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In vitro and in vivo effects of 12-3 polyunsaturated fatty acids on human 
monocyte function 
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The inhibitory effect of n-3 polyunsaturated fatty acids 
(PUFA) on cell-mediated immune responses has been 
recognized from epidemiological observations (Kromann & 
Green, 1980) as well as animal and human intervention 
studies (Maki & Newberne, 1992). Many human studies 
investigating potential mechanisms for this effect have con- 
centrated on examining the influence of n-3 PUFA on the 
function of lymphocytes (see Calder, 1998) because of their 
central role in regulating immune responses, but consider- 
ably less attention has been given to the effect of dietary fatty 
acids on human monocytes. 

Monocytes and macrophages 
Monocytes account for between 3 and 6 % of the circulating 
leucocyte population. They belong to the mononuclear 
phagocyte system and originate in the bone marrow from 
stem cells. The monoblast and promonocyte give rise to 
monocytes, which remain very briefly in the bone marrow, 
and then enter the circulation where they remain for about 
36-104 h. Monocytes then migrate into the tissues, where 
they mature and differentiate into macrophages (‘big eaters’) 
in response to environmental stimuli (Beelen et al. 1994). 
Monocytes and macrophages contribute to a wide range of 
host defence activities. Their best known function is the 
phago- and pinocytosis of micro-organisms, effete cells, 
debris and other waste products. They also display a 
highly-efficient cytotoxicity activity towards invading 
micro-organisms, virally-infected cells and tumour cells 
(Pryima, 1989). Activated monocytes produce a large variety 
of cytotoxic products, including pro-inflammatory cytokines 
such as tumour necrosis factor-a (TNF-a), interleukin- 1 
(IL-1) and reactive oxygen species. Monocytes are also 
involved in initiating antigen-specific cell-mediated immune 
responses by takmg up, processing and presenting antigens 
to helper T lymphocytes. The present paper reviews the stud- 
ies that have investigated the effects of n-3 PUFA on these 
functions of human monocytes. 

Effect of dietary n-3 polyunsaturated fatty acids intake 
on monocyte fatty acid composition 

Dietary fish oils, rich in n-3 PUFA, are rapidly incorporated 
into the membrane phospholipids of circulating human 

monocytes, suggesting that they are likely to have an effect 
on several aspects of cell function. Two studies which have 
analysed purified monocytes, as opposed to mononuclear 
cells (which are a combination of monocytes and lympho- 
cytes), have shown that moderate dietary supplementation 
with n-3 PUFA can significantly increase the cellular levels 
of these fatty acids within 2 weeks (Gibney & Hunter, 1993), 
with levels of eicosapentaenoic acid (20 : 5n-3; EPA) reach- 
ing a maximal accumulation after 6 weeks supplementation, 
whereas docosahexaenoic acid (22 : 6n-3; DHA) reached a 
peak at 18 weeks (Marangoni et al. 1993). During the 
post-supplementation period, EPA returned rapidly to pre- 
treatment levels in monocytes (although plasma levels 
remained significantly elevated from baseline after 24 weeks 
of washout), whilst levels of DHA declined more slowly 
(Marangoni et al. 1993). 

Effect of n-3 polyunsaturated fatty acids on monocyte 
phagocytosis, cytotoxicity and chemotaxis 

There have been very few studies of the effect of n-3 PUFA 
on these aspects of monocyte function using human material. 
Some animal studies suggest that fish oil can inhibit (Eicher 
& McVey, 1995) or does not affect (D’Ambola et al. 1991; 
Turek et al. 1994) phagocytosis by macrophages, but this has 
not been confirmed in human subjects. A reduction in 
superoxide production and other free radicals (which are 
inducers of cytotoxicity) by human monocytes following ex 
vivo stimulation was observed following 6 weeks dietary 
supplementation with 6 g n-3 PUFA/d (Fisher et al. 1990). 
This effect was associated with a reduction in monocyte 
stearic acid and arachidonic acid contents and an elevation in 
EPA and DHA contents. 

Long-term supplementation (9 months) with 4 g n-3 
PUFNd significantly reduced human monocyte chemotaxis 
in response to autologous serum to the same extent as that 
seen after 6 weeks supplementation (Schmidt et al. 1992). 
However, more recently the same workers have reported that 
low-dose n-3 PUFA supplementation (0.65 gld) for 12 weeks 
had no significant effect on monocyte chemotaxis (Schmidt 
et al. 1996). Analysis of the monocyte fatty acid composition 
showed an increase in EPA but not DHA following this level 
of supplementation, which might have some relevance to the 
lack of effect observed. 

Abbreviations: DHA, docosahexaenoic acid; EPA, eicosapentaenoic acid; HLA, human leucocyte antigen; ICAM-1, intercellular adhesion molecule- 1 ; IL-1, 
interleukin- 1; LFA, leucocyte-function associated antigen; MHC, major histocompatibility complex; PUFA, polyunsaturated fatty acids; TNF-a, tumour 
necrosis factor-a. 
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Effect of 12-3 polyunsaturated fatty acids on monocyte 
cytokine production 

IL-lP and TNF-a are two of the principal mediators of 
inflammation. They induce fever and the synthesis of acute- 
phase proteins by the liver, activate T and B lymphocytes and 
endothelial cells, and are involved in many other aspects of 
the acute-phase response (Dinarello, 1991). Following the 
original report by Endres et al. (1989), several other studies 
have also shown that dietary supplementation with n-3 
PUFA can inhibit the ex vivo synthesis of IL- lp and TNF-a 
(for reviews, see Meydani & Dinarello, 1993; Blok et al. 
1996; Endres & von Schacky, 1996). Recently, Caughey 
et al. (1996) demonstrated that a diet enriched with flaxseed 
oil (rich in a-linolenic acid, 18 : 3n-3, which can be elon- 
gated and desaturated in the body to form EPA) can inhibit 
the ex vivo production of these cytokines by approximately 
30 % afler 4 weeks. Supplementation with fish oil (9 g/d) for 
a further 4 weeks, whilst on the same diet, inhibited TNF-a 
and IL-ID synthesis by 74 and 80 % respectively. There was a 
significant inverse exponential relationship between TNF-a 
or IL-1p synthesis and mononuclear cell content of EPA. 
Cytokine production decreased as cellular EPA increased 
to approximately 1 g/100 g total fatty acids, but further 
increases in EPA content did not result in further decreases in 
cytokine production. Fish oil ingestion increased cellular 
EPA and DHA concentrations, whereas flaxseed oil inges- 
tion increased cellular EPA but not DHA concentrations. It is 
possible, therefore, that the greater inhibition of cytokine 
production seen with fish oil, when compared with flaxseed 
oil ingestion, is due to the additional ingestion and tissue 
elevation of DHA concentrations. Caughey et aE. (1996) 
suggest that n-3 PUFA may inhibit cytokine synthesis, at 
least in part, by inhibiting thromboxane A2 synthesis. 
Mononuclear thromboxane A2 synthesis was inhibited by 
flaxseed oil and fish oil, and treatment of human monocytes 
with thromboxane-receptor antagonists inhibited TNF-a 
synthesis, suggesting that thromboxane A2 is a facilitator of 
cytokine synthesis in human monocytes. 

Effect of n-3 polyunsaturated fatty acids on the 
antigen-presenting function of monocytes 

Monocytes and macrophages initiate cell-mediated immune 
responses by processing and subsequently expressing anti- 
gens on their surface membranes for recognition by appropri- 
ate T-cells (Unanue & Cerottini, 1989). A prerequisite for 
this antigen-presenting cell function is the expression of 
major histocompatibility complex (MHC; which is known as 
the human leucocyte antigen (HLA) system in man) class I1 
antigens, such as HLA-DR, HLA-DP and HLA-DQ (Each, 
1985). It has been shown that the T-cell proliferative 
response to antigen is proportional to the number of MHC 
class I1 molecules on the surface of antigen-presenting cells 
(Matis et al. 1983), and that the percentage of MHC class 
11-positive cells and the density of these molecules on the cell 
surface can alter the degree of immune responsiveness of an 
individual (Janeway et al. 1984). 

In addition to requiring the expression of MHC class I1 
molecules, cell-cell adhesion appears to be critical for the 
initiation of a primary immune response. There is increasing 

evidence that several adhesion receptor-ligand pairs can 
facilitate an immune response not only by enhancing adhe- 
sion, but by providing an additional distinct co-stimulatory 
signal. The binding of the adhesion molecule leucocyte- 
function-associated antigen-1 (LFA- 1) to its ligand, 
intercellular adhesion molecule- 1 (ICAM- l), has been 
shown to be capable of co-stimulating an immune response 
(Springer, 1990). 

Several animal studies have shown that n-3 PUFA can 
inhibit the expression of Ia molecules, the murine equivalent 
of the human MHC class 11 molecules (Kelley et al. 1985; 
Mosquera et al. 1990; Huang et al. 1992). Dietary enrich- 
ment with EPA has also been shown to inhibit the ability 
of spleen cells to present antigens to murine helper T-cell 
clones, and in vitro pretreatment of splenocytes with EPA 
also resulted in inhibition of antigen-presenting-cell function 
(Fujikawa et al. 1992). Recently, it has been shown that 
dietary fish oil can diminish the ability of rat dendritic cells 
(another class of antigen-presenting cells) to present antigen 
to autologous spleen lymphocytes (Sanderson et al. 1997). 

Using monocytes purified from blood samples from 
healthy volunteers, we observed that in vitro culture with 
EPA inhibits the expression of HLA-DR and ICAM-1 in a 
dose-dependent manner (Hughes ef al. 1996b). In contrast, a 
significant increase in the expression of HLA-DR and -DP 
was observed on monocytes following incubation with 
DHA. Since it has been reported that synovial fluid mono- 
cytes obtained from patients with rheumatoid arthritis 
express elevated levels of MHC class I1 molecules (Firestein 
& Zvaifler, 1987), we also examined the effect of n-3 PUFA 
on activated monocytes, cultured in the presence of inter- 
feron-y, to up-regulate the expression of MHC class I1 mole- 
cules on the monocytes. Both EPA and DHA significantly 
inhibited the expression of HLA-DR, -DP and ICAM-1 on 
the activated monocytes (Hughes et al. 1996b). In a dietary 
supplementation study, providing healthy volunteers with 
1.5 g n-3 PUFA/d for 3 weeks, we also observed a significant 
inhibition of expression of these molecules on human periph- 
eral-blood monocytes (Hughes et al. 1996~).  Since EPA and 
DHA had exhibited opposing effects in vitro on surface- 
molecule expression on unstimulated monocytes, we subse- 
quently investigated the combined effect of these fatty acids 
in vitro, when provided at the same ratio as that commonly 
found in fish oil supplement capsules (3 : 2, w/w). The 
combined fatty acids had no significant effect on the expres- 
sion of HLA-DR on unstimulated monocytes, but the 
expression on interferon-y-activated monocytes remained 
significantly inhibited. The expression of ICAM- 1 and that 
of another adhesion molecule, LFA-3, on both unstimulated 
and activated cells was also significantly inhibited (Hughes 
& Pinder, 1997). Using the same in vitro system, the ability 
of interferon-y-activated monocytes to present antigen to 
autologous lymphocytes was also significantly reduced 
following culture with the combined n-3 PUFA. Taken 
together, the results of these animal and human studies sup- 
port the hypothesis that n-3 PUFA suppress cell-mediated 
immune responses, at least in part, by inhibiting antigen- 
presenting-cell function. 

There are several mechanisms which may be involved in 
the modulatory effect of n-3 PUFA on surface-molecule 
expression. It is possible that the incorporation of these fatty 

https://doi.org/10.1079/PNS19980076 Published online by Cambridge University Press

https://doi.org/10.1079/PNS19980076


Lipids and the immune system 523 

acids into the cell membrane can increase its fluidity and, 
thus, alter the expression of membrane proteins (Muller et al. 
1983), possibly by influencing the vertical displacement of 
the proteins within the membrane. It has been shown that 
different proteins exhibit disparate changes in cell-surface- 
molecule expression following alterations in membrane 
fluidity (Muller & Krueger, 1986). This might explain why, 
in contrast to HLA-DR, ICAM-1 and LFA-3, no significant 
changes in HLA-DQ and LFA-1 expression were observed 
on unstimulated monocytes. In addition, we have previously 
shown that increasing the cholesterol content of human 
monocyte cell membranes, which causes a decrease in mem- 
brane fluidity, leads to a greater increase in the expression of 
HLA-DQ on resting monocytes than in the expression 
of HLA-DR and HLA-DP (Hughes et al. 1992). Interest- 
ingly, ICAM-1 and LFA-3 belong to the same family of 
structurally-related adhesion molecules, the immunoglobu- 
lin superfamily, whereas LFA- 1 is a member of the integrin 
family. Thus, it is possible that the structural form of the 
surface molecule is important in determining its expression 
relative to the fluidity of the membrane. 

Since PUFA are more susceptible to lipid peroxidation 
than are monounsaturated and saturated fatty acids, it is 
possible that an increase in monocyte cell membrane lipid 
peroxidation may affect the expression of cell surface mole- 
cules. It has already been demonstrated that free radicals can 
suppress the expression of HLA-DR (Gruner et al. 1986) and 
we have recently reported that dietary supplementation with 
the antioxidant carotenoid, p-carotene, can enhance the 
expression of HLA-DR, ICAM-1 and LFA-3 on human 
peripheral-blood monocytes (Hughes et al. 1997). 

A further possibility is that EPA and DHA are directly or 
indirectly influencing the expression of mRNA for the vari- 
ous cell surface molecules. It has recently been shown that 
DHA can inhibit the expression of Ia molecules on murine 
macrophages in vitro, in parallel with a decrease in Ia mRNA 
levels (Khair-El-Din et al. 1995). Whether similar effects 
occur in human monocytes, and whether any effect observed 
is related to an effect on the transcription factor, nuclear 
factor-kappa B, which regulates the transcription of mRNA 
for many cell surface molecules and cytokines (Baldwin, 
1996), is currently under investigation. 

Potential influence of n-3 polyunsaturated fatty acids 
effects on monocytes in chronic inflammatory disorders 
The inhibitory effect of n-3 PUFA ingestion on monocyte 
and macrophage activity may be relevant to a number of 
chronic inflammatory conditions. There are two disorders 
with known monocyte involvement in their pathogenesis and 
progression, rheumatoid arthritis and atherosclerosis. 

Rheumatoid arthritis 

Cytokines have a key role in the pathogenesis of rheumatoid 
arthritis, and inhibition of TNF-a and IL-lp is one of the 
therapeutic targets in the treatment of this and other chronic 
inflammatory conditions. A randomized double-blind trial of 
chimeric monoclonal antibody to TNF has shown promising 
results in terms of a reduction in clinical symptoms and in 
levels of serum C-reactive protein (Elliott et al. 1994). 

However, at present, the potential risks of this form of 
immunotherapy, and whether disease outcome is affected by 
it, remain unclear. Since plasma levels of IL-1 have been 
shown to correlate with disease activity in patients with 
active rheumatoid arthritis (Eastgate et al. 1988), the ability 
of dietary fish oil supplementation to suppress the synthesis 
of this cytokine (to the same degree as is achievable by 
administration of glucocorticoids or cyclosporin A, which 
have well-known adverse effects, particularly during long- 
term administration) suggests that the ability of n-3 PUFA to 
modulate secretion of these cytokines within the synovium 
merits further investigation. Reduced plasma levels of IL- 1 
in patients with rheumatoid arthritis have been observed 
following fish oil supplementation (Esperson et al. 1992). 
The ability of n-3 PUFA to inhibit the antigen-presenting 
function of activated monocytes is another potential mecha- 
nism by which the inflammatory activity at the localized sites 
of disease might be reduced. The striking inhibition of MHC 
class I1 molecules and ICAM-1 expression by EPA and DHA 
on interferon-y stimulated monocytes may be particularly 
relevant to rheumatoid arthritis, since patients with this dis- 
order have been shown to have abnormally-elevated expres- 
sion of both MHC class I1 molecules (Firestein & Zvaifler, 
1987) and ICAM-1 (Wicks et al. 1992) in chronically 
inflamed joints. A corresponding reduction in antigen- 
presenting function might lead to reduced helper T-cell acti- 
vation, thus decreasing both the production of inflammatory 
cytokines and the production of antibodies by synovial 
B-cells. 

Atherosclerosis 

The cardiovascular disease risk and mortality-lowering 
effect of ingesting n-3 fatty acids has been recognized from 
both population studies (Kromann & Green, 1980) and pro- 
spective trials (Burr et al. 1989), at least in part because of 
reduced atherosclerosis (Newman et al. 1993). There is 
increasing evidence of a chronic immune and inflammatory 
involvement in the formation of atherosclerotic lesions 
(Ross, 1993), and the presence of chronically-stimulated 
T-cells within lesions, and the expression of MHC class I1 
molecules on lesional monocytes-macrophages indicates 
that these cells are actively participating in the local immune 
response occurring during atherogenesis (Hansson et al. 
1989). Supplementation studies have shown that EPA and 
DHA are incorporated into the lipids of advanced 
atherosclerotic plaques in man (Rapp et al. 1991), and it is 
possible that a reduced expression of MHC class I1 mole- 
cules might inhibit the antigen-presenting function of the 
local macrophages, thereby delaying, if not preventing, 
lesion development. In addition, the reduced production of 
free radicals by monocytes following fish oil supple- 
mentation (D’Ambola et a2. 1991) might also impair the 
capability of macrophages derived from monocytes to pro- 
mote oxidation of LDL-cholesterol, a key component in the 
pathogenesis of atherosclerosis (Ross, 1993). 

Concluding remarks 
Although the number of studies investigating the effects of 
n-3 PUFA on human monocytes is considerably less than 
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that on lymphocytes, most suggest that these fatty acids 
inhibit a variety of inflammatory activities of these important 
immune cells. These effects are probably mediated by a vari- 
ety of mechanisms, including alterations in (1) eicosanoid 
synthesis, (2) plasma membrane fluidity, (3) gene expression 
and (4) an increased susceptibility to lipid peroxidation. The 
levels of n-3 PUFA ingestion used in the studies described 
may not be directly relevant in devising recommended 
intakes for the healthy individual but the studies do provide 
useful information for the design of nutritionally-based ther- 
apeutic strategies. Further mechanistic studies are warranted, 
coupled with lower-dose dietary supplementation trials, in 
order to further our understanding of the effects of n-3 PUFA 
on monocyte function in health and disease. 
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