3 polyunsaturated fally acids, inlerleukin-1 and lumor
necrosis faclor. N. Engl. J. Med. 320: 55-56.

Turek, I. f., Schoenlein, I. A. k Bolloms, G. D. (1991) The effecl
of dielary n-3 and n-6 falty acids on tumor necrosis faclor-alpha
produclion and leucine aminopeplidase levels in ral periloneal
macrophages. Prosiaglandins. Leukotrienes Essent. Fally Acids.
43: 141-149.

van der Meer, J. W. M. (l989) Opiions for ihe treatment of serious
infections with interleukin-1. Biotherapy 1: 313-317.

van der Tempel, H., Tulleken, J. E., Limburg, P. C., Muskiel, F. A. &
van Rijswijk, M. H. (1990) Effecls of fish oil supplemenlalion
in rheumatoid arthrilis. Ann. Rheum. Dis. 49: 76-80.

 by guest on January 12, 2011
jn.nutrition.org

D
ow

nloaded from
 

http://jn.nutrition.org/


CYTOKINES AND (n-3) FATTY ACIDS 1533

Virella, G., Fourspring, K., Hyman, B., Haskill-Stroud, R., Long, L.,
Virella, I., La Via, M., Gross, A. J. &. Lopes-Virella, M. (1991)
Immunosuppressive effects of fish oil in normal human volun
teers: correlation with the in vitro effects of eicosapentanoic acid
on human lymphocytes. Clin. Immunol. Immunopathol. 61:161-

176.
Waage, A., Brandtzaeg, P., Halstensen, A., Kierulf, P. & Espevik, T.

(1989) The complex pattern of cytokines in serum from patients
with meningococcal septic shock. Association between interleu-
kin 6, interleukin 1, and fatal outcome. J. Exp. Med. 169: 333-

338.
Waage, A., Halstensen, A. & Espevik, T. (1987) Association be

tween tumour necrosis factor in serum and fatal outcome in pa
tients with meningococcal disease. Lancet 1: 355-357.

Watanabe, S., Hayashi, H., Onozaki, K. &.Okuyama, H. (1991) Ef
fect of dietary alpha-linolenate/linoleate balance on lipopolysac-

charide-induced tumor necrosis factor production in mouse mac
rophages. Life Sci. 48: 2013-2020.

Westberg, G. & Tarkowski, A. (1990) Effect of MaxEPA in pa
tients with SLE. A double-blind, crossover study. Scand. J. Rheu-
matol. 19: 137-143.

Wright, S.C.Jewett, A., Mitsuyasu,R. &Bonavida,B. (1988) Spon
taneous cytotoxicity and tumor necrosis factor production by pe
ripheral blood monocytes from AIDS patients. J. Immunol. 141:
99-104.

Wynder, E. L., Rose, D. P. & Cohen, L. A. (1986) Diet and breast
cancer in causation and therapy. Cancer 58: 1804-1813.

Ziboh, V. A., Cohen, K. A., Ellis, C. N., Miller, C., Hamilton, T. A.,
Kragballe, K., Hydrick, C. R. & Voorhees, ]. J. (1986) Effects of
dietary supplementation of fish oil on neutrophil and epidermal
fatty acids. Modulation of clinical course of psoriatic subjects.
Arch. Dermatol. 122: 1277-1282.

 by guest on January 12, 2011
jn.nutrition.org

D
ow

nloaded from
 

http://jn.nutrition.org/

