























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

NOLLIY.LAN 40 TYN¥NOf aHL N/




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

*paonpap 3q Jouued duTjaseq woly fueydo Juad1ad o3 raded sty woig 1
uswa[ddns 10 ysy Sunyes $303(qns dY3 UT PIIENUIIE 19M UONID3(UT dutdoea proydAl 03 sasuodsal A10IeWUIBFUT JTWIAISAS PUE [BI0T o
‘uoneyudwdddns [10 Ysy 193§e paonpal [[1Is sem g-] ‘I9AIMOY ‘PIIBAS[D J0U II3M SUONIBIIUIIUOD g1-T] ewseld [enruj g
‘dnox3 proe £13e] (g-u) aY3 UT PaseaIdsp Sem g[-T[ PIIBIOOSSE
-[132 ATuQ "pa9npap 3q jJouued surjaseq woly afueyd jo aderusorad ay3 1aded sryl worg "A[23eredas PIUTULIINSP 2I9M SIUN0IAD PIIBIVOSSE-[[39 PUE PII2IJIS PUE ‘UTXOIOPUS INOYIIM pue
Y3IM [ 0T 10J PIIMIND 319M S[[3D YL "I3IP 33 JO UONESSID 1938 M (] ureSe pue ‘uonesuswajddns [10 Jo )M / 131Je ‘OUT[aseq 3B PIIL[OST I9M S[[32 Iea[onuouow poolq [eraqduad g
*90UBOYTUSIS [EO1ISTIBIS YOBAX 30U PIP UONONPaI ST Inqg ‘uonejuswa(ddns 1o ysy Surmp sdnoxd a8e y10q Ul W3 I9A0 ISEIIIIP 03 papuay oste uononpoxd -1
pareums-urunni33ewayoifyd ‘9-[ pue [-[ U3IM1I3q IBUTWILIOSTP 30U S0P Apnis sIys ur pafojdura Aesseorq ay3 3eys pajou 3q P[NOYS 3] “UTXOIOPUS INOYIIM IO YIIM [ T I0] paIn3no

3I9M ST[39 IE3[onuUoUOW poo[q [e19Yduad ‘IO JAT[O PIATI3I sjusanred joryuod pue ‘Aep 19d 93e13UIIUOD [10 YsY 3sop Y3TY paAIadal syuaned /] PUE 3SOp MO] PIAIadal syuaned Liuamy ,
‘%L YIM paseardur JNLL %T9 YIIM Paseardur g1-T1 ‘I91p SpIoe £13ej (¢-U) MO[ ‘I3ej mo] & Bu1A19031 dno1d [0NUOD JUSLIMOUOD-UOU B U] g
‘paAuap jue[d a1om dnoid [o13U0d Y3 UT SPIOE 338 (€-U) AYL ¢
"UOTIUIAINUT ATEIDP Y3 JO UONIESSID 133Je uondnpoid surnjoIfd uo 3110daI 30U PIp SIOYPINE YL, "USUWIOM 123UNOA UT UBYI USWOM ISP[O UT paounoucid JI0Ur 3I9M SUOTIONPaI Y] 4
‘uoneyudws[ddns oy3 JOo UONIBSSID 193yE YM (] B [ewWIXEW 319Mm A31oeded uononpord sunjoIfd ur safuey) ¢
‘SUOTIORI} PIIBIDOSSE-[[30 PUB PIIIIIIS [I0q JO PIISISUOD SN
PUE ‘S[[22 Y3 Jo SISA] 193¢ syuesewradns 3y Jo Y 9g10ads £q pauTULIIGP 319M SAUN0ILD) SIprunIapida snooooo[Aydpis pa[Iri-1eay 1o urunnidfewsyoifyd ‘Urxoi1opus [RIIm paje[nuums
SeM S[[30 parm3nd a3 £q uononpoId SUN{0IL) I3TP Y3 JO UOTIESSIO 193€ YM (0T PuE QT 3t ureSe pue uonejuawa(ddns Jo Ym 9 193Je PILOST 3I9M S[[39 Iea[onuUOUOU poojq [erdyduad ¢
*10308J $150103U Jowmn) ‘JN.I ‘Aesseounuruat pajaqeorper ‘Y ‘s[[oo
Ieaponuouowr poo[q Terdyduad ‘DWEd ‘9-Un[Na[IIUT ‘9-T] ‘Z-UN[NSMAUT ‘T-TI [-UDNI[INUT ‘[-T] ‘SPIOE A1e] ‘Y ‘ABSSE JUIQIOSOUNUIWIT PIYUT] SWAZUD ‘YSITH Pasn UONEIAIQQY |

3gj [ennau
1= 911 vIid JNdd 2132319U20S] ou ¢ [1X4 71 $303(qns A{Ireay 13pj0 G661 ‘Te 32 uouue)
= JINL
. 19T ammo
M orf I'TI Kesseorg pooiq ajoym 321p TEULION AM 8-9 95 1-ST'1 6T usw AyI[esHq €661 'Te 32 1adoo)
= DINLL spIoe syuaned
H 6 91-T1 vid ewse[d £33e§ Jo AIMIXTIN AM T1 9'¢ (43 SHUYIE projewnayy T661 'Te 32 uasIadsg
v 11 vid OWead [10 2ATIO AM 9 0e 9 usw AqIfesH 1661 Te 32 B[[2ITA
o) ,sdnox3
M U2IMI3q JUSIIP I0U pusIq
Tonaas INL Pue g1-TI vSITd gOWdd spuadABu ] AMm L 0'e/s'1 €€ $OIIaqeTp ‘usw AfI[esHy 1661 'Te 32 StA[oW
(%S°'8€—) sjonuod
ur pue (%/'v5—) syuaned
pajean ut | -1 Aesseorg JOWdd [10 3ATIO AM T L9/ge 6v SRUYIE projewnayy 0661 T 32 1wary
(%¥e-) 1 9T
(%Se-) 1 ANL ¢vi (¢-u) Ob 238 1940 UsWOM
9l%0v—) | g1-T1 vnd OWedd P/3 LT0 ‘e§-mo] P U874 A (44 pue usw AyifeaHq €661 [e 32 TuepAop
(%09-) 1 9-11
(%04-) { ANLL uswoMm 138unok (1661
#%06-) 1 91-T1 vid OWdd suoN ow ¢ pue g ‘1 ¥T (4 pue 13p[o Ay3[eaH ‘Te 32 TuepAoy
(%0p—) | ANLL
(%6€—) 1 21-T1
el%19-) 1 91-T1 vnd TOWdd 331p [eULION AM9 9 €1 usw Ay3resHq 6861 'Te 32 sarpug
p/8
(% ur afueyd wnwrxep) Kesse $3UD|0340 dnox3 391p asop IdquinN §3102(qng DU
Vi (g-u) jo 30333 Elite (V49 jo 3d1mog [onnuo) jo uonem Vi (g-u)
ysuvumy ur uogonpoid aunjojA> uo sprov A1vf (g-u) jo s10affg
<
a 9 T1AVL
—

NOLLIYLAN A0 TYNInof aHL N/



http://jn.nutrition.org/

JN THE JOURNAL OF NUTRITION

CYTOKINES AND (n-3) FATTY ACIDS 1525

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-18 pro-
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-13 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-18 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 com 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 corn 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-1a. 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-18 and 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-18 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 E, (PGE;) and
leukotriene B, (LTB, ). 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 E; (PGE;)
and leukotriene Bs (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 PGE, and LTB, have been postulated as
mechanisms of altered cytokine production after di-
etary fatty acid supplementation. In vitro addition of
PGE, 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 PGE,, 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-1a) was measured after lysis of the cells. Both TNF
and IL-1a 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 PGE, (Endres et al. 1991, Scales et al. 1989). In vivo
inhibition of PGE, 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 PGE, 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 PGE,
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 PGE,
(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 PGE, 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 PGE, 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 B, 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 LTB,. However, others re-
ported complete restoration of LTB, 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 1u 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 1U of all-rac-a-tocopherol daily for 48 d. After a
session of heavy exercise, IL-18 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 some 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 U vs. approximately
20 IU/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 enteral 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.
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