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Relation between the fatty acid composition of peripheral blood
mononuclear cells and measures of immune cell function in healthy,
free-living subjects aged 25–72 y1–3 

Samantha Kew, Tapati Banerjee, Anne M Minihane, Yvonne E Finnegan, Christine M Williams, and Philip C Calder

ABSTRACT
Background: There is little information about the relation between
the fatty acid composition of human immune cells and the func-
tion of those cells over the habitual range of fatty acid intakes.
Objective: The objective of the study was to determine the rela-
tion between the fatty acid composition of human peripheral blood
mononuclear cell (PBMC) phospholipids and the functions of
human immune cells.
Design: One hundred fifty healthy adult subjects provided a fast-
ing blood sample. The phagocytic and oxidative burst activities of
monocytes and neutrophils were measured in whole blood.
PBMCs were isolated and used to measure lymphocyte prolifera-
tion in response to the T cell mitogen concanavalin A and the pro-
duction of cytokines in response to concanavalin A or bacterial
lipopolysaccharide. The fatty acid composition of plasma and
PBMC phospholipids was determined.
Results: Wide variations in fatty acid composition of PBMC
phospholipids and immune cell functions were identified among
the subjects. The proportions of total polyunsaturated fatty acids
(PUFAs), of total n�6 and n�3 PUFAs, and of several individual
PUFAs in PBMC phospholipids were positively correlated with
phagocytosis by neutrophils and monocytes, neutrophil oxidative
burst, lymphocyte proliferation, and interferon � production. The
ratios of saturated fatty acids to PUFAs and of n�6 to n�3 PUFAs
were negatively correlated with these same immune functions. The
relation of PBMC fatty acid composition to monocyte oxidative
burst was the reverse of its relation to monocyte phagocytosis and
neutrophil oxidative burst.
Conclusion: Variations in the fatty acid composition of PBMC phos-
pholipids account for some of the variability in immune cell func-
tions among healthy adults. Am J Clin Nutr 2003;77:1278–86.

KEY WORDS Fatty acid, immunity, lymphocytes, monocytes,
neutrophils, cytokines, phagocytosis, oxidative burst

INTRODUCTION

Many studies have found that fatty acids have immunologic
effects. These effects were most clearly identified in animal exper-
iments, which showed that n�3 polyunsaturated fatty acids
(PUFAs) are especially potent, although other fatty acids were also
reported to have various effects (1–4). In humans, the literature is
more limited, but it suggests that certain fatty acids, particularly
n�3 PUFAs, have immunomodulatory actions (1–4). For exam-
ple, markedly increased consumption of �-linolenic acid (ALA;
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18:3n�3) reduced the production of interleukin 1� (IL-1�) and
tumor necrosis factor � (TNF-�) by blood monocytes (5) and
reduced the proliferation of blood lymphocytes (6). Supplemen-
tation of the diet of healthy human volunteers with fish oil, which
markedly increased the intake of long-chain n�3 PUFAs; resulted
in decreased lymphocyte proliferation (7–10); decreased produc-
tion of IL-2, interferon � (IFN-�), IL-1, IL-6, and TNF (5, 7–9,
11, 12); and decreased oxidative burst by neutrophils (13–15) and
monocytes (16). Thus, in agreement with animal studies, several
studies in healthy humans showed that substantially increasing the
dietary intake of n�3 PUFAs results in decreased immune cell
function. Although the amounts of n�3 PUFAs provided in these
studies are greatly in excess of habitual intakes of these fatty acids
in Western countries such as the United Kingdom (17), variations
in the habitual intake of these and other fatty acids could con-
tribute to the variation in immune function observed among
human subjects.

It has been established that there are significant relations
between the increased dietary intake of certain fatty acids, espe-
cially n�3 PUFAs, and their content in immune cell phospholipids
(5, 10, 11, 18–23). Very little is known, however, about the rela-
tions between habitual fatty acid intake, the fatty acid composi-
tion of immune cells, and immune cell function, and therefore we
set out to investigate these relations in healthy, free-living adults.
This study was part of an investigation of the effects of n�3
PUFAs on human health-related outcomes [known as the Ministry
of Agriculture, Fisheries and Food (MAFF)-LINK AFQ111] and
represents the baseline data from subjects involved in that study.

See corresponding editorial on page 1096.
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TABLE 1
Characteristics of the subjects1

Median Minimum Maximum

Age (y)
Men 55.5 26 71
Women 56.0 27 70

BMI (kg/m2)
Men 27.2 20.7 34.0
Women 24.52 18.3 33.2

1 n = 88 men, 62 women.
2 Significantly different from men, P < 0.001 (Mann-Whitney U test).

SUBJECTS AND METHODS

Materials

Tablets of phosphate-buffered saline (PBS) were obtained from
Unipath Ltd (Basingstoke, United Kingdom). Histopaque,
HEPES-buffered RPMI medium, glutamine, antibiotics (penicillin
and streptomycin), concanavalin A (Con A), Escherichia coli
0111:B4 lipopolysaccharide (LPS), phorbol 12-myristate 13-acetate
(PMA), boron trifluoride, butylated hydroxytoluene, formalde-
hyde, solvents, and standard chemicals were purchased from
Sigma Chemical Co Ltd (Poole, United Kingdom). Kits for meas-
urement of phagocytosis and oxidative burst in whole blood
(PHAGOTEST and BURSTTEST, respectively) were purchased
from Becton Dickinson (Oxford, United Kingdom). [3H]Thymi-
dine was purchased from Amersham International Ltd (Amer-
sham, United Kingdom). Cytokine EASIA enzyme-linked
immunosorbent assay kits were obtained from BioSource Inter-
national (Nivelles, Belgium).

Subjects and study design

Ethical permission for all procedures involving human volunteers
was obtained from the University of Reading Ethics and Research
Committee and the West Berkshire Health Authority Ethics Com-
mittee. Moderately hyperlipidemic but otherwise healthy adults
aged 25–72 y were invited to participate in the study. Moderate
hyperlipidemia was defined as a fasting total cholesterol concen-
tration between 4.6 and 8.0 mmol/L and a fasting triacylglycerol
concentration between 0.8 and 3.2 mmol/L. All volunteers com-
pleted a questionnaire on health and lifestyle before entering the
study. Volunteers were excluded if they were taking any prescribed
hypolipidemic or antiinflammatory medication; had been diagnosed
as having cardiovascular disease, diabetes, liver or endocrine dys-
function, or chronic inflammatory disease; were pregnant or lactat-
ing; were vegetarian; consumed fish oil, evening primrose oil, or
vitamin supplements; smoked > 15 cigarettes/d; exercised strenu-
ously > 3 times/wk; had a body mass index (BMI; in kg/m2) < 18 or
> 34; consumed > 2 portions of oily fish/wk; or were nonconsumers
of margarine. A total of 150 subjects (88 men, 62 women) were
recruited to the study. Subject characteristics are shown in Table 1.

Assessment of habitual nutrient intakes

Subjects completed a previously validated 180-question food-
frequency questionnaire (24). Habitual nutrient intakes were deter-
mined with the use of FOODBASE software, version 1.3 (Insti-
tute of Brain Chemistry, London).

Preparation of PBMCs

Blood samples were collected into heparin-containing evacu-
ated tubes between 0800 and 1000 after a fast of ≥ 10 h. The blood

was layered onto Histopaque (density: 1.077 g/L; ratio of blood
to Histopaque: 1:1) and centrifuged for 15 min at 800 � g at 20 �C.
Peripheral blood mononuclear cells (PBMCs; a mixture of mono-
cytes and lymphocytes) were collected from the interphase and
washed once with RPMI medium containing 0.75 mmol gluta-
mine/L and antibiotics (penicillin and streptomycin; culture
medium). After resuspension in 4 mL culture medium, the cells
were layered onto 4 mL Histopaque. They were centrifuged once
more (15 min, 800 � g, 20 �C) to achieve a lower degree of ery-
throcyte contamination, washed with culture medium, and finally
resuspended and counted on a Coulter cell counter (Z1; Coulter
Electronics, Luton, United Kingdom).

Analysis of plasma and PBMC phospholipid fatty acid
composition

Lipid was extracted from plasma and PBMCs with chloro-
form:methanol (2:1, vol:vol), and the phospholipids were isolated
by thin-layer chromatography with the use of a mixture of
hexane:diethyl ether:acetic acid (90:30:1, vol:vol:vol) as the elu-
tion phase. Fatty acid methyl esters were prepared by incubation
with 140 g boron trifluoride/L in methanol at 80 �C for 60 min.
Fatty acid methyl esters were isolated by solvent extraction, dried,
and separated by gas chromatography in a gas chromatograph
(model 6890; Hewlett-Packard, Avondale, PA) fitted with a
30-m � 0.32-mm BPX70 capillary column with a film thickness
of 0.25 �m. Helium at 1.0 mL/min was used as the carrier gas and
the split-splitless injector was used with a split-to-splitless ratio of
20:1. Injector and detector temperatures were 275 �C. The column
oven temperature was maintained at 170 �C for 12 min after sample
injection and was programmed to increase from 170 to 210 �C at a
rate of 5 �C/min before being maintained at 210 �C for 15 min. The
separation was recorded with the use of HP GC CHEM STATION
software (Hewlett-Packard). Fatty acid methyl esters were identi-
fied by comparison with standards run previously.

Measurement of phagocytic activity and oxidative burst

Phagocytosis and oxidative burst by neutrophils and mono-
cytes were determined with the use of the PHAGOTEST and
BURSTTEST kits, respectively. Before use, blood was cooled on
ice for 10 min and then mixed by vortex for 5 s. For measure-
ment of phagocytosis, aliquots (100 �L) of blood were then incu-
bated on ice (control) or in a heated water bath at 37 �C for
10 min with opsonized fluorescein isothiocyanate–labeled E. coli
(20 �L). The reaction was stopped by the addition of ice-cold
quenching solution (100 �L). For measurement of oxidative
burst, aliquots (100 �L) of blood were incubated in a heated
water bath at 37 �C for 10 min with opsonized E. coli, PMA, or
washing solution as control (20 �L in each case). After incuba-
tion, a solution (20 �L) containing the fluorogenic substrate
dihydrorhodamine 123 was added, and the samples were incu-
bated for an additional 10 min at 37 �C.

At the completion of phagocytosis and oxidative burst incuba-
tions, erythrocytes were lysed, leukocytes were fixed, and the
DNA was stained according to the manufacturer’s instructions.
Cell preparations were then analyzed by flow cytometry in a flow
cytometer (FACSCalibur, Becton Dickinson). Fluorescence data
were collected on 2 � 104 cells and analyzed with the use of
CELLQUEST software. Neutrophils and monocytes were identi-
fied by forward and side scatter. Both the percentage of neu-
trophils or monocytes engaging in phagocytosis or oxidative burst
(% active cells) and the median fluorescence intensity (MFI; a
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measure of the extent of phagocytosis or oxidative burst per
leukocyte) were determined.

Measurement of lymphocyte proliferation in PBMC cultures

PBMCs (2 � 105) were cultured in culture medium supple-
mented with 50 mL autologous plasma/L and Con A at final con-
centrations of 5, 15, 25, 50, and 75 mg/L; the final volume of the
culture was 200 �L, and all cultures were performed in triplicate.
Proliferation was measured as the incorporation of [3H] thymidine
over the final 18 h of a 66-h culture period. Thymidine incorpo-
ration values (cpm/well) for the triplicate cultures were averaged
(CV was always < 10% and usually < 5%).

Measurement of the production of cytokines by PBMC cultures

PBMCs (2 � 106) were cultured for 24 h in culture medium
supplemented with 50 mL autologous plasma/L and either 25 mg
Con A/L or 15 mg lipopolysaccharide (LPS)/L; the final culture
volume was 2 mL. At the end of the incubation, the plates were
centrifuged and the culture medium was collected and frozen in
aliquots. The concentrations of cytokines were measured by
specific EASIA enzyme-linked immunosorbent assays. TNF-�,
IL-1�, and IL-6 were measured in the supernatant fluids of cells
stimulated with LPS, and IL-2, IFN-�, and IL-4 were measured in
the supernatant fluids of cells stimulated with Con A. Limits of
detection for these assays were 3 ng/L for TNF-�; 2 ng/L for
IL-1�, IL-6, and IL-4; 100 U/L for IL-2; and 30 IU/L for IFN-�
(data supplied by the manufacturer of each kit). The interassay
and intraassay CVs were < 10% for all cytokine enzyme-linked
immunosorbent assays.

Statistical analysis

Nutrient intake, plasma and PBMC fatty acid composition, lym-
phocyte proliferation, and cytokine production were determined
for all subjects (n = 88 men, 62 women). For logistical reasons,
phagocytosis and oxidative burst were determined for a subset of
subjects (n = 55 men, 40 women). Data were tested for normality
with the use of the Kolmogorov-Smirnov test. Data for the fatty
acid composition of plasma and PBMC phospholipids were nor-
mally distributed and are expressed as means ± SEMs; the 10th
and 90th percentile values are also shown. Fatty acid composition
data for males and females were compared with the use of the
unpaired Student’s t test. Some data for nutrient intakes and for
immune cell functions were not normally distributed, and thus all
nutrient-intake and immune-cell-function data are expressed as
median and 10th and 90th percentile values. Nutrient-intake and
immune-cell-function data for the men and the women were com-
pared with the use of the Mann-Whitney U test. Linear relations
between the intakes of various fatty acids (g/d) and the propor-
tions of those fatty acids in PBMC phospholipids functions were
determined as partial correlation coefficients (r) with control for
fat intake as grams per day and as percentage of energy. Linear
relations between the proportions of fatty acids in plasma and
PBMC phospholipids were determined as Pearson’s correlation
coefficients (r). Linear relations between age and immune cell
functions, between BMI and immune cell functions, and between
the proportions of fatty acids in PBMC phospholipids and immune
cell functions were determined as Spearman’s rank-order correla-
tion coefficients (	). Proportions of fatty acids in PBMC phos-
pholipids that showed significant correlations with immune cell
functions were included in stepwise multiple regression analyses,
and independent relations between the proportions of fatty acids

in PBMC phospholipids and immune cell functions were deter-
mined. All statistical analyses were performed with the use of
SPSS software, version 10.1 (SPSS Inc, Chicago), and a value of
P < 0.05 was taken to indicate significance.

RESULTS

Subject characteristics and habitual nutrient intake

There were no differences between the men and the women
with respect to age (Table 1). However, BMI was significantly
(P < 0.001) lower for women than for men. Of the women, over
one-half (n = 34) were postmenopausal and not taking any type of
hormone replacement therapy (HRT), whereas the remaining
women were either postmenopausal and taking HRT (n = 12), pre-
menopausal and either taking (n = 1) or not taking (n = 13) the
contraceptive pill, or of unspecified estrous status (n = 2). Thir-
teen subjects (9%) were smokers (1–15 cigarettes/d).

There was a wide range of energy intakes among the sub-
jects (Table 2). The men consumed an average of 16% more
energy than did the women (P = 0.037; Table 2). There was
wide variation in the intakes of the various macronutrients
among the subjects (Table 2). On average, carbohydrate con-
tributed �47% to energy intake, fat contributed �34%, and
protein contributed �17% (Table 2). The contributions of
carbohydrate, fat, saturated fatty acids (SFAs), monounsatu-
rated fatty acids (MUFAs), and PUFAs to energy intake did
not differ between the sexes (Table 2). However, alcohol
intake was significantly higher in the men than in the women
(P = 0.001; Table 2), whereas the proportion of energy
derived from protein was significantly higher in the women
than in the men (P = 0.037; Table 2). Absolute intakes (ie, g/d)
of the individual and total MUFAs and of n�3 PUFAs did
not differ between the men and the women, except for that
of docosapentaenoic acid (DPA; 22:5n�3), which was signi-
ficantly higher in the men (P = 0.039; Table 2). Intakes of
linoleic acid (LA; 18:2n�6) and arachidonic acid (AA;
20:4n�6) were significantly higher in the men than in the
women (P = 0.020 and 0.044, respectively), and this was
reflected in a significant difference in the intake of total n�6
PUFAs (P = 0.019; Table 2).

Fatty acid composition of plasma and PBMC phospholipids

There was wide variation in the proportions of certain fatty
acids in plasma and PBMC phospholipids (Table 3). The propor-
tions of the various fatty acids did not differ significantly between
the sexes, except for LA in PBMC phospholipids, the proportion
of which was significantly (P = 0.018) higher in the women.

The proportions of oleic acid, LA, ALA, AA, eicosapen-
taenoic acid (EPA; 20:5n�3), DPA, and docosahexaenoic acid
(DHA; 22:6n�3) in PBMC phospholipids were not signifi-
cantly correlated with habitual intakes of those fatty acids. The
habitual intakes of total n�6 PUFAs or of LA were not corre-
lated with the proportion of AA in PBMC phospholipids.
There were no significant relations between the total n�3
PUFA or ALA intake and the proportion of EPA, DPA, or DHA
in PBMC phospholipids.

The proportions of oleic acid, AA, and DHA in plasma phos-
pholipids significantly correlated positively with the proportions
of those fatty acids in PBMC phospholipids (P < 0.001, 0.017,
and 0.001, respectively). The proportions of LA, ALA, EPA, and
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TABLE 2
Habitual energy and nutrient intakes of the subjects1

10th 90th
Median Percentile Percentile

Energy (mJ/d)
Men 11.2 7.4 16.2
Women 9.42 6.9 12.2

Protein (% of energy)
Men 15.8 13.7 19.0
Women 17.22 13.7 20.4

Carbohydrate (% of energy)
Men 44.7 37.5 55.8
Women 48.2 38.8 55.5

Alcohol (% of energy)
Men 3.4 0.5 11.3
Women 0.72 0.0 4.7

Fat (% of energy)
Men 33.8 26.0 40.3
Women 32.6 26.1 40.4

SFAs (% of energy)
Men 11.4 7.4 15.4
Women 11.8 8.2 16.0

MUFAs (% of energy)
Men 10.6 7.9 13.0
Women 9.9 7.9 12.9

PUFAs (% of energy)
Men 5.4 4.2 8.2
Women 5.1 3.6 7.9

Oleic acid (g/d)
Men 25.6 15.4 42.4
Women 22.2 15.5 31.5

Total n�6 PUFAs (g/d)
Men 13.7 7.5 24.7
Women 11.52 7.1 18.5

Linoleic acid (g/d)
Men 13.2 7.2 24.1
Women 11.12 6.8 18.1

AA (g/d)
Men 0.21 0.10 0.35
Women 0.172 0.05 0.31

Total n�3 PUFAs (g/d)
Men 1.98 1.22 3.48
Women 1.67 1.14 2.92

ALA (g/d)
Men 1.41 0.09 2.49
Women 1.25 0.10 1.89

EPA (g/d)
Men 0.15 0.04 0.42
Women 0.11 0.06 0.39

DPA (g/d)
Men 0.09 0.04 0.17
Women 0.082 0.02 0.15

DHA (g/d)
Men 0.23 0.07 0.45
Women 0.17 0.09 0.42

1 n = 88 men, 62 women. SFAs, saturated fatty acids; MUFAs,
monounsaturated fatty acids; PUFAs, polyunsaturated fatty acids; AA,
arachidonic acid; ALA, �-linolenic acid; EPA, eicosapentaenoic acid;
DPA, docosapentaenoic acid; DHA, docosahexaenoic acid.

2 Significantly different from men, P < 0.05 (Mann-Whitney U test).

DPA in plasma and PBMC phospholipids were not significantly
associated, whereas the proportions of ALA and EPA in plasma
phospholipids were significantly correlated positively with
the proportion of DPA in PBMC phospholipids (P = 0.001 and
P = 0.031, respectively).

Immune function measurements

There was large variation among subjects in each of the
immune functions examined (Tables 4 and 5). There were no
significant relations between subject age or BMI and any of the
immune cell functions measured. Nor were there any significant
differences between the men and the women with respect to any
of the immune cell functions measured.

Relations between fatty acid composition of PBMC
phospholipids and immune cell functions

A number of significant relations between the fatty acid com-
position of PBMC phospholipids and immune cell functions
were identified.

Leukocyte phagocytosis

Neutrophils and monocytes displayed the same pattern of rela-
tions between PBMC phospholipid fatty acid composition and the
capacity of these leukocytes to take up E. coli by phagocytosis,
expressed as MFI. For both cell types, MFI was significantly cor-
related negatively with the proportions of palmitic and oleic acids
and with the ratios of SFA to PUFA and of n�6 to n�3 PUFAs in
PBMC phospholipids (Table 6). The proportions of stearic acid,
individual PUFAs (LA, ALA, AA, and DHA), total PUFAs, and
total n�6 and total n�3 PUFAs were positively correlated with
MFI (Table 6). There was no significant relation between the pro-
portion of EPA in PBMC phospholipids and the MFI. With the use
of multivariate analysis, the proportion of ALA in PBMC phos-
pholipids was independently associated with the phagocytic
activity of neutrophils (r2 = 0.329, P < 0.001) and monocytes
(r2 = 0.381, P < 0.001). In addition, the proportion of DHA in
PBMC phospholipids was independently associated with the
phagocytic activity of monocytes (r2 = 0.451, P = 0.009).

Leukocyte oxidative burst in response to E. coli or phorbol ester

The relations between the fatty acid composition of PBMC phos-
pholipids and the extent of oxidative burst in response to E. coli or
PMA (expressed as MFI) differed between neutrophils and monocytes
(Table 6). For neutrophils, these relations were similar to those
observed for phagocytosis of E. coli: ie, significant positive correla-
tions with the proportions of stearic acid, LA,AA, DHA, total PUFAs,
total n�6 PUFAs, and total n�3 PUFAs and significant negative cor-
relations with the proportion of oleic acid and with the ratios of SFA to
PUFA and of n�6 to n�3 PUFAs (Table 6). However, for monocytes
these relations were the opposite of those observed for phagocytosis
of E. coli: ie, significant negative correlations with the proportions of
stearic acid, LA,ALA,AA, DHA, total PUFAs, total n�6 PUFAs, and
total n�3 PUFAs and significant positive correlations with the ratios of
SFA to PUFA and of n�6 to n�3 PUFAs (Table 6). With the use of
multivariate analysis, the proportions of ALA and AA were independ-
ently associated with the oxidative burst activity of neutrophils stimu-
lated with E. coli (r2 = 0.519, P = 0.001 and r2 = 0.426, P < 0.001,
respectively), whereas the proportion of AA was independently asso-
ciated with the activity of neutrophils stimulated with PMA (r2 = 0.338,
P < 0.001). The proportion ofALA was independently associated with
the oxidative burst activity of monocytes stimulated with E. coli
(r2 = 0.204, P < 0.001) or with PMA (r2 = 0.208, P < 0.001).

Lymphocyte proliferation in response to Con A

The proportions of AA, DHA, total PUFAs, and total n�3 or
n�6 PUFAs in PBMC phospholipids were positively correlated
with the proliferation of lymphocytes in response to Con A
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TABLE 3
Fatty acid composition of peripheral blood mononuclear cell (PBMC) and plasma phospholipids1

PBMC Plasma

x– ± SEM 10th Percentile 90th Percentile x– ± SEM 10th Percentile 90th Percentile

% of fatty acids by wt % of fatty acids by wt

Palmitic acid
Men 16.9 ± 0.4 12.6 21.0 27.3 ± 0.3 24.4 30.5
Women 17.5 ± 0.8 11.7 22.0 27.6 ± 0.4 24.1 31.8

Stearic acid
Men 20.6 ± 0.4 15.9 25.4 16.2 ± 0.5 12.4 21.6
Women 21.1 ± 0.5 17.0 25.8 14.9 ± 0.5 8.9 21.2

Oleic acid
Men 17.1 ± 0.7 11.5 23.7 9.8 ± 0.4 5.2 13.4
Women 17.8 ± 0.6 12.5 23.4 10.4 ± 0.3 7.8 12.9

Linoleic acid
Men 8.8 ± 0.2 7.1 10.5 21.4 ± 0.5 18.3 26.0
Women 9.1 ± 0.22 7.3 10.9 22.2 ± 0.6 18.9 27.3

ALA
Men 0.27 ± 0.03 0.06 0.55 0.34 ± 0.02 0.20 0.53
Women 0.26 ± 0.03 0.05 0.59 0.33 ± 0.02 0.20 0.47

AA
Men 18.5 ± 0.5 13.5 23.7 8.9 ± 0.2 6.4 11.3
Women 18.0 ± 0.5 13.4 23.6 8.8 ± 0.3 6.2 11.3

EPA
Men 0.53 ± 0.03 0.26 0.88 1.14 ± 0.09 0.23 2.35
Women 0.54 ± 0.03 0.29 0.89 0.94 ± 0.08 0.27 1.64

DHA
Men 3.1 ± 0.1 1.9 4.6 3.9 ± 0.1 2.5 5.5
Women 2.7 ± 0.1 1.6 4.1 3.9 ± 0.2 2.4 5.4

1 n = 88 men, 62 women. ALA, �-linolenic acid; AA, arachidonic acid; EPA, eicosapentaenoic acid; DHA, docosahexaenoic acid.
2 Significantly different from men, P < 0.05 (Student’s t test).

(Table 7). The proportions of palmitic and oleic acids and the
ratios of SFAs to PUFAs and of n�6 to n�3 PUFAs were nega-
tively correlated with lymphocyte proliferation (Table 7). There
was no significant relation between the proportions of LA, ALA,
and EPA in PBMC phospholipids and lymphocyte proliferation
(Table 7). With the use of multivariate analysis, the proportion of
palmitic acid was independently associated with lymphocyte pro-
liferation (r2 = 0.071; P = 0.005). The biological significance of
this weak, although highly significant, relation is not clear.

Cytokine production after Con A stimulation of PBMCs

The proportions of stearic acid, ALA, AA, total n�6 PUFAs,
and total PUFAs in PBMC phospholipids were positively corre-
lated with the production of IL-2, IFN-�, and IL-4 in response to
Con A (Table 7). In addition, the proportions of DHA and of total
n�3 PUFAs in PBMC phospholipids were positively associated
with IFN-� production (Table 7). The proportions of palmitic and
oleic acids and the ratios of SFAs to PUFAs and of n�6 to n�3
PUFAs were significantly correlated negatively with IFN-� pro-
duction (Table 7). The proportions of EPA and LA in PBMC
phospholipids were not significantly related to the production of
any of the cytokines measured. With the use of multivariate analy-
sis, the proportion of ALA was independently associated with the
production of IFN-� and IL-4 (r2 = 0.30, P < 0.001 and r2 = 0.227,
P = 0.014, respectively), the proportion of DHA was independ-
ently associated with IFN-� production (r2 = 0.447, P = 0.002),
and the proportion of stearic acid was independently associated
with the production of IFN-� and IL-4 (r2 = 0.381, P < 0.001 and
r2 = 0.177, P < 0.001, respectively).

Cytokine production after LPS stimulation of PBMCs

There were no significant relations between the fatty acid com-
position of PBMC phospholipids and TNF-� production (Table 7).
The proportions of stearic acid, LA, ALA, AA, total PUFAs, and
total n�6 PUFAs in PBMC phospholipids were negatively corre-
lated with IL-6 production in response to LPS (Table 7). In con-
trast, the proportion of oleic acid in PBMC phospholipids was
positively correlated with IL-6 production (Table 7). Total n�3
PUFA and DHA contents in PBMC phospholipids were positively
correlated with IL-1� production (Table 7). With the use of mul-
tivariate analysis, the proportions of stearic acid and AA were
independently associated with the production of IL-6 (r2 = 0.198,
P < 0.001 and r2 = 0.252, P = 0.014, respectively).

DISCUSSION

There was significant interindividual variation in each of the
immune cell functions measured in this study. A number of fac-
tors are thought to contribute to such variations (25). Several of
these, such as acute exercise, chronic intensive exercise, heavy
smoking, excessive alcohol consumption, use of certain medica-
tions, and the presence of infections, inflammatory disease, or
cancer, can be excluded from the current study. Furthermore, age,
sex, and BMI did not significantly influence any of the immune
cell responses investigated here. One factor responsible for the
age-related changes in immune function reported elsewhere is
believed to be poor nutrient status (26). Therefore, the lack of
influence of age on immune function may result from the fact that
all of the subjects studied here were well nourished, as evidenced
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TABLE 4
Phagocytic activity in response to Escherichia coli and oxidative burst
activity in response to E. coli and phorbol 12-myristate 13-acetate (PMA)1

10th 90th
Cell type and function Median Percentile Percentile

Neutrophil, phagocytosis
Percentage active cells (%)2

Men 74.0 45.1 92.9
Women 81.9 32.1 93.2

MFI2

Men 1548 517 4848
Women 2308 539 4247

Monocyte, phagocytosis
Percentage active cells (%)2

Men 24.7 6.2 40.3
Women 23.0 3.3 38.3

MFI2

Men 1138 459 3093
Women 1533 451 3460

Neutrophil, oxidative burst
Percentage active cells (%)2

Men 94.5 83.6 98.7
Women 94.2 80.8 98.7

MFI2

Men 620 226 1321
Women 585 203 1365

Neutrophil, oxidative burst
Percentage active cells (%)3

Men 94.8 86.9 98.9
Women 95.5 71.4 99.6

MFI3

Men 1445 511 2589
Women 1596 470 2864

Monocyte, oxidative burst
Percentage active cells (%)2

Men 54.0 7.1 84.5
Women 60.9 7.6 80.6

MFI2

Men 173 77 873
Women 121 53 846

Monocyte, oxidative burst
Percentage active cells (%)3

Men 64.7 4.8 97.2
Women 76.5 2.1 96.4

MFI3

Men 196 81 621
Women 173 88 602

1 n = 55 men, 40 women. MFI, median fluorescence intensity. There
were no significant differences between the sexes.

2 E. coli used as the stimulus.
3 PMA used as the stimulus.

TABLE 5
Production of cytokines by peripheral blood mononuclear cells (PBMCs)
and proliferation of lymphocytes1

10th 90th
Cell type and function Median Percentile Percentile

PBMCs, IL-2 production (kU/L)
Men 6.3 3.9 14.7
Women 6.2 2.7 18.1

PBMCs, interferon � production (kU/L)
Men 63.7 15.3 330.7
Women 94.0 8.6 294.7

PBMCs, IL-4 production (ng/L)
Men 33.5 9.8 182.7
Women 26.8 5.7 130.0

PBMCs, IL-6 production (ng/L)
Men 37 288 6517 65 495
Women 30 089 7225 67 728

PBMCs, IL-1� production (ng/L)
Men 4205 1277 10025
Women 4729 1608 11 499

PBMCs, TNF-� production (ng/L)
Men 10 352 2660 19 693
Women 9371 3277 20 509

Lymphocytes, proliferation (cpm/well)
Men 29 224 15 251 54 073
Women 31 347 5875 56 239

1 n = 88 men, 62 women. IL, interleukin; TNF-�, tumor necrosis factor �.
There were no significant differences between the sexes.

by their BMI values and total energy intakes. In contrast with the
lack of influence of age and sex, the fatty acid composition of
immune cells appears to play a significant role in determining
immune cell functions. Other factors that are likely to contribute
to the interindividual variation in immune cell functions observed
here include the status of other nutrients, particularly vitamins
and minerals, and genetic variation, such as polymorphisms in the
promoter regions of cytokine genes that control transcription of
those genes.

Although the subjects involved in this study exhibited a range
of habitual fatty acid intakes, the average energy, macronutrient,
and fatty acid intakes were similar to those of the average diet in

the United Kingdom (17, 27). The lack of significant relations
between fatty acid intake and the proportions of particular fatty
acids in PBMC phospholipids suggests either that the range of
fatty acid intakes was insufficiently wide to influence the compo-
sition of the cells or that factors other than dietary intake are
responsible for determining the fatty acid composition of immune
cell phospholipids, at least over the range of intakes observed in
these subjects. One other possible explanation is that the assess-
ment of fatty acid intake was not sufficiently complete or accurate.
The significant relations between the proportions of some fatty
acids in plasma phospholipids and of those, or related, fatty acids
in PBMC phospholipids suggests that one source of fatty acids for
immune cells is circulating phospholipids. The composition of
plasma phospholipids in the fasting state is determined largely by
metabolic processes occurring in the liver, and, if the relations
observed here are causal, this fact would indicate a role for the
liver in determining the fatty acid composition of immune cells.
Immune cells possess lipoprotein receptors (28–32) and can take
up lipoproteins (33) and intact phospholipids (34). Thus, mecha-
nisms exist whereby fatty acids from circulating phospholipids
originating from the liver could be incorporated into immune cell
phospholipids. In addition, immune cells can metabolize PUFAs
(35, 36) and can modify the fatty acid composition of their plasma
membrane according to different environmental conditions
(37–39). One reason that the fatty acid composition of immune
cell phospholipids does not closely reflect that of the diet may be
the fact that the cells exert a significant level of control over their
plasma membrane composition. Clearly, this situation does not
prevail when intakes of certain PUFAs (eg, �-linolenic acid, AA,
EPA, and DHA) greatly exceed the habitual intakes observed here,
because, in such conditions, significant changes occur in the fatty
acid composition of human immune cell phospholipids (5, 10, 11,

 by guest on January 2, 2017
ajcn.nutrition.org

D
ow

nloaded from
 

http://ajcn.nutrition.org/


1284 KEW ET AL

TABLE 6
Spearman’s correlation coefficients (	) between the fatty acid composition of peripheral blood mononuclear cell phospholipids and the phagocytic and
oxidative burst activities of neutrophils and monocytes, expressed as median fluorescence intensity1

Oxidative burst

Phagocytosis Neutrophils Monocytes

Neutrophils Monocytes E. coli PMA E. coli PMA

Palmitic acid �0.3962 �0.4202 �0.164 �0.144 0.032 0.120
Stearic acid 0.4642 0.4022 0.4963 0.4062 �0.4172 �0.3364

Oleic acid �0.5233 �0.4952 �0.2792 �0.2792 0.146 0.104
LA 0.2962 0.3182 �0.064 �0.065 �0.2794 �0.142
ALA 0.6603 0.6263 0.6263 0.4443 �0.4803 �0.4523

AA 0.5033 0.5233 0.5553 0.4513 �0.3142 �0.2364

EPA 0.029 0.020 0.054 �0.036 �0.139 �0.103
DHA 0.5283 0.5433 0.3972 0.3252 �0.3672 �0.2634

SFAs:PUFAs �0.5173 �0.5893 �0.5073 �0.4113 0.3102 0.2434

Total PUFAs 0.5993 0.6453 0.5563 0.4012 �0.4473 �0.3432

Total n�6 0.5843 0.6103 0.5113 0.3792 �0.3972 �0.2864

Total n�3 0.5173 0.5873 0.5563 0.4233 �0.3822 �0.3034

n�6:n�3 PUFAs �0.2484 �0.3122 �0.4123 �0.3202 0.2894 0.2634

1 PMA, phorbol 12-myristate 13-acetate; LA, linoleic acid; ALA, �-linolenic acid; AA, arachidonic acid; EPA, eicosapentaenoic acid; DHA, docosa-
hexaenoic acid; SFAs, saturated fatty acids; PUFAs, polyunsaturated fatty acids.

2 P < 0.01.
3 P < 0.001.
4 P < 0.05.

TABLE 7
Spearman’s correlation coefficients (	) between the fatty acid composition of peripheral blood mononuclear cell phospholipids and cytokine production or
lymphocyte proliferation, as measured by [3H]thymidine incorporation1

Peak thymidine Cytokine

incorporation IL-2 Interferon � IL-4 TNF-� IL-6 IL-1�

Palmitic acid �0.2972 0.039 �0.3292 �0.2093 0.000 0.144 �0.174
Stearic acid �0.109 0.2003 0.4274 0.5274 �0.109 �0.4824 0.162
Oleic acid �0.1923 �0.2063 �0.5264 �0.4354 0.15 0.4294 �0.183
LA 0.042 0.065 0.066 0.155 0.084 �0.3112 �0.019
ALA �0.001 0.2622 0.5904 0.6604 �0.06 �0.4874 0.177
AA 0.2033 0.2994 0.3974 0.3734 �0.163 �0.4144 0.084
EPA 0.110 �0.103 0.148 0.038 �0.043 �0.124 0.055
DHA 0.3264 �0.009 0.3774 0.147 0.001 �0.090 0.2552

SFAs:PUFAs �0.3754 �0.108 �0.3042 �0.140 0.063 0.176 �0.130
Total PUFAs 0.3264 0.2333 0.4914 0.3634 �0.121 �0.3654 0.182

Total n�6 0.1853 0.3324 0.4544 0.4534 �0.168 �0.5134 0.080
Total n�3 0.4244 �0.006 0.4214 0.135 �0.006 �0.007 0.2093

n�6:n�3 PUFAs �0.3654 0.062 �0.2652 0.039 0.006 �0.180 �0.154
1 IL, interleukin; TNF-�, tumor necrosis factor �; LA, linoleic acid; ALA, �-linolenic acid; AA, arachidonic acid; EPA, eicosapentaenoic acid; DHA,

docosahexaenoic acid; SFAs, saturated fatty acids; PUFAs, polyunsaturated fatty acids.
2 P < 0.01.
3 P < 0.05.
4 P < 0.001.

14, 16, 18–23), and these changes appear to be dose-dependent, at
least as far as EPA and DHA are concerned (23).

The fatty acid compositions of the phospholipids of neutrophils,
monocytes, T lymphocytes, and B lymphocytes taken from healthy
human volunteers are very similar and have no major differences
in the proportions of long chain n�6 or n�3 PUFAs (21). There-
fore, it was assumed that factors affecting the fatty acid composi-
tion of immune cells would be similar for both PBMC and neu-
trophil phospholipids; in the current study, the fatty acid
composition of PBMC phospholipids was determined. Variations in
the fatty acid composition of PBMC phospholipids were shown to
contribute significantly to variation in each of the immune cell
functional responses measured, except for TNF-� production.

There were a number of consistent patterns of relation between
PBMC phospholipid fatty acid composition and immune cell func-
tion. There were negative correlations between the proportions of
palmitic and oleic acids and the ratio of SFAs to PUFAs and the
neutrophil and monocyte phagocytosis of E. coli, neutrophil oxida-
tive burst in response to E. coli and PMA, lymphocyte prolifera-
tion, and production of IFN-� by mitogen-stimulated lymphocytes.
There were positive correlations between the proportions of stearic
acid, individual PUFAs (most frequently ALA, AA, and DHA),
total PUFAs, total n�6 PUFAs, and total PUFAs and each of these
immune cell responses. The final consistent series of (negative) cor-
relations was between the ratio of n�6 to n�3 PUFAs and the neu-
trophil and monocyte phagocytosis of E. coli, neutrophil oxidative
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burst in response to E. coli and PMA, lymphocyte proliferation,
and production of IFN-� by mitogen-stimulated lymphocytes. Pro-
duction of cytokines other than IFN-� was less strongly related with
the fatty acid composition of PBMC phospholipids, although there
were some correlations with the production of IL-2, IL-4, and IL-1�
that were similar to the other relations observed. There were few
significant correlations between the proportion of LA in PBMC
phospholipids and immune cell function, and there were no signi-
ficant correlations involving EPA.

Taken together, these observations suggest that an increased
content of SFAs, especially palmitic (but not stearic) acid, in
immune cells decreases the functional activity of the cells,
whereas an increased content of PUFAs increases their activity.
Furthermore, whereas a greater content of either n�6 and n�3
PUFAs increases immune cell activity, n�3 PUFAs have a greater
effect than do n�6 PUFAs: this is evident from the negative cor-
relations between the ratio of n�6 to n�3 PUFAs in PBMC phos-
pholipids and immune cell function. Multivariate analysis indi-
cates that, of the n�6 PUFAs, AA is largely responsible for the
enhancing effect, whereas, of the n�3 PUFAs, both ALA and
DHA are responsible. However, having made these generaliza-
tions, we also note that correlations for monocyte oxidative burst
activity and for IL-6 production were the opposite of those
observed for the other immune cell functions.

The differential effect of SFAs and PUFAs indicates that the
physical nature of the cell membrane may be an important deter-
minant of immune cell function. This is likely to be particularly
important for phagocytosis, lymphocyte proliferation, and some
aspects of oxidative burst, each of which involves significant phys-
ical movement of the cell membrane. The opposite nature of the
relations observed for neutrophil and monocyte oxidative burst
suggests that the regulation of this process by fatty acid composi-
tion is altogether different between neutrophils and monocytes.
This warrants further investigation.

The relations between PBMC phospholipid fatty acid compo-
sition and production of the cytokines by Con A-stimulated lym-
phocytes might reflect the importance of the fatty acid composi-
tion of membrane phospholipid in determining the generation of
the signaling molecules in response to Con A stimulation that
ultimately results in the activation of genes coding for the
cytokines. The response of monocytes to LPS was less strongly
related to the fatty acid composition of PBMC phospholipids:
only the production of IL-6 was strongly related to PBMC phos-
pholipid fatty acid composition, and the relations were the oppo-
site of those observed for many other immune cell responses but
similar to those observed for monocyte oxidative burst. These
relations indicate that the ability of monocytes to produce IL-6
decreases as the total or n�6 PUFA contents of PBMC phos-
pholipids increase. The reason that cytokine production by lym-
phocytes and monocytes is influenced in opposing ways by
PBMC phospholipid fatty acid composition is unclear, but it
most likely relates to the precise signaling pathways invoked in
response to Con A in lymphocytes and to LPS in monocytes. It
is important to note that the current study measured cytokine
production at a single time point in culture and did not investi-
gate the kinetics of cytokine production (or of the other immune
cell functions reported).

Many of the relations between the fatty acid composition of
PBMC phospholipids and the immune cell functions identified
in the current study appear to contradict findings from studies in
which volunteers have consumed greatly increased amounts of

particular fatty acids such as ALA or long-chain n�3 PUFAs
(5–16, 19). These studies reported decreased functional
responses of lymphocytes, monocytes, and neutrophils that are
greatly enriched in EPA and DHA (5–16, 19). In contrast, the
current study indicates that the cellular content of EPA has little
effect on immune cell function, at least over the range of EPA
contents that arise from habitual fatty acid intakes, and that an
increased content of DHA is associated with an increase in func-
tion (except for monocyte oxidative burst, which decreases). One
explanation for this apparent discrepancy is that the relation
between the proportion of certain PUFAs in immune cell phos-
pholipids and the function of those cells (except for monocyte
oxidative burst) is “bell shaped,” as appears to be the case for
the relation between the status of many nutrients and immune
function (40). Thus, over the range of proportions of PUFAs in
immune cell phospholipids that result from habitual intakes of
those fatty acids (and perhaps at higher than habitual intakes),
immune cell functions increase with increasing content because
of the mechanisms described above (eg, alteration of the physi-
cal state of the plasma membrane). However, intakes of certain
PUFAs (especially n�3 PUFAs) that greatly exceed habitual
intakes will result in decreased immune cell functions through a
number of mechanisms, including the generation of membranes
that are too fluid (39, 41–43), effects on cell-signaling processes
(20, 44, 45), alterations in eicosanoid profiles (5, 8, 11, 18, 20),
the induction of lipid peroxidation (46), and the depletion of
�-tocopherol (46).

Thus, this study has identified a series of relations between the
fatty acid composition of human PBMC phospholipids and the
functions of immune cells in healthy subjects consuming their habit-
ual diet. Aspects of immune cell function that have an intimate
involvement of the cell membrane, such as phagocytosis, oxidative
burst, and proliferation, appear to be more strongly influenced by
fatty acid composition than do responses such as the production of
cytokines. In conclusion, variations in the fatty acid composition of
immune cells appear to make a significant contribution to variations
in immune cell function among healthy humans.

AMM, CMW, and PCC were involved in the study design. AMM and YEF were
involved in subject recruitment under the supervision of CMW. SK, TB, AMM and
YEF were involved in data collection under the supervision of CMW and PCC. SK
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tributions from all other authors. None of the authors had any financial or personal
interest in any company or organization sponsoring the research.
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